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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
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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.



IKEDA ETAL
- 4 —_—

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

T
a8t v .

2
.
e S



FIGUEROA ET AL
-3-

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

11

L

o
A
2
.
‘



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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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).

100-cm? Footprint
6 300
st J250
4} ¢ -1200
> ¢ 0 =
5 LK i =
é 3 LA IO R 150 ]
3 &
> a2l 100
1 4 Voltage (V) Fuel: Hydrogen -{50
u Power (W) Oxidant: Air
0 L 1 1 1 o
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Current Density, Alcm?
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
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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.

59




NGET AL
2-

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.
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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.

67

[PRRII



SAITOH ET AL
-9-

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

2:1300 e

""""""" 5 the plant is connected, the voltage reached a low of

ome Fooonsrtee To o o o o a0 o - Jona
DODus 10D msasly JNms
FUEL CELLE PLANT 02488 11:63:67:30 PR

FIGURE 3

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
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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 fuel cell
manufacturer; The Institute of Gas Technology, the fuel cell technology developer; Bechtel
Corporation, the process designer; and Stewart & Stevenson Service, Inc., the system’s
integrator. Stewart & Stevenson is the exclusive distributor of IMHEX® MCFC power plants.
The team is currently working on a 250 kW demonstration unit for San Diego Gas and Electric
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Company. Construction is underway at the site, located at the Miramar Naval Air Station in
San Diego, California. We have also begun a Department of Energy-sponsored program to
produce a commercially viable one MW class power plant by the end of this decade. This
technology promises extremely high fuel efficiency and immeasurably low emissions.

Advantages of Fuel Cell Power Plants, While fuel cell power units will contain many

of the features common in Stewart & Stevenson’s engine-driven products, they also offer
advantage that distinguish this technology. A typical fuel cell power system is modular by
design, including three basic sub-systems: (1) a fuel processor, (2) a power module (the fuel
cell), and (3) the inverter. Many of the fuel cell ‘s advantages are derived from the inherent
benefits of these sub-systems.

Fuel cells offer notable fuel flexibility. Typically, the first stage of the fuel cell system
is a fuel processor. Therefore, adapting the fuel cell requires only selecting the appropriate fuel
processor. Possible fuels include natural gas, landfill gas, digester gas, coal-derived gas, bio-
gas, alcohols, methanol, and low methane gas.

The heart of the power unit the fuel cell also is the source of most significant
advantages. The electrochemical operation of the fuel cell frees it of the limitations of the
Carnot Cycle. The result is a very high efficiency: 45 to 70 percent (LHV, or low heating
value) simple cycle efficiency and 70 to 90 percent (LHV) in cogeneration configurations. The
fuel cell’s efficiency is only marginally affected by temperature and part-load extremes.

Most significantly, the quiet and clean operation of the fuel cell simplify siting and
permitting issues. Natural gas fuel cell power plants have a blanket exemption from regulations
in California’s South Coast Air Quality Management District, producing less than one audible
decibels (dBA) at 30 feet. The result is flexibility in site selection with desirable features,
such as:

¢ Indoor or outdoor installation, at or near load points.
e Fully dispatchable, remotely controlled, and unattended operation.
¢ Compatible with a phased-construction approach.

The final stage of the fuel cell power unit is the inverter. Since the fuel cell’s output is
direct current, an inverter is required to interface the power unit to an alternating current utility
grid. However, the addition of solid-state system improves power quality by eliminating voltage
fluctuations and reducing harmonic.

SALES AND SERVICE

Many customers have an immediate need for power. This is especially true with a
cash/credit shortage brought on by the tough business climate of the last decade This is when
equipment leasing may provide an attractive options.

Stewart & Stevenson, in conjunction with General Electric Credit Corporation, has
recently announced a program to make our gas turbine equipment immediately available for
short or long term lease arrangements. This makes it even more practical to install “temporary”
power means of delaying costly central station construction, or to install permanent generating
capacity without the need to seek traditional financing from banks. Similar programs are being
introduced or expanded to cover our smaller gas turbine units and our extensive line of
reciprocating products.
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A PRELIMINARY DESIGN AND BOP COST ANALYSIS OF
M-CPOWER’S MCFC COMMERCIAL UNIT

T.P. Chen
Bechtel Corporation
San Francisco, CA 94105

M-C Power Corporation plans to introduce its molten carbonate fuel cell (MCFC)
market entry unit in the year 2000 for distributed and on-site power generation.
Extensive efforts have been made to analyze the cell stack manufacturing costs. The
major objective of this study is to conduct a detailed analysis of BOP costs based on an
initial design of the market entry unit.

Major Facilities of the Unit

The design capacity chosen for the market entry unit is 1 MW. The unit is designed for
-3 atm pressurized operation. It is totally self-contained, requiring only import of natural
gas and a small amount of water. This design effort was very detailed, down to the sizing
of each pipe and valve. : ‘

The cost analysis is based on a low production volume of 20-50 units per year. The
purpose is to determine whether the fuel cell unit can meet the cost goal without the
benefit of mass. Essentially, the cost estimate has no factored costs derived from similar
project experience. Price quotes were obtained from equipment vendors and materials
suppliers. An isometric of the 1 MW market entry unit is shown in Figure 1.

Figure 1: Isometric of the 1 MW market entry unit
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The unit basically consists of three packaged skids which require minimum field
assembly at the customer's site. The fuel cell skid includes two 300-cell stacks, two IHI
plate reformers, and a housing vessel. The reformers convert natural gas into hydrogen
and carbon monoxide as the stack fuel feed.

The process skid contains a heat recovery steam generator (HRSG), a turbogenerator,
two nitrogen bottles, two desulfurization bottles, six demineralizer bottles, and two BFW
pumps. The turbogenerator supplies compressed air as the stack oxidant feed and
generates additional power by expanding the stack hot exhaust gas. A high frequency
generator which rotates at the same high speed (40,000 rpm) as the turbine-compressor
is used. It produces about 10% of the total power output. The expanded gas from the
turbogenerator flows to the HRSG where waste heat is recovered to: (1) preheat the
compressed air feed to the stacks, (2) preheat desulfurized natural gas from the
desulfurizers, and (3) generate steam for the reformers. The HRSG is equipped with an
auxiliary burner and the necessary burner control center to provide startup heat for the
fuel cell unit. The BFW pumps deliver boiler feed water from the demineralizers to the
HRSG. The nitrogen bottles provides purge gas during startup and shutdown and
pressurized gas to operate the stack bellows. Most of process pipes are located on top of
the HRSG to minimize plot area and pipe support structure requirements.

The electrical skid contains a power conditioning unit and a system control unit. The
power conditioning unit has an inverter to convert the stack DC power into AC power. It
also has a rectifier-inverter to adjust the turbogenerator high frequency power to
standard 60 cycles. The system control unit is a simple industrial-size PC-based system
geared for unattended operation of the fuel cell unit.

Each skid is sized within the height, length, and width limits for shipping. The unit is
designed with maintenance in mind. Equipment requiring frequent service or
replacement, such as the turbogenerator, nitrogen bottles, desulfurizer bottles,
demineralizer bottles, and BFW pumps on the process skid, is easily accessible. The fuel
cell vessel is oriented so that one vessel head does not face other skids and can be freely
lifted open to pull out the stacks and reformers for repairs and other services. The only
utility required by the market entry unit is 2 gpm raw water. No cooling water, nitrogen
(for normal operation), boiler feed water, and compressed air are consumed.

Plant Performance

The energy conversion of the natural gas Figure 2
feed at full load operation and 60 F design Energy Conversion
(% Natural Gas Feed HHY)

ambient temperature is shown in Figure 2.
The overall electric efficiency is very high,
54.4% based on HHV and 60% based on
LHV. These efficiencies take into account
conversion losses in the power conditioning
unit. Because the current design is geared

toward maximum power production, the Electric: 64%

Cogen: 82%
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HRSG flue gas temperature is hot enough only for cogeneration of hot water. The
recoverable heat corresponding to a 100 F final flue gas temperature is 28% of the total
energy in the natural gas feed. The total thermal efficiency, including both power and
hot water generation, is 82% on a HHV basis.

In the fue] cell unit, only the boiler feedwater pumps and control valve motors require
minimal power. The total required auxiliary power is negligible and is one of the major
reasons that the overall electric efficiency is so high.

Figure 3 shows the fuel cell unit is capable Figure3

of turning down to approximately 30% load Part Loazﬁcoi1= E&r&omance
and still maintaining a reasonable electric o I
efficiency close to 35% at this minimum " o=
load. The corresponding cogeneration A 2 —
efficiency is 67%. The amount of energy 3

available for hot water production, which is 3 z .
the difference between the electric and ; ——
cogeneration efficiencies, actually increases . b

as the load is reduced. The fuel cell unit is T T ‘

sized for 60 F temperature. At both lower

and higher ambient temperatures, the power output is reduced as limited by equipment
size. The output is derated by about 8% at -20 Fand 2% at 110 F.

The electric and cogeneration efficiencies

are plotted as a function of ambient Figure 4
temperature in Figure 4. The efficiencies at Effects of Ambient Temperature
-20 F are lower than those at 60 F because w P
the colder air reduces the energy input to the e ® £
fuel cell unit. The electric efficiency at 110 5
F is also lower than at 60 F because the s o
additional energy brought in by the hotter g
air, as limited by equipment size, is not E »
utilized for power generation. In addition, - e —
more power is required to compress the hot Amblent Temperature, F
air, The additional energy in the hot air is
transferred to the HRSG flue gas. As a
result, the cogeneration efficiency is higher
than at 60 F.
Figure 5
Plot Area Required Small Plot Area
7 T L. Teom. . . . -
P " Cout ‘ -,
The footprint required by the 1 MW - E
market entry unit is compared to a - 2op -
standard tennis court in Figure 5. The ; m .
0.75 ft2/kW requirement is very small, e e o 1
and five such units can fit into an area L —

of the size of a tennis court.
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Total BOP Cost

The estimated BOP cost based on the Figure 6
first quarter, 1995 pricing, is shown in BOP Cost

Figure 6. The 1 MW unit in the 20-50
units/year production range has a BOP
cost of about $1,000/kW, which is the
generally accepted cost goal for a
successful market entry. A sensitivity
study was conducted to determine the
economy of scale if the power output
were increased to 4 MW. In the 4 MW iy sty 20Uy

Cost, $/kW
.s8ss55an288

unit, the fuel cell skid and process skid

consist of two parallel trains while the

electrical skid has a single train. The

increase in capacity from 1 MW to 4 MW reduces BOP costs by approximately 25%.

This study has not incorporated any design optimization. For example, the 3 atm system
operating pressure was arbitrarily chosen without rigorous tradeoff analyses. The
individual BOP components, such as the HRSG and inverter, have not gone through
detailed mechanical design and packaging analysis. Additional design optimization
efforts could yield significant benefits including further reduction in BOP costs,
increased efficiencies, and an even smaller footprint.

Major BOP Cost Components

The major BOP cost components, as shown Figure7

in Figure 7, are reformers, fuel cell vessel, BOP Cost Distribution
turbogenerator, HRSG, control valves, TP RN
process skid assembly labor, and power : i
conditioning unit.

The horizontal fuel cell vessel design has
significantly cut down the cost of this
equipment. For the turbogenerator, the key
issue is not to reduce the cost but to ensure

that the projected cost can be achieved. The turbogenerator developer needs to work

very closely with component and parts suppliers to determine the optimum design and
manufacturing process. The HRSG design and cost estimate has not been optimized for

the small-scale applications for fuel cell units. There should be ample opportunity to -
further reduce the HRSG cost, physical dimensions, and weight. Due to ever-improving
electronics. the power conditioning unit has the highest cost reduction probability.
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HIGH PRESSURE OPERATION OF TUBULAR SOLID OXIDE FUEL CELLS AND THEIR
INTEGRATION WITH GAS TURBINES
C. Haynes, W.J. Wepfer
Georgia Institute of Technology
Atlanta, GA 30332

Fossil fuels continue to be used at a rate greater than that of their natural formation, and
the current byproducts from their use are believed to have a detrimental effect on the environment
(e.g. global warming). There is thus a significant impetus to have cleaner, more efficient fuel
consumption alternatives. Recent progress has led to renewed vigor in the development of fuel cell
technology, which has been shown to be capable of producing high efficiencies with relatively
benign exhaust products. The tubular solid oxide fuel cell developed by Westinghouse Electric
Corporation has shown significant promise. Modeling efforts have been and are underway to
optimize and better understand this fuel cell technology. Thus far, the bulk of modeling efforts has
been for operation at atmospheric pressure. There is now interest in developing high-efficiency
integrated gas turbine/solid oxide fuel cell systems. Such operation of fuel cells would obviously
occur at higher pressures. The fuel cells have been successfully modeled under high pressure
operation and further investigated as integrated components of an open loop gas turbine cycle.

Poncnoce Figure 1

Air electrode supported-tubular solid oxide fuel cells, shown in Figure 1, developed by
Westinghouse, have considerable design merit. The solid electrolyte eliminates problems typically
associated with liquid electrolyte fuel cells. The tubular design allows for an innovative
manufacturing technique and safer performance at the high operating temperatures of
approximately 1000° C, Finally, the lack of a support tube significantly decreases the concentration
polarization at the cathode (air electrode).

Qo5 —))

f— L {

Figure 2

Modeling of fuel cell performance was based on the slice-by-slice, axial marching
technique employed by Kanamura, et.al. (1). As illustrated in Figure 2, the fuel cell is divided into
a preset number of subdivisions. Each slice may be viewed as a "minicell", with a given current,
iy, flowing from slice anode to cathode. All the slices have the same potential difference, AV,
between cathode and anode. The governing electrochemical equation for each slice is :

AV =8-AVy, [1]
where &, is the thermodynamic, equilibrium potential; and AV, qis the overvoltage due to
activation, concentration and ohmic irreversibilities. The equilibrium potential was obtained via
the Nemnst equation :

&= - AG°/nF - R,T/nF* In {I'If;,m""”"d/ Tfiesc ™} [2)
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where "- AG™ is the standard Gibbs free energy decrease, "nF" is the charge transferred per
reaction and "f" is fugacity. The fuel stream was an ideal gas mixture of hydrogen and steam; the
oxidant stream was air. The overall reaction was hydrogen being oxidized to water.

H, +120,=>H;0 [3]
The Nernst equation [2] simplifies to :
= « AG® geam formsion/ 2F - ReT/2F* 10 {Piz, Prza Po2a' } ]

The ohmic irreversibility was the dominant irreversibility for these fuel cells operating at a high
temperature (minimizing activation polarization) and utilizing no support tube (minimizing
concentration polarization). The ohmic losses were routinely greater than 90% of polarization
losses. Ha

N hiiez” Figure 3

The ohmic loss calculated ina given fuel cell slice was based on Ohm's Law:

Avn.ohmic = in*Rn [5 ]
where R, is the resistance of the slice to current flow. This calculation of resistance was based on
the "transmission line" model (3). The proposed current path in a given slice is shown in Figure 3.
Each half of a cell slice behaves as a resistor in parallel with the other half. Excellent correlation
was obtained between model predictions and empirical results.

Correlation Graph Correlation Graph

Mode! and Empirical Data, P = 1 ATM Mods! and Empirical Data, P=10 ATM
..70 PR S — ABO —— —
e e e e B0 e———s
250 ————> 1 2 60 ————y—
540 ——— N —" 850 et —
G —————— = S0

20 - ) ] ¥ = 30 -
055 06 065 07 075 08 0.64 0.68 0.72 0.78 0.8C
Voltage (Volts) Voltage (Vaits)
~=- Model -=- Experimental ~=Model -e- Experimental
Figure 4(a) Figure 4(b)

The primary simplification used in the model is isothermal operation. It has been shown
that non-isothermal modeling generally gives superior results (4),(5). For this reason the present
attempt at modeling higher pressure operation of fuel cells was carefully done within a range of
conditions such that resuits could be compared to published data and verified. For the air
electrode supported tubular solid oxide fuel cell, of 50 cm length, Westinghouse published data
on 85% fuel utilization of a hydrogen-steam mixture entering the fuel cell with six times the
stoichiometric amount of air. Operation pressures ranged from 1-10 atmospheres (2). The fuel
cells were operated at a nominal temperature of 1000° C. Emphasis is placed on the word
"nominal", because there were temperature gradients present; however, near peak power, as can be
seen in Figures 4(a)and 4(b), there was excellent agreement between isothermal model results and
the empirical results. Bessette (4) indicates such good correspondence at peak power conditions.
Fortunately such close compliance with field data is at current densities corresponding

112



HAYNES ET AL
3-

to peak fuel cell power, because these are the conditions under which fuel cells are expected to
operate, even as components in larger energy systems.

Air electrode supported-tubular solid oxide fuel cells have shown increases in power
production capability over the previous designs due to the lack of a support tube. As well, high
pressure operation of fuel cells has an increase in performance beyond that of Nerast potential
consideration (2), because of decreasing polarization with higher pressure. Based on these
factors, an investigation was made as to the thermodynamic merit of integrating an air electrode
supported-tubular solid oxide fuel cell stack within an open loop Brayton cycle. The following
Figure 5 is a flow diagram of the envisioned cycle.

- F _tf

= T se | 'h-—a-
L=
[=
L ) Twting '
= L L
Figure 5

Fuel (89% H, , 11% H,0) and air are compressed to the fuel cell operating pressure and
heated as necessary before entering the cell stack. Both streams then pass through the fisel cell
stack . Oxidation of the fuel is completed in the combustion chamber, whereupon the product
gases expand through the prime mover. Usage of a fuel cell - gas turbine cycle would provide
power and high quality heat to the plant. The system shown in Figure 5 was modeled and analyzed
with the following simplifications. Compressor and turbine efficiencies are 75% and 80%,
respectively, due to their expected size ranges. The fuel cells operate isothermally at 1000°C.
Based on the earlier comparisons to experimental data (2), fuel cells were operated at peak power
conditions, corresponding to 85% fuel utilization and six times stoichiometric air. These conditions
showed the best match between the isothermal model and actual results. In this preliminary study,
thermal and performance effects of fuel cell stack geometry were not considered. The 15% of
unoxidized fuel leaving the fuel cell is combusted in an adiabatic combustion chamber so that the
mixture reaches an adiabatic flame temperature of 1344 K (well below the state-of-the art material
limits for turbines). The hot exhaust products from the turbine may be fed back to the hydrogen
production section where, after deaeration, the remaining steam can be reused (e.g. steam
reformation of methane). The independent variable of interest was operation pressure, ranging up
to ten atmospheres, The dependent variables of interest were net power (per fuel cell) of the cycle,
thermal efficiency and a modified thermal efficiency. Thermal efficiencies were defined as:

1 =Net power / (LHVgyp + Sensible Heat to Gas Flows ) [6]
MNoodified = Net power / LHVgg+ Sensible Heat to Gas Flows - Fuel Cell Heat) 71

The modified thermal efficiency accounts for the high quality heat rejected by the fizel cells. Notice
that both efficiencies account for the extra heat needed by the gas flow streams. This is
particularly important when considering the needed preheating of air before entering the fuel cell
stack,
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Figure 6 shows the net power per fuel cell going through a maximum. From two atmospheres to
ten atmospheres, mass flow rate increased slightly above 5%, and the power per solid oxide fuel
cell increased 10%. As well, for a reversible Brayton cycle, performance improves with increasing
pressure ratio. Thus, one might expect a monotonic increase in net power, but due to the building
influence of turbomachinery inefficiency (25% for the compressor and 20% for the turbine) at
higher pressures, backwork, the ratio of compressor work to turbine work, becomes an increasing
factor (it goes towards unity as pressure increases).

The system efficiencies measured in Figures 7 and 8 do not go through maxima, because
even with net work decreasing, the sensible heating needed for the fluid streams leaving the
compressor decreases enough to overcompensate the loss in net power. This decrease in sensible
heating is again due to tarbomachinery. The increase in irreversibility with higher pressure ratios
manifests as larger stream temperatures leaving the compressor. As well, for the modified thermal
efficiency, high quality waste heat increases with increasing pressure.

The thermal efficiencies have evident trends. The modified thermal efficiencies are
consistently 15-20% higher than the electric thermal efficiencies. This emphasizes the importance
of considering the high quality heat rejected from the fuel cell stack. Note that the gain in both
thermal efficiencies, from one operation pressure to the next, drops off increasingly at higher

pressures. It is important to further analyze and understand this asymptouc trend of the thermal
efficiencies.
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N'M Sammes and Y Zhang
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Private Bag 3105, Hamilton,
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INTRODUCTION

CeO2-based oxides have recently been shown to have great potential as electrolytes in medium
temperature solid oxide fuel cell applications, primarily due to their high ionic conductivity [1-3].
Steele et al. [4], for example, have examined a cell of the type:
02, Lag,6Srg 4Fep.8Cop,203lCeg.9Gdp, | O 95INi-ZrO5, Hy/H70 at 715°C.

Gdp03 doped CeO2 has been reported [5] as having one of the highest oxygen ion conductivities
of the ceria-based materials. An ionic conductivity of 8.3 x 10-2 sfcm has been reported for
(Ce02)0,8(GdO|,5)0.2 at 800°C, which is approximately four times that of Y203-doped ZrO3, at
the same temperature [6].

Although the electrical properties of the material have been examined in detail, very little work has
considered the microstructural/property relationships, particularly in relation to the mechanical
properties. It is well know that CeOs-based materials are difficult to densify and attempts have
been performed to examine this {7]. Preliminary studies have also been undertaken to examine the
effect of sintering on the mechanical properties of the material [8). In this paper we examine the
effect of microstructure on the high temperature mechanical properties of (CeO2)g,8(Gd0j 5)p.2.

EXPERIMENTAL

(Ce02)0.8(GdO1,5).2 powder was synthesised from Ce(NO3)3 (99.9% Janssen) and Gd(NO3)3
(99.9% Aldrich) using a reverse strike co-precipitation technique. The correct stoichiometric
amounts of the nitrates were weighed and dissolved in distilled water and stirred for 20 mins. An
aqueous oxalic acid (BDH) solution, with a concentration of 0.05M, was then added dropwise into
the precipitant (which had been adjusted to pH 6.7 - 6.9) and stirred at 750rpm. The precipitate
was then filtered and washed using distilled water (5x), followed by ethanol washing (5x), drying at
50°C (12 hours) and calcining at 700°C/1hr. Milling was performed using a Retsch centrifugal
ball mill S1, with a porcelain jar and partially stabilized zirconia (PSZ) milling media. Milling
was performed on the caltined powders for 15min., followed by 12hr. drying.

The calcined powders were fabricated into bars (30 x 10 x 3mm) using a standard die press,
followed by isostatic pressing (stansted fluid power Itd FPG 2347) at 200MPa. The samples were
then sintered in air at between 1550 - 1650°C/15 hrs. The surfaces and edges of all samples were
ground using SiC grinding paper (320# - 4000#) followed by polishing (Ium diamond paste).
After polishing, all the samples were annealed at 1000°C/2hr. to remove induced residual stresses.
The samples (both powder and sintered bars) were examined using a Philips X-pert powder x-ray
diffractometer, from room temperature to 1000°C. Scanning electron microscopy (SEM) and
energy-dispersive spectroscopy (EDAX) were performed using a Hitatchi S4000 SEM and a Kevex
microanalyser attached to the SEM, respectively. Coated samples were examined using either
carbon deposition (for EDAX) analysis or ry sputtered gold. Density measurements were performed
using the standard Archimedes method.

An Instron 4204 Universal tensile tester, with IEEE-48 interface controlled by an IBM 386
computer, was used for all the flexure testing. 4-point bend tests were performed using a top
cross-head span of 10mm and support span of 20mm. A strain gauge (Instron 2630 - 021) was
used in these tests to measure the deflection of the beam. All tests were performed at 0.2mm/min.
The high-temperature tests were performed using a specially designed furnace integrated into the
Instron tester. All samples were heated at a rate of 200°C/hr. and allowed to stabilize for 2hr.
before starting the test. A minimum of 8 samples were examined for each test performed.
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RESULTS AND DISCUSSION

It is well known that the particle and agglomerate size and shape affects the sintered density of a
fired ceramic material, and thus its mechanical integrity. In this work, the effect of milling and
calcination temperature was examined. The fired-ceramics fabricated from un-milled powders
contained particles that were angular in shape and produced sintered densities of less than 80%
theoretical, while the fired-ceramics produced from milled samples (48 hr. using PSZ as a milling
medium) were granular in shape and produced sintered densities greater than 95% depending upon
the calcination temperature; as described by Reed [9]. Table 1 shows the effect of calcination
temperature on the fired density of the (Ce02)p,8(GdO1.5)0.2 sample after sintering milled powder
at temperatures ranging from 1550 - 1650°C.

Table 1. The effect of Sintering Temperature on the Percentage Theoretical Density of
(Ce02)p.8(GdO1 5)0.2 as a function of Calcination Temperature.

Sintered Density at Calcination Temperature
Sinter Temperature | Calcined at Calcined at Calcined at Particle size (tm)
C) 600°C 1000°C 1200°C of fired ceramic
1550 91.3 90.5 87.8 3-5
1600 95.5 95.0 95.0 3-5
1650 97.9 96.5 94.9 15-20, 3-7

The sintered density increases as the calcination temperature decreases. This can be explained as a
result of the change in the powder morphology with calcination temperature. With increasing
calcination temperature, the powder agglomerates become harder, denser and more angular. This
results in a retardation of the particle flow and hence in the plastic deformation during pressing;
this produces a more porous sintered ceramic.

Increasing the sintering temperature produces an increase in the sintered density of the material,
however the microstructure is also affected. Fig. 1 shows the microstructure of
(Ce02)0.8(GdO1 5)0.2 sintered at 1600°C/15 hrs., while Fig. 2 shows the microstructure of
(Ce02)0.8(GdO 5)0.2 sintered at 1650°C/15 hrs. Fig. 1 indicates that the sample has a regular
grain size (approximately 3 - Sim in size), with a number of closed pores at the grain boundary
intersects, which indicates that the sample has reached the final stage of sintering [9]. Fig. 2,
however, shows a microstructure containing a mixture of coarse grains (20 tm in size) and fine
grains (3-7 pm). The sample contains fewer pores than the sample in Fig.1, but appears to have
been oversintered [10].

Fig. 1 SEM micrograph of a polished sample of (Ce02)0,8(GdO1.5)0.2. sintered at 1600°C/15 hrs.
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Fig. 2 SEM micrograph of a polished sample of (Ce012)0,8(GdO1 5)0.2, sintered at 1650°C/15 hrs.

The room temperature modulus of rupture (MOR) of the samples described in Table 1 was
examined, and is shown in Fig. 3. At a sintering temperature of 1600°C, the MOR variation, as a
function of calcination temperature, is very small compared to the samples sintered at the other
temperatures. This appears to indicate that the powder morphology plays a minor role in the initial
fracture mechanism of the sintered sample, and thus the variation can be postulated as being
primarily due to the sintering temperature. Under-sintering (at 1550°C, for example) produces a
sample with a large number of pores, because it has not yet developed into a fully dense body and
may only be in the intermediate stages of sintering [9]. Thus, failure due to the pores can be
postulated as being the main fracture mechanism. Over sintering (1650°C, for example) causes a
reduction in the MOR via the presence of large grains. The higher temperature also causes the
pores to grow via Ostwald ripening, and thus can act as fracture initiation sites. Thus, the
optimum sintering temperature for this sample was found to be 1600°C.

The modulus of rupture of (CeO2)0,3(GdO] 5)g.2, sintered at 1600°C, was examined as a function
of temperature and is shown in Fig. 4.

200-
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1801 —— 1000C
1601 1200C

140+
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Modulus of Rupture (MPa)
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T T T .

0 T T
1540 1560 1580 1600 1620 1640 1660
Sintering Temperature {Degrees Celcius)

Fig. 3 The modulus of rupture of (Ce02)0.8(GdO 5)0.2 as a function of sintering temperature, at
various calcination temperatures.
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In general, Fig.4 shows that the modulus of rupture between room temperature and 500°C changes
by very little; the increase is possibly an experimental artefact. However, there is an obvious drop
in the modulus of rupture between 500°C and 800°C for this particular sample. On examination of
the fracture surface at the lower test temperatures, it was apparent that the fracture was due to the
extension of flaws and was, therefore independent of temperature, as discussed by Davidge and
Evans [11]. At the higher test temperature, the modulus of rupture decreased. At this temperature,
various plastic processes (dislocation motion, grain boundary sliding and plastic flow in the second
phase) lead to the initial fracture [8]. This is more fully described in [12].

1801
160 7
140
1201

1001

Modulus of Rupture (MPa)

801

60

T T T T T T T T T 1
0 200 400 600 800 1000
Test Temperature (°C)

Fig. 4 The effect of test temperature on the modulus of rupture of (Ce02)0.8(Gd01.5)0.2
CONCLUSIONS

In conclusion, the fabrication of strong, dense ceria-based electrolytes depends upon the synthesis
and fabrication route undertaken. In this work, the optimum calcination temperature, for milled co-
precipitated powders, was found to be 600°C, which produced as optimum sintered density of 98%
theoretical at a sintering temperature of 1600°C. The sample showed a room temperature modulus
of rupture of 165MPa, which is considerably lower than that of yttria-stabilized zirconia, and
decreased at temperatures above 500°C.
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Improvement of SOFC Electrodes Using Mixed
Ionic-Electronic Conductors

Y. Matsuzaki and M. Hishinuma
Fundamental Technology Research Laboratory
Tokyo Gas Co., LTD.
16-25 Shibaura, 1-chome, Minato-ku
Tokyo, 105 Japan

1. Introduction

Since the electrode reaction of SOFC is limited to the proximity of a triple phase
boundary (TPB), the local current density at the electrode and electrolyte interface is larger
than mean current density, which causes large ohmic and electrode polarization?. This
paper describes an application of mixed ionic-electronic conductors to reduce such
polarization by means of (1) enhancing ionic conductivity of the electrolyte surface layer by
coating a high ionic connductors, and (2) reducing the local current density by increasing
the electrochemically active sites.

2. Experimental Procedure

Tetragonal yttria-stabilized zirconia (3 mole % Y,0,) sheets of 6 cm square and 100
pm thick were used as electrolyte. Sr-doped LaMnO, (LSM) was used for the air electrode
material. Cey Sm,,0, ,(SDC) was used as a coating material of the electrolyte surface of
the air electrode side. To obtain the dense SDC layer, a Ce metallo-organic compound was
added to the SDC powder and the
mixture was milled by a ball mill.
The slurry was then screen-printed
on the electrolyte sheet before firing.
The fuel electrode was prepared by
using the PMSS process” which
gave high dispersion of the fine
YSZ particles in the cermet. Ni-YSZ
cermet was typically used for the
fuel electrode, but in some cases,
CeO, was deped to YSZ in the -‘201:0 XSyse8 N —ﬁl: 07046
cermet to investigate the effect of it.

3. Effect of SDClayer on the cathode

The ionic conductivity of Figurel Cross sectional image of the SDC inter-layer
SDC at 1000°C is 0.35 Scm™, prepared at the cathode/electrolyte interface.
which is approximately six times
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larger than that of 3YSZ?. To reduce the overpotential at the air electrode, the SDC layer
was prepared at the cathodefelectrolyte interface. As shown in the SEM image in Figure 1,
the SDC layeris about 5 m thick and dense. Figure 2 shows the V-I characteristics of three
types of single cells. Hydrogen was used as a fuel, and air as an oxidizer. Cell (a) had the
Ni-YSZ anode and the LSM cathode. Although cell (b) had the same anode of the cell (a),
it had modified cathode with the SDC layer. The SDC layer coating was found to improve
cell performance. It was also found through half cell tests that the polarization (IR free)
characteristics of the air electrodes were almost same, irrespective of the SDC layer. This
suggests that the improvement in performance from cell (a) to cell (b) is due to the reduction
in ohmic resistance. .

Figure 3 shows the effect of the SDC layer on cell durability. The formation of the
SDC layer at the cathode/electrolyte interface is extremely effective in improving long-term
stability. SEM observation of aged samples revealed that the air electrode without the
SDC layer showed some change in
microstructure at the cathode/electrolyte
interface, while the air electrode with

1.2 prrrr

the SDC layer showed negligible R
Power density(W/cm 2)-

change in the microstructure. This is 1} Sy ]
because of the difference in the ]
reactivity of YSZ and SDC to La,0, g ]
The ionic radius of La* is larger than “é, 0.6 @
that of Zr**, so that La3* can hardly § od _

dissolve in ZrO,, thereby forms
La,Zr,0,** which would causes 0.2
significant loss in cell performance and

LIN 20t L et W B Bt L

change in microstructure. Ce*, on the °
L . ] 0.5 1 15 2 2.5
other hand, has a larger ionic radius Current Density(A/cm?)
than Zr**. CeO, can thus dissolve La¥,
which are considered to work as a
dopant as shown in the reaction formula Figure 2

given below, forming O vacancies. . . e
V-I characteristics of single cells with different

La,0;=2La' + Vo™+ 30%, (1) electrodes: a) LSM cathode and Ni/YSZ anode, b)

Accordingly, the air electrode with an LSM cathode with SDC inter-layer and Ni/YSZ
R gty 0 h anode, and ¢) LSM cathode with SDC inter-layer
SDC inter-layer showed excellent long- and Ni/CeYSZ anode.

term durability and structural stability.
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Figure3  Long-term test of single cells: a) without the SDC layer, b) with

the SDCinter-layer at the cathode/electrolyte interface.

4. TFuel electrode with a mixed conductor
In order to increase the electrochemically active sites of the fuel electrode, 10 mole %

CeO, was doped to YSZ in the Ni-YSZ cermet. The doping of CeO, causes the YSZ in the
cermet to have higher electronic conductivity becanse the Ce** ion can be reduced to Ce* as
it is described by the following reaction.

Cer, + 0% ,=2Ce'  + Vo+ 1/20, #)}
The electrical neutralization condition can be expressed as:

[Ce', 1 =2[Vo] 3
Applying the law of mass action and substituting equation (3) into equation (2), the [Ce', ]is
found to be proportional to (Po,)'%, where Po, is oxygen partial pressure. Therefore, the
electronic conductivity of 10 mole % CeO,-
doped YSZ(CeYSZ) increases with reduction of
oxygen partial pressure and is expected to have
about 1 x 10" Scmr* at Po, of 1 x 10" atm. This
value is almost equivalent to the ionic
conductivity of YSZ and thus indicates the __ 25
possibility of CeYSZ particles in the cermet ‘:’ -20

- 4 O FTTTTTITI T ITI I TT T T T T

measured
* calculated

-30

electrode producing the electrochemically active T 15
sitesas Ni in the cermet plays a roles in the same
way. The cell (¢) in Figure 2 had the Ni-CeYSZ
cermet electrode, whose rest of component

-10

adeaiabaas o eslasagtasaelyasstyssy

-5

materials were same as those of cell (b). 0 5 101520 253035 40

Therefore, the improvement seen in the V-I Re(2)

cots T Figure 4
characteristic from cell (b) to cell {c) in Figure 2 Typical AC impedance spectrum for a

was considered to be the result of the increased Ni/CeYSZ electrode on a YSZ
electrolyte. Closed symbols indicates a

active sites. fit by the equivalent circuit of Figure 5.

121




MATSUZAKI ET AL
-4-

To investigate the effect of CeO, addition to the Ni-YSZ cermet, electrode
characteristics were measured by an AC impedance method. A typical AC impedance
spectrum of the Ni-CeYSZ cermet electrode is shown in Figure 4. The closed symbol
represents calculated values by the equivalent circuit with a finite length diffusion
impedance® shown in Figure 5. The electrode interface conductivity (c.)? of Ni-CeYSZ,
calculated from the equivalent circuit, is compared in Figure 6 with that of the Ni-YSZ
electrode. This clearly indicates that the interface conductivity increased by the addition of
CeO,. The increase in &, supports the postulation that the Ni-Ce'Y'SZ cermet anode has more
electrochemically active sites than does the Ni-YSZ cermet anode.

2.5y T T T
Cd! :
11 2 b ]

Rb i

. « 15[ -
g ]
1/S0 o 1F A
e o - :
0.5F ——nNi-vsz | ]
Figure5 Equivalentcircuit used tomodel AC X — = -Ni-CeYSZ} 1
impedance spectra, where S, 6e, Rb, Y] I I RSP B 3

Cdl, and Zd are an effective area of

the electrode, an interface -1 -15  -14, -13
conductivity, a bulk resistance, a log(PO,/atm)

double layer capacitance, and a

finite length diffusion impedance, Figure6  Interface conductivity (1/SRe) of the

respectively. ‘ Ni/YSZ and Ni/CcYSZ electrodes as

. afunction of log(Po,).
5. Conclusion 2

Planar type single cells with electrodes modified by mixed jonic-electronic
conductors of CeYSZ and SDC were successfully fabricated and tested. An SDC thin layer
was made at the cathode/electrolyte interface to reduce the ohmic resistance of ionic current
at the interface. CeO, was added in the Ni-YSZ cermet anode in order to increase the
electronic conductivity of YSZ in the cermet. By these modifications we succeeded in
reducing the interfacial overpotential and attained.a high power density of 0.93W/cm?
using hydrogen as a fuel and air as an oxidizer. The SDC inter-layer was also found to be
effective in improving the stability of cathode in long term operation.
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APPLICATION OF IMPEDANCE SPECTROSCOPY TO SOFC RESEARCH
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INTRODUCTION

With the resurgence of interest in solid oxide fuel cells and other solid state electrochemical
devices, techniques originally developed for characterizing aqueous systems are being adapted and
applied to solid state systems. One of these techniques, three-electrode impedance spectroscopy, is
particularly powerful as it allows characterization of subcomponent and interfacial properties.
Obtaining accurate impedance spectra, however, is difficult as reference electrode impedance is
usually non-negligible and solid electrolytes typically have much lower conductance than aqueous
solutions. Faidi ef al and Chechirlian et al have both identified problems associated with low
conductivity media (1,2). Other sources of error are still being uncovered. Ford et al identified
resistive contacts with large time constants as a possibility, while Xie et al showed that the small
contact capacitance of the reference electrode was at fault (3,4). Still others show that instrument
limitations play a role (5). Using the voltage divider concept, a simplified model that
demonstrates the interplay of these various factors, predicts the form of possible distortions, and
offers means to minimize errors is presented.

EXPERIMENTAL

Zirconia powder with 8 mole percent Y,0; (Tosoh Corp., Japan) was isostatically pressed into a
cylindrical sample and sintered in air at 1400°C for 2 hours. The sample was 1.7 cm in diameter
and 3.0 cm long. Unfluxed platinum paint (Engelhard Corp., NJ) was applied to the flat ends and
fired at 900°C to form working (WE) and counter (CE) electrodes. Two small axial holes
approximately 1.0 mm in diameter, 0.4 cm deep were drilled into the YSZ sample, one from each
end. 0.010” diameter silver wire, terminated in a small bead, was inserted into one hole to form a
silver reference electrode (RE). A similarly prepared platinum wire was inserted into the opposite
hole to form a platinum reference electrode. Impedance spectra were collected at 570°C using the
Solartron 1260 frequency response analyzer (1260 FRA) from 1 MHz to 10 mHz without a
potentiostat.

3

RESULTS AND DISCUSSION

In the three-electrode configuration, a simplified equivalent circuit of the sample and the 1260
FRA is shown in Figure 1. The quantity of interest is Zg, the true working electrode impedance.
Analysis of the circuit shows, however, that the apparent impedance measured by the instrument is
not simply Zywg. Because of the voltage divider effect,

* Operated by Battelle Memorial Institute for the U.S. Department of Energy under contract DE-
AC06-76RLO 1830
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AV Z,
Z  —— -———-Z
cpparent 1 Zinpul + Zref "E
where Z; is the reference electrode impedance and Ziqpu is the input impedance of the
instrument. When reference electrode impedance is substantial in relation to the input impedance
of the instrument, the magnitude of the apparent impedance will be smaller than the true working
electrode impedance. Because this distortion is complex in nature, phase shifts may be introduced

in addition to changes in gain.

Since distortions occur when reference electrode impedance is non-negligible in relation to the
input impedance of the machine, it is important to know both quantities. The input impedance of
the analyzer can be obtained from the manufacturer. For the Solartron 1260 FRA, it is
approximately 1 MQ resistance in parallel with a 35 pF capacitance. External attachments and
cabling may increase this input capacitance. Since error gradually increases as reference electrode
impedance approaches the instrument input impedance, one needs to define an acceptable
tolerance. Conveniently, an acceptable error of 1% corresponds to tolerable reference electrode
impedance of approximately 1% the input impedance. Alternatively stated, when reference
electrade impedance reaches 1% of the input impedance, measured data will be in error from the
true value by approximately 1%. For the 1260 FRA, this 1% tolerable threshold is plotted as the
dotted line in Figure 2. At frequencies where reference electrode impedance exceeds this
threshold, the measurement is in error by more than 1%. The impedances of the silver and the
platinum reference electrodes used in this experiment are also plotted in Figure 2. They were
obtained through the procedure outlined by Lagos ef al, which allows the determination of
individual electrode impedances (6).

Note the response of the reference electrodes can be approximated by an equivalent circuit
consisting of a charge transfer resistance Ry, in parallel with a double layer capacitance Cq, both of
which are in series with a contact spreading resistance R.. Whereas R, and Cq;, which determine
the lower frequency response of the electrode, are very dependent on electrode material, the
contact resistance R, determining the high frequency response is more influenced by electrolyte
conductivity and contact size. The inverse relationship between R, and electrolyte conductivity
has already been established by Newman (7). Through this spreading resistance, electrolyte
conductivity enters into consideration when impedance responses at higher frequencies are of
interest. In this experiment, the silver reference has lower spreading resistance because it deforms
much more easily than platinum at 570°C and forms a larger contact. Because of the input
capacitance in the instrument, the reference electrode impedance eventually exceeds the tolerable
threshold at high frequencies, and distortions inevitably occur in the apparent spectra.

As shown in Figure 2, the platinum reference electrode impedance exceeds the threshold level at
all frequencies. Thus, according to the voltage divider equation above, it is to be expected that
apparent impedance measured with this platinum reference electrode will be in substantial error. It
will be much smaller than the true working electrode impedance. Since the impedance of this
platinum reference is almost half of the input impedance of the instrument at frequencies where
the working electrode arc appears, the magnitude of the apparent impedance is expected to be only
2/3 of the true value. This is in fact what is observed experimentally, as shown in Figure 3. No
phase shift was observed. Note that the high frequency intercepts have been shifted along Z’ to
facilitate comparison. In contrast, the impedance of the silver reference electrode is much lower at
the same frequencies, below the tolerable level. Correspondingly, the apparent impedance
accurately reflects the true working electrode impedance. Note that there are no tell-tale signs in
the platinum reference data that a significant distortion is occurring. Without knowledge of the
reference electrode impedance or comparison with the true impedance, data obtained with the
platinum reference electrode would appear reasonably correct, however inaccurate, in all aspects.
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Although not shown, the high frequency portion of both apparent spectra exhibits an extra
capacitive arc above 100KHz. This is also an artifact generated by the voltage divider effect. This
distortion modifies the phase angle as well as gain. At this temperature, both the bulk feature and
the grain boundary feature of zirconia exist at substantially higher frequencies than the capabilities
of the instrument,

SUMMARY

The reference probe is an often overlooked aspect in impedance spectroscopy. Yeta high
impedance reference is a major source of errors and distortions. The voltage divider concept was
used to generalize and explain the interplay of instrument limitation, electrolyte conductivity,
reference resistance and capacitance, A simple experiment on yttria-stabilized zirconia shows that
a high impedance reference electrode does indeed produce a large error, and that this error obeys
the voltage-divider equation. One solution to minimize this type of error is to carefully select and
design a low impedance reference electrode.
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FIGURE 1. Equivalent circuit diagram of a sample and the 1260 FRA, in the three-electrode
configuration.
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FIGURE 2. Comparison of reference electrode impedances with the acceptable threshold on the
Solartron 1260 frequency response analyzer.
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FIGURE 3. True impedance and apparent electrode impedances measured with silver and with
platinum reference electrodes. Numbers indicate common logarithm of frequency.

126



MANUFACTURING OF PLANAR CERAMIC INTERCONNECTS

B.L. Armstrong, G.W. Coffey, K.D. Meinhardt, and T.R. Armstrong
Pacific Northwest National Laboratory*
Richland, WA 99352

INTRODUCTION

The fabrication of ceramic interconnects for solid oxide fuel cells (SOFC) and separator plates for
electrochemical separation devices has been a perennial challenge facing developers.
Electrochemical vapor deposition (EVD), plasma spraying, pressing, tape casting and tape
calendering are processes that are typically utilized to fabricate separator plates or interconnects for
the various SOFC designs and electrochemical separation devices (1,2). For sake of brevity and
the selection of a planar fuel cell or gas separation device design, pressing will be the only
fabrication technique discussed here. This paper reports on the effect of the characteristics of two
doped lanthanum manganite powders used in the initial studies as a planar porous separator fora
fuel cell cathode and as a dense interconnect for an oxygen generator.

The selection of a suitable fabrication process is highly dependent upon the device design. The raw
material properties, such as surface area, particle and agglomerate size distribution, morphology,
and minute secondary phases, affect the processing parameters. The influence of the initial powder
characteristics on consolidation of ceramics has been well studied (3-5). Armstrong reported on the
characteristics of zirconia powders from two synthesis techniques and the effect of those
characteristics on consolidation and densification (3). Combustion synthesis yielded hard
agglomerates which required ball milling to break down the agglomerate structure to achieve
greater than 94% theoretical density. Hydrothermal synthesis provided weakly agglomerated
powders in which consolidation and complete densification was dependent upon the pH of the
starting suspension and the technique utilized to remove the powder from the suspension. Effects
of the raw material properties on fabrication of interconnects was demonstrated by Milliken et al.
who showed that the sintered density of uniaxially compacted strontium doped LaCrO3 increased
with increasing green density (6). The i increase in green density was obtained by optimizing
isostatic pressure, binder, lubricant, smtenng aids, and the reduction of hard agglomerates through
ball milling of the starting powder prior to pressing.

EXPERIMENTAL

Material Preparation:

Two commercially available doped lanthanum manganite powders ((Lag §Cag2)0.9sMnOs3, hereafter
called LCM-20) were evaluated: Powder X (made by a combustion synfhesis process) and Powder Y
(made by a co-precipitation process). Powder X was calcined at 1000°C for one hour and ball
milled for 24 hours to break up hard agglomerates.

Consolidation and Densification:
The powders were mixed with 10 weight percent of total solids of an organic binder system. The
resulting mixtures were added to a 50.8 mm ID steel die preheated to 149°C and uniaxially pressed

*QOperated by Battelle Memorial Insutule for the U.S. Department of Energy under contract DE-
ACO06-76RLO 1830.
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at 8.8 MPa while at temperature. The resulting Powder X and Powder Y discs varied in thickness,
averaging 1.975 and 1.414 mms in dimension, respectively. The average thicknesses were
normalized to a 10 gram starting weight. After pressing, the Powder X and Powder Y discs were
debindered in a three day cycle and heated to the sintering temperature (1150°C and 1450°C,
respectively) at a rate of 120°C/hour and held at the selected temperature for two hours in air. The
sintered discs were subsequently creep flattened at the sintering temperature for a duration of five
hours. All binder burn-out, sintering, and creep flattening studies were made using Lindberg Blué
M or Deltech DT-31-FL-10 box furnaces.

Characterization: , ’

Surface areas were measured by a Micrometrics ASAP 2000 BET. Particle and agglomerate size
distributions were determined by a Microtrac Series 9200 Full Range Analyzer. Phase was
measured using Cu Ko radiation and a Philips Wide Range Vertical Goniometer. Sintered
densities were measured with the Archimedes submersion technique using ethanol as the liquid
medium. Linear expansion was measured on an Anter Model 1161 dilatometer at a rate of
2°C/minute in air. Elemental analysis was measured using inductively coupled plasma auger
electron spectroscopy (ICP AES) and energy dispersive x-ray fluorescence (ED XRF) techniques.

RESULTS AND DISCUSSION

If both powders (X andY) had comparable phase compositions, particle sizes and distributions,
surface area and morphologies, it would be predicted that the powders would have similar green
densities after pressing and thus similar sintered densities. No differences between Powder X and
Powder Y were evident from preliminary x-ray diffraction phase analysis. Phase analysis did not
identify any major secondary phases in either powder. Surface area and particle size distribution,
however, were indicative of the synthesis methods and varied accordingly. Powder X had a surface
area of 6.2 m?/gm, and the particle size distribution, which was multimodal, ranged from 0.95 to
434.35 um with a dsg at 9.04 pm. This particle size range was reflective of the large, hard
agglomerates formed during synthesis and the effect of subsequent milling. Powder Y’s surface
area was measured at 1.78 m2/gm. The particle size was monodisperse. The particle size
distribution was Gaussian with a range from 2.52 to 15.07 um with a dsp at 5.47 tm.

Further evidence of powder property differences was found in the dilatometric data (Figure 1). The
absolute linear shrinkage was measured using bars pressed from both Powder X and Powder Y.
The Powder X bar exhibited an expansion at 1250°C whereas the Powder Y bar sintered to
complete density at 1450°C without any expansion behavior. This expansion behavior has been
observed in lanthanum chromite and strontium doped lanthanum manganite samples when the A/B
ratio was approximately 0.90 and when large additions of zirconia (>40 wt%) were mixed in the
cathode (7,8). The A/B ratio refers to the cation ratio in the ABOj3 perovskite structure. In
addition, this type of expansion can occur in the doped manganites with minor phase additions of
silica and alumina. Again, evidence of powder differences was observed in the measured green
densities. The Powder Y discs had an average green density of 3.49 gm/cc while the Powder X
discs had green densities of 2.5 gm/cc. The low green densities of the Powder X discs were
indicative of the large particle sizes, high surface area, and agglomerate morphology. As
anticipated from the higher green densities, the linear shrinkage, and the higher achievable sintering
temperatures, the Powder Y discs densified to higher sintered densities of 5.8 (92.4% of the 6.27
gm/cc theoretical) versus the 5.04 gm/cc sintered densities (80.4% theoretical) for the Powder X
discs. In addition to poor sintered densities, the Powder X discs warped and bowed considerably
during sintering and frequently cracked during the process of creep flattening. However, since the
Composition B discs did not exhibit any linear expansion during the sintering event, these LCM-
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20 discs had minimal warpage and flattened without cracking. A Jet Propulsion Laboratory (JPL)
designed separator plate which was characteristic of the as-fabricated discs that were pressed is
shown in Figure 2. :
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Figure 1: Absolute Linear Expansion of Powder X and Powder Y LCM-20
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Figure 2: As-Fabricated Doped Lanthanum Manganite Separator Plate (71.8 mm O.D.)

To determine the A/B ratios and whether minor quantities of silica and alumina were present that
were not visible in the preliminary x-ray analysis, elemental analysis was measured using ED
XRF and ICP AES. The reference used for the ICP AES was a LCM-20 sample synthesized using
the glycine nitrate process (GNP). The A/B cation ratios for Powders X and Y were 0.95 and 0.99
respectively (Table 1). The silica content was negligible in both powder samples, however,
Powder X had twice the alumina content (0.2 wt%) of Powder Y. Both samples contained trace
amounts of zirconia (approximately 0.02 wt%). It is unknown at this time if such trace amounts
of alumina and zirconia are sufficient to cause the expansion behavior seen in the Powder X
sintering curves or if the alumina contributed to the formation of a glassy, secondary phase. The
formation of this glassy phase could seal off the surface of the Powder X discs and subsequently
trap the gas evolved during the sintering process.
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Table 1: Summary of ICP AES and ED XRF Results

SUPPLIER ICP AES ED XRF
PNNL (Lap.784Ca0.216)0.979MnO;3 (Lag 801Cap,199)0.99MnO3
X (L29.796C20.205)0.952Mn0O;3 (Lap 816C20.184)1.00Mn03
Y (Lag.799Ca0.201)0.995Mn03 (Lag g12Ca0.188)0.973Mn03

Minor differences in material properties resulting from the initial powder synthesis can have
substantial effects on the processing, sintering and ultimately the manufacture of calcium doped
lanthanum manganite planar interconnects. Provided the powders and their properties are well
understood, inexpensive fabrication is feasible.
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MECHANICAL PROPERTIES OF LANTHANUM AND YTTRIUM CHROMITES

S.W. Paulik and T.R. Armstrong
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Introduction

In an operating high-temperature (1000°C) solid oxide fuel cell (SOFC), the interconnect separates
the fuel (P(02)=10'“S atm) and the oxidant (P(02)=-100'2 atm), while being electrically conductive
and connecting the cells in series. Such severe atmospheric and thermal demands greatly reduce the
number of viable candidate materials. Only two materials, acceptor substituted lanthanum chromite
and yttrium chromite, meet these severe requirements. In acceptor substituted chromites (Sr2* or
Ca?* for La3+), charge compensation is primarily electronic in oxidizing conditions (through the
formation of Cr*). Under reducing conditions, jonic charge compensation becomes significant as
the lattice becomes oxygen deficient. The formation of oxygen vacancies is accompanied by the
reduction of Cr** jons to Cr** and a resultant lattice expansion [1-4]. The lattice expansion
observed in large chemical potential gradients is not desirable and has been found to result in
greatly reduced mechanical strength [5,6).

Few investigations of the mechanical properties of lanthanum chromite have evaluated the strength
in both air and after reduction. Of these investigations, the results are not consistent and compari-
son of individual results are difficult due to inconsistent sample size, test method and test condi-
tions. Reliable measurements of Young’s modulus, Poisson's ratio, and mechanical strength are
needed in air and reducing environments so that accurate models can be developed to predict the
possible stresses the interconnect may experience in an operating SOFC. Therefore, it is the pur-
pose of this program to measure the mechanical properties of acceptor substituted lanthanum and
yttrium chromite to determine the mechanical properties as a function of material chemistry, as well
as temperature and atmosphere.

Experimental

La;_xCa,CrO; and La;_,Sr,CrO; (x varying between 0.15 and 0.30) powders were synthesized
using the glycine nitrate process. Following a 1 hr calcination at 1000°C in air, powders were isos-
tatically pressed into 34 by 34 by 64 mm billets and sintered between 1600 and 1690 °C for 2 to 6
hr. Samples were machined into 3 by 4 by 45 mm military standard 1942B {7] bars. Four-point
bend strength was measured (Instron model 1125) in air-at 25, 600, 800, and 1000°C using a cross-
head speed of 0.508 mm/min on a 20 mm top and 40 mm bottom span. Prior to testing at room tem-
perature, selected samples were exposed to high temperature reducing conditions (1000°C and an
oxygen partial pressure varying between 108 to 1073 atm) for 2 hr using a buffered CO,/Ar4%H,
gas system and cooled to room temperature, maintaining the P(O,) to approximately 700°C.

Results and Discussion |,

Table 1 displays the percent theoretical density for the sintered samples. In addition to having low
densities, the LCC-15 and LSC samples had pores larger than the grains which will result in lower
strengths from a smaller cross-sectional area and large initial flaw size. Both internal and intergran-
ular pores were found in all compositions typical for a liquid phase sintered material. Figures 1 and
2 show the strength as a function of temperature for the lanthanum calcium chromite (denoted
LCC, e.g. Lag;Cag 3CrOj is written LCC-30) and lanthanum strontium chromite samples, respec-

* QOperated by Battelle Memorial Institute for the U.S. Department of Energy under Contract
DE-ACO06-76RLO 1830.
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Table 1: Percent theoretical density of the indicated LCC and LSC compositions.
Composition |LCC-15 |LCC-20 |LCC-25 jLCC-30 |LSC-16 |LSC-20 |LSC-24

% Theoretical
Density

86.5+4.5 |94.2+1.6 |95.7+1.9 |97.240.5 |93.1x1.5 |91.6+0.9 | 91.210.7

tively. The room temperature strength of the LCC samples increased with increasing calcium con-
tent, which is the result of higher densities and smaller pore sizes. The strength of the LSC samples
showed no cormrelation to the strontium content as samples had similar densities. At elevated tem-
peratures, the strength of the LCC samples decreased with increasing calcium content. Under these
conditions, grain boundary-sliding or viscous flow of the grain boundary phases can extend exist-
ing flaws leading to decreased strength. {8] The strength of the LSC samples remained unchanged
over the entire temperature range. The insensitivity of the porous materials to strength degradation
(with temperature) is related to fracture initiated from pores. The pores act as initial flaw sites, and
failure occurs via extension of-these flaws along the grain boundary. As the temperature increases,
the grain boundary surface energy increases, resulting in an increase in the energy necessary to
extend the pores along the grain boundary. The resulting increased resistance to pore-crack exten-
sion results in constant strength (LSC samples) or even increased strength (LCC-15). This behavior
has been observed in UO, where fracture occurs by the extension of large pores along the grain
boundaries. (8]

Figures 3 and 4 are plots of the room temperature strength as a function of P(O,) for the treated
LCC and LSC samples, respectively. The results indicate both acceptor content and type affect the
mechanical perfomance of the material under the reducing condmons LCC-25 and LCC-30 main-
tained a constant strength from ambient conditions to a P(O,) of 1019 atm, As the atmosphere
became more reducing, both materials demonstrated a drastic decrease in strength with LCC-30,
retaining only 10% of its original strength after exposure to a P(O,) of 10716 atm. LCC-20 showed
similar behavior except the transition P(O,) was lower (10' atm) and the material retained 55% of
its original strength after exposure to the most reducing condition (10”18 atm). The data illustrates
that samples with higher acceptor content show a decrease in strength at lower oxygen partial pres-

- sures and a greater loss of strength at more reducing conditions. This trend is consistent with the
reported jsothermal expansion behavior of LCC materials under high temperature reducing condi-
tions. [2-4] Samples exhibited no expansion from ambient air to moderately reducing conditions
with the onset of expansion occurring at a higher P(O,) for compositions with higher acceptor con-
tent. Similarly, the magnitude of expansion for a given loss in lattice oxygen was greater in samples
with a higher acceptor content. Examining the model [2-4] used to interpret the isothermal expan-
sion behavior can provide insight into the strength behavior. As the lattice loses oxygen and Cr
ions are reduced to Cr>*, bonds are left unsatisfied and bond lengths increase from the repulsive
forces of unshielded neighboring chromium ions. This expansion of the lattice has been docu-
mented via x-ray analysis. Armstrong et al. [4] measured an increase of 1.3% in the LCC-30 unit
cell after reduction in a P(O,) of 1018 atm at 1000°C. The forces required t6 rupture the bonds in
this lattice, the cohesive strength, should be measurably less than that of a stoichiometric chromite
lattice. Examination of fracture surfaces revealed that a transition in fracture mechanism, from
intergranular to transgranular fracture, accompamed the decrease in strength. Fracture surfaces
from the LCC samples exhibited small amounts of transgranular fracture just prior to the onset of
strength degradation. The amount of transgranular fracture increased as the conditions became
more reducing and corresponded to the decrease in strength., e.g. LCC-30 showed complete trans-
granular fracture at 10716 atm. This supports the premise that the combination of oxygen vacancies
and longer bond lengths resulted in a weaker lattice; reduced grains (crystallites) are substantially
weaker than the unreduced grains and the grain boundaries.
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The room temgerature strength of the treated LSC samples remained a constant from ambient air to
aP(0,) of 10° atm. As the treatments became more reducing, however, an increase in strength was
observed for all LSC samples, reaching 2 maximum at 10°1% atm. All samples demonstrated inter-
granular fracture from ambient air to a P(O,) of 10"12 atm. The increase in strength with decreasing
P(O,) can be attributed to an increase in strength of the grain boundary phase or a blunting of pore-
grain boundary interfaces, thus limiting the extension of pores near critical size or inhibiting the
formation of a critical flaw from several subcritical pores. [8] Similar to the trends observed in the
LCC compositions, LSC samples with the highest acceptor content exhibited the greatest reduction
in strength as the conditions became more reducing, e.g. LSC-24 retained only 40% of its unre-
duced strength (~30% of the maximum strength). In contrast, LSC-15 maintained a constant
strength from 10719 to 10718 atm at 170% of the unreduced strength. The increase in strength from
108 t0 10714 atm was fairly consistent for all LSC compositions. The data shows that at more
reducing conditions, samples with higher acceptor content experience a greater reduction in
strength. This trend is consistent with the reported isothermal expansion under high temperature
reducing conditions [4]. Relative to the LCC materials, LSC materials with similar acceptor con-
tents display slightly smaller isothermal linear expansion at a given P(O,) or oxygen deficiency.
This corresponds to a smaller lattice expansion at a given oxygen deficiency, i.e. the measured
change in the x-ray unit cell volume for LSC-30 after reduction in a P(O,) of 10°'8 atm at 1000°C is
0.2%, almost 1/6 of the LCC-30 expansion. [6] This is believed to be due the larger unit cell of !.._SC
materials, which can accommodate oxygen deficiency with less bond lengthening. Th,? cohesive
energy in oxygen deficient LSC should remain higher at higher oxygen deficiencies compared to
LCC. Fracture surfaces from the LSC samples indicated an onset P(O5) of 1014 atm for transgran-
ular fracture. An increasing amount of transgranular fracture accompanied the decrease in strength
from 1074 t0 10°18 atm for the ﬂSC-ZO and LSC-24 samples, with approximately 60% transgranu-
lar fracture for the LSC-24 sample after the 10;%8 atm treatment. These results are evidence that the
loss of lattice oxygen has weakened the lattice but also that the Sr2* jon stabilizes the chromite lat-
tice more than Ca®*,

Conclusions

The strength of the LCC samples decreased with increasing temperature and increased acceptor
content. The reduction in strength at elevated temperatures is believed to be caused by a grain
boundary-sliding mechanism. The LSC samples showed a constant strength with temperature as
failure occurred by extension of the pores along the grain boundaries. The room temperature
strength of the reduced LCC and LSC samples was dependent on the P(O,). Samples with the high-
est acceptor content showed a precipitous drop in strength after exposure to the most reducing con-
ditions. The loss of lattice oxygen and the reduction of Cr** to Cr3* resulted in a reduced bond
strength in the lattice and a larger bond length. This resulted in a decrease in the cohesive strength
of the lattice, and the corresponding decrease in fracture strength as the individual crystals lost
mechanical integrity. This was supported by changes in the microstructure (transition from inter-
granular to transgranular fracture) as the treatments became more reducing.
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INTRODUCTION

Research and development on solid oxide fuel cells in Korea have been mainly focused on unit
cell and small stack. Fuel cell system is called clean generation system which not cause NOx or
SOx. It is generation efficiency come to 50-60% in contrast to 40% of combustion generation
system. Among the fuel cell system, solid oxide fuel cell is constructed of ceramics, so stack
construction is simple, power density is very high, and there are no corrosion problems.

The object of this study is to develop various composing material for SOFC generation system,
and to test unit cell performance manufactured. So we try to present a guidance for developing
mass power generation system. We concentrated on development of manufacturing process for
cathode, anode and electrolyte.

EXPERIMENTAL

Unit cells were fabricated using conventional thick film processing techniques, i.e., doctor blade
and screen printing. And we could make planar type unit cell about 7 cm?® size, using by 8
mol% YSZ electrolyte, perovskite type cathode, and Ni-YSZ cermet anode. As cathode
material lanthanum-strontium -manganese perovskite (LSM) of optimized La0.75r0.3MnO,
composition was used because of its high electric conductivity and good compatibility with the
electrolyte, consisting of zirconia doped with 8 mol% yttria (8YSZ).

A schematic diagram of the fabrication is shown in figure 1. In this fabrication process,
electrolyte and anode powders are first mixed with organic binders to form ceramic masses.
Anode and cathode slurry were screen printed onto dense YSZ electrolytes and fired at 1400
and 1200°C, respectively.

RESULTS AND DISCUSSION

Figure 2 shows a schematic diagram of the conﬁgun:ation of a unit cell, which consisted of a
cell part and a cell holder. The cell holders were made of a heat resistant alloy (Incounel 600)
and were used as current collectors and gas manifolds.

Figure 3 shows the I-V characteristic for the fuel cell at 1000°C. The maximum power density
is 0.85 W/cm? (0.435V, 1.96A/cm?). The good I-V characteristic implies that both the anode
(Ni-YSZ) and cathode (La0.7Sr0.3MnQO,) materials are suitable. The open circuit voltage
(OCV) obtained from the unit cell is 1.15V.

Figure 4 shows the I-P characteristics of a unit cell for SOFC, for which the YSZ film obtained

by doctor blade method was applied. This high power density of SOFC suggests that the
Dr.blade method was a very useful method for preparing thin and dense YSZ films for SOFC.
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The endurance of a unit cell is evaluated from the result of operating it for more than 510
hours. It is shown in Figure 5. After measuring various characteristics, the unit cell was
operated at a constant current density of 150 mA/cm?,

Lap 7S8r0.sMn0O; . Electrolyte sheet
precursor Ni-YSZ powder (after sintering)
! , 5
Slurry
Calcination (Ni*YSZ +

Turpentine oil)

screen prinling

i i
Slurry Sintering

(L.ap.725r0.3Mn0; !
+ Turpenline oil) (1400T. 2hr)
| screen printing {

Sintering

(1200T, 5hr)

Unit Cell
Figure 1. Manufacturing process of SOFC unit cell.
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Figure 2. Schematic diagram of the unit cell used for I-V measurements.
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Figure 5. Voltage drop in dependence on operating time.
La0.7510.3MnO,/8YSZ/50Ni-YSZ,H,/0,= 700/800¢cc/m,1000°C at 150 mA/cm?
CONCLUSIONS
The unit cell of SOFC was fabricated by the use of doctor blade and screen printing method.

It was generated the maximum electric power of 5.2 W at 1000°C with hydrogen and oxygen
gas. The current density at the voltage of 0.7 V was 850 mA/cm?

The unit cell was operated over 510 hours. Its performance was 0.97V at 150 mA/cm?® using
hydrogenfoxygen.
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1. INTRODUCTION

With the growing interest in conserving the environmental conditions, much attention is
being paid to Solid Oxide Fuel Cell (SOFC), which has high energy-conversion efficiency.
Many organizations have conducted studies on tubular and flat type SOFCs (1). Nippon
Telegraph and Telephone Corporation (NTT) has studied a combined tubular flat-plate SOFC,
and already presented the I-V characteristics of a single cell (2). Here, we report the construction
of a stack of this SOFC cell and successful generation tests results.

2. TUBULAR FLAT PLATE SOFC
Figure 1 shows a configuration of a tubular flat-plate SOFC single cell and of a stack. A
single cell is fabricated by making a generation part on one side of the tubular flat electrode,

which is porous and contains gas channels. Interconnections are also made on the other side of
this plate as a thin layer. This design makes it possible to fabricate a very thin electrolyte,
because the electrolyte does not need to support the cell. Moreover, current flows perpendicularly
in this flat electrode plate through the pillars that connect the two sides of the plate.
Conscquently, voltage losses in this SOFC cell are low. In the conventional tubular cell, on the
othér hand, current flows in the thin clectrode layers made on the surface of the support tube, and
this current flow brings about unacceptable voltage losses.

. s Fuel outlet

Fuel electrode plate I
P Gas channel

Conductor- Airinlet

Cell

Air clectrode

Interconnector
Glass sealant

~
Cell holder Fuel inlet

(a) Configuration of single cell (b) Stack construction

Fig. 1 Proposed tublar flat plate SOFC.
(Fuel electrode plate)
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A stack is designed to be fabricated by holding single cclls at equal intervals, placing an
electrical conductor between cells, and sealing both ends of the cells. A gas-tight seal in the
stack can be easily made by these sealing, because there is complete separation of gas inside and
outside the plate. Thus, gas sealing is better than conventional flat plate cells. The stack is
expected to deliver same characteristics as a single cell, because it can be made without using
an interconncction plate,which is usually at least 5 mm thick. Eliminating the
interconnection plates will reduce the cost of the SOFC. This is onc of the benefits in the
commercialization of SOFC.

3. FABRICATION OF SINGLE CELL
A tubular flat plate was made by extrusion, and a single cell was made by fabricating the

electrolyte, electrode, and interconnection layers onto that plate. Then, fuel electrode material
was applied to the flat plate and electrolyte layer was 'plasma-sprayed onto it. Air electrode was
made on the electrolyte layer by slurry-coating and sintering. The electrode plate, which acts as
a cell support, must have good conductivity, porosity, and mechanical strength, so we studied
ways to improve of the properties of the fuel electrode, before making cells for the stack.

(1) Properties of fuel electrode

Nickel-zirconia cermet powder was synthesized from nickel oxide and YSZ (Toso: TZ-8Y) by
mixing the powders in a ball mill. The characteristics of nickel-zirconia cermets are known to
be influenced by the raw material, nickel oxide content and sintering conditions. In order to
obtain a cermet with sufficient mechanical

strength, we calcined YSZ powder and applicd 10% ,
it to the cermets. ; -
Conductivity was measured by the 4-probe - 103-_ g;]‘_;’sa_
method in a hydrogen atmosphere at 1000°C, §
and porosity was measured by mercury B 2-8Y
porosimetory and mechanical strength by the g 10% T
3-point bending test (Japanese Industrial g.
Standard). Gas permeability was measured at g 10F -
room temperature using helium gas. -‘%‘2 1
Figure 2 shows the conductivity of the § ;| ]
cermets. Conductivity, which is influenced by E
the calcination temperature of YSZ, was s
improved by approximately 10 times. These 10-120 R 4'0 6|0 80

new cermets show high éonductivity evenwhen _ND éontent @ )
the nickel oxide content is low. Calcination
temperature of YSZ also affects the stren.gth; Fig. 2 Co nductivit y of Ni/'YSZ cermets as
the strength was lower for a sample synthesized , function of NiO content.

from YSZ calcined at higher temperature.
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However, by choosing the appropriate calcination temperature, we obtained a cermet with
high strength. Based on this study, we made the flat clectrode plate. Several characteristics of
the cermets used for the cell are shown in Table 1. As shown in Table 1, the use of the calcined
YSZ improved the bending strength by 20%, and also improve pore distribution, and
gas-permeability.

Table 1 Characteristics of the cermets

YSz N | Pomwsity] 4 ean por| Hegas Conductivity{M echanical
powder] dimeter | pemeation stength
we)| @) @m) |coefficknt| Stm) | Mmm?)
Samp @ @) ®) ©) @
ox 1
n aterial TZ-8Y 60 14 022 170 10 290 100
New Cakined 4
al 50 15 067 ~ 150 23

ma 128y 360 ~10 0 1

(@) @neasuyed on assintered body .

() @neaswrad atrocm tEmp.after 2 duction (and 4 Bxc).

(c) 4neasued at1000 inH:2atmospher.

(d) Gnezsned aflerH 2 mduction i accomance w ith thiee-pointbending test.

(2) Fabrication of single cell

A tubuiar flat plate was made by extruding the anode material described above. The size of
this sintered plate was 40 x 100 x 5 (w-1 -t :mm).

The electrolyte and interconnection were deposited as a 200-pm layer by plasma spraying the
raw powders. The number of plasma sprays and the spraying distance were carcfully selected,
because the density of the sprayed layer is related to these conditions. Commercial YSZ powder
was used for the electrolyte and La(Ca)CrO, powder for the interconnection layers. The thermal
expansion coefficient of the interconnection was controlled to 10 x10° (1/K) by varying the
ratio of Ca in the powder. The value of this coefficient is almost the same as that of YSZ . The
conductivity of interconnection material was 30 S/cm in the ambient atmosphere, and I S/cm in
a hydrogen atmosphere of at 1000°C. The gas permeability coefficient of the electrolyte layer
was 7x10° (cm‘/ g-sec), and that of interconnection was 2x107 (cm*/ g-sec). An air clectrode
was made from La(Sr)MnO, by slurry coating. The air electrode was 50pm thick, and its
surface arcawas 6 cm’. The external appearence of a single cell is shown in Fig. 3.

Fig. 3 External appearance of a single tubular flat-plate SOFC cell
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4. I-V/P CHARACTERISTICS OF THE STACK
A stack was composed by placing cells in a stack holder made from alumina, and sealing the

ends of cells and joints of the holder. Electrical contact between cells was made with a Pt mesh.
Generation tests were carried out successfully on this stack at 1000°C by supplying hydrogen
and oxygen gas to each inlet gas manifold. Figure 4 shows the I-V/P characteristics. The open
circuit voltage of a single cell was 0.85 V, which is lower than the theoretical value. This is
thought to be caused mainly by insufficient density of the YSZ layer. Gas leakage at the side
of the single cell might be another cause.rNoiwithstanding this o;aen circuit v-oltage, the stack
showed faily good characteristics and the- voltage loss was small. According to an analysis of
the voltage drop, this loss was - —_—

caused by the resistance of the

YSZ layer, and partly by the 0 Cunent(:)dsensﬁy (A,(:m?o '

electrode activity and contact H,.0, Gas ! Oumutpo.vler - 04

resistance. The  maximum 1000 (Pow erdensity)

output power density of this 2 §=cg|fsm2 4

stack was 0.35 W/cm’. This 03 o

power density has proved the : e, ; . E

usefulness of the concept of i’ . 9 &

the cell and stack of Tubular § .. Voliage § o2 &

Flat-Plate SOFC. 2 "\.‘ 728 I3
In the near future, we B e S ]

expect to improve the density = -103 §

of the electrolyte layer, which

should improve the cell ol ] \ L 1 i IS

characteristics. Then output 0 2 4 6 8 .

power of the stack will also be Cument @ )

increased by increasing the Fig. 4 I-V/P characteristics of the stack.

number of cells.

5. CONCLUSION

A stack of tubular flat-platc SOFC cells was constructed and generated a maximum power
density of 0.35 Wicm®. These results showed the usefulness of the cell design and the
fabrication process. We are planning to improve the cell characteristics in the near future, and
will also construct a stack with more powerand higher power density.
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Introduction

TONEN CORPORATION has developed planar type SOFC since 1986. We
demonstrated the output of 1.3kW in 1991 and 5.1kW in 1995®,  Simultaneously we have studied
how to raise electric efficiency and reliability utilizing hydrogen and propane as fuel®®,

Durability forthermal cycle s one of the most important problems of planar SOFC to make it more
practical. ‘The planar type SOFC is madeup of separator, zirconiaelectrolyte and glass sealant. The
thermal expansion of these components areexpected to be the same value, however, they still possess
small differences. In this situation, athermal cycle causes a thermal stress dueto the difference of the
cell components and is often followed by a rupture in cell components, therefore, the analysis of the
thermal stress should give us much useful information.

‘The thermal eycle process consists ofa heating up andcooling down procedure. Zirconiaelectrolyte
is not bondedto the separator under the condition of the initial heating up procedure, and glass sealant
becomes soft or melts and glass seals spaces between the zirconia and separator. The glass sealant
becomes harder with the cooling down prooedure.‘ Moreover, zirconia is tightly bonded with separator
below atemperature whichis definedas a constraint temperature and thermal stress also occurs. This
indicates that the heating up process relaxes the thermal stress and the cooling down increases it.

In this paper, we simulated dependence of the stress on the sealing configuration, thermal expansion
of sealant and constraint temperature of sealant glass. Furthermore, we presented SOFC electrical
properties after a thermal cycle.

Calculation
<Modeling> ~ B .

In order to investigate the stress in cell components, we simulated the thermal cycle
condition by the Finite Element Method FEM). As amodel we assumed three types of models as
shown in figure 1. The cell is made up from LaSrCrCoO,(L.SCC) separator, 8mol% Y,0, doped
Z1O,8YSZ) electrolyte and glass sealant. 8YSZ and LSCC are size of 200mm square. The
thickness of the LSCC is 5mm, and 8YSZ is 0.2mm. LSCC separator has several gas channels.

In MODEL 1 simulated 8YSZ and LSCC are tightly bonded at two sides and strained below a
constrainttemperature. InMODEL 1, thermal expansion of 8YSZ and LSCC caused a thermal stress.

Separator  Ejgctrolyte  Separator

ol rfed

- Sealant
(2)MODEL 1 (b)MODEL 2 (c)MODEL 3
Fig.1 Calculation Model of planer SOFC
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In MODEL 2 and MODEL 3, sealant was put at two or four sides of the cell as shown in figure 1(b)
(c). We analyzed the cooling down procedure from 1000°C to room temperature and it is assumed
that the thermal stress occurred below a constraint temperature.

Table 1. Conditions of calculation

sealant | arrangement |constraint temp.
CASE 1 No MODEL 1 650°C
CASE 2 No MODEL 1 1000°C
CASE 3| glass 1| MODEL 3 650C
CASE 4| glass 2 | MODEL 3 550C
CASE 5| glass 2 | MODEL 2 550°C

Table 1 shows the conditions of the calculation. Five cases are assumed and calculated  These
have different conditions of sealant material, glass arrangement and constraint temperature. Case 1 and
case 2 have no glass sealant and are different in the constraint temperature, Case 3 and case 4 have
different glasses, and case4 and5 have different glass arrangement.  As sealant, two types of glass are
assumed. The glass 1 is the borosilicate glass. The glass 2 is the soda-lime glass in which fine
alumina powderis dispersedto control its viscosity. The thermal expansion ‘coeﬁicient('I'EC) and other

Table 2. Parameters of Each Materials

TEC |Young’s modulus | Poisson’s
[X10/K] [kaf/mm?] ratio
8YSZ 10.5 20000 . 0.3
LSC 10.2 7000 0.3
glass 1 3.25 6300 0.2
glass 2 9.9 63900 0.24

parameters of each materials we used are shown in Table 2.

The results of calculation are obtained as the stress distribution in the cell components. Using
these results and the mechanical properties of 8YSZ sheets which we measured®, we roughly estimated
the failure probability of the 20 cm square 8YSZ sheetsin the cooling cycle. It canbe calculated from
the equation (1) using Weibull parameter such as ‘shape parameter’; m and ‘scale parameter’; §.
Because the main cause of failure in 8YSZ sheet should be surface crack from the fractography.

FaiIL;JreProbabiIity‘= L [%] dAescccee(l)

<Results & Discussion>

The results of the calculation are shown in table 3 and figure2. The table 3 involves five cases and
shows the maximum stress in the 8YSZ sheet and the failure probability.

In table 3, the difference of case 1 and case 2 shows that the lower constraint temperature ,the smaller
the stress occurred and failure probability. But as shown in case 3, even if glass sealant is used and
the constraint temperature is lowered, if the glass has a much different TEC such as glass 1, the
maximum stress and the failure probability becomes very large. And inthe case4 using glass which
has near value of TEC to the other components such as glass 2, the failure probability becomes lower
than the case 2. This indicates that constraint temperature and the correspondence of TEC between
glass sealant and the other components are essential to the thermal stress.
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Table 3 Maximum Stress and Failure Probability of 8YSZ
CASE 1|CASE 2| CASE 3|CASE 4|CASE §
6 ma]Kgf/mm?] 5.5 8.6 18.7 5.5 4.7
Failure Probability | 5X108 1X10°5| 4X102]1X108[5X10°

Furthermore, as shown in case 5, glass arrangement decreases the failure probability about half.
The reason can be explained by the stress distribution shown in figure2. Figure 2(a) shows the stress
distribution pattern of MODEL 1 and MODEL 2. It shows the stress concentrates at the corners of
the sheet which are the crossing points of sealant glasses which altemnate on either side of the sheet.
On the otherhand, MODEL 3, with glass arranged at four sides of cell, has adifferentdistribution. In
this case, stress concentrates on the boundary between the separator’s channels and area constraint by
sealant glass. 8YSZ sheetis not constrained at the area of separator’s channels, so it shows that stress
occurred in 8YSZ sheet concentrates at the boundary of the constraint area.

Stress—

(@MODEL 1 & MODEL 2 (b)MODEL 3

fig.2 Stress Distribution Pattern in 8YSZ Sheet

These results make the following clear:
(1) Stress accompanied by the thermal cycle is mainly caused by the thermal expansion difference
between the sealant material and other components. When this differenceis large, it is largerthan the
stress occurred by the thermal expansion difference between zirconia electrolyte andLSCC separator.
(2) By using glass material as a sealant, it is considered that stress occurs over only a fraction of the
cooling cycle. Hence using glass reduces stress more than if a rigid material is used.
(3) Stress concentrates at the boundary of the constraint area.

Therefore the following are important to reduce the stress in thermal cycle:
(a) use glass sealant which have similar thermal expansion to the other components.
(b) reduce the boundary of the constraint area.
Cell Test

From the results of the calculation, we decided the cell structure as case 5 of table 1, and

tested it. The cell scale was 20cm square3 cellsstack.  As fuel, LPG, reformed with steam was used
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at a steam-carbon ratio of

about 3.0. Fuel gas’ and € 210
air were supplied by the - L 205 -
external manifold of the % 200
cross flow structure. -5
After a thermal cycle a 195
from 1000 °C to room a 4190 Wiz80%
temperature, the oell”was ?g 185 id=0.32A/cm?
operated at 1000°C and o S/C=3 ,
performance was measured 180 — =
at several points of fuel 30% 35% 40% 45% 50%

utilization.

The result of cell test is
shown in figure 3. It
shows the relation of electric efficiency, power density and fuel utilization. After the thermal cycle,
this cell was operated at 85% fuel utilization, and it's electrical efficiency was above 45% and power
density was about 200[mW/cm?].

This result shows that gas crossing and deterioration of cell property due to rupture of the cell
components is little.

Electrical Efficiency
fig.3 Performance of The Tested Cell

-

Conclusions

In this paper we considered the way to reduce gas crossing and get high efficiency performance of
planar SOFC after the thermal cycle, concluding the following;
(1)Stress occurred in zirconia electrolyte is simulated and the ways to reduce it are found.
(2)Over 45% electric efficiency and 200[mW/cm?] power density was obtained after thermal cycle at
20cm square cell
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Introduction

The stress induced in Solid oxide fuel cells (SOFC)s has important influence on the lifetime of SOFC.
But the data on stress in SOFC and mechanical properties of SOFC component materials have not
been accumulated enough to manufacture SOFC. Especially, the data of La, _Sr,MnO, cathode and
La,_Sr CrO, interconnection have been extremely limited. We have estimated numerically the
dependences of residual stress in SOFC on the material properties, the cell structure and the fabrication
temperatures of the components @, but these unknown factors have caused obstruction to simulate the
accurate behavior of residual stress. Therefore, the residual stresses in deposited La, _SrMnO, and
La, Sr.CrO; films are researched by the observation of the bending behavior of the substrate strips.
The films of SOFC component materials were prepared by the RF sputtering method, because: (1) It
can fabricate dense films of poor sinterable material such as La, Sr,CrO, compared with sintering or
plasma spray method. (2) For the complicated material such as perovskite malén'als, the difference
between the composition of a film and that of a target material is generally small. (3) It can fabricate
a thick ceramics film by improving of the deposition rate. For example, AL O, thick films of 50pm
can be fabricated with the deposition rate of approximately Spm/h industrially. In this paper, the
dependence of residual stress on the deposition conditions is defined and mechanical properties of
these materials are estimated from the resuits of the experiments.

Experimental

The sputtering conditions to fabricate the films are listedin ~ Tablel. Sputtering conditions
Table 1. The thickness of each deposited film was  RF Power I 300
approximately tum . La  Sr, MnO, and La ,Sr, CrO, Target diameter /mm 117
powders were used for the sputtering target . ALO,, the mixture  Pressure /103 Torr 3

of Al,0, and MgO (SP) whose weight ratio of MgO/ALO,  Substrate Temp. °C | 600~900
was 1, and MgO were adopted as the substrates. The surfaces  gas species Ar

of the substrate strips were polished up to mirror finished and
their dimensions were 1Imm thick, 10mm wide and 50mm long. Their material properties are shown

in Table 2. The crystal structure of the film was determined by X-ray diffractometer (XRD). The
composition of the film was measured by energy-dispersive X-ray spectrometer (EDX) and induced
coupled plasma spectrometer (ICP). The deflection § at the center of substrate induced by the
deposited film was measured by the Fizeau interferometer. A typical example of the change of its
image by the deposition is shown in Fig.1. The residual stress of the film ¢ was estimated by the
following equation @,

t
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Table 2. Material properities of substrates materials.

Average of coefficient of thermal

Young's
s Poisson's 6 op-1

modulus ; expansion o /107

E/GPa ratiov

600 700 800 900°C
Al,O3 372 022 73 75 786 813
SP 284 024 912 932 959 976

MgO 304 0.19 131 133 13.5 13.7

_ 4Eb%S
3(1-v)i*d
b, 1, E, v, and d denote thickness, length, Young's modulus, Poisson's ratio of the substrate and
thickness of the deposited film, respectively.

In general, the residual stresses in thin films consist of thermal stress o and intrinsic sm:ss’o'm which
is produced during the deppsiﬁon. The thermal stress is caused by the mismatch of thermal expansion
coefficients (TEC) between the film and the substrate. Hence, it can be cxpressed as follows ©,

— Ef - - ' L
U'"_(l—v,)(ar a N -T;)

o, ¢, denote TECs of a film and a substrate, 7, is the substrate temperature during deposition and 7,

g {(CoNID

Figure 1. An example of the change of an interferometer image.
a : The surface of the ALQ, substrate before deposition.
b : The surface of La,_Sr MnOj, film on the Al,O, substrate (T,=900°C)

Results and Discussion :

XRD patterns of La, _Sr,CrO, and La,_Sr MnO, films on the three kinds of substrates agree with each
other. Crystal structures of both kinds of films were almost cubic. The differences of the atomic
ratios between the films and the powder were measured by ICP and EDX. Ratio of La to other atoms
in the films slightly increased with the increasing substrate temperature o but the differences are

within 5% .

The dependence of the residual stresses in the films on TEC of the substrate is shown in Fig.2. The
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plus sign of the residual stress corresponds a tensile stress. Al residual stresses of the films on SP
and MgO substrates are compressive. Elastic moduli EJ(1-v)of La_Sr,CrO, films and La,_SrMnO,
films are calculated at 290 GPa and 220 GPa from the dependence of the slope Ac/Ac, on the
temperature difference T,-T.

1 T T T T
@ n, o 7,=600°C o)
% o
G ool  7,=700°C ST -
o O A T,=800°C o
- * T,=900°C -
8 -05[- ‘ - 2-05 -
I . @
E e S
_-g -1.0 Wy = 210 -
g A 2
1 1 1 ] 1 ! 1
10 12 14 8 10 12 14
TEC of substrate «, /10° °C’ TEC of substrate e, /10° °C"
Figure 2. Dependence of residual stress on the TEC of substrate o,
a: La,_Sr CrO, b: La, Sr MnO,
(@) 0.5 T T T = (b) 0.5¢= T T T T =
© ALO, K
s -
A »
g oo} .- 2 ool kO~ _
b PRty . [~} ‘,.;"-
* o sp @ - SP
g 05 . g 05 ° .
@ ’ 5 o
T P E ~<"fago
3 aol. L Tl . | 1.0} - .
%'1'0',' T MgO T z-10
-] . 2
£ o«
A5 ) i 1 1 A5k 1. 1 1 1.
500 600 700 800 900 1000 500 600 700 800 900 1000

Substrate temperature T, /°C Substrate temperature T, /°C

Figure 3. Dependence of residual stress on the substrate temperature T,
a: La,_Sr CrO, b: La, Sr MnO,

The dependence of the residual stresses in the films on the substrate temperature T, is shown in Fig.3.
Assuming the intrinsic stresses arc constant for all kind of substrates within this temperature range,
TECand o_of the film can be estimated from the E/(1-v) and the dependence of average slopes Ao/
AT, on the TEC of the substrate. The result of this estimation is shown in table 3. The difference
between TEC of La,_Sr,CrO, films obtained from this measurement and that of balk La _SrCrO,in
reductive atmosphere @ is relatively small. TEC of La, Sr,MnO, films, which is approximately 1.5
times bigger than that of buik La, Sr MnOj in air ¥, shows same tendency as the TEC in reductive
atmosphere reported by Mizusaki et al.®, although the accuracy of measurement and dependence of
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Table 3. The estimation of material properities and intrinsic stresses.

Elastic modulus  TEC (at700°C)  Intrinsic stress

E{(1-v¢) /100GPa af‘/ 1076 oc-1 o, / GPa
La; Sr,CrO,y 2.9 10 -0.3
La;  Sr,MnO; 22 19 -1.7

o, on T, must be investigate further. The intrinsic stresses of both kinds of films are compressive,
especially, the magnitude of ¢, in La, _Sr,MnO, films is bigger than o, in it. These compressive
intrinsic stresses prevent the delamination of films from the low TEC substrates such as ALO, after
depositing For adopting these films for SOFC, Itwill be necessary to investigate the behavior of films
in operating condition further.

Conclusion

La,_Sr CrO, and La,_Sr MnO, films were fabricated by RF sputtering method. From the measurement
of residual stresses in the films, the clastic moduli, intrinsic stresses and TECs of the both films were
cstimated. It was clarified that compressive stresses are induced in the films and this stresses prevent

the delamination of films from the low TEC substrates.
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Solid Oxide Fuel Cells (SOFCs) operating at low temperatures (500-700°C) offer many advantages
over the conventional zirconia-based fuel cells operating at higher temperatures. Reduced
operating temperatures result in;
-Application of metallic interconnects with reduced oxidation problems
-Reduced time for start-up and lower energy consumption to reach operating temperatures
-Increased thermal cycle ability for the cell structure due to lower thermal stresses of
expansion mismatches

While this type of fuel cell may be applied to stationary applications, mobile applications require
the ability for rapid start-up and frequent thermal cycling.

Ceria-based fuel cells are currently being developed in the U.K. at Imperial College{1],
Netherlands at ECN[2], and U.S.A. at Ceramatec([3]. The cells in each case are made from a
doped ceria electrolyte and a La,.,Sr,Co,.,Fey0; cathode.

Electrolyte Properties
A reduced operating temperature requires using either of a very thin form (about 1jtm) of the

conventional zirconia electrolyte or a different electrolyte with higher conductivity is. Using a 1-
um-thick electrolyte poses problems in fabrication and in integrity during cycling and operation.
A cerium oxide electrolyte doped with a rare earth like gadolinium exhibits higher jonic

conductivity in air than the zirconia (fig. 1). .
A : . \

1
o
§
od s R
H‘\ne‘c e g
B e 5%, st wnH 0 125G B
- e 5
E 1 . F 200s 2
a a
[<]
g £
-2 1 - 200m 2
g £
4s0°C e
=
-3 - 2um 2
8
w
- T T T T T T
3] 0.9 10 .1 12 13 14 15
1000/T(K)

Fig. 1 Conductivity of electrolyte in air and
H,. Required thickness for 0.2 Q-cm?®
shown on right.

Unlike zirconia however, ceria exhibits significant electronic conductivity above 500°C in the fuel
atmosphere because of the reduction of cerium oxide. The fraction of the Ce* ions reduced to
Ce™ as a function of temperature and oxygen partial pressure (pO,) is shown in fig. 2. The partial
reduction of cerium oxide generates mobile electrons and causes electronic conductivity in the
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electrolyte at temperatures above 500°C. Below this temperature the electrolyte remains ionic and
can be used as an electrolyte in a solid oxide fuel cell.

Log(X g3)

20 25 3 35 40 45 S0 S5
~Log(pO 2, atm)

Fig. 2 Fraction of Ce* ions reduced to Ce* as a
function of temperature and pO,

Electronic conductivity in the electrolyte is evident from the measured values of the open circuit
voltage (OCV) when compared to the Nernst potential as shown in the following table.

Temperature (°C) Theoretical OCV, mV Measured OCV, mV
500 1054 995
600 - 1025 , 941
700 997 - 869

Electrochemical Characterization
Figure 3 plots the performance from 500 to 700°C of a cell with the following configuration:
LaoﬁSI'o.‘gCOo.zFeang (LSCF) / Ceogcdazol'g Electrolyte /Ni-c€g.36da20'.9

1.0

Cell Potential (V)
o
a

L3
-

02 T00°C

0.0

6 20 4 60 8 100 120 140 160 18 200
Current Density (maA/cm®)

Fig. 3 Cell performance with a 1.2 mm thick Velectrolyte,
LSCF cathode and Ni-cermet anode

It shows that the performance of the cell at 500°C is inadequate. We found that the majority of the
voltage losses apart from the electrolyte resistance were at the cathode electrolyte interface. Figure
4 shows the proportion of the voltage loss from the cathode compared to the anode. The
electrolyte loss can be reduced by using 10- and 20-pum-thick electrolytes as shown on the right
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side of fig. 1. Cathode performance improvement requires either new microstructures or new
materials that are more active while being compatible with the electrolyte.

10

Cathode Loss
oz
o6
e
P
g RLoss
E o4
>
0z Anode Loss
§00°C, LSCF / Ce, 6, ,0, 5 / Ni-Cemment
00 T T T
[) s 10 15 E 2

Current Densidty (mA/ent)

Fig. 4 Voltage losses in the fuel cell showing the
large magnitude of the cathode loss

Cathode Properties
The interface resistances of several cathode materials measured by impedance spectroscopy using

reference electrodes are shown in fig. 5. Single phase porous cathodes (Lag ¢Sro sMngsC09203.
and LSCF) performed better for materials with an increasing ability to lose oxygen from its lattice
when compared to the La,.,Sr,MnO;.; (not shown in figure) cathode used with zirconia-based fuel
cells. This presumably stems from an increased ionic conductivity or diffusion while still
maintaining electronic conductivity high enough for a cathode.

30
24
L2,,4514M,4C0,,0;5
'g 18 ~
& L2451 4F€5C0p2053
o 12 - \
6 - cathode A
\ Cathode B
T T T T

12 24 36 48
Current Density, mA/en?

Fig. 5 Interface resistance of cathode electrolyte interface for
different cathodes

This hypothesis is supported by the diffusion coefficients of some cathode materials measured on
dense samples by isotope (O'%) exchange and SIMS which are given in figure 6.

Two phase cathodes performed better still as shown by cathodes A and B in fig. 5. In addition
cathode A has the ability to lose oxygen more easily than all other cathodes. This caused an
increase in performance with increasing current density.

While the ability of the cathode material to lose oxygen increases the electrode performance for the

materials considered, it is also known that this can cause an expansion mismatch with other fuel
cell components. It is desirable then to work with materials that exhibit a constant performance at
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different current densities. Cathode B is such a material with good performance (2.4 Q-cm® at
500°C) however some improvement is still required to achieve values of less than 1 Q-cm?.

The performance of a cell with cathode A is shown in figure 7. The OCV was considerably lower
owing to significant porosity when the electrolyte was thinner (200 pm). The thinner electrolyte
had a reduced resistance, which raised overall performance. Also shown in the figure is a
calculated performance curve for a dense electrolyte with negligible thickness.

0.8+
> iR-Free at 500°C with dense electrolyte {calculated) .
éfo.s-
S
3 0.4
[+
Anode: Ni-Ceria 500°C
0.2+ Thin Electrolyte (0.5 mm)
Cathode: Cathode A
T i T T
0 0 60 90 120

Fig. 7 Cell performance with cathode A. Measured
OCYV lower due to interconnected porosity.

Cathode performance is also being increased by using improved microstructures. Steele[4] has
recently been demonstrated that a thin 1-jtm LSCF layer between the electrolyte and a coarser
porous thick LSCF electrode exhibited only 0.4 Q-cm? interface resistance.

Cathode performance is being improved by using better materials and/or microstructures.
Fabrication of thin dense electrolytes is also necessary to achieve high cell performances.

[1] M. Sahibzada et.al., Proc. of 2™ European SOFC Forum, Oslo, Norway, May 1996, p687-696
[2] B.C.H. Stecle et al., Proc. of the Fuel Cell Seminar, San Diego, CA, Nov. 1994, p479-482

[31 C. Milliken et al., EPRI/GRI Fuel Cell Workshop, Tempe, AZ, Apr. 2-3, 1996

[4] B.C.H. Steele, private communication, July 1996.
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* Siemens AG, Corporate Research and Development, 91050 Erlangen, Germany
+ Siemens AG, Power Generation Group KWU, 91050 Erlangen, Germany

° German Acrospace Research Establishment (DLR), 70569 Stuttgart, Germany

Introduction

In the planar Siemens design of the solid oxide fuel cell a metallic interconnector is used to
seperate the ceramic single cells. A disadvantage of the metallic bipolar plate which consists of a
chromium alloy (1) is the formation of high volatile Cr-oxides and -hydroxides at the surface at the
cathode side. The reaction products evaporate and are reduced at the cathode/electrolyte interface
to form new crystalline phases. This process gives rise to long term cell degradation (2). Protective
coatings might be successful in preventing the chromium oxide evaporation. The required
properties of the protective layers are (I) high electrical conductivity, (II) similar coefficients of
thermal expansion to the bipolar plate (I1I), chemical compatibility to the bipolar plate and cathode
material, (IV) a low diffusion coefficient of Cr and (V) chemical stability up to 1223K under
oxygen atmosphere.

Furthermore, during operation at 1223K an electrical. contact between the metallic plate and the
electrodes has to be maintained. This problem could be solved using ceramic layer between the
metallic plate and the single cells.

Experimental Procedure and Results

For the deposition of protective coatings the vacuum spraying (VPS) has a hxgh potential,
differently doped LaCrO; powders were used for the coatings. Bipolar plates were first etched in
order to remove oxide layers. In combination with a transferred arc a very good adhesion was
attained. The effect of the transferred arc is the removal of impurities by gas discharge appearing
due to negative polarity of the substrate with respect to the plasma torch (3). Furthermore, some
samples were pre-heated just before starting the deposition process in order to increase the
adhesion. The structured bipolar plates were deposited in a technical chamber with a robot handled
torch and substrate movement which enables the deposition under different spray angles. The high
velocity and laminarity of the plasma jet enables the production of very dense and well bonded
layer. Phase stability and crystallinity of the layers were checked by x-ray diffraction (XRD) and
energy dispersive x-ray analysis (EDX). The microstructure and porosity of the layers were
investigated by optical and scanning electron microscopy. Optimizing the substrate pretreatment
procedure and the plasma spray process homogenous layers were achieved (fig. 1a) (4,5).

Figure 1 a) VPS-deposition of perovskite layers on a structured bipolar plate
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Figure 1 b) Cross-section of a complete stack compound

As contact layer material between the metallic interconnector and the cathode LaCoO; and Sr-
doped LaMnO; was investigated. The development of these layers was previously published (6).
For the deposition of the contact layers an air - brushing technique was used.

A good deformability of this porous layers is required in order to form the electrical contact
between the bipolar plate and the cathode during the sealing procedure of the stack.

Pieces of structured bipolar plates (1 cm?) were coated with several contact layer materials by wet
powder spraying. To simulate the weight ratios in a real stack the layers were applied by two
different weights, according to mechanical.forces of 3.3 and 13 N. Then the test samples were
heated with a temperature program that simulates the sealing procedure in a stack. The thickness of
the contact layer was measured before and after the temperature treatment. The difference was
defined as a measure for the contact layer deformation. Dependent on the weight the layers were
deformed by 10% and 20%, respectively. The protecting function of the plasma-sprayed layers was
demonstrated with evaporation measurements. The detected chromium content of the investigated
bipolar plates coated with La,gSro2MnO; were in the range of the detection accuracy. The values
for LageSrgCrO; layers on the bipolar plate are the same as for sintered LaggSro,CrO; material.
No reaction products of evaporated chromium oxides could be detected after annealing coated
bipolar plates in contact with cathodes.

Further characterization was maintained by contact resistance measurements and by single cell
measurements.

The instrumental set-up of the contact resistance measurements was previously published (7). Two
cylinders of bipolar material, 2 mm in diameter each, which were coated with the functional layers,
were pressed with the coated area against a sintered sheet of a porous cathode foil. The time
dependence of the resistance of this pile was measured by a 4-point technique under operating
conditions of a SOFC cathode (1223K, air as ambient gas). For the determination of the contact
resistance a constant current of 0.1 A was applied and the voltage drop was plotted as function of
time. In each run 8 samples could be measured simultaneously. The time dependence of the contact
resistance at 1223K in air of the several investigated layer combinations is illustrated in fig. 2. The
gaps in the respective curves are caused by thermic cycles (cooling to room temperature and
heating again to operating termperature). The thermic cycles were carried out in order to check the
adhesive strength of the layers after this temperature treatment. If LaCoO; as contact layer was
used without any protective layer, a continuos increase of the contact resistance could be observed.
After a thermal cycle the contact resistance value increased by a factor of 2. The reason therefore
are the different thermal expansion coefficients of LaCoO; (28 ppm/K) and the bipolar material
(11.3 ppnv/K) (6), so the temperature treatment leads to a
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defoliation of the contact layer. Samples with a protective layer showed a constant low contact
resistance over the test period independent of the combination. Even after repeated thermal cycles
the contact resistance values remained stable.

60

r‘,LaCOO,
50 s -

without protective layer
40

R# (mQY*em?)
(4]
Q

-

20 .-': with protective layer
i LasS1.Cr03 / LaCo0s
10 74_ — — LagsSfo1CrOs / LanesSiosMnOs
-
0 La0sSro2MnOy / LagesSoMn0O;
0 100 200 300 400 500 600 700 800 900 1000
time [h)

Fig.2: Time dependence of the contact resistance

In single cell housings covered CrFe5 plates were applied as electrical contacts on the cathode side
whereas on the anode side a Pt grid was used. The PEN consisted of a 150 mm YSZ electrolyte
membrane with a 50 pum La..xerMnog cathode layer and a 50 pm NiO,-YSZ anode layer. The
electrode area was 16 cm”. Cell measurements were maintained under galvanostanc conditions at
1223 K in oxygen and dry hydrogen, respectively. Earlier experiments using uncoated
interconnector plates resulted in a fast cell degradation caused by a deposition of chromium oxide
compounds in the cathode (8). Cells with Sr and Ca doped LaCrO;- or LaSrMnQ; coated
interconnectors were stable during 1000 hours of operation (ﬁg 3).
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5M7 1T [
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7] [
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o =
= 0.4- -04
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Fig. 3: Cell measurement at 1223K using a Lag ¢Sro1CrO; covered interconnector plate
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Interruptions within the galvanostatic treatment are due to the I/U-characteristic and impedance

measurements. By means of SEM and EDS the electrode/electrolyte cross section was investigated
with respect to deposited Cr-oxide in the cathode. Cr-compounds could.not be detected throughout
the cathode. In fig. 1b) a whole stack assemply including a protective and a contact layer is shown.

Conclusion
Using the high velocity torch nozzles designed by the DLR and a careful adaptation of plasma
spray parameters succeeded in the production of dense perovskite-type chromite and manganite
layers on bipolar plates. The deposition onto structured bipolar plates was a challenge which could
be successfully solved by developing a deposition process using a spray robot and by changing the
gas channel geometry.
To impede the evaporation of chromium compounds from the interconnector surface and thus the
degradation of the electrical performance of the SOFC cathode a protective ceramic layer was
developed and successfully tested.
Up to now the VPS technique is the only method of producing reliable protecting layers for the
bipolar plate.
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EFFECT OF IONIC CONDUCTIVITY OF ZIRCONIA ELECTROLYTES ON
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INTRODUCTION

Solid oxide fuel cells (SOFCs) have been intensively investigated because, in principle, their
energy conversion efficiency is fairly high. Lowering the operating temperature of SOFCs from
1000°C to around 800°C is desirable for reducing serious problems such as physical and chemical
degradation of the constructing materials. It is very important to develop high performance
clectrodes because the electrode reaction rates decrease extremely in such temperature regions.

The object of a series of the studics is to find a clue for achieving higher electrode performances at
a low operating temperature than those of the present level. Although the polarization loss at
clectrodes can be reduced by using mixed-conducting ceria electrolytes (7), or introducing the
mixed-conducting (reduced zirconia or ceria) layer on the conventional zirconia electrolyte
surface (2-), no reports are available on the effect of such an ionic conductivity of electrolytes on
clectrode polarizations. High ionic conductivity of the electrolyte, of course, reduces the ohmic
loss. However, we have found that the IR-frec polarization of a platinum anode attached to
zirconia electrolytes is greatly influenced by the ionic conductivity, ¢, of the electrolytes used (35).
The higher the g;,,. the higher the exchange current density, ji,, for the Pt anode in H, at 800 ~
1000°C. It was indicated that the H, oxidation reaction rate was controlled by the supply rate of
oxide ions through the Pt/zirconia interface, which is proportional to the o;,n. Recently, we have
proposed a new concept of the catalyzed-reaction lavers which realizes both high-performances of
anodes (6,7) and cathodes (6,8) for medium-temperature operating SOFCs. From the viewpoints of
both fundamental clectrochemistry and practical application, it is very interesting to clarify such
an effect of g;,, on the polarization of various electrodes. In this paper, we present the interesting
dependence of the polarization properties of various electrodes (the SDC anodes with and without
Ru microcatalysts, Pt cathode, La(Sr)MnOj; cathodes with and without Pt microcatalysts) on the
Ti0n Of various zirconia electrolytes at 800 ~ 1000°C.

EXPERMIMENTAL

The solid electrolytes employed were zirconia doped with yitria, ytterbia or scandia. Zirconias
with the composition of (ZrO2);.x(Y20s)x (X= 0.03~0.08) and (Zr02)6 92(Yb,03)0 05 Were prepared
by the same manner as in ref. 5. Zirconia with the highest on, (Z102)085(5¢203)0.10(A1203)001,
was also prepared (9). The zirconia specimens will be denoted as 3Y, 4Y, 8Y, 8Yb, and 10Sc,
respectively. The relative density of each specimen to the theoretical one was more than 96 %.
The construction of the experimental fuel cell is as described in ref. 6. The anodes tested were
porous SDC. (Ce02)ss(SmO; 5)p2, with and without loading Ru catalysts. The cathodes tested
were porous Pt and LSM. LaggsSro sMnO;, with and without loading Pt catalysts. Porous Pt
counter clectrode was used for each cell. These clectrodes were prepared on the zirconia disk by
screen-printing method, followed by firing at 1050°C (SDC, Pt) or 1030°C (LSM) for 4 h.
Microcrystalline Ru and Pt catalysts were highly dispersed with 0.5 mg/cm? on SDC and LSM,
respectively. in the same manner as in ref. 6. The projected surface area for each electrode was
0.26 cm®. Two gold wires for current supply and potential probe were contacted to a gold-mesh
current collector attached to each electrode. A platinum wire was wound around the lateral of
the electrolyte disk with Pt paste as a reference electrode which exhibited a reversible oxygen
potential in air. The anode and cathode compartments were separated by the electrolyte disk and
cach compartment was sealed by a glass ring gasket.

Hydrogen gas saturated with water vapor at 30°C (P[H,O] = 0.042 atm) was introduced to the
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anode compartment. and oxygen gas at 1 atm was supplied to the cathode compartment. The IR-
free polarization characteristics of the electrodes were measured by a current-interruption method
at 800~1000°C. The exchange current density, j,, was determined from the polarization resistance
(R,) in a low overpotential region less than 0.1 Vi R, = (RT/2F) jg".

RESULTS AND DISCUSSION
As reported previously (5), the ionic transport
number for all the electrolytes was confirmed to be

LRERN T T T UL

unity at 800~1000°C, ie.. no contribution of the 4 1000°C ~A——D0—
clectronic conduction. The ionic conductivities, 107 e 200°C2—aoD— 7
Gion, decreased in the order. 10Sc>8Yb>8Y>4Y> C 7
3Y in the whole temperature region examined. 800°C yd

102 Slope=1_-¢ ,/' _

SDC Anode  The valucs of log j, for H- oxidation
at the SDC anodes are plotted as a function of log
Gion in Fig. 1. The j, at the SDC anodes were much
larger than that at Pt anodes (5). and were
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z
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Exchange current density, jo/ A cm?

independent of the o;,, at 900 and 1000°C. At (802;':2(:(:.),-’ " {m @ O10Sci]
800°C. however. the j, increased linearly with the r e * O O 8YDb|]
Gion Since these behaviors are quite different from 1041 ,./' ® O O 8Y |[]
those for the Pt anode (5). the reaction mechanism E 7 la & a 4Y I3
for the anodic oxidation of H, at the SDC/zirconia Lol T ST P
is completely different from that at the Pt/zirconia. 102 107

At high temperature in a H atmosphere, SDC is a lonic conductivity, o'jos/ S cm’™

good mixed conductor (10). The ;. of the SDC :

used in the present work is nearly comparable to  Fig 1. Plots of the exchange current
that of 10Sc-zirconia. and the electronic 4ensity jo for SDC anodes against o of
conductivity o; is about one-order of magnitude Zirconta solid electrolytes in wet hydrogen
higher than the o, Therefore, oxide ions may be - (P[HQ] = 0.042 atm).

transported into SDC particles through the entire

SDC/zirconia interface, and take part in the anodic oxidation of H; at the SDC surface sites;

O™ (zirconia) = O*(SDC) : ion transfer through the interface (1
O¥(SDC) + Ha(g) » H,O(g) +2¢(SDC) : electron transfer at SDC surface 2]

As described previously (3). the supply rate of O™ to the SDC/zirconia interface is proportional to
the g;,, of zirconia clectrolyte. When step {1] is fast enough compared to the following step, the
joat the SDC must be independent of the supply rate of 07, Or Gy, and the rate determining step
(rds) at the SDC anode is considered to be step [2], which is the case experimentally observed at
900 and 1000°C. This is supported by our previous experimental evidences that the anodic
polarization resistance R, and its activation energy were greatly decreased by loading only a small
amount of metal microcalatysts such as Ru, Rh, Ir and Pt onto the SDC particle surfaces at the cell
using the 8Y-electrolyte (6). On the other hand, when step [2] is fast enough compared to step [1],
the supply rate of O™ into the SDC must control thejo. The first order-dependence of jp OR Gion
(Jo % Gion ) Obscrved at 800°C can be explained by this mechanism if one oxide ion is included in
the overall reaction (7 = 2) at the SDC as written by step [2].

Ru-SDC Anode In order to enhance step {2], Ru-microcrystals were highly dispersed on the

porous SDC surfaces where a large part of O transported via the SDC/zirconia interface is
expected to contribute to the electron transfer reaction.
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Figure 2 shows the values of log ji, for the Ru-SDC o

anodes as a function of log g;,, of the electrolytes.
It must be emphasized that all of the data obtained
at different temperatures and different electrolytes
fall into a regression line as shown by the solid line,
which is parallel to that for the SDC without Ru-
catalysts at 800°C (dotted line). The slope of the
least-squares  fitting line was 1.1 and the
correlation factor of the line was 0.97. Thus,
the jp increases linearly on the Ru-SDC anode with
the increasc of g,,, in the entire temperature region
of 800 ~ 1000°C examined, resulting in the
dramatic enhancement of step [2] at the SDC
surfaces, while the j, on the anodes of SDC alone
was leveled-off at 900 and 1000°C due to the
insufficient catalytic activity. Therefore, the rds at
900 and 1000°C is shifted from step [2] to step [1]
by loading Ru-microcatalysts. The parallel
increase in the jp at 800°C indicates that the
effective surface area increases by the dispersion of
Ru-micro-catalysts without changing the rds, i.e.,
step [1] for both SDC and Ru-SDC. It is very
striking that the j, on the 10Sc-electrolyte at 800°C
is higher than that on 4Y at 900°C. indicating the
importance of the high g;,, in electrolytes for low
temperature operating SOFCs.

Pt Cathode  As shown in Fig. 3, the values of ji,
for oxygen reduction at the Pt cathodes were
independent of the o;,, at 900 and 1000°C, but
they increased linearly with the increase of oj,, at
800°C. The effective reaction zone for the
Pt/zirconia interface is restricted to the portion
around the physical triple-phase boundary (TPB)
as shown in Fig. 4 (A). The constant j,
independent of the a;,, at 900 and 1000°C can be
well explained when the rds at the Pt cathode is
cither dissociative adsorption of O, or surface
diffusion of O,4 (/7). On the other hand, when the
all steps other than step 5 are fast enough, the
transport rate of O° at the interface must control
the j,. The first order-dependence of j; on o,
observed at 800°C can be explained by this
mechanism.

LSM Cathode
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Fig. 2. Plots of j, for Ru-SDC anode
against g;,, of zirconia electrolytes in wet
Ha. Solid line is the least-squares fitting
for all the data. The corresponding data for
SDC anodes without Ru-catalysts cited
from Fig. 1 are indicated by a dotted line
(800°C), a dash-dotted line (900°C), and a
dashed line (1000°C).
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Fig. 3. Plots of j, for Pt cathode in O,
against o;,, of zirconia electrolytes.

As shown in Fig. 4 (B), the adsorbed oxygen can be ionized at the mixed

conducting surfaces of LSM besides TPB-path. The ji, at the LSM cathodes increased linearly
with the increasc of o,,, at each temperature, and also increased with elevating the temperature
(Fig. 5). This suggests that the rds was apparently mixed with the transport of oxide ions of step 4

and the reaction step 2 and/or 3 in Fig. 4(B).
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Pt-LSM Cathode  When such surface reactions
at step 2 and/or 3 were activated by Pt-
microcatalysts dispersed on the surfaces of porous
LSM. the j, was increased dramatically at 800 and
900°C. depending on the &;,,. As shown in Fig. 3,
all the data obtained at different temperatures and
different electrolytes fell into a regression line as
shown by the solid line. However, the slope of the
line was 1.7. which is larger than that expected for
the case controlled simply by the ionic transfer step
(Jjo < Gion).  We expect that further improvement
of the electrocatalytic activity, up to the upper limit
purely o.-controlled (dotted line), may be
achieved on Pt-/LSM below 900°C, since the
performances of catalyzed LSM cathodes were
found to increase further with decreasing the
particle size of Pt-catalysts (8).

The present study reveals that the high &, in the
electrolyte reduces not only the ohmic loss but also
the polarization losses at the anode and cathode.
Consequently. the combination of the solid
electrolyte having high o, and the electrodes
consisting of good mixed conductors loaded with
microcatalysts is very important to achieve high
performance SOFCs which can operate at low
temperatures.
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1.Introduction

Osaka Gas Co. has been developing a planar type SOFC (OG type SOFC) which has a
suitable structure for stacking (1-3). Murata Mfg. Co. has begun to develop the OG type
SOFC stack through joint program since 1993. Figure 1 shows OG type cell structure.
Because each cell is sustained by cell holders acting air manifold, the load of upper cell
is not put on the lower cells. Single cell is composed of 3-layered membrane and
LaCrOj separator. 5 single cells are mounted on the cell holder, connected with Ni felt
electrically, and bonded by glassy material sealant. We call the 5-cell stack a unit.
Stacking 13 units, we succeeded 870 W generation in 1993. But the power density was
low, 0.11 Wem™ because of crack in the electrolyte and gas leakage at some cells(4).

Then we concentrated our efforts on  Cell holder(manifold) 3-layered membrane
developing the fabricating method of Fuel
the cell without any crack and the unit
without gas leakage. As a result, the
crack-free cells could be obtained by
examining them before unit fabrication
using acoustic micrography
technique(s). After  the units
fabrication, the sealant check before
stacking is introduced to prevent gas
leakage while generating (6).

In this paper, the authors present the

performance of single cell, an unit (5- Air  LaCrO; separator

cell stack) and two units (10-cell stack)

of which gas tightness are proved with .

above acoustic technique and sealant Figure I Osaka gas type cell structure
check.

2.Experimental

2.1.Singl cell

8mol% Y,0; doped ZrO, (YSZ) were employed for electrolyte. The length of
electrolyte membrane was 12 ¢cm x 12cm and the thickness was 300 pum. The materials
used for anode and cathode are NiO/YSZ and (LaSr)MnOs/YSZ, respectively. These
electrodes powder were prepared in the paste form with vehicles, and screen-printed
onto the electrolyte membrane, followed by firing respectively. (LaSr)CrO; was used
for separator, which was bonded to the 3-layered membrane by conductive ceramics
bond and glassy material sealant.
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The I-V characteristics were measured at 1000 °C using H, gas humidified by water at
30 °C as fuel and air as oxidant gas. The fuel utilization were 40 % and 70 %, and the
air utilization was 25% at 36 A (0.3Acm™).

2.2.Units fabrication and measure

Single cells preparing beforehand were bonded to cell holders acting the air manifold.
Each cells is connected electrically by Ni felt. The sealant between single cells and
manifold was glassy materials, and bonded over the glass transition temperature. 5-cell
stack is showed in figure 2. We call this 5-cell stack a unit. After the unit fabrication,
gas leakage characteristics of each unit was examined at room temperature by the
sealant check technique(6). The crack-free units were then selected.

e

Figure 2 OG type 5-cell stack (a unitj .

The performance of crack-free urits was measured at 1000 °C using H, gas humidified
by water at 30 °C as fuel and air as oxidant gas. The fuel utilization was 20 %, and the
thermal cycle characteristics to room temperature was studied.

10-cell stack using crack-free two units was measured at 950 “C. Fuel utilization was
40% using fuel mentioned above.

3.Results

3.1.Single cell

The 1-V/P characteristics are showed in figure 3. The maximum power was 33 W at
40 % fuel utilization, and the power density was 0.27 Wem™. Terminal voltage at j =
0.3 Acm™ fell down from 0.703 V to 0.657 V when fuel utilization was changed from
40 % to 70%, the difference was nearly equal to calculated Nernst loss. As a result, the
ability of the anode was considered enough to be used at 70% fuel utilization.

Polarization in the electrodes at 0.3 Acm™ was 166 mV. This value was nearly equal to
that of polarization which was measured by a current interrupt method using small size
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cells (3.14 em™ of effective electrode area). Consequently, the electrode ability does
not decrease if the cell size come large to 120 cm™.
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Fig.3 [-V/P characteristics of single cell ~ Fig. 4 1-V/P characteristics of 5-cell

3.2.0ne unit (5-cell stack)

Figure 4 shows the results of 5-cell stack (one unit). The maximum power was 146 W
(the power density was 0.24 Wem'2). There was fuel gas leakage at the portion of the
fuel inlet to the stack. So, apparent fuel utilization was 20 %, but substantial fuel
utilization may be 40 % in consideration of pressure loss between inlet and outlet in the
cell.
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Current, /A

Fig. 5 I-V characteristics after thermal cycles
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Figure 5 shows I-V characteristics after performing five thermal cycles to ambient
temperature. Degradation of the stack performance can be scarcely observed.

3.3 Two units (10-cell stack)

The performance of.10-cell stack using two units is showed in Figure 6. The maximum
power was 294 W (the power density was 0.25 Wem'2), and terminal voltage at 0.3
Acm’? was 6.88 V. Since the power density was comparable to that of single cell, the
decrease of the stack performance by assembling single cells was considered small.

12 1 300 )
- [}
10 l%o e 250
o,
Zgl el { 200%
0
o . ® o a3
& 6 | 150 3
S . 2
S 4 . .| 1002
2| e 50
..
0 & , : 0
0 100 20 30 40 50
Current, I/A
Fig. 6 I-V/P characteristics of 10-cell stack

4.Conclusion

OG type cell stack appear its good thermal cycle performance, and there is little
decrease of the power density if they are stacked to 10 cells. Because each cell are
connected electrically by Ni felt, the load of upper cell does not put on the lower cells,
and thermal stress by deformation of each cells while the stack are heated and cooled
may be released. That attribute the good performance of the cell stack.
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INTRODUCTION

We have developed fabrication process for planar SOFC fabricated with cofired anode/electrolyte/
cathode multilayers and interconnects [1-5]. By cofiring technique for the multilayers, we expect
to reduce the thickness of the electrolyte layers, resulting in decrease of innerimpedance, and
achieve low production cost. On the other hand, the cofiring technique requires that the
sintering temperature, the shrinkage profiles and the thermal expansion characteristics of all
component materials should be compatible with the other [6]. It is, therefore, difficult to cofire
the multilayers with large area.

Using the multilayers with surface area of 150cm?, we fabricated the multiple cell stacks [3).
The maximum power of 5x4 multiple cell stack (5 planes of cells in series, 4 cells i in parallel in
each planes 484cm? effective electrode area of each cell planes) was 601W (0.25Wem™, Uf=40%).
However, the terminal voltage of the multiple cell stack decreased by the cause of cell cracking,
gas leakage and degradation of cofired multilayers. This paper presents the improvements of
cofired multilayers, and the performance of multiple cell stacks with the improved multilayers.

CELL DESIGN

The schematic design of Murata’s muluple cell stack is shown in Fig. 1. Four cofired
multilayers with surface area of 150cm” are connected in parallel in the same interconnect plane.
An effective area in each plane was 400cm®. These four multilayers in the same plane are
sandwiched by current collectors and interconnects. For the interconnects materials, we used
Ni-Cr alloy or LaCrO; ceramics. The material used for the electrolyte is Y-O; stabilized ZrO,.
The materials used for the anode and cathode are Ni/YSZ cermet and (La,Sr)MnO;, respectively.
The doctor blade technique was used for forming the thin green anode, cathode and electrolyte
films. These green ceramics films were cut into desired sizes and laminated as green bodies to
form multilayers. The green multilayers were then cofired below 1400°C and sintered into a rigid
structure. The thickness of multilayer is 300pm.

FABRICATION PROCESS

By manipulating the material composition, powder characteristics and firing condition, the
mismatch of sintering shrinkage profiles and the thermal expansion characteristics of anode.
cathode and electrolyte materjals were minimized to achieve good flatness of multilayer surfaces.
In this study, we fabricated mululayers with surface area of 150, 225 and 400cm® Using
multilayers with surface area of 150cm?, we constructed the multiple cell stacks. The materials
of current collectors were almost same as those of electrodes. The grooves of Ni-Cr alloy and
LaCrO; ceramics interconnects were fabricated by a machining process. A composite sealing
material was composed of glass and ceramics. The sealing area was increased to prevent gas
leakage compared with the previous stack testing, so that the effective electrode area of each cell
planes decreased from 484cm? to 400cm?,
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PERFORMANCE

IMPROVEMENT OF COFIRED MULTILAYER

In order to improve the reliability of cofired multilayer, we investigated effect of cofiring
temperature and composition , synthesis temperature of cathode on reliability of multilayer [2].
As a result, the elevation of cofiring temperature and optimization of composition and synthesis
process of cathode for the elevated temperature were effective to improve the reliability of cofired
multilayer. The single cell testing was practiced with the multilayers cofired at the different two
temperatures. The gross surface area of each cell was 150cm® and the effective electrode area
was 120cm®. The tests were performed in an electric furnace at 1000 °C. Hydrogen gas
saturated by water at 30 °C was used as the fuel gas. The cell A was cofired at lower
temperature, and the cell B was done at higher temperature. Maximum power densities of the
cell A and the cell B were 0.31Wem™ and 0.27Wem™?, respectively. The inferiority of power
density of the cell B was due to the increase in anodic and cathodic polarization resistivity. The
results of endurance test were shown in Fig. 2. On the contrary, the degradation rate of terminal
voltage (at 0.3Acm™) of the cell A was higher than that of the cell B (4.2 and 0.19mVh!,
respectively). The superior reliability of multilayer cofired at high temperature seems to be
caused by the stable microstructure of electrodes under the operation. It means that the higher
cofiring temperature results in the stronger bonding among particles which constitute clectrodes.

MULTILAYERS WITH LARGE SURFACE AREA

Cofiring the multilayers with large surface area (up to 400cm?) was tried to suppress the
production costs. By minimizing the mismatch of sintering shrinkage profiles of anode, cathode
and electrolyte materials, we achieved to fabricate the good flatness of multilayers with surface
area of 225 and 400cm’. Fabrication process of these multilayers was improved one (type B).
The I-V/P characteristics were shown in Fig. 3. The maximum power density of these cells with
surface area of 225 and 400cm? were 0.23Wem™ and 0.22Wem™ respectively. These values were
lower than that of multilayers with surface area of 150cm?® (0.27Wem™®).  Small size cells
(30mmé) were cut from multilayers with the surface area of 400cm® and 150cm®  Those small
size cells were tested to reveal that the inferior power .density was due to the multilayers
themsclves or not. I-V characteristics of those cells were shown in Fig. 4. This figure shows
that the characteristics of those small cell cut from multilayers surface area of 400cm? were almost
equal to that of surface area of 150cm®. It means that inferiority of power density of single cells
with large multilayers was not due to the multilayers, probably to current collection.

STACK PERFORMANCE

The performance of 5x4 multiple cell stacks using multilayers of type B were investigated with
Ni-Cr alloy or LaCrO; ceramics interconnects. The other testing conditions were same as those
of single cell. The I-V/P characteristics of the stacks are shown in Fig. 6 and 7. The maximum
power of the stacks with alloy and ceramics interconnects were 465W (0.23Wem'™) and 472W
0.24Wem™), respectively (Uf=40%). The results of atloy and ceramics interconnects were
scarcely different.  To estimate the long-term reliability, the stacks were operated for 500h.
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During the testing, some multilayers were broken down. The degradation rate of terminal
voltage except the broken multilayers were 0.39mVh™ with alloy interconnects and 0.00mV b
with ceramics interconnects. For the stacks with alloy interconnects, the Cr ions were detected in
the cathode adjacent to the interconnects. The diffusion of Cr ions seems to increase the
polarization resitivity of the cathode. The gradual increase of polarization resitivity was
considered to result in the degradation of the stack with alloy interconnects.

SUMMARY

(1) In order to improve the long-term reliability of cofired multilayers. the elevation of cofired
temperature and optimization of composition and synthesis process of cathode for the elevated
temperature were effective.  The elevation of cofiring temperature decreased the power densities
of cofired multilayers. On the contrary, the degradation rate of terminal voltage of the
multilayers cofired at higher temperature was superior to that of the multilayers cofired at lower
temperature.

(2) By minimizing the mismatch of sintering shrinkage profiles of anode, cathode and
electrolyte materials, we achicved to fabricate the good flatness of multilayers with surface area of
225 and 400cm®. Due to the increase in current collecting resitivity, the maximum power
densities of large size multilayers deteriorated. But, polarization characteristics of these large
size multilayers were almost equal to those of multilayers with surface area of 150cm>.

(3) The multiple cell stacks were fabricated with cofired multilayers and Ni-Cr alloy or LaCrOQ;
interconnects. The maximum power of 5x4 multiple cell stack (5 planes of cells in series. 4 cells
in parallel in each planes, 400cm® effective electrode area of each cell planes) were 465W (0.23W
em™) and 472W (0.24Wem'), respectively (Uf=40%). The degradation rate of terminal voltage
of the stack with ceramics interconnects was lower than that of the stack alloy interconnects.
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INTRODUCTION

The development of a practical solid oxide fuel cell requires
improvement of a cell performance and a cell manufacturing technology
suitable for the mass production. In particular tubular type SOFC is
thought to be superior in its reliability because its configuration can avoid
the high temperature sealing and reduce the thermal stress resulting from
the contact between cells. The authors have fabricated a tubular cell with
an air electrode support by a wet processing technique, which is suitable for
mass production in improving a power density (1).To enhance the power
output of the module, the Integrated Tubular-Type I'TT) cell has been
developed. This paper reports the performance of the single cells with
various active anode areas and the bundie with series-connected 9-ITT cells
with an active anode area of 840 cm?.

 EXPERIMENTAL

The fabrication procedure of the cell is summarized in Table 1.
Cathode-supported tubular cell structure was employed to reduce the cell
resistance. Every cell component was prepared by the wet ceramic process.
The support tube was made from the (La,Sr)MnOs. powder by an extrusion
process and sintering. (La,Ca)CrOs powder was synthesized through
thermal decomposition of the nitrate mixture and then the resultant slurry
was coated to form an interconnector stripe. The YSZ electrolyte thin film
and Ni+YSZ anode thick film were also prepared by sluwrry coating process.

Generation performance of the single cells with various anode areas from
28 to 280cm? and that of the ITT cell bundle was evaluated using
Ho+11%H-0 as a fuel and air as an oxidant at 1000°C. Long-term
generation test and thermal cycle property were evaluated for the single
cell
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RESULT AND DISCUSSION

Figure 1 shows the typical generation performance of the single
cells with the active anode area of 200-450 cm?. The diameter and active
length are 13 and 700 mm for the 200 cm2-cell, 16 and 700 mm for the 280
cm2cell, and 21 and 900 mm for the 450 cm?-cell, respectively. The
maximum power was 60 W at the cuxrent density of 0.6 A cm2 for the 200
cm2-cell , 75 W at 0.49 A cro2for the 280 cm2-cell, and 125 W at 0.47 A cm2
for the 450 cm?-cell.

Figure 2 shows the long-term stability for the cell with the active
area of 28 cm? (the diameter and active length are 21 and 50 mm) at 0.3 A
cm2 In this test, three times of shut-down due to outage of the testing
device had occurred but the degradation of the cell performance resulting
from the thermal cycle to room temperature was not observed.

Long-term stability has been evaluated for the cell with the active
anode area of 450 cm? at a constant current density of 0.2 and 0.3 A cm2
Figure 3 shows a typical result. The degradation rate was fairly low.

For the practical use of SOFC, the cell should be sustainable
against operational thermal cycles or emergency outages. Thermal cycle
test consisting of ten times cooling below 200°C and twenty times cooling to
600°C were carried out for the 450 cm2-cell. Figure 4 shows a typical result
of generation performance before and after the thermal cycle test. The
degradation from 1.5 to 3.0 % was observed for I-V characteristics, but the
reason for this degradation is now under investigation.

Practical SOFC should be assembled into a module for increasing
power output. Therefore it is important to develop the cell structure
suitable to manufacturing the cell bundle. We have been developing an
Integrated Tubular-Type (TT) cell which has a monolithic structure
consisting of parallel-connected three tubular cells. Figure 5 shows the
appearance of the ITT cell. A bundle with 9 series-connected ITT cells (the
active area of each ITT cell was 840 cm?) was tested. Figure 6 shows I-V
and I-P characteristics of the bundle. The open circuit voltage was ca. 8.63
V which was almost equal to the theoretical value. The maximum output
power was 1020 W at 0.22 A cm2. The mean generation performance of the
bundle is about 15 % lower than the performance expected from that of the
single cell. Further investigation and development, for example control of
the fuel gas flow through the channels of the cell bundle , are required to
further improve the cell and bundle generation performance.

REFERENCE

1. K. Tachibana, H. Nakashima, H. Nishiyama, M. Aizawa, K. Eguchi and
H. Arai, Proceedings of the 4th International Symposium on SOFCs, The
Electrochemical Society, Inc., (1995), pp.208-215

172



H.Tajiri et al
-3.

Table 1. Component, material and

process of the cell

fabrication

component material fabrication method
cathode tube (La,Sr)Kn0s extrusion molding
interconnector (La,Ca)Cr0s slurry coating
electrolyte YSZ slurry coating
anode Ni/YSZ slurry coating
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Figure 1. I-P characteristics of the single cells with active anode
areas of 200, 280 and 450 cm2.
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Figure 2. Long-term stability of the cell with an active anode area of
28 cm? at current density of 0.3 A cm2.

173




H.Tajiri et al

-4-
1 00 T 1 T 1 T T 1 T I ' 1
- . 1000°C ]
_ l=0.3Acm'2 - Fuel : H2+11 %Hao
- i - N _ F.U. ; 40%-
E s - | > 0.8 \0xi. : :1?'
5 50 1=0.2Acm™2 K E B s 2 S )
% - 1000°C 4 0.6 _432?0% thermal cycle |
o - Fuel : Hp+11%H,0 - "—-c')' | — after thermal cycle |
B F.U.:40% S
| Oxi.: Ar i 0.4+ N .
1 1 1 ] 1 ] " { s 1 1
0 1000 2000 3000 ~ O 50 100 150
Operation Time / h Current/ A

Figure 3. Long-term stability of the Figure 41V characteristics of the
450 cm?-cell at current density of 450 cm?-cell before and after ther-
0.2 and 0.3 A cm:2. mal cycle treatment.

R
IS

o
|
!
¢
|
I
|
|
i

Figure 5. The appearance of Integrated Tubular—'l‘ype (ITT) cell.

1200

-
o

o
I

T
I

o o]

o

S

B 1000°C i
[~ Fuel ; Ho+11 %Hgo
F.U.: 42%
at 0.22Acm™2]
F Oxi. ; Air
] 1 [} | 1 I | 1l 1 0
O 01 02 -
Current Density / Acm~
Figure 6. I-V and I-P characteristics of the bundle with 9-ITT cells
with an avtive anode area of 840 cm2.

174

LN
o
o

Bundle Voltage / V
g
Bundle Power / W




REALISATION OF AN ANODE SUPPORTED PLANAR SOFC SYSTEM

H.P. Buchkremer*, U. Diekmann**, L.G.J. de Haart***, H. Kabs****
U. Stimming*** and D. Stéver*
*Institut for Werkstoffe der Energietechnik, **Zentralabteilung Technologie,
***Institut for Energieverfahrenstechnik, ****Programmleitung SOFC
Forschungszentrum Jalich GmbH, D-52425 Jalich, Germany

Introduction

Lowering the operating temperature of SOFCs to below 800 °C potentially lowers production
costs of a SOFC system because of a less expensive periphery and is able to guarantee sufficient
life time of the stack. One way of achieving lower opcrating temperatures is the development of
new high conductive electrolyte materials. The other way, still based on state-of-the-art material,
i.e. yttria-stabilized zirconia (YSZ) electrolyte, is the development of a thin film clectrolyte
concept.

In the Forschungszentrum Jalich a program was started to produce a supported planar SOFC with
an YSZ electrolyte thickness between 10 to 20 pm. Onc of the electrodes, i.e. the anode, was
used as support, in order not to increase the number of components in the SOFC. The high
electronic conductivity of the anode-cermet allows the use of relatively thick layers without
increasing the cell resistance. An additional advantage of the supported planar concept is the
possibility to produce single cells larger than 10x10 cmxcm, that is with an effective electrode
cross area of several hundred cm?.

Materials and Component Manufacturing

NiO-YSZ substrates, with a standard composition of 44 wt% Ni, were manufactured by a Coat-
Mix® process. The YSZ electrolyte layer was applied on the pre-sintered anode substrate by
vacuum slurry coating. After sintering at 1400 °C, a gas tight electrolyte layer of approximately
15 - 20 pm thickness was formed. The thickness of the substrate was in between 1.5 and 2.0 mm.
The substrates were manufactured as large as 25x25 cm® A composite cathode layer
(L, 6s8r030Mn0,/8YSZ) of typically 40 pm was finally applied on the electrolyte by Wet Powder
Spraying®. A detailed description of the component manufacturing is published elsewhere [1,2).

Metal ODS-ailoy plates (94Cr5Fe1Y,0;; Plansee AG, Austria) were used as interconnectors and
end-plates. Gas channels were mechanically machined into the plates in a cross-flow
configuration. Contact layers in order to decrease the electrical resistance at the interface
electrode/interconnector were applied to both the anode and cathode side of the interconnector
during stack asscmbly. A composite glass was used as sealing material [1].

Initial Cell and Stack Performance

Single cells and stacks were tested using humidified hydrogen as fuel gas and dry air as the
oxidant gas. Fig. 1 shows the initial performance of a 10-cell (10x10 cm®) stack at 950 and
800 °C. At 950 °C and 7.0 V stack voltage (i.e. 0.7 V per cell) a current density of 420 mA/cm?
was reached. This corresponds to a power density of 0.28 W/cm? The fuel utilization was 37%
at this current density. Lowering the operating temperature to 800 °C the current density decreased
to around 270 mA/em? at the the same stack voltage of 7.0 V (0.20 W/em?) [3].
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Figure 1. Performance of a 10-cell (10x10 cm?) stack with humidified Hy/air at 950 °C

and 800 °C.

The scparate cells in the stack showed an almost uniform potential distribution, differences not
exceeding £20 mV. The area (81 cm? per cell) specific resistance amounts 0.73 Qecm? at 950 °C
and 1.05 Qecm® at 800 °C.

A single cell as large as 25x25 cm? with an cffective clectrode area of 576 em? was also
manufactured and tested with humidified H, and air using metallic endplates for current
collection. At 950 °C and a working voltage of 0.7 V a current density of 300 mA/cm? was
reached, corresponding to a power density of 0.21 W/em? The area specific resistance was
1.00 Qecm? [3].

Both the 10-cell (10x10 cm? stack and the single ccll (25x25 cm?) showed at 950 °C a rapid
decrease of the performance, which is most likely due to Cr-oxide deposition in the cathode
region, the Cr originating from the unprotected interconnector and endplates used.

Improved Cell and Stack Performance

Materials innovations with respect to the metallic interconnector, the glass-ceramic sealant and the
anode substrate facing the electrolyte layer have a pronounced effect both on the performance as
well as on the stability of the cells and stacks. These investigations were conducted using small
short-stacks, each containing 2 cells of 5x5 em?® with an effective electrode area of 16 cm® As an
cxample Fig. 2 shows the performance of such a 2-cell (5x5 ¢m®) stack as function of the
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operating temperature. At the working voltage of 1.4 V (0.7 V per cell) the current density
reached 1,195 mA/cm? at 954 °C and 475 mA/cm? at 811 °C. Corresponding power densities are
0.84 W/em?®and 0.33 W/em?, respectively. In comparison with the results obtained for the 10-cell
stack this means an improvement in power density by a factor of 3 at 950 °C and 1.7 at around
800 °C. The difference in these factors is caused by a difference in the temperature dependence
of both stacks, for which no clear explanation can be given yet.

Fig. 3 shows the time dependent performance of same the 2-cell (5x5 cm?) stack. After the initial
recording of the current-voltage characteristics shown in Fig. 2 during the first 32 hours of
operation, the stack was operated at 800 °C at 313 mA/cm? for a period of 357 hours. The stack
voltage remained constant at around 1.64 V (0.26 W/cm?® without showing any noticable
degradation. A failure in the gas supply system caused irreversible damages to the stack.
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Figuré 2, Performance of a 2-cell (5x5 cm?) stack with humidified H,/air as function of

operating temperature between 954 °C and 755 °C
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INTRODUCTION

In the planar SOFC, the interconnect materials plays two roles as an electrical connection and
as a gas separation plate in a cell stack. The interconnect materials must be chemically stable in
reducing and oxidizing environments, and have high electronic conductivity, high thermal
conductivity, matching thermal expansion with an electrolyte, high mechanical strength, good
fabricability, and gas tightness(l). Lanthanum chromite so far has been mainly used as
interconnect materials in planar SOFC(1,2). However, the ceramic materials are very weak in
mechanical strength and have poor machining property as compared with metal. Also the metallic
materials have high electronic conductivity and high thermal conductivity.

Recently some rescarchers have studied metallic interconnects such as ALOy/Inconel 600
cermet(3), Ni-20Cr coated with (LaSr)CoOs(4), and Y>0s- or La,O;-dispersed Cr alloy(5). These
alloys have still some problems because Ni-based alloys have high thermal expansion, the added
ALQ;, Y;0; and La,0; to metals have no electronic conductivity, and the oxide formed on the
surface of Cr alloy has high volatility. To solve these problems, in this study, LaCrOs-dispersed Cr
for metallic interconnect of planar SOFC was investigated. The LaCrOs-dispersed Cr can be one
candidate of metallic interconnect because LaCrO; possesses electronic conductivity and Cr metal
has relatively low thermal expansion. The content of 25 vol.% LaCrO; was selected on the basis of
a theoretically calculated thermal expansion. The thermal expansion, electrical and oxidation
propertics were examined and the results were discussed as related to SOFC requirements.

EXPERIMENTAL

Figure 1 shows a manufacturing process of 25 vol.% LaCrO;-dispersed Cr(25LC). The pure
Cr metal was used as a reference material and manufactured by using the same process as 25LC.
The 25LC was prepared by mixing metal Cr and LaCrO; powders in high energy milling machine
for 24 h with organic substance that include polyvinyl butyral and isoprophyl alcohol, followed by
sintering under Ar atmosphere with 1 vol.% H; for 1 h at 1500 °C that was measured by optical
pyrometer, The sintered samples were a disk type of diameter of 10 mm and thickness of 3 mm.
Their densities were calculated from volume and weight. The thermal expansion was examined by
using a dilatometer between room temperature and 1000 °C. The electrical conductivity was
measured at room temperature by HP 4338A Milliohmmeter, and the Kelvin Clip Leads of HP
16005C, D were used as probes. The oxidation tests were carried out in air at 1100 °C, which is
higher than normal operation temperature of 1000 °C in SOFC for an acceleration condition.
During oxidation test, the samples were maintained at 1100 °C for 20 h and at room temperature
for 5 h, which was defined as 1 cycle of the oxidation data.

RESULTS AND DISCUSSION

The relative density was determined by percentage of a sample density and a theoretical
density. The relative densities of Cr metal and 25LC were 97 and 95 %, respectively. Thus the
sintered sample is considered to satisfy a gas tightness condition in a cell stack. The ac electrical
conductivity was measured at a frequency of 1 kHz by four probe method. The Cr metal and 25LC
had ac conductivities of 3.63x10* and 0.92x10* S/cm at room temperature, respectively. Also the
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conductivity of Plansec's DUCROLLOY(Cr5FelY,0;) was estimated using the same method for
comparison. Its ac conductivity was 1.06x10° S/cm, which is lower than the reported dc
conductivity of 3.4x10* Sfcm(5). This may be considered to be due to a difference of a
measurement method and a contact resistance of the used probes. Nevertheless, the 25LC indicated
high conductivity like DUCROLLOY. This means that the 25LC is able to be used as an
interconnect material from the viewpoint of electrical conductivity.

Thermal expansion of composite body can be calculated by Turner's and Kerner's models(6).
Figure 2 shows the calculated thermal expansion coefficient(TEC) of Cr alloy at 1000 °C as a
function of LaCrO; content. A TEC of about 25 vol.% LaCrO; at 1000 °C is compatible with that
of 8mol% yttria-stabilized zirconia(8YSZ) because, although an average TEC of 8YSZ in the range
of room temperature and 1000 °C is 10.5x10° m/m.K, 8YSZ at 1000 °C has a TEC of 12.5x10¢
m/m. Figure 3 shows the measured thermal expansion curves of 25LC and 8YSZ between room
temperature and1000 °C. These seem to be reasonably in good agreement on the whole.

Figure 4 shows the oxidation behavior of the 25LC and the pure Cr metal. The 25LC is much
more resistant to oxidation in air than the pure Cr. The oxidation rate of the 25LC decreased slowly
with increasing number of oxidation cycle, whereas that of the pure Cr increased with number of
cycles and then decreased after 4 cycles. From optical microscopy, a delamination of the oxide scale
formed at the surface of the 25LC was not found and thus the decreased oxidation rate during
oxidation test is considered to be due to an evaporation of the surface oxide. On the other hand, the
oxide scale in the Cr metal was spalled, which is thought to be a main reason of the decreased
oxidation rate afier 4 cycles.

CONCLUSION

The 25 vol.%LaCrO;-dispersed Cr was sintered at 1500 °C under Ar atmosphere with 1 vol.%
H,, which had a relative density of 95%. Iis electrical conductivity satisfies a SOFC requircment.
The measured thermal expansion of LaCrO;-dispersed Cr was well fitted to that of 8mol.% Y,0;-
stabilized ZrO, electrolyte. Also the oxidation tests show that the LaCrOs-dispersed Cr is very
resistant to oxidation in air. These results demonstrate that LaCrOs-dispersed Cr is a useful
material for metallic interconnect of planar SOFC. The future works will be focused on the
examination of the microstructure and the effects of alloy elements to improve the materials
properties.
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INTRODUCTION

Ziek's Planar Solid Oxide Fuel Cell (SOFC) system has exceptional potential for
utility electric power generation because of: simplicity of components construction,
capability for Iow cost manufacturing, efficient recovery of very high quality
by-product heat (up to 1000°C), and system integration simplicity. Utility
applications of the Solid Oxide Fuel Cell are varied and include distributed
generation units (sub-MW to 30MW capacity), repowering existing power plants
(i.e. 30MW to 100MW), and multi-megawatt central power plants.

A TVA/EPRI collaboration program involved functional testing of the advanced
solid oxide fuel cell stacks and design scale-up for distributed power generation
applications. The emphasis is on the engineering design of the utility modules
which will be the building blocks for up to megawatt scale power plants. The
program has two distinctive subprograms: Verification test on a 1kW stack and
25kW module for utility demonstration. A 1kW Planar SOFC stack was
successfully operated for 15,000 hours as of December, 1995. Ztek began work
on a 25kW SOFC Power System for TVA, which plans to install the 25kW SOFC
at a host site for demonstration in 1997. The 25kW module is Ztek's intended
building block for the commercial use of the Planar SOFC. Systems of up to
megawatt capacity can be obtained by packaging the modules in 2-dimensional or
3-dimensional arrays.

The Ztek SOFC Power System Technology offers to TVA the benefits of clean,
low cost electricity resulting from low capital cost and ultra high efficiency. In
addition to the potential for competitive low cost of electricity, the following
additional benefits apply: Maximum Megawatt Capacity per Distributed Site;
Maximum Use of Renewable Fuels when Landfill Gas and Biogas are utilized;
High Power Quality; Low NOx, SOx and HC Emissions; and Ease of CO,

Capture. g
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The above leads to significant utility benefits like Customer Service and Retention,
Distributed Generation Service, Response to Global Warming Concerns, and
Repowering Opportunities.

FUEL CELL/GAS TURBINE BOTTOMING HYBRID SYSTEM

Ztek is proceeding on development of an ultra-high efficiency hybrid system of its
Planar SOFC with a gas turbine, realizing shared cost and performance benefits.
The gas turbine as the Balance-of-Plant was a logical selection from a fuel cell
system perspective because of: 1) the high-power-density energy conversion of gas
turbines; 2) the unique compatibility of the Ztek Planar SOFC with gas turbines;
and 3) the availability of low-cost commercial gas turbine systems. A Tennessee
Valley Authority/Ztek program is ongoing, which addresses operation of the
Advanced Planar SOFC system and design scale-up for utility power generation
applications.

The advanced SOFC Fuel Cell/Gas Turbine hybrid approach discussed here,
Figure 1, is potentially capable of reaching electrical efficiencies above
70%(LHYV), or heat rate of less than 4800 BTU/kWh (LHV). This
alternative has the distinct advantage of being applicable over a wide range of plant
capacities, from sub-MW to multi-MW. Ztek's planar SOFC, which operates at
1000°C, has patented features which enhance direct integration with a gas turbine.
This approach is based upon applying Ztek's Planar ATI® SOFC as a Combustor
And Recuperator Replacement for Advanced Turbine System (CARR-ATS).
The SOFC will replace the combustor section, and displace the need for a
recuperator for efficiency enhancement. Integrating Ztek's patented technology,
therefore, can provide increased system efficiency and capacity with reduced NOx
emissions.

Assessments revealed the ability to obtain performance with Pressurized SOFC/Gas
Turbine Hybrid systems which surpass performance that can be achieved by either
a Stand-Alone Gas Turbine or a Stand-Alone Fuel Cell. Figure 2, SOFC/Turbine
Hybrid System Combined Efficiency, illustrates the predicted maximum system
efficiency (LHV) as a function of gas turbine efficiency, considering the fuel cell
efficiency from 50% to 55% (LHV). The maximum combined system efficiency
ranged from 64% to 71%, for gas turbine efficiencies of 25% to 35%. This hybrid
system approach has the benefit of utilizing gas turbine equipment which has
already reached an economic scale consistent with the utility industry. The gas
turbine industry can in turn benefit by the improved efficiency and environmental
performance of the hybrid system. Ztek, applying its patented technology, is
uniquely capable of formulating hybrid systems of its Planar ATI® SOFC with gas
turbines which can achieve ultra efficient system performance.

SOFC/GAS TURBINE SYSTEM FOR DISTRIBUTED GENERATION
The incentives and justification for the pressurized operation of the Ztek Advanced

SOFC integrated with gas turbine bottoming systems are: the physical and chemical
stability of its fuel cell components; structural compatibility with operation at high
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pressures; compact integration; higher surface power density provision of the fuel
cell; and availability of high temperature exhaust gas. For verification of this
integrated technology, a development program of the SOFC/Gas Turbine hybrid
system, Figure 3, is being initiated, leading to a demonstration of integration with
a nominal combined capacity of 250kW in the time frame of 1998-1999. This
effort addresses a technology enhancement to the SOFC modules developed for
atmospheric operation, which applies to stand-alone or SOFC/Steam Turbine
hybrid systems. The complementary components sharing in the SOFC/Turbine
integration assures accomplishing the system price target of <$1000/kW.

SUMMARY

In conclusion, the gas turbine represents a cost effective resource for the Balance-of-
Plant in the fuel cell system, because of its energy conversion performance and the
availability as off-the-shelf equipment. The advanced thermal integration features

of the Ztek Planar SOFC uniquely facilitate the hybrid system integration with a gas
turbine. With the hybrid system integration, the Ztek Planar SOFC and gas turbine
can mutually enhance the favorable characteristics of cost, efficiency, package
flexibility, and environmental performance for distributed generation.

Studies of near-term applications of Ztek's SOFC technology, by year 2000,

indicate that systems in the capacity range of sub-MW to 10MW offer ultra-high

efficiency of more than 70% for pressurized SOFC/Gas turbine systems. Ztek

plans to provide Distributed Generation products to customers at a system price

geéow $900/kW. Tt is expected that the Cost-of-Energy of these units can approach
ents/kWh.

The Ztek Planar Solid Oxide Fuel Cell Technology has been developed under cost
sharing of corporate funds and contracts with the Tennessee Valley Authority, the
Electric Power Research Institute, the U.S. Department of Defense and the U.S.
Department of Energy.
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STATUS OF THE TMI SOFC SYSTEM
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PROTOTYPE STATUS

TMI has completed preliminary engineering designs for complete 20kW SOFC systems modules
for stationary distributed generation applications using pipeline natural gas [sponsored by
Rochester Gas and Electric (Rochester, New York) and EPRI (Palo Alto, California)]. Subsystem
concepts are currently being tested.

SYSTEM FEATURES

¢ Pipeline natural gas is used directly with no sulfur removal required.

*  Cooling systems use ambient air and do not require external supplies of makeup or
cooling water.

¢ Indoor or outside installation.

e Grid-connected or grid independent operation.

*  Load-following from 0 to 100% of rated net AC output.

DESIGN CRITERIA

TMI design goals have been to achieve lowest product life cost while maintaining a simple
system for highest reliability. Other optimization goals have been stable electrical performance,
minimal physical size, low NOx emissions.

Balance of plant includes: air filters, air blower, natural-gas compressor, fan-cooled condenser
assembly, water pump, inverter, catalytic fuel reformer, high-temperature heat exchangers,
stacks, sensgrs, controls, insulation, and miscellaneous other components, all housed in a single
indoor/outdeor enclosure. Optional accessories will include a grid interface box and a heat
recovery module (for cogeneration applications).

SYSTEM SPECIFICATIONS

Selected specifications for the 20 kW system are summarized as follows:

Fuel: Pipeline natural gas at 2 in w.c. minimum

AC Power Qutput: 0-20 kW continuous; 208Y/120 VAC, 60 Hz, 3 phase

Maximum Current: 65 A rms per phase (23.4 kVA to balanced load)

Grid Connection: Normally interconnected. Capable of stand-alone operation
during grid outages. Will Ioad-follow or export power as
desired.

Ambient Conditions: Cutdoor or indoor

Optional Heat Recovery: Water heating to 160°F. Maximum of 18000 BTU/hr.

Emissions: Less than 3 Ib/GWh NOx. Undetectable particulates, CO,
organics

Noise Level: Less than 65 dbA at 3 feet

Size: 26 inches square by 78 inches tall
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Weight: Approximately 1000 pounds

Current Harmonics: Less than 4% total at rated load, grid interconnected Easily
meets IEEE-519

Maintenance: Air filter cleaning while operating Once per year
preventative maintenance (6-hour outage)

Parallel Operation: Any number of system modules.

Dynamic Response: 1% to 100% output: less than 4 sec. 100% to 1% output: less
than 2 ms. R

Efficiency: At 100% output: 44% net AC output/natural gas HHV

At 70% output: 49%
At 40% output:  50%
At 20% output: 45%
At 10% output: 31%

The TMI SOFC/STACK

The basic TMI SOFC was designed to overcome problems associated with high-temperature
operation and for low cost manufacture using available fabrication techniques. A key
characteristic of the patented design (Fig. 1) is the use of porous, non-sintered, particulate
electrodes. Non-sintered particulate electrodes eliminate problems caused by coefficient of
thermal expansion mismatches at the interfacial boundaries. This allows the use of metal
separators and substitution of materials optimized for electrical and other catalytic properties -
(such as sulfur tolerant electrodes) rather than for thermal expansion properties. Porous
electrodes support the metal separators, which allows use at higher temperatures since creep
concerns are eliminated. Radial gas flows do not require external manifolds and allows for
improved thermal management.

Fuel

Cathode
Lanthanum Strontium Manganite

Cathode Seal
Glass

Electrolyte
Yttria-Stabilized Zirconia
Anode Seals

Glass

Anode
Nickel-Zirconia Cermet

Separator
Metal Alloy

Air Air
Figure 1. TMI SOFC Stack (exploded view with flows)
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o Individual cells are currently at near-commercial size and performance (approximately 55
mm diameter by 1.5 mm thick at over 100 mW/cm®) and operates between 900°C and
1000°C.

¢ Commercial stacks will be about 320 cells (for 120 and 208 VAC models) and operate at
close to 90% electrochemical fuel utilization on reformed natural gas. Target stack life is 3
to 5 years,

o Over 500 stack tests (plus thousands of single-cell tests) have been performed to date with
some stacks exceeding first-generation commercial performance assumptions.

o Stacks have been operated on military logistic fuels containing up to 0.3 wt%sS.

SCHEDULE

Development of complete alpha prototype systems is now underway with full system field testing
scheduled to begin within the next three years and beta field testing thereafter. Planned natural
gas models will range from 1 kW (at 120/240 VAC) to 250 kW (at 480Y/277 VAC) net output.
PRICE

Market entry prices for small scale systems will range between $1500 to $5000/kW (in 1996

dollars), As production volumes and learning curves increase over time, prices will decline to
below $1000/kW.
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MODIFYING ZIRCONIA SOLID ELECTROLYTE SURFACE PROPERTY
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ABSTRACT

Bismuth-strontium-calcium-copper oxide (Bi2Sr2CaCu20s, BSCCO) is known for its high T.
superconducting behavior and mixed conducting property. The applicability of similar high T.
cuprates for intermediate-temperature solid oxide fuel cell (SOFC) application has been studied
recently. We investigated the electrochemical behavior of several AglBSCCO|10 mol% yttria-
stabilized zirconia (YSZ)|Ag and AglYSZ|Ag cells using complex impedance spectroscopy. A
highly uniform and porous microstructure was observed at the interface of the YSZ and BSCCO.
The ionic conductivity determined from the Nyquest plots in the temperature range of 200-700°C
agrees with the values reported in the literature. The specific resistance of the BSCCO|YSZ inter-
face was also determined to be lower than those of the conventional manganite electrode, suggest-
ing that BSCCO seems attractive for cathode applications in SOFC.

INTRODUCTION

Yittria-stabilized zirconia (YSZ) is a typical electrolyte material used in SOFC. To generate useful
power from the cell, the electrolyte must exhibit a sufficiently high conductivity. To achieve such
a condition, the YSZ-based cell typically has to be operated around 1000°C. Such a high operat- °
ing temperature often causes degradation and compatibility problems among cell components, af-
fecting SOFC’s cell life and commercialization potential. There is a desire to reduce the operating
temperature of SOFC to below 800°C (1) to simplify the SOFC design and improve the cell effi-
ciency. To operate SOFC at intermediate temperatures, the choice of electrodes and interconnect
would be most likely different from the high-temperature system. Oxide transfer kinetics at the
electrode is often the rate limiting step at intermediate temperatures. Conventional electrode mate-
rials such as Pt or Sr-doped La manganites are not sufficiently effective in catalyzing transfer ki-
netics at these temperatures. New electrode materials therefore have to be sought.

Bismuth-strontium-calcium-copper oxide (Bi2Sr2CaCu;0s, BSCCO) has been studied recently as
high T. superconducting materials (2). Similar materials have been studied for SOFC applica-
tions (3) since they all exhibit mixed conductivities at intermediate temperatures. Their potential
as an oxide conducting electrode material is therefore worth exploring. Here we report the prepara-
tion, microstructure, and electrochemical behavior of the BSCCO electrode on 10 mol% YSZ.

EXPERIMENTAL ASPECTS

The 10 mol% yttria-stabilized zirconia were prepared by our collaborators in the Advanced Materi-
als Program in the Australian Nuclear Science and Technology Organization (ANSTO) in the form
of sintered and polished circular pellets. The YSZ powder was obtained from TOSOH, Japan.
The YSZ powder was first pressed uniaxially with a 0.5 ton of force in a 10 mm diameter die to
form pellets. They were then isostatically pressed under 200 MPa to form green body. The pel-
lets were sintered at 1400°C in air for 2 hours, air cooled, followed by polishing with 1 um dia-
mond paste on both sides of the pellets to the desired thickness, ranging from 0.5 to 2.0 mm.

The Bi;Sr2CaCuz0g (BSCCO) electrode was prepared separately by solid state reaction. The
starting materials were Bi203, SrCOj3, CaCO;s and CuO. They were thoroughly mixed and heat
treated under the following conditions: 820°C for 12 hours; 820°C for 12 hours (repeated); and,
840°C for 12 hours; to obtain the final composition. The repeated sintering and grinding proce-
dure was to ensure a complete reaction and high degree of homogeneity. The BSCCO clectrode
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was coated on one side of the YSZ pellets. The BSCCO powder was first mixed with an organic
binder (ethyl cellulose), a lubricant (glycerol) and a solvent (ethanol) to form a paste. A layer of
the BSCCO paste (approximately 500 pm thick) was applied to the YSZ pellet surface and al-
lowed to dry for 12 hours. The dried samples were then processed by the following steps: The
sample was heated at 150°C hour-! to reach 890°C. The sample was then held at 890°C for 4
hours before subjected to a cooling at 300°C hour-! to room temperature. The sintering at 890°C
was able to partially melt the BSCCO compound, creating an effective bonding with YSZ.

Metallic silver made from an in-house silver paste was sintered either onto BSCCO as the contact
bonding material or onto YSZ as the counter electrode. The electrical contact was made by attach-
ing a thin Ag foil (0.025 mm thick) on each side of the pellet with a Ag wire (0.25 mm in diame-
ter). The silver paste was made from fine metallic silver powder (1 pm in particle size) and the
same organic additives used in the preparation of BSCCO. The following process was used in
binding Ag to the cell: The cell assembly was heated at 60°C hour-! to 880°C, held at that tem-
perature for 4 hours and then cooled at 300°C hour-! to room temperature. Each Ag contact area
is approximately 8 mm in diameter, giving an apparent surface area of about 0.5 cm2.

Two different cell configurations were constructed for complex impedance measurements: Type
(A)- three cells with the Ag|BSCCO|YSZ|Ag configuration. One used a 0.5 mm thick YSZ pel-

" let and the other two 1.0 mm. Type (B)- one cell with the Ag]YSZ(0.5 mm)|Ag configuration.

The conductivity was determined by complex impedance spectroscopy between 200 and 700°C in
the frequency range of 10 mHz to 1 MHz using a Solartron 1260 frequency response analyzer. All
the measurements were carried out in air inside a temperature-controlled chamber.

The microstructure of the BSCCO]YSZ interface was characterized by scanning electron micros-
copy (SEM, Zeiss 962) and the chemical composition by energy dispersive x-ray fluorescence
spectroscopy (EDAX, Oxford Instruments Link ISIS system) using one of the Type (A) cells.
The Ag contact on the BSCCO electrode was removed to allow SEM examination.

RESULTS AND DISCUSSION

Microstructure Characterization: The SEM images show that the BSCCO-covered area is divided
into two zones with visible morphological differences: namely a central zone (approximately 15%
of the total area) and a rim zone, as shown in Figure 1.

In the central zone, the EDAX analysis reveals that the composition is primarily a combination of
Zr, Bi, Sr, Ca, Cuand O. On the surface of this nominal composition, there are many needle-
shaped objects, typically 10 pm in diameter and 200 pm long. These whiskers have a nominal
composition of YCuOg, suggesting that yttria close to the interface region has reacted with the
partially-melted BSCCO to form YCuO;. Zirconia was rejected to the bulk BSCCO.

In the rim zone, we found a noticeable amount of almost spherical or ellipsoidal objects, typically
100-200 pm in diameter or length, EDAX spectra show that these objects are CuO. Underneath
these objects is the most interesting feature at the interface. As shown in Figure 2, most of the
rim zone was covered by a uniform but highly porous microstructure, The porous microstructure
consists of rectangular crystals with a grain size distribution in the 0.5-2 pm range. EDAX spec-
tra indicate that the composition of the crystals is predominantly Zr, Sr, Ca and O. The lack of
Cu and Y in the porous microstructure agrees with the existence of CuO in the rim zone and
YCuO; in the central zone, indicating a significant Cu and Y segregation at the interface.

191




LIAW and SONG
-{ PAGE }-

Figure 2: A highly uniform, porous micro-
structure in the rim zone showing a narrow
particle size distribution of 0.5-2.0 pm.

Figure 1: SEM surface morphology of a
BSCCO-coated YSZ sample showing con-
trast between the rim and central zone.

Complex Impedance Spectra: The complex impedance spectra obtained from two types of cell
were used to derive kinetic properties of each system. A typical Nyquest plot was shown in Fig-
ure 3, comparing the results from the two types of cell at 300°C. Similar to those reported in the
literature, the spectrum from the Ag[YSZ|Ag cell contains three semicircles: From the high fre-
quencies, the first semicircle represents the contribution from the bulk conductivity; following by
the second semicircle for the grain boundaries and the third for the Ag{YSZ interface. The spec-
trum from the BSCCO-coated cell, although similar in shape, exhibits some differences: The first
semicircle seems to be smaller than that of the previous cell. Since the YSZ pellets were all pre-
pared at the same time from the same composition and heat treatments, one would expect the bulk
conductivity having the same value. The difference is therefore possibly attributed to the variation
in the aspect ratio. If the assumption is valid, the second semicircle of the BSCCO-coated cell is
then apparently larger than that of the cell with only Ag contact. From the asymmetric shape of
the second semicircle of the BSCCO-coated cell, we conclude that the impedance contributions
from both grain boundary and the BSCCO layer are convoluted in this semicircle. The differences
in the second semicircles allowed us to calculate the specific resistance of the BSCCO layer.

10 ]
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Kinetic Properties: From the Nyquest plots, similar to those shown in Figure 3, we can deter-
mine the bulk and grain boundary conductivity of the YSZ samples. The conductivity values ob-
tained from various samples are consistent with those reported in the literature, as shown in Fig-
ure 4, including the conductivity data reported by Badwal (4) on 10 mol% YSZ polycrystalline
samples (of 92% theoretical density). Our conductivity values are slightly higher than Badwal’s,
possibly due to either a higher density or variations in the aspect ratio.
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Figure 4: Ionic conductivity of the YSZ Figure 5: Specific resistance of the BSCCO
samples compared with Badwal’s data (4). layer as a function of reciprocal temperature.

The specific resistance of the BSCCO derived from the second semicircle is shown in Figure 5 as
a function of reciprocal temperature. Typical specific resistance values of manganite cathode used
in SOFC, such as LaxSr1.«MnO; (5) are also included in the figure for comparison. The smaller
resistance of the BSCCO layer than those of the manganites indicates that the BSCCO could be
an attractive cathode material for SOFC applications.

CONCLUSION

Our study using complex impedance spectroscopy indicates that the specific resistance of the
BSCCO|YSZ interface is quite low, suggesting that BSCCO could be an interesting material for
SOFC cathode application.
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ABSTRACT

Mitsubishi Heavy Industries, Ltd. (MHI) has been developing tubular type Solid Oxide Fuel
Cells (SOFC) since 1984. A 1kW module of SOFC has been continuously operated for
3,000 hours with 2 scheduled thermal cycles at Electric Power Development Co., Inc. (EPDC)
Wakamatsu Power Station in 1993, We have obtained of 34% (HHV as Hz) module efficicncy
and deterioration rate of 2% per 1,000 hours in this field test.

As for next step, we have developed 10kW module in 1995, The 10kW module has been
operated for 5,000 hours continuously. This module does not need heating support to
maintain the operation temperature, and the module efficiency was 34% (HHV as Hy).

On the other hand, we have staried developing the technology of pressurized SOFC. In 1996,
pressurized 1kW module has been tested at MHI Nagasaki Shipyard & Machinery Works. We
are now planning the development of pressurized 10kW module.

INTRODUCTION

MHI has been developing SOFC since 1984. From 1986 to 1989, clementary technologies of
tubular type SOFC stacks and module were developed with Tokyo Electric Power Co.
(TEPCO). In 1989, TEPCO, EPDC and MHI developed 1kW SOFC module, and in 1991 we
operated the 1kW module for 1,000 hours at EPDC Wakamatsu Power Station. And in 1993,
EPDC and MHI have developed the advanced type 1kW module and operated it for 3,000 hours
successfully.

Aud in 1996, we have developed a 10kW module, which can be operated without heating
support. The 10kW module have been operated for 5,000 hours coritinuously.

DEVELOPMENT OF TUBULAR TYPE CELL STACK

We have applied the spray coating method to the tubular type SOFC. The cell stack has 15
cells connected in series, and the stack length is 500mm.

The overview of stacks is shown in Fig. 1. Fig. 2 shows the structure of the stack. Main
materials of films and film thickness are shown in Table 1. Most of films of this stack has
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been produced by atntospheric plasma spray coating method. However clectrolyte film is
produced by low pressure plasma spray (LPS) coating method, because it necds gas tightness.

We have heen making efforts to improve cell performance. Major improvements are as
follows; ,
1) Optimization of the spray conditions
2) Quality control of each material

3) Optimization of the cell configuration

Fig. 3 shows the example of I-V characteristics. Tests were conducted at 900 °C, atmospheric
pressure, using hydrogen as fuel and air as oxidant. MHI's cell-stack can be operated over 80%
fuel utilization and the maximum efficiency reaclied 40% at the current density at 200

mA/cm?2,
Alr B I B lyte
Protactive Coat Auel Electrede
77 5

Fig. 2 Tubular Cell Configuration

Fig. 1 Appearance of Tubular Type SOFC

L Pawer  40W -160
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" Volt 8V 5
. . . B Temp. 800°C N
Table 1 Materials and Film Thickness 5 Rl M
= H40
Structur Film Materials Fim Thickness z =
Fuel Bectrode |  Ni0/YSZ 80~100£m £ o &
Rl (1] &
Eloctrolyts Ysz 100~1504m Jag
Air Bloctrods 1aCo03 150~2002m
-o—e- Voltage Jie
Intorconnectsr | NiA#/A2205 100~1504m “0—0- Power
1 ] ] ]
Substrate Tube |  €SZ | Outer Dimater 2t O
Current (A)

Fig. 3 Example of Cell Performance
DEVELOPMENT OF 10kW MODULE

EPDC and MHI designed and fabricated a 10kW module in 1995. This module mainly
consists of four parts, that is fuel plenum, spent fuel plenum, reactor chamber and air
preheater.  This module structure is same as the 1kW miodule. Fig. 4 shows the structure of
the 10kW module, the specifications are shown in Table 2.

We haye adopted a pendant stack structure for relaxation of thermal stress and easy maintenance
of stacks. Fuel is fed from the top of the module and introduced to the fuel plenum,
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distributed to each cell-stack through injection tubes and utilized for the cell reaction. The
spent fuel is exhausted through spent fuel plenum.

Air is licated by air preheater, and is fed to a reactor chamber. Spent air is exhaust through the
air exhaust tube, and its heat is exchanged to cold air in the air preheater. Current collectors
are made of metal and arranged in plenums with reducing atmosphere; one is in the fuel
plenum, the other is in the spent fuel plenum.

The performance curve of the 10kW is shown in Fig. 5. The maximum power output was
12kW and the efficiency was 34% at 80% fuel utilization. Fig. 6 shows module power output
through this test. Total operation time was 5,066 hours and module power output was stable
over all operation conditions. The deterioration rate was about 1 ~ 2% per 1,000 hours.

$1500
Table 2 Specifications of 10kW Module Fuel talt Fual Exhaust
L
Power Output 120W DE. ;}’B‘z}um\ 2 N
) __Spent Fuel
Open Circuit Voltags 415V =S Plenum
R NN
tion Voltage 229V o N N
Oper g NS N
Oparation Current 525A ol Tubo— ] &' {?\Raa cu;:n E
Number of Stacks 504 @l o g NS C'.‘a““'
- N ust
Operation Temperature 900°C NN IE §—\ | Tube
Operation Pressure Atmosphenc Pressure \\ —grehaatar \ﬁ Air
1500mm Diamt At == e
. hameter
Outer Sizo of Modulo 1750mmHeight Fig. 4 Structure of 10kW Module
14 20
400 Jiz
i 215
- 300 10 = ?‘,
£ 18 £ 3
P £10
2 200 s 5 8
= z
o o 35
> 5 & Wodue Cu 525
100] -»—e- Voltage & u rent : A
-0—0- Power |2 Total Operation Tims : 5066hs
0
00 10 20 30 40 50 &0 0 1000 2000 3000 4000 5000
Current (A) Operation Time (hours)
Fig. 5 Performance Curve of Fig. 6 Operation Results of 10kW Module

10kW Module

PRESSURIZATION

It is nccessary to pressurize SOFC module for realizing high cfficiency SOFC plant,
combined with gas turbine. EPDC & MHI have started developing of pressurizing
technologies of SOFC since 1995.
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Main technical points are follows;
« Evaluation of the stack performances at pressurized condition
- Establishment of system contro] technologies

We have developed pressurized 1kW module in 1996. Table 3 shows the performance data of
the 1kW module, and Fig. 7 shows the appearance of the pressurized 1kW module. In this
test we have confirmed the improvement of module performances by pressurization. And we
are now planning the development of a pressurized 10kW module as for next step.

Table 3 Performance Dala of 1kW Module

Atmospheric Pressurized
Oporating Pressure Oatg Satg
Operating Temperature 800°C -
Number of Stacks 48 -
Opgrating Voltage 1 343V
Operating Cument 10A 525A
Powsr Qutput 1.15kW 1.80kW
Fusl Utilization 60% -
Air Utilization 10% -
Max. Efficisncy (at 200mA/em? 336% 38%

Fig. 7 Appcarance of Pressurized
1kW Module
CONCLUSION

_EPDC and MHI have developed 10kW module and have operated it for 5,000 hours

success(ully. Our future target is commercialization of coal gasificd SOFC cpmbined cycle.
We will accelerate on our SOFC R & D project to realize our target in early future.
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I. INTRODUCTION

The electrode reactions are a major cause of the energy losses in SOFC’s, and limit their use to
higher temperatures, typically 800-1000°C. The electrode reactions have received much attention
aimed at better understanding the electrode kinetics and mechanisms, but are still very primitive in
their basic understanding. The electrode microstructure and its corresponding reactivity has
commonly been studied by DC and AC impedance techniques. A common method of examining
electrode reactions employs surface-mounted reference electrodes, although this technique often
limits the experiment to examination of one electrode. In this study a new technique has been
developed of utilizing a Pt voltage probe placed internally into the electrolyte to measure the I-V
and impedance spectra of both electrodes operating under cell conditions. Unlike surface mounted
electrodes which need to be concerned with distance and dimensions of reference electrodes with
respect to working and counter electrodes the internal Pt voltage probe is centered internally at a
known depth within the electrolyte and between corresponding electrodes.

The internal Pt voltage probe has been used in this research program to investigate the
microstructure <> property relations in solid oxide fuel cells (SOFC’s) in order to better understand
the mechanisms involved in cell performance. The aim is to fabricate SOFC’s with controlled
microstructures utilizing La, Sr,MnO; (LSM), yttria stabilized zirconia (YSZ), and Ni-YSZ
composites as the cathode, electrolyte, and anode, respectively. Ideally, the electrode materials
would be tailored for an increased reaction rate (grain size < I pm), be stable with time (> 10,000
h), have a thermal expansion match to YSZ (ot =11 x 10°6/°C), show limited chemical interaction
with the electrolyte, and show no degradation in electrical performance. This paper describes just a
few of the starting powder characteristics, electrical conductivity and overpotential measurements,
and resultant microstructures as a function of processing conditions (i.e. powder calcination
temperature, and annealing temperature) and composition for the electrolyte and cathodes.

II. EXPERIMENTAL PROCEDURE
Single Cell Fabrication i

The YSZ electrolyte used in this investigation was self supporting, and the cathodes were
applied via screen printing onto a pre-sintered dense electrolyte. The commercially-available YSZ
(Zirconia Sales of America Inc.) is a fully stabilized (8 mole % Y703), co-precipitated powder.
This particular powder was chosen because of its low cost, ~$70/kg, fow impurity content and low
densification temperature, ~1400°C. The YSZ powder had a primary particle size of approximately
250 nm and a corresponding BET surface area of ~ 8.0 m%/g. YSZ powders were initially dried at
150°C to remove any physically bonded water and then mixed with a commercially available binder
system from Ferro Corp, B73210. The slip was ball-milled with ZrO2 media for 24 - 48 h until
the powder was well dispersed. The slurry was tape cast; green thicknesses were ~ 50-75 pm.
Circular samples of 2 inch diameter were cut out of the tape and a Pt voltage probe (38 mm long x
0.3 mm wide) was screen printed onto the YSZ tape. Six tapes were stacked and laminated at 3000
psi for 10 min at 70°C in such a way as to place the Pt probe in the center of the fired specimen.
The thermal processing schedule for binder removal and densification of the YSZ laminates was
0.5°C/min to 350°C, hold for [ h, 3°C /min up to 1450°C, hold for 2 h, and then cool at 3°C/min.
Sintered electrolytes were 3.2 cm in diameter, and 200 pm thick.

LaySrg,2Mn03 (0.7 < x < 0.79) compositions were synthesized by the liquid mix technique
using La2(C03)3, SrCO3, and MnCO, as standardized raw materials. The carbonates were
dissolved in HNO,, ethylene glycol, citric acid and water in glass beakers. Heating resulted in the
formation of a polymeric precursor solution which was then oxidized at ~300°C. The powder was
vibratory milled dry for 4 h with ZrO2 media, then calcined in MgO crucibles at temperatures of
800 - 1200°C in increments of 100°C. Soak times for all calcinations was 4 h. The powders were
vibratory milled again using the same conditions as described before. Powder crystallinity, phase,
and surface area were characterized using X-ray diffraction and BET techniques as a function of
calcination temperature. The electrode powders were mixed with a commercial resin solution,
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BX018-16, from Ferro Corp using a three roll mill. The cathode compositions were screen printed
onto dense YSZ electrolytes and sintered at temperatures between 1200°C and 1400°C in 100°C
increments fora 1 h hold, with a heating and cooling rates of 3°C/min. A primary goal of this
investigation was to vary the grain size and porosity of electrode microstructures and the their
impact on clectrode performance, therefore powders were calcined and sintered at various
temperatures. Cathodes were porous, exhibited grain sizes on the order of 1jim, and gave resultant
dimensions of 0.635cm x 0.635cm and ~ 20um thick.

A Pt grid (0.2 mm line width and 0.2 mm spacing between lines) was screen printed on the
electrodes for cell performance experiments to act as a current collector but also to allow gas
diffusion to the electrode/electrolyte interface.

Electrical Characterization

Electrical characterization of single cells utilizing the internal Pt voltage probe was
investigated to simultaneously separate the losses attributed to each component (anode, electrolyte,
cathode) and their interfaces (cathode/electrolyte and anode/clectrolyte) during cell operation. The

. cell performance studies were focused on “the reaction 'kinetics at the interfades whereas DC
conductivity measurements were performed to investigate the resistive losses of each component as
a function of time, composition, and preparation condition. Electrochemical (I-V) measurements
were carried out using a five electrode configuration which allowed for separation of anode and
cathode overpotentials during operation. [-V behavior was performed on both half cells and
»complete cells using an Anatronics Current/Voitage Control Fuel Cell Testing Module, a Keithley
Model 196 Microvolt Meter, and a Fluke 27/FM Multimeter. The Fuel Cell Testing Module was
“placed in the voltage control mode thus enabling the desired cell voltage and corresponding current
to be measured

III. RESULTS AND DISCUSSION

A typical cell with a single Pt voltage probe buried into the center of the electrolyte (100
um from the cathode and anode) is shown in Figure 1. The Pt probe is ~ 5 um thick and 200 pim
wide. Singe all electrolytes had thicknesses of 200 ptm and cathodes and anodes had eleftmde areas
of 0.4 cm#, the resistive loss associated with the electrolyte { 82 mV at 1000 mA/cm<) was used
as a baseline for all cell experiments.

Effect of LSM Calcination Temperature on the Electrode Reaction

Lag,795r0,2Mn0O3 (LSM) powders were calcined between 800 and 1200°C in increments of
100° for 4 h, prepared as pastes, screen printed onto YSZ electrolytes, and densified at 1200°C.
The initial overpotential (1)) - current density (j) results for Lag 79Srg 2MnO3 (LSM) powders
which were calcined between 800 and 1200°C are shown in Figure 2. All powders calcined below
1100°C show a similar electrochemical response wjth the 800 and 900°C calcinations showing the
best performance (~ 60 and 80 mV at 1000 mA/cm#). The lower calcination temperatures have a
smaller particle size and would therefore be expected to contain more reaction sites (TPBs) for the
oxygen reduction reaction to occur. The opposite would be true for the 1200°C calcination
temperature. Although the samples are sintered onto the YSZ electrolyte at the same temperature,
their still is the tendency for the lower calcination temperatures to initially have a smaller particle
size (more TPBs). The sintering of the LSM onto the electrolyte is constrained even at 1200° due
to the densified YSZ support, this is also enables porosity to be introduced into the cathode
microstructure. All sintering occurs in the z-direction rather than the x-y plane, therefore there is
no change in the area of the electrode before and after sintering.

Measurements were again performed on all samples after 24 h of operation. Powders
calcined at 800 and 900°C were not stable with time and resulted in higher overpotentials.
Powders calcined at temperatures 2 1000°C were stable within the 24 h time frame. Figure 3
illustrates the 1 - j behavior of samples calcined at 800, 900 and 1000°C as a function of time.
The sample calcined at 800°C had the largest change in tge overpotential and was comparable to
the sample calcined at 1200°C (~ 170 mV at 1000 mA/cm<). The 900°C sample also increased its
overpotential but to a smaller extent (~ 100 mV at 1000 mA/cm?). This can be explained by the
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Figure 1. Typical cell with an internal Pt voltage pfobe.

03 — 03
" €500°C
ozs o = &0 : ozs flosorc-24n 5
o 900°C #900°C o
S o Bl ® 1o00c ol S 0900°C-24h H° .
< = j100°C 5 et o Z %2 fmixoc . @ 7
£ 0% &% 8E% g aio00°c-241 |0 %y
S s Honoc | o tﬁgﬁ% S 015 '
g ki s 5
=3 o° é“ 1 cathode =] g 1} cathode
g 0.1 } 2 0.1 P ]
6 ™ ] s
0.05 e Electrolyte 0.05 IR Electrolyte 7]
N A AR 0
0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400
Current Density (mA/cm2) Current Density (mA/cm2)
Figure 2. Initial -j relations of the Figure 3. 7-j relations initially and after 24 h of
Lao79Sro2MnO: composition sintered on the operation for the LaosSr2MnO3
electrolyte at 1200°C and calcined at compositions sintered on the electrolyte
various temperatures. at 1200°C and calcined at 800, 900, and 1000°C.

powder further coarsening during operation which would gi've rise to a larger contact area and a
reduced number of TPBs. The smallest particles are expected to have the highest driving force for
densification which may explain the largest change in the electrochemical results for the 800°C

calcination. Higher calcination temperatures (1000°C) may also show similar' behavior for
operation times greater than 24 h.

Effect of Composition and Sintering Temperature on Cathode Performance

The compositions studied were Lag 79Srg.2MnO3 (1% excess Mn), Lag 75Srp.2Mn0O3
(5% excess Mn), and Lag 70Sr0.2MnO3 (10% excess Mn) calcined at 900°C for 4 h then sintered
on the YSZ electrolyte at temperatures between 1100-1400°C. Figures 4 and 5 are 1-j plots of the
three compositions sintered onto the YSZ electrolyte 1200 and 1400°C. Clearly the 1200°C firing
condition yields a large variation for the compgsitions, the 10 % excess Mn shows an extremely
small overpotential (~ 40 mV at 1000 mA/cm<). The 5% excess Mn composition also shows a
lower overpotential (~ 80 mV at 1000 mA/cm<) than the near stoichiometric sample (~ 105 mV at
1000 mA/cm#). Because the grain sizes for the cathodes were observed to be very similar, this
cannot be used as the basis for the large variation in the electrochemical behavior. X-ray
diffraction on bilayers was performed to see if a second phase (i.e. LagZrpO7) could be detected at
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the interface. The XRD patterns for the three compositions annealed at 1200°C showed the same
diffraction peaks corresponding to the YSZ and LSM phases except for the Lag 79Srg 2MnO3
sample which had an extra peak at ~28.5°, corresponding to the 100 % intensity line of the
La3Zrp07 phase. Therefore, the addition of excess Mn is effective in decreasing the pyrochlore
phase formation at the interface at higher temperatures (< 1200°C).
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Figure 4. n-j relations of the LSM Figure 5. 1-j relations of the three LSM
compositions calcined at 900° compositions calcined at 900°C
and sintered at 1200°C. and sintered at 1400°C.

The overpotential results for the three compositions fired at 1400°C are shown in Figure 5.
The | % and 10 % excess Mn compositions show a consistent trend with the lower sintering
temperatures, namely, that the overpotentials are larger due to both a larger grain size and an
increased rea%tion at the interface. The overpotential values for the 1 and 10 % oxcess samples at
1000 mA/em# are ~ 210 aild 100 mV. The 5 % excess sample has a very high overpotential (~
320 mV at 1000mA/cm<), and is not consistent with the previously observed trends. Some
possible explanations could be that the sample was cracked or improperly sealed which allowed the
mixing of the fuel and oxidant which could reduce the oxygen pressure in the cathode chamber.
Another possible explanation is that the sample has not equilibrated within the 24 h period.

IV. CONCLUSIONS

L Increasing the particle size of the La,.,Sr,MnO;cathode results in higher overpotentials, but
lends long term stability at 1000°C. Increasing the cathode firing temperature increases the
overpotential, although the microstructure remains fairly constant. Although 800°C yields
the best initial results, after 24 h of operation the overpotential climbs sharply. We have
found that 1000°C gives the best performance/stability combination. At 1” A/em?, the
cathodic overpotential is =0.1 V, which is very good

3 Nonstoichiometric La,Sry,Mn0;(x=0.70, 0.75, and 0.79) cathode compositions exhibit the
best propertics. Previously-summarized results showed that A-site deficient compositions
exhibited the lowest overpotentials. To further explore this effect, we completed a series of
studies using these compositions fired on at temperatures of 1100, 1200, 1300 and 1400°C.
In all instances, 1200°C was the optimum, with the x=0.70 composition being the best. It
has an overpotential of only 0.04V at 1 A/em®. SEM analyses indicated no second phases
or interdiffusion is detectable. Longer time studies are underway.
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MANUFACTURE OF SOFC ELECTRODES BY WET POWDER SPRAYING
R. Wilkenhoner, L.G.J. de Haart *, W. Malléner, H.P. Buchkremer

' Forschungszentrum Jiilich GmbH, D-52425 Jitlich, Germany
Institut fiir Werkstoffe der Energietechnik,
* Institut fiir Energieverfahrenstechnik
ABSTRACT ) - - -
The reproducible and commercial manufacturing of electrodes with enhanced
electrochemical performance is of central importance for a successful technical realization
of Solid Oxide Fuel Cell (SOFC) systems. The route of electrode fabrication for the SOFC
by Wet Powder Spraying (WPS) is presented. Stabilized suspensions of the powder
materials for the electrodes were sprayed onto a substrate by employing a spray gun. After
drying of the layers. binder removal and sintering are performed in one step. The major
advantage of this process is its applicability for a large variety of materials and its flexibility
with regard to layer shape and thickness. Above all, flat or curved substrates of any size can
be coated, thus opening up the possibility of "up-scaling" SOFC technology.
Electrodes with an enhanced electrochemical performance were developed by gradually
optimizing the different process steps. For example an optimized -SOFC cathode of the
composition Lag¢sSro3MnO; with 40% 8YSZ showed a mean overpotential of about
-50 mV at a current density of -0.8 Alem?, with a standard deviation amounting to 16 mV
(950°C, air). Such optimized electrodes can be manufactured ‘with a high degree of
reproducibility, as a result of employing a computer-controlied X-Y system for moving the
spray gun. Several hundred sintered composites, comprising the substrate anode and the
electrolyte, of 100x100 mm? were coated with the cathode by WPS and used for stack
integration. The largest manufactured electrodes were 240x240 mm?, and data concerning
their thickness homogeneity and electrochemical performance are given.

EXPERIMENTAL
Table 1 Starting powder (* agglomerated)
Powder Composition NiO TOSOH 8YSZ L2y ¢5S193Mn0O;
Particle size 03 ~30 pm * 10to 20 pm *
Crystallite size 25 nm <200 nm
Particle shape spherical spherical spherical
Company Baker, USA TOSOH, ] Forschungszentrum Jittich, G

The characteristics of the starting powders are presented in Table 1. Lanthanum-Strontium-
Manganese perovskite (LSM) with the optimized composition Lag sSfo;MnO; was used as
electroactive cathode material because of its high electric conductivity and enhanced com-
patibility with the electrolyte (8 mol% Yitria Stabilized Zirconia, 8YSZ) (1,2). A mixture of
8YSZ- and NiO-Powder was used for the anode. After reduction to nickel the nickel amount
was 40 vol%, disregarding the porosity. The powders, which were agglomerated in the
initial state, had to be deagglomerated and stabilized to prevent reagglomeration in the spray
suspensions. Otherwise, the desired fine electrode microstructure - a maximum of particle
fineness and a porosity of about 30% - cannot bé achieved. Deagglomeration was obtained
by milling the spray suspension which consisted of the powder, a suitable dispersant and a
carrier (ethanol, water or mixtures thereof) for at least 24 hours until the particle size was
less than 1 pm. We used high molecular weight polyelectrolytes as dispersants, which
stabilizes the powder particles sterically and also electrostatically in hydrous solvents due to
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their dissociation. These dispersants also act as binders for the green coating. Their
stabilizing effect was verified immediately after milling. Therefor the viscosity of the spray
suspensions was measured with a rotation viscosimeter (Haake RV20).

Wet Powder Spraying has been successfully applied for several applications (3,4). The
suspension is sprayed on the substrate by means of a paint gun. Part of the carrier evapo-
rates during the spraying process. Due to the remaining carrier present, the viscosity of the
suspension remains low for a sufficient period of time so that local variations in the layer
thickness can be compensated by flow processes. After complete drying binder bridges are
formed between the particles and towards the substrate ensuring sufficient green strength.
Removal of the binder and sintering may be performed in one step. Because of the higher
viscosity and density of the powder suspensions compared to paints, the spray gun had to be
modified so the spray jet could be varied and reproducibly adjusted for each powder
suspension. A computer-controlled X-Y system was installed to guide the gun during
spraying ensuring high reproducibility. The required coating area is achieved by masks
covering the uncoated areas of the substrate. Layer thickness can be varied by the spray
parameters, and by superposing several layers. The minimum thickness depends on the
powder particle size. SOFC-Cathodes 90x90 mm?® and 240x240 mm? were produced for the
SOFC concept of Forschungszentrum Julich, which is described elsewhere (5). Overlapping
spraying has been applied. Spraying is performed continuously while the gun advances and
retreats. The microstructure was evaluated by applying the line intersection method on SEM
micrographs. For this purpose, the intercept lengths of at least 50 particles per phase were
averaged for each specimen. The thickness of the unsintered coatings was measured with a
3-d coordinate measuring system, and plastic foils with 100£] pm thickness were used as
substrates. By means of impedance spectroscopy and potentiodynamic current-potential-
tests, the electrochemical performance of the electrodes was determinated. A schematic
diagram of the cell design for the electrochemical measurements can be found in (6)-

RESULTS AND DISCUSSION

The major goals of anode development are not only to increase the initial electrochemical
performance, but to increase their long-term stability. One mechanism of anode degradation
is the coarsening of the microstructure due to sintering of fine nickel particles to large
particles. This coarsening can be prevented by a continuous 8YSZ-skeleton or framework in
the microstructure, which limits the space for the growth of coarse nickel particles. To
achieve such 8YSZ-framework inside the anode. deagglomeration and stabilization, as well
as homogenization of the initial powders in the spray suspension are of major importance.
Best results were achieved by milling the initial powder ( 56% NiO with 22% 8YSZ as
recieved and 22% 8YSZ pre-calcined at 1300°C for 2 hours ) together with the solvent and
the dispersant for 48 hours in a ball mill. This powder preparation leads to a homogeneous
distribution of nickel- and 8YSZ-particles in the microstructure. Table 2 documents the
main manufacturing and microstrucural features of such an anode. the averaged current-
potential-curve of which is given in Fig. 1. Due to the formation of a continous and fine
8YSZ-framework in thé microstructure, the anode showed an enhanced long-term stability.
A galvanostatic long-term test was performed for 300 hours (950°C, 0,2 A/cm?). The
measurement started immediately after the anode had reached the working temperature. The
increase of the overpotential was less than 9% per 1000 hours.

By optimizing powder preparation and suspension stabilization, powder particles with less
than | pm could be successfully processed for cathode manufacture, so the required fine
cathode microstructure could be achieved. Further optimization was performed concerning
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the content of electrolyte material in the cathode, the sintering conditions and the layer
thickness. A detailed report about this optimization is given in (7). The manufacture and
microstructure of the optimized cathode is characterized in Table 2. A mean overpotentlal
of about -50 mV was measured at a current density of -0.8 Alcm® at 950°C in air. The
standard deviation, which was calculated from more than 30 measurements, was 16 mV or
32%. The electrochemical activity was stable for at least 100 hours at -0.2 Alem®. The
fineness and homogeneity of the microstructure is presented in Fig. 2.

Table 2 Manufacturing and microstructural features of WPS-Electrodes
( 1 bottom layer onto the electrolyte, 2 top layer)

Layer Composition Powder | Sinter- | Thick- | Poro- | dpse | Qpaniker
ing (3h) | ness sity
[wt%] - {um] °C [pm] | [%] | [um] | [um]
CATHODE / 60% LSM 0.27 1200- § 8-13 26 1.2 1.3
0% 8YSZ 0.22
CATHODE 2 LSM 0.9 1200 ~30 52 122 2
ANODE 56% NiO 0.3 1400 ~32 41, 1.8 1.8
} 22% 8YSZ as recieved 0.22 } 1.6
22% 8YSZ pre-calcined <18
Table 3 Thickness of a ‘green’ For the SOFC-Concept of Forschungszentrum
cathode 240x240 mm? in size Jitlich. the sintered composite comprising of a

thick anode and a thin-film electrolyte up to
250x250 mm? had to be coated with the
cathode and then used for stack integration.
Table 3 documents the constancy of the coating
thickness for such large cathodes. In order to
verify the homogeneity of the electrochemical activity, 10 electrolyte foils with 19.5 mm
diameter were distributed in the coating area and subjected to standard coating. The results
of their electrochemical measurements are given in Fig. 3. All specimens are within a
certain scatter. For -0.8 A/cm” the standard deviation is 8 mV and the maximum deviation
13 mV. This deviation is also strongly influenced by the inaccuracy of the electrochemical
characterization. As a result of the inaccuracy, the microstructure can be regarded as
homogeneous over the entire coated area.

Average | Standard | Maximum
value | deviation | deviation
694 pm | 39 pum +9.3 pm

SUMMARY

In this paper the potential of Wet Powder Spraying for the productlon of SOFC electrodes
was demonstrated. Anodes and cathodes with an excellent jnitial electrochemical
performance and an enhanced long-term stability could be manufactured with high
reproducibility. The outstanding advantage of this process is its ability to coat flat or curved
substrates of any size so that SOFC technology can be * uP-scaIed“ to any size. Cathode
manufacture was demonstrated for sizes up to 240x240 mm”, with a maximum deviation in
layer thickness of about #13% and a constant electrochemlcal activity, . so that the
microstructure can be assumed as homogeneous.
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STATUS OF SOFCo SOFC TECHNOLOGY DEVELOPMENT

R. Privette, M.A. Perna, K. Kneidel 1. Hartvigsen, S. Elangovan, A. Khandkar
SOFCo, a Babcock & Wilcox/Ceramatec Co.  SOFCo, 2425 South 900 We
1562 Beeson St, Alliance, Ohio 44601 Salt Lake City, Utah 84119

SOFCo, a Babcock & Wilcox / Ceramatec Research & Development Limited Partner-
ship, is a collaborative research and development venture (formed in 1994) to develop
technologies related to planar, solid-oxide fuel cells (SOFCs). SOFCo has successfully
demonstrated 2 KW-class, solid-oxide fuel cell module operating on pipeline natural gas.
The SOFC system design integrates the air preheater and the fuel processor with the fuel
cell stacks into a compact test unit; this is the platform for multi-kW modules. The cells,
made of tape-cast zirconia electrolyte and conventional electrode materials, exhibit excel-
lent stability in single-cell tests approaching 40,000 hours of operation (see Figure 1).
Stack tests using 10-cm and 15-cm cells with ceramic interconnects also show good per-
formance and stability in tests for many thousands of hours.

Included in these efforts has been a program aimed at lowering operating températures of
SOFCs. This has several advantages related to long-term stability and lower balance-of-
plant costs. Under a program sponsored by the Electric Power Research Institute, SOFCo
is evaluating ceria-based SOFCs operating in the temperature range of 650° - 800°C. Op-
timized cells that maximize ionic conductivity and stability in fuel conditions have led to
stable operation for extended durations (see Figure 2). Also, stacks with zirconia electro-
Iyte show stable performance (see Figure 3).
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In-addition to natural-gas-fired systéms, SOFCois also ‘currently developing compact,
multi-kW fuel cell generators that operate on liquid fuel oil (diesel, JP-8, for example).

In conjunction with the U.S. Defense Advance Research Projects Agency and the U.S.
Army, SOFCo has recently achieved a first-of-a-kind demonstration of a planar SOFC
stack operating on JP-8 logistic fuel. A partial oxidation fuel processor operating at 1 bar
was used to convert the liquid fuel to a hydrogen-rich gas. The small size and fuel flex-
ibility of systems based on this technology enable a wide range of mobile and remote
power system applications and represent a significant advance in SOFC system technol-

ogy.

Liquid fuel processing was demonstrated through partial oxidation of the sulfur-laden
(500 ppm by weight) military logistic fuel at temperatures exceeding 1100°C, steam-to-
carbon ratios of about 1.6, and fuel equivalence ratios of approximately 2.6 (actual fuel-
to-air ratio divided by the stoichiometric fuel-to-air ratio). Figure 4 shows the JP-8 fuel
conversion efficiency during the 100-hour test of the unit (higher heating value of CO +
H, + CH, products divided by the higher heating value of the feed stock). Extensive
work was performed to characterize the product gas composition under a variety of oper-
ating conditions. Hydrocarbon speciation, sulfur analysis, and soot formation were con-
sidered. Operating conditions were chosen to maximize net system efficiency.

Recent demonstrations of liquid-fueled systems were carried out in a new SOFC system
test facility designed and built at the Babcock & Wilcox Research and Development
Division’s Alliance (Ohio) Research Center. The facility is capable of testing systems
using liquid fuels (diesel, JP-8, gasoline), hydrogen, and other bottle gases. Figure 5
shows-a schematic of the test facility: ‘A combination of automatic and manual controls
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allows significant operational flexibility while maintaining the capability of unattended
test operation. Instrumentation is included to record system temperatures, pressures, flow
rates, current, voltage, and power. This facility will be used to optimize systems incorpo-
rating thermal and physical integration of the generator components in support of
SOECo’s ongoing product development activities.

SOFCo continues to develop new programs focusing on larger demonstrations, longer en-
durance, better performance, and lower cost. It is expected that SOFCo’s first new prod-
ucts will incorporate and benefit from the research and development being performed to-
day.
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IMHEX FUEL CELL REPEAT COMPONENT MANUFACTURING CONTINUOUS
IMPROVEMENT ACCOMPLISHMENTS

L. A. Jakaitis, V. J. Petraglia, E. S. Bryson, J. F. Czerwien,
G. H. Garcia, K. Katsman, E. B. Petersen, S. L. Woods
M-C Power Corporation
8040 South Madison
Burr Ridge, Illinois 60521 U.S.A. T .
Phone 708.986.8040 Fax 708.986.8153

INTRODUCTION

M-C Power is taking a power generation technology that has been proven in the laboratory and is
making it a commercially competitive product. There are many areas in which this technology
required scale up and refinement to reach the market entry goals for the IMHEX® molten carbonate
fuel cell power plant. One of the primary areas that needed to be addressed was the manufacturing of
the fuel cell stack. Up to this point, the fuel cell stack and associated components were virtually hand
made for each system to be tested. M-C Power has now continuously manufactured the repeat
components for three (3) 250 kW stacks.

M-C Power’s manufacturing strategy integrated both evolutionary and revolutionary improvements
into its comprehensive commercialization effort. M-C Power's objectives were to analyze and
continuously improve stack component manufacturing and assembly techniques consistent with
established specifications and commercial scale production requirements. Evolutionary
improvements are those which naturally occur as the production rates are increased and experience is
gained. Examples of evolutionary (learning curve) improvements included reducing scrap rates and
decreasing raw material costs by buying in large quantities. Revolutionary improvements result in
significant design and process changes to meet cost and performance requirements of the market entry
system. Revolutionary changes often involve identifying new methods and developing designs to
accommodate the new process. Based upon our accomplishments, M-C Power was able to reduce the
cost of continuously manufactured fuel cell repeat components from the first to third 250 kW stack by
63%. This paper documents the continuous improvement accomplishments realized by M-C Power
during IMHEX® fuel cell repeat component manufacturing.

APPROACH OVERVIEW

M-C Power’s approach was to analyze and develop improved stack component manufacturing

techniques consistent with established specifications and commercial-scale production requirements.

The approach was broken down into four major efforts. The first was the process and technology

improvement program. M-C Power formed an Advanced Technology Group to lead this effort.

They worked closely with M-C Power’s Manufacturing and Engineering Departments as well as

IGT and other subcontractors to develop concepts which significantly improved performance and

durability and reduced manufacturing cost of the fuel-cell stack. Much of this effort involved- -
optimizing current manufacturing processes. These activities resulted in most of the “evolutionary”

manufacturing improvements,

The second major effort in M-C Power’s approach was to develop comprehensive manufacturing
process descriptions. These descriptions include all of the process specifications, component
formulations, production equipment requirements and procedures needed to continuously produce
molten carbonate fuel cell stacks. This description pulls all of the technical know-how together and
formulates it into a detailed set of “instructions” which were used to produce the product. This
process helped to identify many of the ideas and concepts that résulted in the evolutionary
improvements.
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The third effort involved developing the procedures and evaluation system to control and monitor the
production processes. This function is important to achieving a cost effective product. It is the link
between the manufacturing goals and the actual manufacturing results. Heavy use of statistical
process methods was employed during this phase.

The fourth effort was to conduct a Manufacturing Cost Study which would be used to analyze labor
and material costs for internally manufactured and externally procured items to develop a total stack
cost. Areas that had the highest impact on total cost were targeted for improvements first.

MANUFACTURING PLAN

The major task under this plan was to identify processes which required improvements in
technology, design and cost. The principal objectives were to produce and define objectives and
strategies that would satisfy both functional and physical requirements at a cost that is compatible
with commercialization. The design must be manufacturable at a cost that will permit the item to be
introduced competitively in the marketplace.

Objectives : .
In order to achieve the principal objective, consideration was given to the following areas:
1. To maximize -
a. Simplicity of design,
b. Use of economical materials that will satisfy the functional requirements,
c. Use of economical manufacturing tooling , methods and procedures,
d. Standardization of materials and components,
e. Ease of assembly,
f Ease of inspecting and testing the product, and
g Maintainability of design
2. To minimize -
a Critical processes variation,
b. Generation of scrap and waste,
c. Procurement lead time,
d. Special manufacturing tests and inspection procedures,
e. Limited availability or high cost materials, items and processes
3. To evolve from project management to process management.
4. To modify designs so that they were easier to produce.

Strategy
The plan incorporated producability requirements not only during the conception and development of
the process, but also during the production phases and throughout all of the manufacturing runs. The
intent of this phase was to:
1. Identify customers's needs and values.
Establish price/volume and cost goals.
Specify product requirements.
Examine function vs. cost tradeoffs.
Prepare initial design, test cost viability.
Determine final product design and release for manufacture.

S el ol o
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Plans
To support our goals and objectives, a plan was implemented to:

1. Identify and quantify component and unit operations which required improvement.

2. - Establish Bills of Materials.

3. Define Change Control Procedures. ‘

4. Address the transition required and implement the continuous improvement
activities to move MCFC stack manufacturing processes from research and
development orientation to commercial scale operation,

S. Allter current project-oriented manufacturing techniques to incorporate more
efficient "Flow-Line" and "Work Cell Concepts”

Results
Throughout the three major MCFC Stack manufacturing runs, M-C Power:

1. Developed Manufacturing Resource Techniques to control through-put and quality.

2. Established a Documentation Base to include elements of the Base-line Product
Design and Processes.

3. Established and managed under Change Control, a Single Data Base for Designs,
Specifications, Master Inspection Plans and other product and process
requirements.

4. Defined Methodology and procedural mechanisms for adoption of improved
technology.

S. Developed requirements for On-Line Quality, Operator Training, Process

Capability Studies and Statistical Process Control.

Production staffing and assignments were adjusted to achieve a two-shift mixing and tape casting
capability, a three-shift sintering capability, and a two-shift cutting capability. Procedures were
developed to maximize process throughput, while minimizing work-in-process inventory. The impact
that this had on the production experience was to increase process yields, as “downstream” problems
were identified in a timely manner. To prevent hidden, downstream quality problems, component
tape casting runs were treated as lot quantities of one (1) and no additional mixes/casts were
performed until components from the previous lot were completely processed. This operational
change reduced the work-in-process between each lot to zero (0), thus allowing for process analysis
to be completed and improvements to be implemented prior to the next Iot. In most cases it was
found that the fabrication of the components in large batch'sizes necessitated altering and adjusting
processes and procedures to address fabrication issues and problems previously unknown. Data
collection procedures and reports were developed to accommodate the large manufacturing runs.

Flow diagrams were established identifying the inputs and outputs of each operation. To determine
what improvements were required, each step of process was evaluated as to its cause and effect on
quality (first pass yields), efficiency (production output and throughput) and effectiveness (cost per
unit). After each manufacturing run, Manufacturing Analysis reports were generated, documenting all
aspects of the production run.

To control the total quality of parts , a production ‘pull” system was used to balance the line between
tape casting and sintering. Manufacturing was treated as one continuous process with operations in
series, instead of separate and individual processes, i.e. the output of the previous operation is the
input to the next operation. Tape casting batch quantities were based upon the quantity of parts that
could be processed through the furnace, this minimized the amount of Work-in-Process (WIP)
between the two operations. No new lot was manufactured until the previous lot had been .
completed. Since each component is inspected afier each operation, this allows defects to be analyzed
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and corrective actions implemented prior to the manufacturing of the next lot. Elimination of causes
of defects increased yields and maximized throughput. To maximize yields, variables were
controlled. In conjunction with daily feedback, a multi-variate analysis was performed to identify
man, machine, method, materials and environmental variables that affected the process.

After identifying bottle neck operations, work in process characteristics (queue size and wait time),
general flow through the manufacturing plant was established. Steps were taken to eliminate bottle
necks by identifying and eliminating sources of variations (root cause analysis), obtaining new and
improved equipment in these areas, and implementing ways to increase process throughput.

Figure 1 shows significant progressive throughput improvements during the first three manufacturing
runs.

250 kW STACK UNOCAL PDT-1 PDI-1

MFG. CYCLE RATE (RATIO) . 1 0.42 0.32
Figure 1. Mfg. Cycle Rate Ratio

Manufacturing Cost Study .

To complement the manufacturing analyses, M-C Power initiated a manufacturing cost study. The
manufacturing cost study allowed the "interactive” evaluation of reductions in process waste,
increased yields, reduced startup and setup times, and higher through-put rates and their effects on
total plant capacity and costs. Additionally, the effect of raw material cost changes, part planform and
thickness variations, part count adjustments and staffing/equipment assignments, were readily
evaluated. The manufacturing cost study was used to evaluate the material, direct labor, and overhead
costs associated with the fabrication of IMHEX® molten carbonate stack assemblies. The elements
of the manufacturing cost study were used to determine (by Pareto Principle) where the best retumn on
technology investment is to be found.

The manufacturing cost study provided valuable insight into the present manufacturing capabilities of
M-C Power. Facility assumptions and staffing assignments were made allowing the evaluation of
manufacturing capability and at the same time, showing the allocation of cost among the various
stack components. Figure 2 shows progress cost savings during the first three manufacturing runs.

250 kW STACK UNOCAL PDT-1 PDI-1

MFG. COST (RATIO) ] 051 - 037
Figure 2 Stack Mfg. Cost Analysis "o

Conclusions . - .
Based upon the identification and implementation of continuous improvement activities, M-C Power:
1. Reduced repeat component manufacturing cycle time by 63%.
2. Reduced repeat component cost by 63%.
3. Identified the key areas which need to be improved in order to reach
commercialization goals.
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INTRODUCTION ’

On-site Phosphoric Acid Fuel Cell (PAFC) Cogeneration system is installed at various test
sites, such as at underground parking lot, within chemical plant premises and near urban streets.
Since in the current PAFC system, cathode air is supplied to the cell with no particular pre-
treatment, impurity gases in the air might influence on cell performance. - -

We have investigated the influence of various impurity gases in the cathode gas, on sub-scale
single cells, and have found that NO,, SO, and toluene affect negatively on cell performance. The
results of these experiments and the conceivable mechanism of these effects on cell degradation
are reported. - ' :

We have also investigated the influence of other operating parameters, such as temperature,
current density, fuel utilization on cell performance. From these experiments, we have found that
operating temperature is a significant factor, which mainly determines cell voltage decline rate.
The results of sub-scale single cell tests and a short-stack verification test are also reported.

EXPERIMENTAL ' :

The sub-scale single cells Table 1 SUB-SCALE CELL OPERATING CONDITIONS
(manufactured by Mitsubishi Electric ITEM CONDITIONS
Corporation) with 100cm® active CELL SIZE 100cm2
electrode area were used in this  |PRESSURE : Jaa .
study. : - |TEMPERATURE T&C (TT0-ZI0C)

In these experiments simulated CURRENT DENSITY 300mA/ecm2 (100-300mA/cm2) _
4 UTILIZ. 0,
reformed gas (SRG), which consists ?IUR;EL UHLI;}\I’I(')II;N gg;’

% Ha, 19% CO, and 1% CO, X

of 80% H,, 19% CO, ° CO,  [FOEL COMPOSITION | FZ80%, COZ 19%, CO 1%

was used for the anode gas. Cathode

air is supplied from air compressor Table 2 INFLUENCE OF IMPURITY GASES
with test impurity gases. ‘
The cell temperature is controlled at [MPURITY]VOLTAGE LOSS| POISONING

185 C with electric heater. Air NO2 -45mV@]0ppm restorable

utilization and fuel utilization is 50%and ‘e |-20mV @1lppm .
80% respectively. Flow rates of fuel and NO no influence
air were controlled with mass-flow §02 |-5mV @10ppm restorable
controllers, and adjusted precisely with a -20mV @40ppm
CH4 no nfluence

gas chromatography. Generated current bbbt
was controlled with a DC electric load, C7H8 |-4mV @10ppm Testorable
and maintained at prescribed current density. Operating conditions are listed in Table 1.

RESULTS AND DISCUSSION .
(1) INFLUENCE OF IMPURITY GASES ‘
Cathode impurity gases, such as NO,, NO, S0,, CH, and C;H; (toluene) were introduced in
the air, and influences on cell voltage were examined. These results were summarized in Table 2.
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(a) NOx

In adding 10ppm NO, voltage loss 700
is negligible even in the long-term test.
Whereas, in the case of NO,, obvious
cell voltage drop was observed. Fig. 1
shows the influence of NO, in the air
on cell performance. Various
concentrations of NO, were added
repeatedly on the same cell.

Cell voltage drop depends on NO;
concentration and added duration time.
It became more than 40mV with
100ppm for about 50 hours, about 45
mV with 10ppm for about 1,000 hours,
and about 20mV with 1ppm for about
700 hours.

On terminating NO, addition, cell voltage recovered gradually to the initial voltage.

Overall cell voltage decline rate became about 3mV/1,000h, which is normal value at this
temperature. This result indicates that NO, poisoning is not permanent but temporary.

In our other experiments, it is found that NO, adsorbs on the Pt-Alloy catalyst, it reduces
active surface area for oxygen reduction, and consequently causes cell voltage drop. In voltage
recovering process, this adsorbed NO; is probably reduced into N, and then is released from
cathode.

650

[ llDOan:l ‘ .@
N 0/- i !’4-“" . b

600

550 -

'

CELL VOLTAGE (mV)

500

o 2000 4000 6000
OPERATION TIME (hrs)
Fig.1 INFLUENCE OF NO2 ADDITION

2NO, + 8H' +8¢” — N +4H,0

Cell voltage drop at 0.lppm NO, was not observed on another cell. Considering the
environmental standard, which requires less than 50~70ppb NO,, the effect of NO; in the air is
negligible in practice. However, this influence is so significant that air inlet of PAFC should be
kept enough distance from air exhaust outlets of gas engine and gas turbine. In addition, air has to
be ventilated sufficiently at indoor parking lot.

(b) SOx ‘

When introduced SO, concentration is less than I1ppm, sizable cell voltage drop was not
observed. On the other hand, in adding 40ppm SO, cell voltage drops by about 20mV within 30
minutes. However, in terminating SO, addition, cell voltage recovers to the previous value also
within 30 minutes. This result indicates that SO, adsorbs physically on the surface of cathode
catalyst, but it can be released quite easily from its surface.

() TOLUENE
Painting of floors, walls and piping near PAFC unit is a common work at field test sites.

. Therefore, we investigated the influence of toluene (C;Hg), a common solvent of paint. It was

revealed that toluene affects adversely on cell performance, and this process also occurs quickly
like the case of SO, However, in this case, toluene seems to be combusted on cathode catalyst. In
our other experiments, it is verified that catalyst combustion occurs at as low as 180°C.

Therefore, solvents like toluene have to.be removed by the active carbon filter, or it would be
better to shut down PAFC unit for safety during paint works. ’

(2) INFLUENCE OF OPERATING CONDITIONS .
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Osaka Gas Co., Ltd. has been operating more than 42 units of PAFC cogeneration system. In
addition to field operation, we are also investigating the influence of operating parameters, such as
- temperature, current density, fuel utilization and load change by using these sub-scale single cells.
Although real influence should be verified on short-stacks or real cell stacks, sub-scale single cell
tests are effective to survey operating parameters respectively.

(a) TEMPERATURE

We examined the influence of operating
temperature at 170, 185, 215°C. Fig2 shows the
relationship between operating temperature and cell
voltage decline rate. As operating temperature
increased, cell voltage decline rate increased
exponentially.

(b) CURRENT DENSITY

We also examined the influence of current density
at 100, 200, 300 mA/cm?. Although at lower current
density higher cell voltage decline rate was expected
because of higher cell voltage, lower cell voltage
decline was observed at low current density in
reverse. Considering our small number of tested cells, w
it cannot be concluded that higher current density has
an adverse effect on cell performance. However, it
can be said that lower current density as low as 100
mA/cm?® does not accelerate cell degradation.

(c) OTHER OPERATING CONDITIONS

The cell life test under higher fuel utilization at 94% did not show increase of cell voltage
decline rate. In real cell stacks, fuel utilization influences more severely due to larger distribution
of current and hydrogen concentration, but this result suggests the possibility of higher electrical
efficiency PAFC system. .

Load change from 150 mA/em’ to 300 mA/cm? are applied to the sub-scale cell more than
1,000 times, but sizable difference from normal condition was not observed either.

-

O=NNWhbhT 1O

/
y4

VOLTAGE DECLINE RATE (1« V/h)

W 2 2 2
TBFERATURE(Q

Fig2 INLIENECF TRVPERATURE

(3) LOW CURRENT DENSITY AND LOW TEMPERATURE PAFC
(a) SHORT-STACK TESTS ‘
The cell life of PAFC is said to be mainly dependent on following three factors,
1) Sintering of Electrocatalyst
2) Flooding of Electrode
3) Loss of Electrolyte (Phosphoric Acid). .
If operating temperature is lowered, catalyst sintering and corrosion of carbon material and
PTFE will be eased quite obviously. Since loss of electrolyte depends on the vapor pressure of
phosphoric acid, lowering témperature is expected to extend the life of electrolyte exponentially.

Although lowering temperature is
considered to accelerate corrosion of Table3 SHORT-STACK SPECIFICATIONS
carbon material due to lower concentration CURRENT DENSITY 150mA/cm?2
of phosphoric acid, our experiments on NUMBER OF CELLS 20
sub-scale cells indicate that above ACTIVE CELL AREA 4,000cm2 class
mentioned factors are more dominant in FUEL UTILIZATION 80%
determining cell degradation. AIR UTILIZATION 60%

In general, current density itself is FUEL 13A Reformed Gas

supposed not to influence on cell

216



HIRAI ET AL
4-

degradation on sub-scale single cells. However, in real cell stacks, as current density increases,
average cell temperature also increases due to increase of generated heat.

Therefore, we fabricated the short-stack with large cells, which are developed for on-site
200kW system, and have been operating this short-stack at lower current density than that of
200kW system. Although the temperature of cooling water remains same, the average cell
temperature is reduced by approximately 15°C, if current density decreases from 300 mA/em? to
150 mA/em? ,

Operating conditions are

summarized in Table 3, and E o
the time course change of 70
cell voltage is shown in Fig. = 700 -
3. 2 650
Operation time is still §
less than 5,000 hours, but . &0
very small voltage decline is 2 sso
observed even at the initial ©  © 1000 2000 3000 4000 5000 6000
stages. It can be expected to OPERATION TIME (s)
achieve cell life extension Fig3 SHORT-STACK SINGLE GELL VOLTAGE
by reducing current density.
(b) SYSTEM EVALUATION

" As current density decreases, cell voltage increases and consequently higher electrical
efficiency can be obtained. In this system, since current density is lowered to 150 mA/em?, it is
possible to increase electrical efficiency up to 45% (LHV) by adding minor system design
modification. Low Current Density PAFC system has following merits and demerits over
conventional PAFC, '

MERITS DEMERITS
(1) Longer Cell Life (1 Higher Initial Manufacturing Cost
by Lowering Average Temperature (@) Lower Heat Recovery
(@) Higher Electrical Efficiency (3) Heavier System Weight

According to our feasibility study of Low Current Density PAFC, if system manufacturing
cost is lowered up to $3,000/kW (manufacturing cost of cell stack assembly is estimated 1/3 of
total system cost), merits of cell life extension and electrical efficiency increase, exceed demerits
of initial cost increase and steam recovery decrease.

CONCLUSIONS .

We had following conclusions through our sub-scale single cell tests and a short-stack
verification test.

@ Cathode impurity gases, such as NO, SO, toluene have an adverse effect on cell performance.
However, considering admissible concentrations of those impurity gases, no pre-treatment will
be required under normal conditions.

® Because NO, has a striking influence on cell performance at such low concentration as 1 ppm,
inlet of supplied air has to be installed properly.

® From parameter surveys on single sub-scale cells, operating temperature is a significant factor,
which mainly determines cell degradation rate.

@ Lowering operating temperature appears effective to extend cell life from short-stack tests.

® From results of our feasibility study, Low Current Density PAFC becomes more profitable on
account of longer cell life and higher electrical efficiency, if cell manufacturing cost becomes
less than § 1,000/kW.
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INTRODUCTION

To estimate distributions of current densities, voltages, gas concentrations, etc., in
phosphoric acid fuel cell (PAFC) stacks, is very important for getting fuel cells with
higher quality. In this work, we have developed a numerical simulation tool to map out
the distribution in a PAFC stack. And especially to study current density distribution in
the reaction area of the cell, we analyzed gas composition in several positions inside a
gas outlet manifold of the PAFC stack. Comparing these measured data with calculated
data, the current density distribution in a cell plane calculated by the simulation, was cer-
tified. T ;

EXPERIMENTAL ——

Analysis of cell exhaust gas —_—

Configuration of the short stack used in this work Air —re

is as follows: the electrode area of 2000cm?2 (square’ ‘ -

shaped), the gas cross flow type, the construction of Fuel S

6cells/cooler, the average current density of . O | —
N

atmosphere. To obtain. the exhaust gas from gas

300mA/cm? (the load current of 600A), the average E-_ -
cell temperature of 190°C, the operating pressure of = T l I | I l | | | |

. . manifold,
channel, sampling tubes were put into the outlet gas sampling tube
manifold as shown in Fig.1. Gas compositions were
measured in dry base under several operating condi- Fig.1 A schematic diagram of
tions with changing temperature distribution of cool- an apparatus for gas sampling.

ing plate, oxygen utilization and hydrogen utilization.
The temperature distributions. of cooling plate are

shown in Fig.2. In the casel, temperature distribu- ° e .—casel
tion was uniform, in the case2 and the case3, there 5
were some tendency along with air flow. g 7}?
Q. B

. . case2

Method of simulation 5 case3
:I’he algorithm. of t'he present simulz.ition is sc!1e- = Air in : Air out

maticaily shown in Fig.3 where Vecell is the stating - —
cell voltage, J(x,»,z) the current densities, PH2(x,,2) Distance from Air inlet
and PO2(x,y,z) the hydrogen and oxygen concentra- . ) L.
tions, respectively, T(x,3.z) the temperature, APfuel Fig.2  Temperature distribu-

and APair the pressure losses through the fuel and air tion of cooling plate.

channels respectively [1]. The model stack consists

of 6cells, and each cell was divided into 400 elements (20x20) for the finite difference
method. The feature of our simulation is that the analysis is based on actual V-/ output
characteristics of a small area (approximately 3cm2) PAFC. To cover the variation in a
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@ caleulation of J, PHy, and PO,
under a constant voltage condition.)

— solution : J1

o [@approximation of the V-l curves
L of each element at Veen.

temperature: T1

(® solution of equations for

the circuit

(@ correction of PH,, and PO,
o the basis of corrected J1.

‘ — solution ; J2

® corraction of J1|

10 comection of V-1 curves for each
elementon the basis of comrected T1

T correction of distributions to
the fuel and/or air channels

@ solution of equations
for heat conduction

= solution : T2

(1D 8 Pg,e = const. and 3Py, = const.
throughthe gas channels?

Fig.3 Algorithm of simulation.

PAFC stack, the V-I characteristics are taken under a wide range of various conditions.
In the measurement, both flow rates for fuel and air are so determined that the gas veloci-
ties over the small cell are equal to those in a large area fuel cell stack. Due to the high
flow rates for the small cell, the hydrogen and oxygen concentrations are practically uni-

form over the electrode.

RESULT AND DISCUSSION
Variation of cell exhaust gas composition
Fig.4 shows characteristics of hydrogen
concentration deviation at the fuel outlet with
three temperature distributions of cooling
plate. In casel with uniform temperature
distribution of cooling plate, a minimum value
of hydrogen concentration appeared near the
air inlet area. It suggests that current density
is large at the area where is high oxygen con-
centration. When temperature at the air out-
let area of cooling plate is lower than casel,
the hydrogen concentration near the air inlet
position decrease (case2). On the other hand,
when temperature near the air inlet area is
lower, the hydrogen concentration near the air
inlet position increase (case3). These results
suggest that the temperature distribution of
cooling plate influences temperature distribu-
tion of cell, and it causes variation of current
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density.

Fig.5 shows the characteristics of hydrogen concentration deviation at the fuel outlet
under various oxygen utilization in the casel. The hydrogen concentrations near the air
infet area decrease as oxygen utilization increasing- It suggests that deviation of oxygen
concentration in the reaction area becomes larger with higher utilization of oxygen, then
current density increase at the area where the oxygen concentration is relatively high.
Fig.6 shows the characteristics of oxygen concentration deviation at the air outlet under
various hydrogen utilization. The oxygen concentration slightly changes as hydrogen
utilization changing. :

50 14
Oz utilization
:40% M:50%
D:60% @:70%
3:80%

Hz utilization
~ O 70% M:75%
£:80% @:85%

H
o

-
(2]
T

xX X

= <

] 2

s 30 .® 12

g g

2 20 e M1

o <}

o o

& 10 ¢ S 10
0 : : - . 9 : - : :
00 02 04 06 08 1.0 00 02 04 06 08 1.0

Distance from Air inlet o ) Distance from Fuel inlet

Fig.5' Measured hydrogen concentration at F ig.6 Measured oxygen concentration at
the fuel outlet under various oxygen utiliza- the air outlet under various hydrogen utiliza-
tion. The average current density is tion. The average current density is
300mA/cm2, the hydrogen and oxygen utiliza-  300mA/cm2, the hydrogen and oxygen utiliza-
tion are 80% and 40-80%, respectively, and tion are 70-85% and 50%, respectively, and
hydrogen concentration is 65% at the inlet. hydrogen concentration is 65% at the inlet.

Simulation -

Calculated results of hydrogen concentration deviation at the fuel outlet compare with
measured value under oxygen utilization of 50 and 70% in Fig.7. The caiculated results
almost correspond with the measured one. Fig.8 shows the contour plots of the distri-
butions of current density over the middle (No.3 and 4) cells of the 6-cell-stack, which
were calculated under oxygen utilization of 50 and 70%, hydrogen utilization of 80%,
average current density of 300mA/cm2, and hydrogen concentration of 65% at the inlet.
The current density varies in the range of 250-360mA/cm? over the electrode under oxy-
gen utilization of 50%. Under oxygen utilization of 70%, the range of the current den-
sity expands into 230-380mA/cm?2.

CONCLUSION

1) In the case of cross flow cell, a minimum point of hydrogen concentration exits near
the air inlet area. :

2) Temperature distribution of cooling plate influences current density distribution.

3) Hydrogen concentration near the air inlet area decrease as oxysen utilization increas-
ing.  On the other hand, oxygen concentrations change little as hydrogen utilization
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changing.

4) Calculated results of hydrogen concentration deviation at the fuel outlet almost corre-
spond with the measured results. ‘

5) Calculated result shows that current density varies in the range of 250-360mA/cm?
over the electrode under oxygen utilization of 50%. Under oxygen utilization of 70%,
the range of the current density expands into 230-380mA/cm?.

50 50
° 02 utilization : 50% o O2 utilization : 70%
o P
e 40 | < 40
=1 =
L 2
® 30 ® 30
£ g
g 20 e 20 '
o o "
o O : Measured o N O : Measured
:E 10 | N ~ 10 | o .
—: Caluculated —: Caluculated
0 : : . * 0
00 02 04 06 038 1.0 0.0 0.2 04 06 08 1.0
Distance from Air inlet Distance from Air inlet
Fig.7 Measured and calculated hydrogen concentration at the fuel outlet.
The average current density is 300mA/cm2, the hydrogen utilization is 80%,
and hydrogen concentration is 65% at the inlet.
1
-~ -
2 2
£ £
°© ©
=3 3
(18 |18
360 %{%éooi
o 02 04 06 08 1 .o 02 04 06 08 1
Air inlet Air inlet
02 utilization : 50% 02 utilization : 70%
Fig.8 Distribution of current density over the middle cells. The average current
density is 300mA/cm2, the hydrogen utilization is 80%, and hydrogen concentration
is 65% at the inlet.
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Introduction

Electrolyte acid distribution among each component of a cell is determined by capillary
force when the cell is not in operation, but the distribution under the current load
conditions had not been clear so far. ’

Since the loss of electrolyte acid during operation is inevitable, it is necessary to store
enough amount of acid in every cell. But it must be under the level of which the acid
disturbs the diffusion of 1eactive gases. Accordingly to know the actual acid distribution
during operation in a cell is very important.

In this report, we carried out experiments to clarify the distribution using small single
cells.

A phenomenon of acid transfer o
To estimate the acid distribution among components of a cell, the acid fill level (AFL) of

each of them was measured. The AFL is defined as the ratio of the volume of absorbed acid
to the total pore volume of each component.

When the AFL is measured after cell operation in general, the measured values
represent the acid distribution determined almost by capillary forces of each component. It
is not necessarily the distribution during operation, because it takes many minutes or some
hours to disassemble the cell into each parts. And no descriptions concerning the time of
disassembly can be seen in the papers which deal with the acid distribution in a cell [ eg
1 ]. Therefore we used a special holder and simple structure cells which could be
disassembled into each component within extremely short time, thus measured the acid
distribution of the load conditions.

Figure 1 shows the single cell used in this study. Each catalytic layer of cathode and
anode (A-Cat & F-Cat) was supported by porous carbon substrate (A-Sub & F-Sub).
Effective area of each electrode was 3em? and the ribbed plates (A-RP & F-RP) made of
porous caxbon were set for reactive gases at upper and lower of each electrode.

The weight of every component was measured in advance. In this experiment, the acid

|
' —— Air Ribbed Plate(A-AP)

I Cathod eI Air Afr Air Air Substrate(A-Sub)

]
] Air Catalytic Layer(A-Cat)
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__——— Fuel Ribbed Plate(F-RP)
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was loaded only in matrix and in each electrode (it means in both Cat and Sub), not in each
RP, at the fabrication of the cell. The cells were tested for 16 hours under two conditions
written below. After the test, the cells were disassembled within extremely short time, and
the AFL of each component was measured by the weight changes of them.

Condition 1: Open circuit with reactive gases

Condition 2: Current load of 300mA/cm?

TFigure 2 shows the weight changes of acid in each component, Ze. subtracted values of
the initial weights from the final weights. Figure 3 shows the AFL after this test.

In the condition 1, the acid in A-Sub and F-Sub decreased almost the same weights, and
the acid in A-RP and F-RP increased which approximately corresponded to the loss weights
of each Sub. The weight changes of acid in the catalytic layers and the matrix were few. The
distribution of the acid between each component was equal to the estimated balance based
on the pore size distribution of each component.

In the condition 2, the weight gain of A-RP decreased to 18% of that of condition 1, and
that of F-RP increased on the contrary about 1.5 times. Moreover, the acid decrease of A-
Sub was greater than that of F-Sub ; the AFL of A-Sub decreased in the vicinity of 0%.

From the results mentioned above, under open circuit condition, the acid was distributed
according to the capillary force of each component, regardless of electric potential level or
the kinds of gases in each electrode. But when the cell was operated, the acid which was
initially loaded in A-Sub and which had been absorbed in A-RP in condition 1 was

Yeight change of acid(ag)

-400 200 0 200 400 _ 600
A-RP |- : .
A-Sub |-
A-Cat |-
ut
F-Cat
F-Sub |
F-RP |-

maCondition 1(open circuit)
t3Condition 2(300mA/cn2)

Fig. 2, Weight change of acid in each component
(After 16 hours test, at 190C, PH2/P02=100%/21%)
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A-RP —— T y T
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F-Sub [ ;
F-RP |-

Fig. 3 Final Acid fill level (AFL) of each companent
(After 16 hours test, at 190°C, PH2/P02=100%/21%)
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transferred to the direction of anode. Consequently a driving force that transfers the acid
toward anode exists in a cell during the cell operation.

Tanuma ef al. conducted an investigation [ 2] concerning this force, and it was concluded
to be electroosmotic pressures generated in the catalytic layers.

The relation between the driving force and current density

To investigate the relation between the acid driving force and current density, the same
configuration cells as figure 1 were used. For this experiment the F-Sub was wet-proofed
with PTFE dispersion. The purpose of this treatment was to make the difference of the
driving force emphasize against the current density. A-RP was loaded with the acid of
about 35% AFL at the fabrication of the cell, but not loaded in F-RP. After operating
conditions of 150, 300, 600mA/cm?for two hours respectively, the AFL of each component of
the cell was measured in the same method as the previous section.

The weight of F-RP increased in every current density condition, that means the driving
force at these current densities is stronger than the acid vepellency force of F-Sub.

Figure.4 shows the correlation between the AFL of both RP and the current density. The
AFL of F-RP linearly increased with the increase of the logarithm of current density, and
the AFL of A-RP decreased to the contrary of that of E-RP. These findings indicated that
the intensity of the driving force increased with the increase of current load.

50

40 - -—

j—
30 @ AFL.of A-RP

20 e 4~AFL of F-RP

10 | —
0

AFL (%)

100 1000
Current density(mA/cm2)

Fig 4. Relation hetween current density and AFL
(After 2 hours operation, at 190°C, PH2/P02=100%/21%)
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ecessusssnanacd &

~+Results with F-RP-1
-o-Results with F-RP-2
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Fig. 5 Final AFL of each component
(After 100 hours operation at 600mA/cm2, 190°C, PH2/P02=100%/21%)
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The Relation between the driving force and capillary force

In this section also were used the same configuration cells as the figure 1. Both A-Sub
and F-Sub were not wet-proofed, and in A-RP was loaded acid of 17% AFL at the
fabrication of the cell, not loaded in F-RP. Two kinds of F-RP were prepared for this test ;
the pore size of one F-RP (F-RP-1) was much smaller than that of each Sub, and that of the
other one (F-RP-2) was bigger than that of F-RP-1 but a little smaller than that of each Sub.
Two kinds of cells which used these F-RP were operated for 100 hours at 600mA/em?
( enough conditions to attain equilibrium state of acid distribution ) and then the AFL of
each component was measured.

Figure 5 shows the final AFL after this operation. In both cases, the AFL of catalytic
layers scarcely changed, that was, the capillary force which was composed by the particles
of catalyst was stronger than the driving force. Same results were obtained under the load
conditions of 300 and 150 mA/em®operation. Also the AFL of matrix didnt change and
remained approximately 100%. It meant the capillary force of matrix was stronger than the
driving force in the cell.

The AFL of RP and Sub were as follows. When the F-RP-1 was used, the AFL of F-Sub
decreased to about 12%. Meanwhile with the use of F-RP-2, AFL of the F-Sub was about
24%. It is noted that these balances of the AFL between F-RP and F-CP was approximately
in accordance with the balance which could be estimated by the pore size distribution of
Sub and RP. Consequently the driving force was generated neither in F-Sub nor in F-RP.

On the other hand, the acid loaded in A-Sub and A-RP was transferred to anode and the
AFL decreased almost to 0% in either case of F-RP-1 and F-RP-2. These results were also
the same when operated at 300 and 150mA/cm? Hence the driving force was stronger than
the capillary force of A-Sub and A-RP. -

Conclusion

‘We have revealed the dynamic distribution of electrolyte acid during a cell operation ; the
acid loaded in A-RP and A-Sub is transferred to anode by a force other than the capillarity.
The strengths of the driving force depends on the current density. In general the force is
stronger than the capillary force of Sub and RP, but weaker than that of catalytic layers
and matrix. The driving force is generated neither in F-Sub nor in F-RP.

These results are useful for the design of phosphoric acid fuel cells.
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DEVELOPMENT OF PORTABLE FUEL CELLS

K Nakatou, S.Sumi and N.Nishizawa
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1-1 Dainichi-higashimachi,Moriguchi City
Osaka 570, Japan

INTRODUCTION

Sanyo' Electric has been concentrating on developing a marketable portable fuel cell using
phosphoric acid fuel cells(PAFC). Due to the fact that this power source [1,2Juses PAFC that
operate at low temperature around 100 °C , they are easier to handle compared to conventional
fuel cells that operate at around 200 °C , they can also be expected to provide extended reliable
operation because corrosion of the electrode material and deterioration of the electrode catalyst
are almost completely nonexistent. This power source is meant to be used independently and
stored at room temperature. When it is started up, it generates electricity itself using its internal
load to raise the temperature. As a result, the phosphoric acid (the electolyte) absorbs the
reaction water when the temperature starts to be raised (around room temperature). At the same
time the concentration and volume of the phosphoric acid changes, which may adversely affect
the life time of the cell. We have studied means for starting, operating PAFC stack using
methods that can simply evaluate changes in the concentration of the electrolyte in the stack
with the aim of improving and extending cell life and report on them in this paper.

EXPERIMENTS
A 250W portable fuel cell (hereafter referred to as the power source) was used for the
experiments. 30 cells with 190 cm ? of active electrode area were used in the stack. The supply
and removal of water from inside the stack can be calculated by measuring the amount flow,
temperature and humidity of the reactive gas supplied to the stack and the exhaust from the
stack. However, when weight changes in the stack are measured from when this power source
is being stored until it is started up, operated and stopped, it is thought that the amount and rate
of water accumulated in the stack and the amount and rate of exhaust from the stack can be
calculated with greater ease and more accuracy. Figure 1 shows the method used in the
experiment. The power source was placed on an electronic balance. Weight data and power
source operation data were sent to and recorded in a computer. Fuel hydrogen was supplied to
the stack through a tube from a hydrogen gas cylinder. The concentration and volume of the
phosphoric acid were calculated in the following manner.

(1) The amount of the phosphoric acid when the stack was assembled was used for the amount
in the stack.

(2) The temperature and humidity of the atmosphere around the stack was measured
immediately before it was started up, and the initial phosphoric acid concentration value was
calculated from the relationship[3]between the steam pressure and concentration of the
phosphoric acid water solution.

(3) It was assumed that all weight changes were the result of the phosphoric acid absorbing and
releasing the water. .

(4) It was assumed that only the phosphoric acid within the active electrode area absorbed and
released water.

(5) It was assumed that concentration of the phosphoric acid in each component of the electrode
was uniform.

RESULTS
Figure 2 shows the progress of the stack current, temperature, weight, concentration and volume
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Figure 1 Schematic illustration of experiments

of the phosphoric acid calculated from changes in the weight of stack after the power source
has been started and operated with a 100% load for about one hour. Weight changes were
plotted as the difference from the weight when the power source was first started up, or 0. From
these weight changes, it was found that water was being stored inside the stack until the stack’s
temperature reached 85°C . Between 85°C and 95°C, the rate of water absorption and
removal was equal, and when the temperature exceeded 95 °C , the removal rate exceeded the
absorption rate. The initial phosphoric acid concentration was 90% and reached its lowest of
approximately 80% 13 minutes after the power source was started up. At the same time,
phosphoric acid’s volume reached its highest level of approxmately 0.8cm ° /g, a 20% increase
over the initial volume. It was found that 50 minutes after power source was started up, the
weight was equal to the initial value, and all the water that had been accumlated in the stack
had been removed outside the stack. Using these start up and operation patterns, the average
cell voltage fell at a rate of approxmately 0.1mV/cycle-cell (more than 700 cycles), yielding a
favorable result. When considering applications as a potable power source however, it may be
used in a variety of ways, and with varying frequency. Therefore, stack durability and reliability
must be established to allow it to meet a variety of operation modes. As an example of these
studies, Figure 3 indicates the weight changes when the load on this power source varies.
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Figure 2 The progress of the stack’s data
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The controlled temperature was the same for each load. It was found that when the power
source is operated in such a manner, its weight decreased in accordance with the reduction of
the load. In the same manner, the concentration of the phosphoric acid increased and the
volume was reduced the more the load reduced. Figure 4 shows the results when the controlled
temperature is changed to maintain the same stack weight regardless of the load. The stack
weight could be maintained at a relatively even level by setting the controlled temperature to
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Figure 4 Weight change in the case of control method B
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120 °C when the load was 100% , 110°C when it was 75%, and 105°C at 50%. Figure 5
shows the lifetime cycling characteristics at a 50% load both when the controlled temperature is
maintained for each load (control method A), and when it is changed according to the load
(control method B). Cycles 0 to 150 reflect data when control method A was used with a 100%
load. During this time, the cell’s voltage dropped at a rate of approximately 0.1mV/cycle-cell
At a 50% load using control method A, it became fairly large at approximately 0.3mVi/cycle:
cell, and recovered to approximately 0.ImV/cycle-cell at a 50% load using control method B.
These results show that phosphoric acid concentration and volume changes must be controlled
as far as possible in order to increase the lifetime of cells. In other words, the importance of
controlling changes in the weight of the cell became clear.
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Figure 5 Lifetime cycling characteristics using control method A and B

CONCLUSIONS

A simple technique (weight measurement method) was studied for evaluating the behavior of
phosphoric acid when a portable fuel cell is started up and operated. Use of this weight
measurement method made it clear that an operation method that maintains the phosphoric
acid’s weight is effective. These studies resuited in prospects for attaining increased lifetime for
portable fuel cells when used in a variety of conditions. SANYO will continue its pursuit of
improved portable fuel cell reliability,
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INTRODUCTION

As a complementary research project to the demonstration project of SMW and 1MW PAFC
plants, the mechanism and rate of deterioration of the cells and stacks have been studied from
1995 FY, with the objective of establishing an estimation method for the service life-time of the
cell stacks. This work has been performed in the Basic Research Project, as part of that project on
PAFC’s, selecting four subjects (Electrocatalysts degradation, Electrolyte fill-level, Cell material
corrosion, Electrolyte loss) as the essential factors relating to the life-time. In this study, the effect
of temperature and potential on the dealloying process of electrocatalysts was examined in
H:PQO, electrolyte with X-ray diffraction measurement.

EXPERIMENTAL

In order to monitor the degradation level at the alloy-electrocatalysts during the anodic
polarization under N, atmosphere in H3PO, clectrolyte at elevated temperatures, a specially
designed cell was prepared (see Fig. 1).The cell had a window covered with a polyimide film for
X-ray diffraction. The electrocatalyst used was Pt-Co-Ni alloy(ca.2/1/1 gross atomic ra-
tio),supported on carbon black(CB). The alloy-electrocatalysts loading on CB was 20 weight

X-ray diffractometer

Polyimide film % A
Insulation sheet . ‘\ ,I N
—
Carbon paper\"¥_i ‘\‘l I,’ — 2 Pt plate
Sample catalyst
(H;P0,) I | | ]
PTFE sheet c . T
ot ix =
H, electrode /a — F «—H, .
Carbon hold IS, YR R Potentio-
arbon nolder ~_ Galvanostat
End plate — 1 ! Insulation sheet

Fig.1. An apparatus for a corrosion test cell with
In-situ X-ravy diffraction measurement.
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percent Pt. A paste was prepared with the alloy-electrocatalysts and 100% H;PO,. The paste was
sandwiched between thin carbon papers and mounted in the window side of the cell asa working
electrode(WE). A conventional Hy-gas-diffusion electrode and a SiC matrix filled with H;PO4
were employed as the counter electrode and the electrolyte layer, respectively. In-situ x-ray
diffraction measurement was carried out to monitor the degradation level at the alloy-
clectrocatalysts during the anodic polarization.

In order to evaluate the effect of temperature and potential on the corrosion of the alloy-
electrocatalysts , the WE was polarized at a potential of 0.7 or 0.9V in N, atmosphere at elevated

temperatures(200,240°C) for 48 hours. The humidity was controlled to keep the concentration of
H;PO4 constant at 100%.

RESULTS AND DISCUSSION

In-situ X-ray diffraction measurement — Typical in-situ X-ray diffractograms of alloy-
electrocatalysts during the anodic polarization are shown in Fig2. The “as-received”
electrocatalysts showed a broad peek around 41.6°, which corresponds to (111)-diffraction of Pt
{Co * Ni] alloy phase. With increasing the corrosion time, the peak intensity of the original alloy
decreased and the another peak intensity at 40.0°, assigned as d(111) of pure-Pt, became
stronger. This indicates that the dealloying of electrocatalyst occurred within a few hours at 0.9V
at 240°C. Since the shape of the peak became sharp with time, the corrosion process also induced
a growth of Pt particles. Thus, the in-situ XRD is very useful to know the time-course of the
degradation process of electrocatalysts.

Pt* +th[Go-Ni]
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a { —330min
S A — 300min!
z — 240min
‘o —210min
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20(° 1
Fig.2. Typical In-situ X-ray diffractograms of alloy-
electrocatalysts during the anodic polarization

(240°C, 0.8 mA/om’, ca. 0.9V )
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Effect of temperature and potential for corrosion of the alloy-electrocatalysts —Considering
that the main peak between 36°and 44° of the corroded electrocatalyst consisted of tliree compo-
nents, Pt[Co*Ni], Pt;{Co*Ni] and Pt, the observed peak was deconvoluted into three peaks. In
order to evaluate the changes in the composition of the alloy during the corrosion process, the
relative integrated intensity of each component was determined. The crystallite size for each
component was also calcutated using Scherrer’s equation (Tablel). As shown in Fig.3, the rela-
tive intensity of Pt{Co=Ni] decreased significantly at 200°C by the anode polarization at 0.7 or
0.9V for 43h. At 240°C, this original alloy phase was almost disappeared. Concomitantly, a
formation of pure Pt was accelerated with raising temperature or potential. On the other hand, the
relative intensity of Pt;[Co*Ni] was almost constant independent of the temperature and the
potential, indicating that Pt;{Co*Ni] phase is stable compared with other alloy phases. This is
also supported by the results shown in Table 1 that the crystallite size of Pt;{Co* Ni] was not so
changed during the corrosion process at 200°C or 240°C although it increased to some extent at
the initial stage.

BErt  EAPY[Co - Nil Bpt[Co - Ni]

Relative intogral intensity

as-received 0.7V 0. oV 0.7V
200°C 200°C 240°C
Fig.3 Phase changes in supported alloy particles with the
treatment conditions of different temperatures and
potentials for 48 hours.

At 200°C, the crystallite size of Pt in- Table 1. Grystallite size changes in different
o . e phases on supported alloy catalysts treated
creased from 724 to 93 A i.e.,1.3times, under different temperatures and potentials

for 48 hours.

with increasing the potential form 0.7V to

. . . Crystalli i A
0.9V.The same increase in the potential rystellite size(A)

a0 : Phase as- 200°C 240°C
(0.7—0.9V) at 240°C resulted in the received| o .o | 0 ovl 0. 7v] 0. ov
growth of the Pt crystallite size from 914 Pt[Co- Nill 53 60 | 105 | 111 | -
to 1274, i.e.,1.4 times. At a given poten- Pt.[Co-Nil 48 61 | 66 | 70 | 62
tial, the crystallite size of Pt at 240°C was Pt = 72 | 83 | 91 ) 127

larger than that at 200°C. The effect of temperature elevation from 200°C to 240°C at a given
potential is approximately equivalent to that of potential from 0.7V to 0.9V at a constant

temperature for the corrosion process. On the other hand, the crystallite size of Pt{Co* Ni] at
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200°C increased especially at 0.9V. However, as described above, the relative intensity of
Pt[Co~Ni]decreased significantly. Therefore, it is considered that fine particles of Pt[Co°Ni}
were dissolved predominantly leaving large-sized one (>100A) undissolved.

Chemical analysis of content for Pt, Co, and Ni in the alloy-electracatalysts —The Pt, Co
and Ni contents in the corroded electrocatalysts were analyzed by ICP(see Fig.4). It is notewor-
thy that large amounts of both Ni and Co components were dissolved even at the temperature of
200°C and at the potential of 0.7V,i.e., normal operating condition of PAFC except that the
atmosphere was Na. An elevation of temperature form 200°C to 240°C also resulted in a loss of
these components. However, the Pt contents of all specimens were approximately constant.
Therefore Pt dissolved from alloy could be deposited again as pure Pt particles. The re-
deposition of Pt might cause an increase of the crystallite size of Pt as shown in Table 1.

25 2.5
- -
2
L e —— [ A
2 o
=5 | 1.5
o 2
b 2
510 | {; 2
Qo -
2 2
5 {058
7 77 =

) A Az 0

as-received 200°C.0. 7V 200°C, 0. 9V 240°C, 0.7V 240°C, 0.9V

Fig.4. Chemical analysis of content in caorrosion process for the
alloy-electrocatalysts.

CONCLUSION

The dealloying process of Pt-Co-Ni alloy(ca.2/1/1 gross atomic ratio)supported on CB were
investigated at the different of temperature and potential in H3PO,. Even at the corrosion
condition of 200°C,0.7V for 48h, the Co and Ni component decreased appreciably. Fine particles
of Pt[Co*Ni] seemed to be dissolved predominantly leaving large-sized one 1004) undis-
solved. Pt:[Ni* Co] phase was found to be relatively stable. The Pt in the alloy was dissolved and
deposited again as large-sized pure Pt particles during the corrosion process.

These electrocatalysts of various degradation levels are currently subjected to electrochemical
measurements in order to examine effects of the degradation of electrocatalysts on the cell per-
formances (see abstract by Nishizaki et al in our group).
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INTRODUCTION

As a complimentary research project to the demonstration project of SMW and IMW PAFC
plants, the mechanism and rate of deterioration of the cells and stacks have been studied from
1995 FY, with the objective of establishing an estimation method for the service life-time of the
cell stacks. This work has been perforined in the Basic Research Project, as part of that project on
PAFC’s, selecting four subjects (Electrocatalysts degradation, Electrolyte fill-level, Cell material
corrosion, Electrolyte loss) as the essential factors relating to the life-time. In this report, we will
exhibit the effect of the electrolyte fill-level on the electrode performances.

EXPERIMENTAL

An electrolyte-exchangeable single cell was designed for this research. First, the cell temperature
was raised to 200°C with electrolyte being exchanged to concentrated (105%) phosphoric acid.
At 200°C, I-V characteristics and oxygen-gain were measured under hydrogen/air and
hydrogen/oxygen gas flow. After that, cell temperature was lowered to 25°C with electrolyte
being exchanged to diluted (45%) phosphoric acid. At 25°C, the surface area of supported
catalyst and the double-layer current of carbon black support were measured by using cyclic-
voltammetry (CV) before and after masking Pt surface with CO poisoning (Fig.1), respectively.
By repetition of above operations, the electrolyte fill-level was substantially enhanced. Electrode
performance at different electrolyte fill-level was investigated, being monitored the electrolyte
fill-level by the double-layer current [1]. Pore distribution of electrode and amount of filled
electrolyte in electrode were measured by using Hg-porosimeter and chemical analysis with ICP,

respectively.

RESULTS AND DISCUSSION

The relationship between the double-layer current (Idt) which corresponds to the electrolyte fill-
level and the oxygen-gain which corresponds to the diffusion-polarization was shown in Fig2. As
the double-layer current increases, the oxygen-gain decreases first. During this process, the fill-
level was proceed to an appropriate level. As the double-layer current increases more, the oxygen-
gain shows a minimum value, then increases. During this process, the fill-level exceeds the
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appropriate level. So, the electrodes at high gas-diffusion loss-level (oxygen-gain=121mV, or
Id!=4.5mA/cm®) and at low gas-diffusion loss-level (oxygen-gain=91mV, or 1dI=3.7mA/cm®),
were investigated regarding the dependency of the performances upon the electrolyte fill-levels,
respectively. Results were shown in Fig.3. In the case of electrolyte fill-level (vs. total pore
volume), the fill-level of the electrode at high gas-diffusion loss was much higher than that of low
gas-diffusion loss. For the detail discussion, the electrolyte fill-level was measured, combined
with the measurement of pore size distribution, i.e., electrolyte distribution into the primary and
secondary pores. The primary pores concerned to be formed between the primary CB particles
and acting as reaction sites, and secondary pores to be formed between the CB agglomerates and
acting as gas-networks, respectively [2]. At high gas-diffusion loss electrode, the electrolyte fill-
level of secondary pores (70%) was extremely high in comparison with that of primary pores
(45%). On the other hand, at low gas-diffusion loss electrode, the electrolyte fill-level of the
secondary pores was very low (16%), in spite of the electrolyte fill-level of the secondary pores
(44%) being equal to that of high gas-diffusion loss electrode. As indicated above, it was clarified
that the electrolyte fill-level of the primary pores acting as reaction sites is independent to gas-
diffusion loss, and the electrolyte filling to the secondary pores acting as gas-networks inhibits
gas diffusion to reaction sites, resulting in an increase of gas-diffusion loss. It was also clarified
that the utilization of platinum clusters was constant (45%) at these electrodes.

CONCLUSION

At different diffusion-polarization electrodes, the electrolyte fill-level and distribution were
investigated. The major results are listed below.

a) Electrolyte filling to the primary pores is related to utilization of Pt clusters only, and is
independent to gas-diffusion loss.

b) Electrolyte filling to the secondary pores inhibits gas diffusion to reaction sites, and brings an
increase of gas-diffusion loss. :

c) Preferable electrolyte fill-level is clarified, i.e., ca. 3.7mA/cm? in the double-layer charging
current or ca. 16% of electrolyte fill-level in the secondary pores.
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EVALUATION OF THE PERFORMANCE DEGRADATION AT PAFC
EFFECT OF CATALYST DEGRADATION
ON ELECTRODE PERFORMANCE
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H.Uchida® and M.Watanabe®
Cooperative Research & Development Center, Yamanashi University,
Takeda 4-3, Kofu 400, Japan
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INTRODUCTION

Aiming commercialization of Phosphoric Acid Fuel Cell (PAFC) power plant, many
researches and developments have been contributed. Over 20000 hours operations have
been demonstrated by many PAFC power plants. But there is no effective method for the
estimation of lifetime of electrochemical cells without a practical long-term operation.

Conducted by New Energy and Industrial Technology Development Organization
(NEDOQ), cooperative research projects aiming development of PAFC lifetime estimation
method have started since 1995 FY in Japan. As part of this project, this work has been
performed to clarify basic phenomena of the performance degradation at PAFCs jointly by
Yamanashi University, Phosphoric Acid Fuel Cell Technology Research Association
(PAFC-TRA) and PAFC manufacturers (Toshiba Co., Mitsubishi Electric Co, Fuji Electric
Co.).

Among several main causes of the cell performance degradation, effects of catalyst
degradation (reduction in metal surface area, dealloying, changes in catalyst support) on
PAFC cathode performances are discussed in this work.

EXPERIMENTAL

To clarify the effect of the degradation of catalysts themselves on the electrode
performance or the life-time, catalysts in different degradation states prepared by
electrochemical treatments of same mother catalysts under different conditions were
examined in gas-diffusion electrodes loaded them.

1) Preparation of catalysts in different degradation states -

The mother catalyst was an as-received Pt/Ni/Co catalyst (ca. 2/1/1 gross atomic ratio)
supported on a carbon black (CB) (ca. 100m%/g). The loading at the catalyst was 20 percent
(w/0) in platinum weight.

The paste of catalysts mixed with phosphoric acid (ca.105%H;PO;) was sandwiched
between the two sheets of carbon paper (thickness=0.1mm) and was mounted into a SiC
matrix type cell as a working electrode. Before electrochemical treatment, catalysts were
held at 120°C with air flow humidified at room temperature for 14 hours which was a
similar condition to the initial electrolyte filling in practical PAFCs. Electrochemical
treatments were performed in the cell apparatus controlled at different temperature and
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potential conditions for 48 hours. A gas diffusion electrode, which is same as a
conventional PAFC anode, served both as reversible hydrogen reference electrode (RHE)
and counter electrode. The concentration of phosphoric acid electrolyte was controlled at
100%H;PO, by humidification.

2) Characterization of prepared catalysts

The electrochemical metal surface area (S), double layer current (Ip.) under CO
poisoned condition, which corresponds to surface area of the CB support wet with
electrolyte [1], were measured by using cyclic voltammetry (CV). S, was calculated from
the amount of charge of hydrogen adsorption peak in CV assuming 210 ¢ Clem?. Ip, was
defined as a width (nA/mg-C) of CV at 450mV vs RHE in a double layer region under CO
poisoned condition. Potential sweep rate was 50mV/s.

gas outlet gas diffusion electrode  gas inlet
_—carbon plate

electrolyte outlet electrolyte inlet
PTFE sheet l | |%f/ s j| ! ! ! PTFE packing

EM s M T ,;
b 1

carbon paper :_' 17 M electrolyte matrix

gas mlet I_- = Dy __ gasoutlet
¢ - ‘ LA, "fivr.f e : ‘ﬂ
N carbon plate
test electrode

Fig.1 Structure of electrolyte-exchangeable cell

The CV measurements were performed in 45% H;PO; using an electrolyte
exchangeable cell (Fig.1). The catalysts sandwiched between a carbon paper wet-proofed
with polytetrafluoroethylene (PTFE) (gas side) and a SiC electrolyte matrix attached with a
non-wet-proofed carbon paper (electrolyte side) was set as a test electrode. A gas diffusion
electrode (same as conventional PAFC anode) was used as a counter electrode. RHE
connected to the electrolyte outlet was used as a reference electrode.

X-ray diffraction analysis (XRD) were performed to determine the average crystalline
sizes of each phase of Pt{Co* Ni], Pt;[Co*Ni] and Pt.

3) Evaluation of electrode

The degraded catalyst was fabricated into a PTFE-bonded catalyst layer on the carbon
paper substrate wet-proofed with PTFE. Each electrode had a constant platinum loading of
1.0mg/cm? and about 38 w/o PTFE for carbon support.
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By using electrolyte-exchangeable cell mentioned above, the electrode performances
(1-V characteristics and oxygen-gain) were measured in about 100% H;PO, at 200°C. Then
Ipi, and Sy were measured by using cyclic voltammetry (CV) in 45% H;PO, at 25°C in order
to know the electrolyte fill-level and the catalyst utilization.

During the repetition of these measurements, a performance was changed with the
increase of the electrolyte fill-level from starved level to appropriate level and subsequently
to excessive level.

RESULTS AND DISCUSSION
1) Metal surface area

Table 1 shows the values of surface area determined by electrochemical method for
catalysts degraded under various conditions.

Table 1 Metal surface areas of catalysts treated under different
temperatures and potentials for 48 hours

Temperature Potential Metal surface area (Sy)

%) (V vs RHE) (m*/g-Pt)

before electrochemical treatment* 68
200- 0.7 35
200 0.8 43
200 - - - 0.9 32
220 i - 07- - 32
240 0.7 22
240 0.9 20

*after holding at 120°C/air for 14hours in H;PO, (ca.100%)

The specific surface area of the catalyst was decreased significantly by the treatment
with a relatively mild condition of 200°C at 0.7V. At higher temperature or higher potential
condition, that is severer condition, surface area became lower value. XRD of the catalysts
under such a condition indicated that large-sized (ca.100A ) Pt particles were formed
accompanied by a dessolution of fine P{[Co* Ni] alloy particles (see abstract by Nakajima et
al in our group).

2) Carbon black support

Fig.2 shows the values of Ip;, which corresponds to surface area of CB support, for
various electrochemical treatment conditions.

While Ip. decreased gradually with elevated temperature at 0.7V, it increased
appreciably with temperature at 0.9V. These results suggest that corrosion mechanism of
CB support at 0.9V differs from that at 0.7V. For example, by the corrosion at 0.9V, the
surface of the CB might be roughened or the hydrophilic property of the CB might be
increased.
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Fig.2 Double layer current (Ip.) changes in catalysts
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3) Electrode performance

Table 2 shows the preliminary results of electrode performance measurements for
electrodes with catalysts before and after electrochemical treatment.

Table 2 Performances of the electrode

electrode Terminal voltage O, gain*** IoL St
(mV at 300mA/en’, Air) (mV) (mA/cm?) | (Pt-cm’/cm?)

A* 563 100 4.0 137

B** 551 96 3.7 141

*: electrode A with catalysts before electrochemical treatment
**: electrode B with catalysts treated at 200°C/0.9V
*x¥: yoltage difference between O; and air at 300mA/cm*

The terminal voltage of the cell using the degraded catalyst was lower by 12mV than
that with the original one, although both catalysts had a similar Sp.

Measurements of other electrodes are currently being conducted to clarify the effect of
catalyst degradation on electrode performance.
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INTRODUCTION

As a complimentary research project to the demonstration project of SMW and IMW
PAFC plants, the mechanism and rate of deterioration of the cells and stacks have been
studied from 1995 FY conducted by NEDO, with the objective of establishing an
estimation method for the service life-time of the cell stacks. As part of this project, this
work has been performed to clarify basic phenomena of the performance degradation at
PAFCs jointly by Yamanashi University, PAFC-TRA and PAFC manufacturers.

The acid loss into exhaust gases is one of life limiting factors in PAFCs. To design the
cells of long-life, it is important to estimate the phosphoric acid loss and to contrive ideas
eliminating it. With the objective of obtaining basic data for simulating the acid loss in
the large size cells, the effect of the operating conditions on the acid loss into exhaust
gases has been studiedrekperimentallry by using a single cell with an active électroﬂe area
of 100cm?. _

EXPERIMENTAL

The acid loss into exhaust gases of the anode and cathode has been measured by
condensing it in cold traps, as shown in Figure 1, and analyzing the amounts with ICP as
a function of the operating cqnditions. The conditions studied are operating temperature,
utilization of reactant gases or current density. Based on the amount of cumulated exhaust

gasses and the weight of water condensed, the concentration of phosphoric acid in the

exhaust gasses was calculated.
Alr

- 1N
Fuel Fuel Cell % @

(80%H,-20%C0;) @ %
Fig.t An apparatus for acid loss measurement '
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RESULTS AND DISCUSSION
1) Effect of the current density at a constant utilization of each anode and cathode
reactant gases

Figure 2 shows the effect of the current density on the acid loss rate into the exhaust
gases at 220°C. The acid loss rate at the anode and cathode increases with an increase of
the current density and the loss into the cathode exhaust gas account for ca. 80 -85% of
the total acid loss. Figure 3 shows the effect of the current density on the concentration of
phosphoric acid in the exhaust gases. The concentration in the cathode exhaust gas is
nearly constant in the region of 50-400 mA/cm? but that in the anode varies with current
density. Under a constant utilization of each reactant gas, the volume of reactant gases
decreases with decreasing current density. So, the increase of the concentration of
phosphoric acid in the anode exhaust gas in the low current density region (50-100
mA/cm?) is ascribed to the low mean linear velocity ( see Figure 4). However, it is
noteworthy that a difference of the concentrations in the exhaust gases of the anode and

cathode in the region of a small linear velocity even though the velocity is the same.
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Fig2. Effect of the current density on the Fig.3. Effect of the current density on

rate of acid loss into exhaust gases H;PO, concentration in exhaust gases
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2) Effect of the operating temperature on the acid loss at a constant current density
Figure 5 shows the effect of operating

temperature on the acid loss rate at 300 Ll
mA/em?. The acid loss of the anode and mﬁ?én@m)
cathode increases exponentially with an 6l
increase of operating temperature. % o total
The concentration of phosphoric acid {E-; 0 cathode
in the anode and cathode exhaust gases 24 I 2oy /
also increases exponentially, but they ;Z
are smaller than the equilibrium < 51
concentration estimated from Brown’s o
data" as shown in Figure 6. Difference B e
between the experimental data and the 0 E— T
equilibrium data could be explained by 1% x 2 0
Temperature (0

the fact that the concentration of the
phosphoric acid in the exhaust gases is  Fig.5. Effect of the operating temperature

affected by the mean linear velocity. on the rate of acid loss into exhaust gas
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CONCLUSIONS

The major results on the acid loss studied experimentally by using the single cell with
the active electrode area of 100 cm? are summarized as follows:
(1) The concentration of phosphoric acid in the cathode exhaust gas is nearly constant in
the region of 50-400 mA/cm?® but that in the anode varies with current density.
(2) The concentration of phosphoric acid in the exhaust gases increases exponentially
with increase of operating temperature, but they are smaller than™the equilibrium
concentration estimated from Brown’s data.
(3) The concentration of phosphoric acid in the anode exhaust gas is affected by the mean
linear velocity, and it reaches nearly to the equilibrium concentration with lowering the

mean linear velocity.
ACKNOWLEDGMENT
This work has been supported by the Ministry of Education, Science and Culture,

NEDO and PAFC-TRA.

REFERENCES
1) E. H. Brown et al, Industrial and Engineering Chemistry, Vol. 44, 615, (1952)

245

AN



DEVELOPMENT OF THE ELECTRIC UTILITY DISPERSED USE PAFC STACK
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INTRODUCTION

Kansai Electric Power Co. and Mitsubishi Electric Co. have been developing the electric utility
dispersed use PAFC stack operated under the ambient pressure. The new cell design have been
developed, so that the large scale cell (Im? size) was adopted for the stack. To confirm the
performance and the stability of the 1m? scale cell design, the short stack study had been
performed.

EXPERIMENT

The short stack design was optimized by simulation calculation?, and the life test with some
perturbation have been performed. The operation condition of short stack show in Table 1. The
short stack was composed with four different cell designed blocks, for the purpose of selecting the
proper design, and the each cell designed block’s performances have been evaluated respectively
during the short stack test®. The short stack test was started since March 1994, the cumulative
operation time have reached over 10,000h. Twice extraction of parts from the stack for the purpose
of interim inspection have been done during the life test.

The diagnostic tests” for evaluating the variety of the each cell characteristic parameters have
been carried out regularly. The operation condition of diagnostic test for the cell characteristics
show in Table 2.

The load perturbation test have also done to investigate the influence of the load operation mode
on the cell life performance. Figure 1 shows the load pattern of the weekly perturbation, full power
load in weekday and standby load in weekend. Figure 2 shows the load pattern of the daily
perturbation, full power load in day time and standby mode in night.

Table 1. The standard operation condition of short stack.

ITEM STATE
Current density 300mA/cm®
] Size of electrode are 8,000cm? class

Cell numbers 20 cells

Gas utilization Fuel 80%, Air 60%

Fuel gas composition Humid mixed gas(H,:80%,C0,:20%)

Operation temperature 200°C

Table 2. The operation condition of diagnostic test for the cell characteristics.
ITEM Current density Air utilization Fuel utilization

Reacting activity 75-300mA/em® 60% 80%
Cathode gas diffusion 300mA/cm? 50-70% 70-90%
Anode gas diffusion 300mA/cm? 60% 80%
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RESULTS AND DISCUSSION

(1)Variety of cell performance

Figure 3 shows the typical
designed block’s life
performance. In the initial term,
the start-stop operation had
been carried out repeatedly to
jmprove  the electrolyte
adsorption into the electrode
catalyst layer, and the
performance decay rate shows
the larger value, 5.9mV/Kh.
After then, the stable life
performance about 2mV/Kh
have been obtained. The two
points of the parts extracting
from the other block show in
Fig.3 respectively, the

interrupted performance decay

happened at that time. It is
considered that, in order to
release the fastening the stack
and the fitting state of each cell
elements interfaces would be
varied, internal resistant might
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Fig.3

Fig.2 Pattern diagram
(daily load perturbation)
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Life performance characteristics

be increased, or the daily start-stop operation, for the initial dealing with the new exchanged cell
block, might be influenced. Because of excepting these points influences, the performance decay
rates are estimated on the interval term during the points. For the purpose of consideration of the
influence of start-stop, the cumulative count of start-stop are also plotted in Fig.3. Although it
seem that larger decay rates are shown in the term of many start-stop operated, it has been
remained the much obscure phenomena on these term yet and the test which would be manifest of

these have been carrying out.
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(2)Variety of the cell characteristic parameters

The variety of reacting actlvxty defined by the light load(75mA/cm?) performance show in Fig 4,
the performance decay showed about 30mV from initial to 8,000h. The decay range has been
shown equal to the rate load decay shown in Fig.3, and the performance decay rate could be
explained to cause only by the decay of reacting activity.

The results of the diagnostic test to evaluate the cathode gas diffusive state by the varying air
utilization operation, shows in Fig.5. The plotied values are standardized with the cell performance
changing range divided by the unit range of the air utilization. So that the values seem scarcely
changed in whole testing term, the cathode diffusive state has been confirmed to change little.
Although the results are abridged, it has been also confirmed to change little of the anode diffusive

state.
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Fig.4 Results of the diagnostic test Fig.5 Results of the diagnostic test
(variety of the light load performance) (variety of cathode diffusive state)

(3)Influence of the perturbation

Figure 6 shows the results of weekly load perturbation test, the decay rate showed 2.9mV/Kh in
this term. As for the decay rate of daily load perturbation test were less thap weekly
one,1.4mV/Kh,shown in Fig.7. The supposed reasons are foljpw.

* Because of the motive force on the electrolyte moving from cathode to anode by the
ionic mobility during rate load(high current density) operation, the electrolyte
adsorbed in the cathode would be got out and the electrode effective surface area and
cell performance must be reduced.

In the standby(low current density) operation, the motive force would become so

weaker that the moved electrolyte would be recycled back to cathode and be

adsorbed again, and cell performance must be recovered.

It is considered that daily perturbatlon would be often recovering the cell

performance, the appeared decay rate might be seemed lower.

* Although the decay rate of the daily perturbation is seemed lower than weekly’s as in
the short term, the low rate(1.5mV/Kh) has been obtained in the continuous operation
term until then, thus the reducing of the cell performance with the electrolyte moving
would be settled down and the influence would be reduced during the long term
‘operation.

.
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Optimizing the stack design by these results of the short stack study, S00kW stack have been
made and started to demonstrating operation since this year.
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DEVELOPMENT OF ON-SITE PAFC STACKS

K. Hotta, Y. Matsumoto, * H. Horiuchi, * T. Ohtani
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PAFC(Phosphoric Acid Fuel Cell) has been researched for commercial use and
demonstration plants have been installed in various sites. However, PAFC don't have a
enough stability yet, so more resaearch and development must be required in the future.

Especially, cell stack needs a proper state of three phases (jiquid, gas and solid) interface.
It is very difficult technology to keep this condition for a long time.

In the small size cell with the electrode area of 100cm ?, gas flow and temperature
distributions show uniformity. But in the large size cell with the electrode area of 4000cm 2,
the temperature distributions show non-uniformity. These distributions would cause to be
shorten the cell life. Because these distributions make hot-spot and gas poverty in limited
parts.

So we inserted thermocouples in short-stack for measuring three-dimensional temperature
ditributions and observed effects of current density and gas utilization on temperature.

For measurement, we used a short-stack shown in table 1, and measured on experimental
conditions shown in table 2.

Table 1. Specification of short-stack

Operating Pressure Ambient Pressure
Electrode Area 4000 cm ® class
ElLectrode Form Rectangular (F:A=2:1)
Cell Number 24 cells
Cooling Composition 6 cells / cooler
Cooling Water Temp. 170 °C
Supplied Gases_______ | ..
ceeeeoo Anode H_2 :80% CO 2 :20%__
Cathode Air
Table 2. Experimental Conditons
No. Variable Iltem Constant Item
)] Current Density Air Utilization = 60%
100, 150, 200, 250, 300 (mA/cm ®) | Fuel Utilization = 80%
® Air Utilization Cumrent Density = 300 mA/cm
50, 60, 70 (%) Fuel Utilization = 80%
® Fuel Utilization Current Density = 300 mA/cm °
50, 60, 70, 80, 80 (%) Air Utilization = 60%

The subject part for measurement is 3P (13C ~ 18C) shown in Figuret, and fit up
twenty-five thermocouples on a cell shown in Figure2 respectivery.
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@ current Density

Figure 3 shows the effect of cument density on temperature distribution. Temperature is
rising remarkably together with the ascent of current density. The rising rate was about 10
°C /100mA cm ~? . And the distribution among cells varied tiny at light load, but at high
current density, this one varied widely and generated the big hot-spot on center cells in a
part.

@ Air Utilization

Figure 4 shows the effect of air utilization on temperature distribution. Temparature is
rising together with the ascent of the air utilization, and the hot-spot moved to the air inlet
area. The rising rate was about 1 ~ 2 °C /10%.

® Fuel Utilization )

This distribution was the same result with the air one, but hot-spot didn't moved.

By these measurement, it became clear that the cument density had an effect on
temperature. Table 3 shows relationship between cument density and maximum
temperature.

Table 3 Curmrent Density and Maximum Temperature
Current Density (mA/cm2) 100 | 150§ 200 | 250 | 300
Maximum Temp. (°C) 185 190 | 200 | 205 | 210

On this table, Maximum temperature reached to 210 °C at 300mA/cm ®. Too high
temperature might be shorten the cell's life, but all of elecirode in the stack don't react
enough, because three-dimensional distributions exist. In the near future, how to flatten
these distributions will be a target to develop for commercial use on PAFC.
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Figure 4 Temperature distributions of each cell at 50, 70% air utilization




EVALUATION OF THE ELECTRODE PERFORMANCE FOR PAFC
BY USING ACID ABSORPTION, ACCELERATION
AND AC-IMPEDANCE MEASUREMENT

Chang-Soo Kim, Rak-Hyun Song, Byung-Woo Choi, Dong Ryul Shin and Soo-Hyun Choi
Korea Institute of Energy Research, P.O.Box 103, Yousung, Taejon, KOREA

INTRODUCTION

In PAFC, the degradation on cathode electrode caused by carbon corrosion[1], platinum
dissolution[2] and growth[3] is especially severe. An acceleration test is a good technique for
evaluating the degradation of electrode performance,-because it does not need long time. Coleman
et al[4] used thermal cycling and on-off cycling as an acceleration test. Song et al[5] showed that
hydrogen shortage decreased the electrode performance more rapidly than that of air shortage in
gas shortage test. Honji et al[6] reported that the rate of coarsening of Pt particle is rapid in open
circuit potential and this is one of major causes on the performance degradation of electrode. The
cathode performance has been studied by using acid absorption, acceleration and ac-impedance
measurements as functions of the polytetrafluoroethylenc(PTFE) contents and sintering
temperatures of the electrode.

EXPERIMENTS

To investigate the PTFE eflect in the clectrode, PTFE content was varied in the range of from 25
to 65 weight percent at the sintering temperature of 350 C. To investigate the sintering temperature
effect in the electrode, temperature was varied in the range of from 310 to 390 C and PTFE
content was 45 weight percent . o

Phosphoric Acid absorption on clectrocatalyst layer and the cathode polarization are measured
in 190°C phosphoric acid. When the temperature of electrolyte is heated from room temperature to
190T, the acceleration time is defined as the 0 hour. The 24 hour acceleration test is defined as
the condition when the electrode is placed in open circuit potential for 24 hours under 190 C.

RESULTS AND DISCUSSION —

Acid absorption in electrocatalyst layer with PTFE contents is shown in Fig.1. Acid absorption
in electrocatalyst layer is increased with increasing time and saturated afier 10 hours. Acid
absorption in electrocatalyst layer is increased rapidly in the case of low PTFE contents like 25
wt.%. In the case of high PTFE contents like 65 wt.%, the slow rate of acid saturation in
electrocatalyst layer is observed. But both cases are saturated-within 10 hours.

In phosphoric acid fucl ccll, carbon corrosion in clectrocatalyst layer and the loss of PTFE film
are produced continuously with increasing operation hours. The loss of PTFE film leads to
decrement of hydrophobicity in electrocatalyst layer, phosphoric acid can be penctrated
continuously into electrocatalyst layer. When the electrocatalyst contacts with phosphoric acid
electrolyte, carbon corrosion and loss of PTFE film start in electrocatalyst layer. The corrosion of
carbon is more severe when the clectrocatalyst layer is placed at OCP. During acid absorption test,
acid absorplion rate decreases with increasing acid absorption time.After acid absorption arrived at
saturation, the increased weight of clectrocatalyst layer by acid absorption is same as its weight loss
by carbon corrosion and loss of PTFE loss. Therefore the acid absorption is apparently shown to be
saturated.

Electrode performance as a function of PTFE contents is shown in Fig.2. With increasing PTFE
contents, the performance of catliode increases in the low PTFE region but decreases in the high
PTFE region. In medium point of PTFE the electrode has maximum performance. The PTFE
content that shows maximum performance in the variation of acceleration time is shifted from 35
wt.% to 45 wt.% of PTFE content with increasing of acceleration time. In the case of low PTFE
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content, the acid absorption rate is higher than that of high PTFE content and also the absorbed
acid quantity is also increased with decreasing PTFE content. So, in the initial stage of acceleration
test, three phase reaction boundary is easily formed in the low PTFE content region and the good
performance is shown in relatively low 35 wt.% PTFE. In Fig. 2, the electrode of low PTFE content
is rapidly degradation with increasing acceleration test time. In 25 and 35 wt.% PTFE contents the
electrode performance is rapidly lowered. This means that the electrode of low PTFE contents is
easily flooded with increasing acceleration test time. In the case of PTFE content more than
45wt.%, the performance of the electrode increases slightly in 5 hour acceleration test than that of
in 0 hour acceleration test, but the performance is decreased in 24 hour acceleration test.

Fig. 3 shows the elcctrode performance at 0.7Vru sintered at various temperatures. As stated
above, the electrode sintered at 350°C showed the highest performance and it had current density of
305 mA/cm?at 5 hrs of acceleration test. Electrode performance may degrade rapidly by flooding
due to carbon corrosion and loss of PTFE although it has high initial performance. To the contrary,
the electrode having low initial performance may have long life if it has high wetproofing ability to
the clectrolyte. In other words, when the wetproofing ability is too high, flooding by electrolyte will
be little but the electrode performance will decrease because of insufficient formation of 3 phase
interface.

Figure 4 presents the measured impedance in Nyquist representation for the unwetted Pv/C
electrode specimen subjected to 250, 300, 350, 450, 500 and 550mVrue in 1M H,804 solution. One
does not observe the constant phase clement (CPE) appearing due to a porous structure of the
clectrode which has a theoretical slope of 45° in the high frequency range of the Nyquist plot,
indicating that the clectrolyte does not infiltrate into the narrow pores of the unwetted PUC
clectrode, Thus, oxygen reduction occurring on the surface of the unwetted P/C electrode mainly
contributes to the resulting cathodic current of the ac-impedance response. For the unwetted Pt/C
electrode subjected to potentials from 250 to 550 mVee (Fig. 4), one high frequency capacitive arc
and one low frequency inductive arc are observed. The occurrence of the low frequency inductive
arc indicates that oxygen reduction proceeds via formation of intermediate states on the unwetted
PUC clectrode specimen. The magnitude of the overall impedance increases with decreasing
overpotential for oxygen reduction.

The Nyquist plots for oxygen reduction on the pre-wetted P/C electrode specimen subjected to
250, 300, 350, 450, 500 and 550 mVg in 1 M H,SO;, solution are shown in Fig. 5. In contrast to
the unwetted PYC electrode specimen, the impedance spectra obtained from potential range from
250 to 550 mVgye consist of the CPE with a slope of 45°, one high frequency capacitive arc, and on
low frequency capacitive arc. The appearance of the CPE in the high frequency range indicates that
the electrolyte infiltrates into the narrow pores of the pre-wetted PU/C electrode specimen.
Considering that the overall impedance value of the pre-wetted P/C electrode specimen is smaller
by three orders in magnitude than that of the unwetted PU/C electrode specimen, oxygen reduction
occurring within the narrow pores mainly contributes to the resulting cathodic current of the ac-
impedance response. The inductive to capacitive transition in impedance spectra with pre-wetting
treatment implics the change in mechanism and kinetics of oxygen reduction.

CONCLUSIONS

From the investigation of acid absorption, half cell polarization experiment through acceleration
and ac impedance measurement with the electrode fabricated by varying the PTFE content and
sintering temperature, the following conclusions are drawn:

1. The PTFE content that shows maximum performance is shifted from 35 wt.% to 45 wt.% of
PTFE content with increase of acceleration time. In the case of low PTFE content, the acid
absorption rate is higher than that of high PTFE content and also the absorbed acid quantity is also
increased with decreasing PTFE content.
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The optimum condition of sintering temperature is 350 C. When the sintering temperature is

lower than 350C the performance of electrode is rapidly decreased and the phenomena is closely
related with poor formation of PTFE film and microstructure concerned acid absorption.

3.

From the analysis of ac-impedance measurement, the impedance spectra change from a

capacitive arc and an inductive arc to two capacitive arcs, as depletion of the dissolved oxygen
within narrow pores markedly appears. It is indicative of changes in mechanism and kinetics of
oxygen reduction on the clectrode in 1M H,SO, solution at room temperature.
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BREAKING DOWN THE BARRIERS TO COMMERCIALIZATION
OF FUEL CELLS IN TRANSPORTATION
THROUGH GOVERNMENT - INDUSTRY R&D PROGRAMS

é. R. Venkateswaran
Energetics, Inc.
Columbia, Maryland

S. G. Chalk
Office of Transportation Technologies
U.S. Department of Energy
Washington, D.C.

PEM FUEL CELLS FOR AUTOMOTIVE APPLICATIONS

PEM fuel cell technology is rapidly emerging as a viable propulsion alternative to the internal
combustion engine. Fuel cells offer the advantages of low emissions, high efficiency, fuel flexibility,
quiet and continuous operation, and modularity. Over the last decade, dramatic advances have been
achieved in the performance and cost of PEM fuel cell technologies for automotive applications.
However, significant technical barriers remain to making fuel cell propulsion systems viable
alternatives to the internal combustion engine. This paper focuses on the progress achieved and
remaining technical barriers while highlighting Government-industry R&D efforts that are
accelerating fuel cell technology toward commercialization.

GOVERNMENT INDUSTRY R&D PROGRAM

The U.S. Department of Energy (DOE) is spearheading an ambitious, cost-shared, Government-
industry R&D program with the goal of developing highly efficient, low or zero emission, automotive
fuel cell propulsion systems utilizing conventional and alternative fuels. The near-term objective of
the program is to validate fuel cell power systems by the year 2000 that are:

» Greater than 51 percent energy efficient at 40-kW maximum power;
* More than 100 times cleaner than U.S. Environmental Protection Agency (EPA) Tier II emissions;
» Capable of operating on gasoline, methanol, ethanol, natural gas, or hydrogen.

Longer-term objectives (by year 2004) are to validate fuel cell propulsion systems that meet consumer
expectations, i.e., have competitive costs with internal combustion engines and equivalent or better
performance, range, safety, and reliability.

A major driver for the Transportation Fuel Cell Program is the Partnership for a New Generation of
Vehicles (PNGV), which has selected PEM fuel cells as one of three primary propulsion candidates
for achieving the goal of tripling automobile fuel economy (80 miles per gallon [mpg] mid-size
sedan). Vehicle systems analyses have been performed to establish a matrix of technological
approaches. Figure 1 illustrates the approximate “design space” for possible alternative approaches

- “©F Path 3: Design Space for Achieving "3X™
3 .
M 40% Mass Reduction 44% Thermal Efficiency All paths Include:
9 >

:—‘,’, 30 |49% 'g;g::‘l:y W Rath 23 30 Mass Reduction 90% efficient energy storage,
S . 60% R e Braki 76.5% efficient driveline,
B 70% Regenerative egenerative Braking 20% lower drag
I Braking "
e 2 51% Thermal 20% lower rolling resistance,
4 " Edficiency 30% lower accessories loads
= Path 1: 10% Mass
% 10 | Reduction
= 50% Regenerative
s Braking

o= % %

iz o —

Power Source Thermal Efficiency - %
Figure 1: Approximate “Design Space” for Achieving 3X Fuel Economy Improvement
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to achieving the PNGV goal (1). This figure clearly indicates the particular appeal of fuel cells —
their higher efficiencies would lessen the requirement for mass reduction and other vehicle system

improvements to meet the PNGV’s 80-mpg goal.

To effectively address PNGV USCAR DOE
: System Prog. Management, ADVISORS/
requirements and overcome the | goqifrements, Procurement, STAKEHOLDERS
Signiﬁcant technical barriers Analysis & Goals, | |Budgeting & Resource [~ Fuel PNV“’&GB“
Te F O
facing fuel cells, the National RED Priorities rogram
Fuel Cell Alliance (see Figure 2) ] f\
has been established among I T ]
DOE, industry,  national LABS SUPPLIERS AUTOMAKERS
. . oy R&D of Critlcal PEM Fuel Cell EV Powertraln
laboratories, and universities. || technical Bariers [ System, Design, User/
The Alliance provides a || heamcoreems, | | "5 comot. | | orckoand pecros Cust
mechanism  for  obtaining Analysis & Development
. Modeling
industry consensus and

V

recommendations for program
direction and it facilitates sharing
of govemnment-sponsored fuel
cell R&D results among the
domestic auto industry. Under
this structure, the Big Three U.S. automakers provide technical requirements through the United
States Council for Automotive Research (USCAR) and will determine whether the fuel cell
technology meets customer expectations. DOE maintains overall management responsibility for the
program and contracts with fuel cell developers, component suppliers, and research institutions to
conduct the pre-competitive R&D identified by USCAR. Independent teams of the Big Three
automakers and fuel cell and component suppliers have formed to apply the results of this research
to develop fuel cell vehicles. National laboratories and universities are conducting supporting R&D
on enabling technologies (e.g. fuel processing technologies) and advanced concepts (e.g. direct
methanol fuel cells). Close coordination is maintained with DOE’s Hydrogen Program with respect
to fuel reforming and hydrogen production and storage development activities.

Technology Development Flow 1

Figure 2: National Fuel Cell Alliance

FUEL CELL STACK DEVELOPMENT

1,200
50-kW Stack PROGRESS
1,000} Since 1990, the DOE-industry R&D program
has supported PEM stack development by
goo - various fuel cell suppliers including Energy
co0 - 10-kW Stack Partners, International Fuel Cells, Mechanical

Technology, Inc., Analytic Power, Delphi
Automotive, and AlliedSignal. These suppliers
are focusing on automotive-scale fuel cell
power sources, nominally 50-kW.

400 5-kW Stack

200

Fuol Cell Stack Power Density - WL

0

1993 1936 2000 (Goal)

The DOE programs have achieved significant
Figure 3: PEM Stack Development Progress progress in PEM stack development, as shown
(DOE Program) in Figure 3 in terms of the stack power density,

a key measure of performance and size. The power density of 600 W/L achieved in 1996 (with a 10-
kW PEM stack) represents almost a doubling of the levels achieved in 1993 with a 5-kW stack. This
increase in power density has been achieved despite an order of magnitude reduction in platinum
loading from 4 mg/cm?to 0.25 mg/cm? The Program has already met the platinum loading goal for
the year 2000 at the 10-kW scale in 1996, but not yet at the required scale of 50-kW. Bipolar plates
have also become lighter, with some suppliers having changed from graphite to metal plates. DOE
is planning a new three-year development program with a stack power density goal of 1000 W/L, by
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the year 2000. This will contribute to a PNGV system goal of 350 W/L which includes the heat,
water, and gas management systems in addition to the stack. This system power density goal is
critical to meeting automotive performance and packaging requirements and will be the key measure
of success for the new development program. Looking beyond the year 2000, the next major (and
ultimate PNGV) goal is to achieve a system power density of 400 W/L by the year 2004,

FUEL  PROCESSING I\z,e,gy
DEVELOPMENT PROGRESS

The overall fuel strategy for DOE’s Near-Term Mid-Term Sustalnable

Transportation Fuel Cell Program is | tmeeezer  Hrmeer—{ | LonoTem Econdmic
shown in Figure 4. The Program seeks conventional and wansonto Achieves ool Indgpéndence

to establish a fuel-flexible pathway (to
commercialization of fuel cells) that is
pragmatic in the near term and capable
of using the existing fuel infrastructure
while driving toward long-term Figure 4: Fuel Strategy for DOE Transportation Fuel Cell Program
sustainable energy supplies based on a
renewable fuel infrastructure.

Emissions

Since the near-term strategy emphasizes fuel
flexibility, the DOE program is developing fuel-
flexible fuel processors that reform gasoline,
ethanol, natural gas, and methano! to hydrogen.
The state of fuel processor “system” development
is currently lagging fuel cell stack development.
This is especially true for PEM fuel cells because of
reformate gas purity requirements. In terms of
transient response time and start-up capabilities,
fuel processing technology has not yet been
demonstrated at the automotive scale. However, as
shown in Figure 5, the DOE program has achieved
encouraging progress as of 1996. Fuel processor 1996 (é%oa?)
power density, a key measure ofperformance and “Does not include CO clean up system and controls.
size, exceeds 500 W/L (excluding CO clean-up

system and controls). The year 2000 goal for the
fuel processor system power density is 600 W/L. Another key parameter for viability is fuel
processor system cost. Arthur D. Little, Inc. estimates that a fuel- flexible fuel processor would cost
approximately $20/kW, assuming high volume production (2). Further cost reduction is needed.

1,000

800 |

Fuel Processor Power Density WiL

Figure 5: DOE Fuel Processor Development

OVERCOMING REMAINING TECHNICAL BARRIERS

DOE is planning a new three-year development program to address the significant remaining
technical barriers to achieving the viability of fuel cell technology in transportation. For the fue] cell
power system, key areas include carbon monoxide (CO) poisoning, stack material cost/performance
(bipolar plates, membrane electrode assemblies, carbon paper), thermal management, and integrating
balance of plant (compressors, humidifiers, heat exchangers, sensors, and controls). For the fuel
processor, key challenges include CO cleanup, system integration and efficiency, start-up/transient
operation, and thermal management. Hydrogen storage and overall propulsion system integration and
validation also require serious attention. Based on priorities and guidance provided by the auto
industry, DOE is addressing these barriers by focusing its component development activities on the
following:

® CO cleanup devices and CO tolerant fuel cell catalysts;
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® Lightweight, low-cost bipolar plates;

®  Low-cost, high-volume manufacturing processes and materials for membranes and membrane
electrode assemblies; and

e Balance of plant ancillary components such as compact heat exchangers, sensors, and controls.

BREAKING DOWN COST BARRIERS 120
The present cost of PEM fuel cell systems
(projected to high volume production) needs 100
to be reduced to less than $50/kW to be
competitive with internal combustion
engines, Figure 6 shows the year 2000 and
ultimate (year 2004) cost targets for
automotive applications established by the © 4
DOE-industry program. Breaking down the
cost barrier will require choosing appropriate 20
materials (with adequate performance) that
are suitable for high volume manufacturing

80

60

Cost - $/kW

Thi il b lished Fuel-Flexible Fuel Cell
processes. 15 will be accomphishe Fuel Processor Power System

through the component R&D activities

(discussed above) in which both industry and  Figure 6: Cost Targets for the DOE-Industry Program
the national laboratories will play key roles.

The expertise of the national laboratories with advanced materials and processing techniques will be
critical to the success of these efforts.

Intelligent system trade-offs between performance, size, and cost will also be required to reduce the
costs of the fuel cell power system and fuel processor. For example, initial efforts to increase fuel cell
performance have led to the development of high efficiency compressors and expanders. However,
this increased performance needs to be evaluated against the added size and cost of the
compressor/expander to the total power system. Several developers are now pursuing low or ambient
pressure operation of the stack as an option to resolving this trade-off. In the fuel processing area,
the total system impact of choices for the type of CO cleanup (i.e., preferential oxidation, filters, etc.)
has to be carefully evaluated because of the serious implications for performance, size, and cost.

FUTURE DIRECTIONS
During the next few years, the DOE-industry R&D program will focus on increasing performance and

- reducing the size of the fuel cell and fuel processor systems. Cost reduction will also be a priority,

through component, materials, and processing R&D as well as design trade-offs that might
compromise performance and size in favor of simpler, less expensive systems and components.
Planned 1997 procurements from the DOE program will target the year 2000 technical goals for the
fuel cell and fuel processor systems as well as component R&D to address critical technology barriers
prioritized by industry. These efforts will serve to further reduce the risk associated with fuel cell
technology in vehicular applications and determine if the promise of affordable, clean, efficient, and
reliable fuel cell power systems for transportation will be realized.
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Secretariat, U.S. Department of Commerce, Washington, DC. Revised November 1995.
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PEFC R&D TECHNOLOGY AT TOYOTA

Shigeyuki Kawatsu, Satoshi Aoyama and Masayoshi Iwase
Higashifuji Technical Center
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1200, Mishuku, Susono, Shizuoka 410-11 JAPAN

1. INTRODUCTION

Fuel cells are being considered as notable new energy sources due to, not only their potential for
obtaining high energy conversion cfficiencies, but also their environmental sensitive features. These are
especially important now that the problems relating to global environmental pollution are regarded as serious
social issues. Polymer electrolyte fuel cells (PEFCs) in particular are being pursued due in part to the
prospect of realizing timely enhancements to several key characteristics, including size and power.
Encouraged by these anticipated improvements, PEFCs are being investigated as promising power generator
candidates for hybrid electric vehicles. ) ' -

The substantial future potential of PEFCs has been noted by TOYOTA, and has motivated extensive
R&D activities toward the practical application of PEFCs to hybrid electric vehicles. These R&D efforts
include, not only activities on such key areas as performance enhancement, but also extensive attention to a
broad range of related concems, such as cost reduction, reformer development, system integration, durability,
reliability and so on. From these diverse tasks, this paper focuses on the issues related to ensuring adequate
PEFC performance when reformed fuel is utilized. Recent outcomes of R&D conducted at TOYOTA on
this topic will be described.

2. PEFC POWERED ELECTRIC VEHICLE DESIGN

-The optimum design of an electric vehicle powered by a PEFC is a hybrid system, consisting of a
PEFC and a secondary battery, as shown in Figure 1. The secondary battery plays multiple roles - load
leveling against variations in load, power supply for activation of the PEFC and storage of the electric
energy regenerated from braking. A PEFC powered hybrid electric vehicle system should be capable of
operating in a high energy conversion efficiencies region, and of attaining higher fuel economies than those
of an internal combustion engine (ICE) powered hybrid electric vehicle system.

3. FUEL SUPPLY METHOD

‘When considering the application of a PEFC to an automobile, questions arise on the best method to
supply hydrogen fuel to the system. Of the options investigated, onboard reforming offered important
merits over direct hydrogen storage, including ease of refueling and the potential to increase vehicle operating
range. For vehicle applications hydrogen supplied via steam reforming of methanol was determined to be
most appropriate, considering the following features:

1) lower reforming temperature and reduced reforming energy requirements;

2) small amount of by-products to be generated during the reforming process;

-3) existence of a relatively well established refueling infrastructure

(with current markets for methanol engine vehicles); and
4) independence from crude oil resources, as methanol is made from natural gas.

4. PEFC OPERATION WITH REFORMED GAS

Theoretically, the reformed gas gencrated by the methanol steam reforming reaction should be
composed of 75% H, and 25% CO,. In practice, however, the gas also contains some residual methanol and
a small amount of carbon monoxide (CO). There was some concern at TOYOTA regarding the possible
adverse effects that these components - and CO in particular - may have on PEFC performance. It was
confirmed that PEFC performance deteriorates markedly, where a platinum (Pt) electrocatalyst is used, if
CO concentrations in the reformed gas are even 20ppm.

In order to remain within the size and weight limitations required for the application of PEFCs to
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clectric vehicles, the prevention of any drop in energy conversion efficiency is essential. This is also important
in order to create cost reductions to allow for practical mass production. Thercfore, controlling the effects of
CO is necessary. As for the appropriate approach for the prevention of CO poisoning, the utilization ofa
combination of methods appears most practical. This combination would include, installation of shifter and/
or CO selective oxidizer to the reformer, reducing the CO concentrations in the reformed gas to a given
level, and modification of the PEFC anode electrocatalyst, providing an appropriate level of CO tolerance in
the PEFC. In other words, it is vital for successful CO control to establish well-balanced measures in both
the reformer and PEFC itself.

5. INVESTIGATION RESULTS
5.1 CO Reduction in the CO Selective Oxidizer O
Using a model gas corresponding to that of reformed methanol, the CO selective oxidation performance
of various catalysts was evaluated. As shown in Figure 2, the Ru catalyst was found to be capable of
reducing CO concentration in a wider operating temperature range and in a wider range of gas flow rates
than that of the well-known Pt catalyst widely used for the CO selective oxidizer. These results indicate
that, by using the Ru catalyst for the CO selective oxidizer, it is possible to supply reformed gas with a stably
Jow CO concentration, continuously, against the load variations imperative for automobile operation.®
Side reactions that occur in the CO selective oxidizer were studied to help to elucidate the reason for
the excellent CO selective oxidation characteristics shown by the Ru catalyst. It is known that COis
generated by the reverse shift reaction, as expressed in Equation (1), which occurs in the CO selective
oxidizer®
H,+CO, — CO+H,0 (D)
In order to check the influence of reverse shift reaction, a model gas (CO,=25%, H,=75%) not containing
CO was humidified and fed, without air, into a CO selective oxidizer. The CO concentration in the out
going gas was then measured. It was clearly found that the amount of CO generated with the Ru catalyst
was smaller than that with the Pt catalyst, as shown in Figure 3.
Also known to occur in the CO selective oxidizer, where a noble metal catalyst is used, are the
methanation reactions expressed in Equations (2) and (3).
CO+3H, — CH,+ HO 2
CO,+4H, — CH,+2H,0 (3)
To check the relationship between the CO and CH, concentrations formed, another model gas (CO=0.1%,
C0,=25%, H,=balance) containing CO was humidificd and fed, without air, into a CO selective oxidizer.
As the results in Figure 4 indicate, as the catalyst temperature rose, the CH, concentration tended to increase
while the CO concentration tended to decrease. Additional investigations indicated that these reactions
occurred more readily when the Ru catalyst was utilized for CO selective oxidation.t¥
Detailed analysis produced further insight into the reverse shift reaction and methanation reactions,
as well as the benefits of Ru utilization. In the case of an oxidizer using the Pt catalyst, CO is oxidized into
CO,, but then a portion reverts back to CO via the reverse shift reaction. Though this reversal also occurs
where the Ru catalyst is used, it is to a lesser extent. In addition, with Ru, a portion of the CO generated by
reverse shift reaction is converted to CH, as methanation reaction occurs. Consequently, the Ru catalyst is
capable of producing lower levels of CO at the oxidizer outlet, owing, not only to reduced reverse shift
reaction, but also to this CO to CH, conversion. Thus, in view of these results, as well as obvious cost
advantage over Pt, a compact, low cost methanol reformer, suitable for automotive use, can be devised by
the application of Ru to the CO sclective oxidizer.

5.2 Prevention of CO Poisoning with Alloy Electrocatalyst
In order to enhance the CO tolerance of the PEFC anode electrocatalysts, the CO tolerances of

263

SRS



KAWATSU ET AL
-3-
several Pt based alloy electrocatalysts were evaluated. Proper alloying of the experimental catalysts were
confirmed by means of X-ray diffraction prior to evaluation. ‘Utilizing a Pt cathode electrocatalyst and
anode gas containing 100ppm CO the samples were evaluated. Figure 5 shows a comparison of the cell
voltage measurements obtained at a current density of 0.4A/cm?. Only the Pt-Ru electrocatalyst exhibited
ahigher CO tolerance than the unalloyed Pt electrocatalyst.

Once the Pt-Ru electrocatalyst was identified as superior in CO performance, the alloy ratio was
then optimized, as was the active layer thickness and supporting process of the Pt-Ru clectrocatalysts.
Using the knowledge obtained by these optimization efforts, a new type of Pt-Ru electrocatalyst was prepared,
and its performance in the PEFC was evaluated. As shown in Figure 6, cell performance equivalent to that
of a Pt electrocatalyst was obtained, and performance similar to that in pure hydrogen was obtained, even
with gas containing CO concentrations of 100ppm.<+® ' '

5.3 Prevention of the Effects of Co,

In addition to CO, reformed gas also contains CO,. The probable detrimental effects on the PEFC,
anticipated by the presence of CO,, were investigated. As a result, two phenomena were found, namely, CO
poisoning and CO, barrier effect. CO generated from the CO, contained in the reformed gas was found to
poison the electrocatalyst. @ Additionally, the CO, was found to stagnate around the anode. Due to the
greater specific gravity of the CO,, this stagnation impeded the diffusion of H, over the electrode’s active
layer and lowered performance. t

As indicated earlier, the poisoning caused by CO can be successfully averted by the application of a
Pt-Ru alloyed anode electrocatalyst to the PEFC. Regarding the control of the CO, barrier effect, optimization
of the gas flow field shape was found to be the most effective. In other words, by combining the knowledge
of electrocatalysts and gas flow fields, it is possible to prevent the adverse effects of CO, contained in the
reformed gas.®

5.4 Prevention of the Effects of Residual Methanol

Because reformed gas was also found to contain some residual methanol, its effects on cell performance
needed to be clarified. Cell performance was measured using a model reformed gas containing various
concentrations of methanol. It was found that as methanol concentrations increased cell performance
decreased. Asexpected, Pt electrocatalyst poisoning was one of the sources of the deteriorating performance.
This poisoning was caused by the dissolution of methano! in the anode, resulting in the formation of poisonous
aldehyde. The occurrence of another phenomenon was also confirmed, methanol crossover. Methanol
contained in the anode gas permeated into the electrolyte membrane, reaching the cathode and reacting with
oxygen contained in the air, thus, lowering the potential of the cathode.

Nevertheless, it was concluded that these adverse effects of residual methanol can be reduced to an
acceptable level with the employment of both a Pt-Ru anode electrocatalyst, and optimization of PEFC
operating conditions. ¥

6. CONCLUSIONS

As described, extensive knowledge has been gained on clectrocatalysts, electrode structures, gas
flow ficlds, PEFC operating conditions, catalysts for CO selective oxidizer, etc. Through the application of
this knowledge to the methanol reformer and PEFC, it has become possible to attain cell performance
equivalent to that in pure hydrogen when utilizing a methanol reformer and reformed gas in the PEFC
system.

TOYOTA is continuing to conduct studics in the various areas mentioned earlier. Further development
of the PEFC itself is naturally necessary. However, it will also be vital to enhance overall vehicle and
component performance, including that of the secondary baitery, to allow the practical adoption of PEFCs
in the near future. TOYOTA will continue to aggressively pursue R&D in this field in order to realize the
effective usc of electric vehicles powered by PEFCs.
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FUEL CELL SYSTEMS FOR PASSENGER CARS - OPPORTUNITIES AND REQUIREMENTS

Joachim Tachtler __ Carl Bourne

BMW Rover Group

D-80788 Munich Coventry CV4 7AL -
Germany United Kingdom :

Possible forms of energy for the propulsion of passenger cars

From the point of view of energy density, handling and economy, present-day motor fuels are
superior to all known alternatives. The internal combustion engine powered by them satisfies the
requirements of customers to an excellent degree.

The search for alternatives can therefore only be justified if emissions can be avoided totally and
non-fossil primary energy sources can be used or at least partially our dependence on mineral oil
can be reduced.

What was long suspected has been increasingly confirmed, not least by developments at BMW:
electricity (stored in batteries) and hydrogen offer the best prerequisites for achieving these goals
in the long term. These forms of energy can be produced in sufficient quantities and with
relatively little effect on the environment. They promise to produce an absolute minimum of
pollutants when used in vehicles.

Natural gas, which is very similar to hydrogen, and hybrid systems, that would compensate for
battery risks, could perform a valuable function in the transitional phase.

Significant improvements in the performance of fuel cells

Fuel cells produce electric current direct from chemical fuels, preferably hydrogen. They offer the
potential of powering vehicles with electric drivé system with an increased operating range. Of
the various types of fuel cells, the most interesting for use in passenger cars is thc PEM (polymer
electrolyte membrane) fuel cell. Today it can already be operated at temperatures between 4 and
80°C. Oxygen, necessary for the reaction, is obtained from pressurized ambient air [1].

For several years, specialists in electrochemistry — also in-collaboration with car development
engineers — have been trying to make fuel cell technology a useful source of ‘motive power.
Considerable improvements in performance have been achieved in recent years. The main
motivation for these developments is the high potential efficiency and the possibility of the
classification as a “Zero Emission Vehicle" (ZEV), at least if hydrogen is carried on board.

At Solar-Wasserstoff-Bayern GmbH (SWB), a company in which BMW has been an active
partner since 1987, tests have been carried out starting in 1990 on various fuel cells for stationary
and mobile applications [2]. A ground conveyor vehicle equipped with the first Siemens
air/hydrogen fuel cell system will start trials at SWB in Neunburg in late 1996. Siemens has
several decades of experience derived from developing fuel cell drive systems for submarines [3].

The energy consumption of the complete fuel cell system is an especially important consideration.
Although the efficiency of single cells is theoretically very high, the additional energy for the
cooling system, the air compressor and the controller have to be taken into account. It therefore
scems more sensible to develop fuel cells that can be operated at low pressures than to aim for
high power density at the cost of high pressures. This is made all the more important by the need
to use excess air (A approx. 2). The new Siemens system is particularly interesting, as its
maximum operating overpressure is only 0.5 bar.

Besides the need for efficiency and low pollution, fuel cells must prove their worth in everyday
use. The critical performance factors are rapid start-up, fast response to changes in power
demand, such as we are used to with internal combustion engines, and also reliable operation,
under all environmental conditions. Temperatures below freezing could be a problem here. There
also exists no experience of how fuel cells cope with real conditions such as sustained road
induced vibration or long periods at rest.
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A significant problem faced by the automotive sector is the issue of cost. Key requirements for the
reduction of the production costs - currently several million DM for each fuel cell system - are the
development of mass productionable bipolar plates, inexpensive and environmentally compatible
membranes and the minimization of platinum in the electrodes. Present fuel cells contain so much
platinum that there are not sufficient known world reserves to equip all the vehicles currently in
use. The amount of platinum per vehicle must therefore be reduced to the level of present-day
exhaust catalytic converters with a similar level of platinum recoverable through recycling.

Zero-emission vehicle with a high range

Although fuel cell technology will probably be initially commercialized for stationary electrical
power generation, it is interesting to know that it is now technically feasible to power passenger
cars with fuel cells — albeit with certain restrictions. On the subject of this fascinating challenge,
BMW presented at the World Hydrogen Energy Conference "Hydrogen ‘96" its initial study for an
experimental ZEV with a range of 1000 km. The vehicle concept is based on a 3 Series BMW
with liquid hydrogen tank, fuel cell system and electric motor.

Controller (electric drive motor, Batteries (start,

fuel cell and hydrogen tank) on-board network)
Air compressor
|
s
\/ 1
L% N
v s :
S
Cooling system Fuel cell stack Hydrogen tank Electric
(appr. 30kW) system (LH,) drive motor

Fig. 1: Basic concept for an experimental "ZEV with a range of 1000 km" [4]

The current state of development of fuel-cell systems leaves several disadvantages: apart from the
high costs and low power output, the weight and volume are still too high. Besides the fuel-cell
stack and hydrogen supply, the vehicle must also house various auxiliaries needed for operation.
Their size is largely determined by the nominal power rating. operating pressure, and maximum
operating temperature. For example, the cooling system must be significantly larger than that of
an internal combustion engine, owing to the relatively low permissible temperature for the cooling
fluid and the reduced quantity of heat which can be dissipated via the "exhaust’.

Liquid hydrogen (LH,) was chosen in order to achieve the greatest possible range, but also
because of the purity required by PEM fuel cells. LH, has a much higher energy density than
other forms of hydrogen storage. The alternatives, high-pressure cylinders or metal hydride
storage, are so bulky and heavy that they would compromise the vehicle’s performance in terms of
range, safety and handling to the extent where their use would offer no advantage over
conventional battery vehicles. For short-haul traffic, battery vehicles excel themselves through a
higher overall efficiency under certain conditions.
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The described vehicle concept represents the practical optimum with the available fuel celi
technology, taking into account safety and convenience in everyday use. However, the advances
made with fuel cells should not let us forget that with the same basic vehicle equipped with
conventional technologies at relatively low costs considerably higher payloads and roughly five
times the power are achievable, whilst still remaining below emission limits set for the Ultra Low
Emission Vehicle (ULEV).

Emission problems with on-hoard generation of hydrogen

Since there is no existing hydrogen infrastructure and the costs of providing it are high, work is
also being carried out on systems for generating hydrogen in the vehicle. Of all the chemical fuels
which are liquid at normal temperatures, methanol is the casiest to convert to hydrogen.
Experiments with gasoline are also under way, with a view to using the existing network of filling
stations. Direct on-board reforming of natural gas would be another way to avoid the energy
losses involved in first producing methanol.

The development of the necessary reformer systems for hydrogen production concentrates on its
behaviour under start-up and transient loads as well as energy efficiency, but must take also into
account the by-products which are produced. Even if no immediate poisoning of the electrodes
can be detected, the-influence of lowest concentrations of impurities over the life of the fuel cell
remains hard to estimate. It is also an open question whether a system consisting of fuel cell plus
reformer could meet the requirements to be classified as an "Equivalent ZEV" (EZEV). taking
into account the necessary overall assessment of-emissions for this classification,

To complement BMW activities, Rover is involved in a joint project funded by the EU to develop
a system of steam reforming of methanol suitable for use in vehicles. CJB, the partner responsible
for developing the reformer, has been operating a stack of Ballard fuel cells with reformer gas
since 1993. The project has also accumulated valuable experience in operating individual cells
with deliberately contaminated reactants (air and hydrogen).

Concep studies have shown that a large number of additional components must be taken into
account when incorporating fuel cell systems with on-board fuel processing into a car [5]. In
addition to the required purification and cooling of the hydrogen gas before it reaches the fuel
cell, it may be necessary to use a buffer store to cope with the power transients experienced during
vehicle operation. Due to the resulting adverse effect on payload and useful space, together with
the many still unanswered questions on reforming, on-board-storage of hydrogen will remain the
ideal way of supplying fuel cell systems for the foreseeable future.

From natural gas to hydrogen

Since the late seventies, BMW has been working on the use of LH, as a fuel for cars. In
cooperation with research partners, certification authorities and other manufacturing companies,
the experimental vehicles and storage systems have been continuously improved in terms of
function, safety, customer acceptance and cost. The cryogenic tanks built into the present BMW
experimental vehicles with hydrogen drive system have proved so effective that no
insurmountable technical risks can be expected if they were to be put'into series production.

In order to accustom today’s public to the idea of hydrogen, BMW has decided to take natural gas
as an intermediate step. Natural gas consists largely of methane (CH,). After hydrogen itself, it is
the fuel with the highest hydrogen content and its physical properties are similar, Both encrgy

carriers are gaseous at normal temperatures, and are the cleanest fuels.

BMW is the first European manufacturer to offer series-production vehicles powered by natural
gas [6]. The 316g compact and 518g touring models, adapted for dual-fuel operation on gasoline
or compressed natural gas (CNG), are international trendsetters. The cars meet the strictest
Californian emission values and can be considered amongst the circle of cleanest cars in the
world.
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Outlook

Efforts to reduce the carbon content of motor fuels will open up opportunities for new
technologies, not just in the field of energy but also in that of motive power. In addition to the
versatile spark-ignition engines and besides fuel cclls, gas turbines could also become an
interesting alternative, so long as their transient behaviour can be improved while retaining the
fuel efficiency.

In terms of efficiency and emissions, fuel cell systems are promising not just for passenger cars
but also for commercial vehicles and stationary generation of electricity. Working together with
capable system deliveres, BMW and Rover are contributing to solve the key problems of fuel cell
systems for passenger cars, finding a possible route into mass production.

“Same” source of energy

Compressed natural gas
(immediate use for .
specific applications) CNG (200 bar)

“Same” technology

Liquefied natural gas

{long cruising range) LNG (-160 °C)

Liquefied hydrogen
(long-term availability) LH, (-250 °C)

H~,

yaminy

Gas turbine?

Internal Electric motor with
combustion engine fuel cell system?

Fig.: 2: From natural gas to hydrogen
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FUEL CELLS - FROM THE LABORATORY TO THE ROAD

Matthew H. Fronk
Delphi Energy and Engine Management Systems
Rochester, New York 14602

The PEM Fuel Cell faces stiff competmon from emsung automotive powerplants and other
Hybrid APUs. To be successful, the Fuel Cell will have to demonstrate real customer
advantages such as fuel economy and emissions. The PEM technology has an inherent
advantage over other powerplants in both thermal efficiency and emission performance, and as
such fits in very well with the future regulations that strive to clean up the environment. In
addition, it will need to be cost competitive and provide acceptable performance. The majority
of development activity on PEM Fuel Cells to date has concentrated primarily in the area of
Stack refinement and optimization with improvements coming in higher power densities and
higher specific power. To make the Fuel Cell compatible with an automotive environment the
entire system will need to be analyzed, understood, and then engineered to work together in an
efficient manner.

There are several areas of development that need to be “engineered” for the automotive
environment including Fuel Supply, Fuel Cell Stack, Fuel Cell system, and Vehicle System
Integration. Each of these areas has several subsystems incorporated within it and as such must
be designed from an overall systems level standpoint to insure both proper function along with
minimized costs.

The fuel supply system is critical for an automobile. Today’s drivers are familiar with pulling
up to a pump and putting gasoline or diesel into their tanks at a rate of between 6 and 12 gallons
per minute. There are regulations in effect to contain any evaporative emissions and fuel
volatility is adjusted seasonally/regionally by the oil companies to insure proper vehicle
performance. In addition vehicle manufactures take great measures to insure the vehicles
perform at ambient temperatures ranging from -40C to 50C. Customers expect immediate
starting with no stalls at any time along with immediate response in all conditions. Modem
Electronic Fuel Injection Systems are all capable of delivering this performance.

The PEM Fuel Cell of today has been demonstrated typically with tanked hydrogen since this is
the type of “fuel” that the stack needs to consume to produce power. -Hydrogen today is not
typically available at the local service station in pressures ranging from 200-300bar(3000-
4500psi). Hydrogen fueled Fuel Cell automobiles would be difficult to merge into the
infrastructure in place both in the U.S., Europe, and Asia. Therefore, another solution is
required for the near term. Tanked liquid fuels seem to be the most attractive since they would
allow the Fuel Cell to enter the market with existing types of infrastructures. Methanol “cracks”
at low temperatures and gives good hydrogen yields, but there are concems about availability
and low temperature performance. Some type of gasoline derivative would be ideal since it is
readily available, has known performance in various environmental situations, and can be
blended to meet various conditions. It is also much less harsh on Fuel System componentry then
methanol.

A gasoline based Fuel Processor would appear to give the Fuel Cell an easier entry ‘into the
market, but with this system comes higher temperature operation and lower hydrogen yields.
These issues along with the monitoring and transient control of the Fuel Processor “subsystem”
are critical to the successful operation and introduction of the Fuel Cell engine. Significant
development work needs to continue in the development of Fuel Systems and controls, catalysts,
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reactor configurations to speed the system coming on line, and the general area of sensors
required for feedback control. Automotive solutions to these problems are required to meet cost
and performancé targets. Laboratory grade instrumentation cannot be sold with each new
vehicle. Successful engineering and production implementation of this subsystem can help
insure that this new technology could be accepted by the motoring public.

Once a suitable fuel supply system has been configured that can supply stack quality gas, an
analysis of what the Fuel Cell Stack requirements are has to be fully detailed. For the
automotive world, cooling with de-ionized water, while working fine in the lab, would have
difficulties in March in upstate New York. Likewise the issues of stack freezing and effects on
membranes and plates, These are all issues that are being addressed in industry development on
a full-scale basis that are typically not addressed in laboratory or academic pursuits.

The stack itself consists of several sub-systems. Examples include the membrane, the membrane
electrode assembly, the carbon paper, and the plates. Additionally there exists the need for
thermal management, diagnostics, and assembly of the stack itself. Current state of the art
membranes are offered by a small number of companies world wide. As the interest in Fuel
Cells grows additional new product offering will come from new players in the market. This
will help drive the cost down. Similar progress will occur in the areas of the carbon paper and
bi-polar plate material. One would hope to see sheet goods that were stampable or highly
conductive materials that could be suitable for injection molding. These materials are all aimed
at cost reduction and high volume, automotive type manufacturing.

The integration of the Fuel Cell components into a system is the critical issue in making a cost
effective replacement for the internal combustion engine that will meet all customer
expectations. Issues surrounding Fuel Processor start-up and transient response, Sensors and
control algorithms, stack start up, air and fuel supply, all need to be engineered and validated
with methods similar to what is used in today’s automotive powerplants if we are to insure
customer acceptability. Many new components in the areas of sensors, compressors, electric
motors, and power electronics still need invention and development. It is essential that these
items are developed by industry in order that cost, durability, and performance goals.are
realized. '

Once the Fuel Cell powerplant has been properly developed it will then need to be readied for
vehicle installation. In order for this phase of development to move forward efficiently, the
requirements of the vehicle platform will have had to been incorporated in the development of
the Fuel Cell System. There will be many issues to consider depending on the vehicle
application. Examples include decisions on Fuel Cell only or a Hybrid configuration,
regenerative braking, what fuel, what environmental conditions, and what duty cycle (passenger
car or HD). Optimizing fuel consumption and making the vehicle transparent to the vehicle of
today with respect to noise, durability, and performance, are all engineering challenges that will
need to be addressed by the vehicle manufacturers.

While the engineering required is significant, many of these platform needs have already been
addressed in GM’s EV-1 and with further and timely development activity focused in the
appropriate areas, the Fuel Cell powerplant can become a contender in the automotive
community of tomorrow.
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DEVELOPMENT OF PEFC FOR TRANSPORTABLE APPLICATIONS

Hideo Macda, Hisatoshi Fukumoto, Kenro Mitsuda, Hiroaki Urushibata
Masao Enami* and Kazuhiko Takasu*
Advanced Technology R&D Center, MITSUBISHI ELECTRIC Corporation
8-1-1, Tsukaguchi-Honmachi,Amagasaki, Hyogo, 661 Japan
* NEDO (New Energy and Industrial Technology Development Organization)
3-1-1 Sunshine 60, 29F, Higashi-ikebukuro, Toshima-Ku, Tokyo, 170 Japan

Since FY1992, we have been developing PEFC technologies under NEDO's R&D
program. High power density and rapid start-up are essential requirements for transportable
applications. Also, if reformed gas is used as fuel, the prevention of CO poisoning and
improvement of response to loading arc essential” In this paper, methods to increase the
effective surface area of a cell, start-up and endurance test results, the study of CO poisoning
with a pulse electrolyzing method and the demonstration of a hydrogen recovery subsystem are
presented.

ENLARGEMENT OF THE EFFECTIVE SURFACE AREA

In order to enlarge the effective surface area, new M&E fabrication technologies named "
the three dimensional bonding method[1]"( micro curved cell) and "waved clectrode-
membrane assembly([2]" (macro curved cell) were developed. .

(1) Micro curved cell  The schematics and effects of the bonding method are shown in Fig.

I and 2 respectively. By enlarging the arca of the catalyst layer and closing both

clectrodes, the performance of a micro curved cell is made superior to that of a non-

bonded one (only contacting). Rt

(2) Macro curved cell The schematics and effects of waved M&E are shown in Fig. 3 and 4
respectively. Thecell voltages of waved M&E are higher than that of flat M&E when
oxygen is used, or in a low current density region. It was clear that gas diffusion
problems arose, especially at the cathode, when the pitch of the wave was Iong.

START UP AND DSS CYCLE TEST OF A 1kW CLASS MODULE WITH INT. HUM.

Fig. 5 shows the starting characteristics of a 1kW class module with an internal
humidifier (25-cell stack). Full power was obtained within several tens of seconds of starting at
room temperature. The power level of the module was stable even when the temperatures
changed. An endurance test under the DSS (Daily Start and Stop) mode was also earried out
and the results are shown in Fig. 6. Rather stable performance was maintained during over 50
DSS cycles.

STUDY OF CO POISONING

The influence of CO poisoning was studied using the pulse electrolyzing method as shown
in Fig.7. The relationship between the CO loss after pulse electrolyzing and the quantity of
clectricity supplied for several pulse voltages is shown in Fig. 8. It was found that CO loss was
reduced according to the quantity of electricity supplied at the pulse electrolyzing, However,
the minimum CO losses depended on the pulse voltages. This suggests the existence of absorbed
chemical species of carbon monoxide, which requires extremely high potentials to be oxidized.

HYDROGEN RECOVERY SUBSYSTEM
In order to improve the start-up time of the reformer and the response to loading, a
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hydrogen recovery subsystem was studicd and evaluated. In the subsystem, hydrogen in the
fuel exhaust is recovered and stored( purified and compressed) using an electrochemical
hydrogen purifier and an clectrochemical hydrogen compressor as shown in Fig. 9. The stored
hydrogen can be used for heating the methanol reformer( at start-up) or for producing peak
power. A hydrogen compression of 100 atm over atmospheric pressure was obtained witha PE
clectrochemical hydrogen compressor as shown in Fig. 10. The applied voltage needs to be
decreased and the current density needs to be increased to improve the system.

CONCLUSION
1) Methods to enlarge the effective surface arca microscopically and macroscopically were
studied and the results were confirmed.
2) Superior start up performance and stability in the DSS mode were confirmed on a IkW
class module with an internal humidifier when pure hydrogen was used as fuel.
3) The influence of CO poisening was studied using a pulse electrolyzing method.
4) A hydrogen recovery subsystem of laboratory size was demonstrated.
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HIGH POWER DENSITY FUEL CELL STACK DEVELOPMENT
FOR AUTOMOTIVE APPLICATIONS

Ric Pow Michael Reindl and Werner Tillmetz
Ballard Power Systems Inc. Dornier GmbH
9000 Glenlyon Parkway department FOEE
Burnaby, British Columbia D-88039 Friedrichshafen
Canada V5J 519 Germany

Introduction

This paper describes the joint development by Daimler-Benz and Ballard Power Systems of a high
power-density fuel cell stack and its demonstration in a 6-passenger Minivan.

Background

The PEM fuel cell is generally recognized as a promising candidate to realize society’s objectives
of ultra low and zero-emission vehicles. Ballard Power Systems has been working on the
development of the PEM fuel cell since the mid eighties, and by 1993 had reached a level of
technology represented by the Mk 5 stack. This technology enabled interested parties to get some
experience with fuel cell operation and to gather test results. The Mk 5 was not optimized for
power density, efficiency, durability, or cost and it was recognized that new generations of fuel
cells would be required for commercial applications.

In 1993, Daimler-Benz and Ballard commenced joint development of a high power-density fuel
cell stack for the automotive application, which was given the name "Mk 7." The first phase of the
program targeted demonstration in a passenger vehicle within 4 years. The objective was to
produce technology that is compact enough to power a car, is capable of operating in an
automotive environment, and has adequate transient response to fulfill typical automotive duty
cycles. The development of the technology to a level where it is commercmlly competitive with
other environmentally acceptable alternatives to the internal combustion engine will be the topic of
future phases.

NECAR I

The first task was the integration of the existing Mk 5 technology into a commercially available
vehicle, which was given the name NECAR, for New Electric Car. The purpose was to provide a
working platform to collect experience in the operation of a motive fuel cell power plant, and learn
about the requirements for technology advancement. It also provided assurance that the technology
is viable for the application, and that with development, can meet the requirements of the
commercial automotive market.

Mk 7 Fuel Cell Stack

The major objective of development of the Mk 7 stack was a dramatic increase in power density.
Analysis of practicable fuel cell systems for the car indicates that the power density of the fuel cell
stack must be at least five times greater than the Mk 5, which was the state of the art at the
beginning of the project. In addition, it was desired that the fuel cell be capable of operating on
reformed methanol, in preparation for future applications. The longevity target for the fuel cell was
at least 1000 hours to enable demonstration and collect experience. This represents a balance
between the need to test large numbers of designs, and operating conditions, and the eventual need
for 3000-5000 hours in a commercial product. Other requirements included operation on reduced
air and reactant flows, pressures, and humidification to optimize overall system performance, and

276



POW ET AL
-2-

operation in an automotive environment. Included are frequent start-up/shut-down, rapid load
changes, and vibration/accelerations resulting from both normal operation and impact.

Elaboration of the technology was conducted in four main technical areas; cell development,
membrane electrode assembly (MEA), stack engineering, and manufacturing process development.

Cell Development

Work started with investigation and screening of many design concepts, bipolar plate designs, and
flow field techniques to increase the specific power output, and reduce the volume and weight of
the cell. For example, a new flow field pattern was devised to make optimal use of the envelope
area, resulting in an increase of area utilization from about 36% to greater than 80%. Area
utilization is defined as the ratio of electro-chemically active area to cell-envelope area. The
remaining area is used for fluid headers, seals, and tie-rods. The increase was made possible by a
novel cell arrangement. The number of tie-rods was reduced from sixteen to four, the tie-rods were
located inside the gas headers, and the flow fields were routéd around the headers.

Membrane Electrode Assembly

The MEA development focused on designs to consistently provide good performance, under all
operating conditions, using the various fuel gas mixtures for the required lifetime. Many different
MEA designs were developed using combinations of a variety of the basic elements (membranes,
catalysts, and gas diffusion electrodes).

Designs were initially proven on a 1-cell basis, using beginning-of-life performance as the first
screen, and Mk 5 V-I curves as the performance baseline. Promising candidates were run for
1000 hours, to ensure adequate performance stability, and mechanical integrity over the period.
Preferred designs were operated in ten-cell stacks to prove operation in the serial configuration,
and to give statistical significance to the data.

Stack Design

Using successful designs of cells and MEAs, stack designs were produced. Included are details of
the MEA, the bipolar plates, seals, stack endplates, compression hardware, and tooling to enable
repeatable manufacture and dependable stack assembly. Success is determined by the ability to
produce stacks of approximately 150 cells that give full performance projected from 10-cell stacks.

Manufacturing Process Development

Manufacturing process development was conducted concurrently with the evolution of the design.
Early in the program, a study was conducted to review the manufacturing capabilities for the Mk 5
design, and project the suitability to the requirements for the emerging Mk 7 concepts.
Considerations included repeatability, reproducibility, tooling requirements, capacities,
capabilities, material logistics, and quality plan. A second study culminated in a model for
production volumes and cost reduction in various phases. These included laboratory scale, pilot
scale, pre-commercial, and finally full commercial production, representing increasing volumes
and decreasing costs over the next 15 years.

As concepts evolved to optimizerthe Mk 7, designs were reviewed regarding manufacturability.

Processes for manufacture at the increasing rates were conceptualized. Vendors were sought out
and qualified. Processes suitable for the laboratory scale production required during the course of
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this project were developed in detail. Suitable tooling was specified and purchased when possible,
modified if necessary, or designed and built otherwise. Prototype parts were produced and checked
to determine capability and cycle times of the processes, the tooling, and the operators.

Verification of Mk 7 Technology

Many cells, short stacks, and full sized stacks were built and tested during the program. The Mk 7
design has been tested for over 1 million cell-hours. Individual cells and 10-cell stacks have been
operated continuously for more than 2500 hours. To date,-production has included 17 full sized
stacks, dozens of short stacks ranging from 10 to 50 cells, and hundreds of single cells totaling
thousands of flow field plates and MEAs.

1
In addition to electrical performance and durability, many other aspects of the design have been
verified. These include long-term compatibility of materials, corrosion resistance, resistance to
vibration and impact, exposure to temperature extremes (including freezing), electrical isolation,
influence of cycling loads/fluid pressures. . . -

A photo of the Mk 7 side-by-side with the Mk 5 predecessor is shown in Figure 1, and a summary
of specifications of the two fuel cell stacks is contained in Table 1.

Figure 1: Mk 5 and Mk 7 Fuel Cell Stacks

Specifications Mk S Mk 7
Length (mm) , ) 650 650
Width and Height (mm) 250 . 250
Volume (liters) 32 32
Weight (kg) - 40 40
Number of Cells ) . 35 140
Power (kW) 5 32
Stack Efficiency - s 47% . 55%
Volumetric Power Density (W/1) 156- 1000
Gravimetric Power Density (W/kg) 125 800

Table 1: Summary of Speciﬁcati(;ns - Mk 5 and Mk 7 Fuel Cells
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NECAR II

A second fuel cell powered vehicle, based on the Mercedes V-Class Minivan, was assembled. The
system (including many improved components) was built around just two Mk 7 stacks, that
provided the same power as the twelve Mk 5 stacks in the NECAR 1. It proved to be
indistinguishable in driveability from a high-quality IC-engined model, except for its quietness,
and the lack of any harmful emissions. Average fuel efficiency is up to 40%, compared with

15% - 25% for an IC engine. A photo is contained in Figure 2, and technical specifications
highlighting the improvements owing to the development are summarized in Table 2.

Figure 2: NECAR II

Specifications NECAR1 NECAR II
Base Vehicle MB 180 MB V-Class
Gross Power (DC Electrical - kW) 50 50
Seating Capacity 2 6
Weight of Powerplant (kg) 1050 300
Top Speed (km/hr) 90 110
Range (km) 156 250

Table 2: Summary of Specifications - NECAR I and NECAR II

The vehicle has been operated for many-thousands of kilometers on test tracks and public roads
with no major problems. The fuel cells have consistently and reliably provided the full 50 kW for
which they were designed. The load is evenly shared from cell-to-cell and stack-to-stack. Adéquate
power is available to give satisfying performance even from a cold start, and the dynamic response
is excellent.

Concluding Comments

The program to develop an automotive fuel cell stack and demonstrate it in a passenger vehicle has
succeeded. There is clearly still much to be done in advancing the technology, establishing the
required infrastructure, assimilating fuel cell vehicles in production lines of automobile
manufacturing companies, and getting it into the hands of consumers. Notwithstanding these
challenges, the rapid advancements made in areas where there are justified objections to new
technologies for ultra-low and zero-emission vehicles, and the absence of any technical barriers
during development are continuing evidence that PEM fuel ceil technology may indeed be the
route to meeting our society's objectives towards clean mobility. -
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DIRECT FUEL CELL PRODUCT DESIGN IMPROVEMENT

H.C. Maru (Presenter) and M. Farooque
Energy Research Corporation
3 Great Pasture Road
Danbury, CT 06813, USA
203-792-1460 (phone)  203-798-2945 (fax)
ercthmaru@attmail.com

INTRODUCTION - Significant milestones have been attained towards the technology
development, field testing and commercialization of direct fuel cell power plant since the 1994
Fuel Cell Seminar. Under a 5-year cooperative agreement with the Department of Energy
signed in December 1994, Energy Research Corporation (ERC) has been developing the design
for a MW-scale direct fuel cell power plant, with input from previous technology efforts (1) and
the Santa Clara Demonstration Project (2). The effort encompasses product definition in
consultation with the Fuel Cell Commercialization Group, potential customers, as well as
extensive system design and packaging. Manufacturing process improvements, test facility
construction, cell component scale up, performance and endurance improvements, stack
engineering, and critical balance-of-plant development are also addressed. Major emphasis of
this product design improvement project is on increased efficiency, compactness and cost
reduction to establish a competitive place in the market. A 2.85 MW power plant with an
efficiency of 58% and a footprint of 420 m* has been designed. Component and subsystem
testing is being conducted at various levels. Planning and preparation for verification of a full
size prototype unit are in progress. This paper presents the results obtained since the last fuel
cell seminar.

PRODUCT DEFINITION AND DESIGN - Requirements for a baseline power plant have
been defined based on the ongoing interactions with potential customers, and a survey of
pipeline natural gas compositions, water supply quality, grid connection requirements, site
conditions and applicable regulations. Stack and balance-of-plant designs have been revised
substantially based on the experience gained under the Santa Clara Demonstration Project. It
became clear from the Santa Clara design that the power plant footprint was dominated by
rectangular fuel cell submodules and associated piping. The basic stack design was, therefore,
improved to increase cell size from 6000 cm? to 9000 cm?, and the number of cells in a stack
was increased to a maximum (300+), considering the limitations of transportation requirements.
The stacks are packaged in a cylindrical containers, and rather than insulating individual stacks,
the container itself is insulated. The net resultis a significant increase in areal and volumetric
power density. Two cylindrical modules with approximately 4m diameter are designed to
accommodate 8 stacks of approximately 375kW (DC) to provide 2.85MW (AC) in the
commercial power plant. The amount of piping was also considerably reduced, with a net result
of a compact power plant. Characteristics of a baseline power plant are summarized in
Table 1.

The footprint of this power plant is expected to be 420 m? (4500 fi%) as compared to about 3740
m? (40,000 f?) in the case of the Santa Clara Demonstration Project. On a m¥kW basis, this
is an order of magnitude reduction in footprint. A pictorial comparison of the commercial
design with the Santa Clara demonstration power plant is shown in Figure 1. An installed
capital cost update based on budgetary quotes from vendors indicates that projected cost of

280



MARUET AL
2-

$1250/kW (1995 dollars) is achievable with the new plant design. An independent stochastic
review using Monte Carlo simulation confirmed that the probability of meeting this goal is high
(>75%). Optional features such as operation on peak-shaving natural gas, grid-independent
operation and site conditions different from those designed for the baseline plant are also
planned to be offered, as shown in Table 1.

Table 1. SUMMARY OF COMMERCIAL DIRECT FUEL CELL POWER PLANT
DESIGN CHARACTERISTICS:
An Efficient, Cost Effective and Compact Unit is to be Offered

BASELINE UNIT SPECIFICATIONS |~
Plant Rating, Net AC 2.85 MW
Heat Rate (LHV) at Rated Power 6.22 % 10° J/KWh
(5900 BtwkWh, 58%)
Footprint <420 m? (<4500 ft?)
Maximum Emissions at Plant Rating
Sox < Detection Limit
No, < Detection Limit
CO, 350 kg/MWh (770 Ib/MWh)
Noise 60 dB(a) at 30m
Fuel U.S. Pipline Natural Gas
excepting peak-shaving
Installation Outdoor
Seismic Rating UBC Zone 2
Utility Connection Grid Connected )
15 kW breaker-class switchgear
Operation Unattended
MAJOR OPTIONS
L Peak-shaving natural gas, liquid fuel, and other special fuels
° Seismic Rating: UBC Zones 3 and 4
[ “Islanded” operation
L Cogeneration
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MANUFACTURING - ERC’s wholly-owned subsidiary, Fuel Cell Manufacturing
Corporation located in Torrington, CT, has been focusing on scalesup of cell component area
and production capability. On a three-shift basis, production capacity with the new 9000 cm?
cells is expected to be 17 MWiyear. The facility has already produced 3MW equivalent stacks.
New equipment has been installed for production rate increase as well as quality control. While
the capacity and production rates are increased, yields are being increased almost 20%,
simultaneously reducing thickness variation by 50%.

e T

_.w.....,_....;' A
LRGEND t‘
Figure 1. COMPARISON OF COMMERCIAL DESIGN WITH

SANTA CLARA DEMONSTRATION POWER PLANT:
An Order of Magnitude Decrease in Footprint (mkW) is Anticipated

AR N

Significant cost reductions have been achieved through design changes and weight reductions
through close cooperation with ERC and vendor development. A 3-fold reduction as compared
with previous design in cell component cost (on $/m? basis) is anticipated. ERC’s European
technology partner, Motoren-und Turbinen-Union Friedrichshafen GmbH, an affiliate of
Daimler Benz, has contributed a significant manufacturing advancement to reduce corrosion
protection cost.

TECHNOLOGY DEVELOPMENT AND VERIFICATION - This activity focuses on the
improved cell and stack designs to meet performance, endurance and cost goals. The first 9000
cm? area subscale stack has already been tested. The results show that the large area cell design
can achieve an excellent temperature uniformity. The second subscale stack is getting ready
for testing as of this writing. An intermediate-height stack test is planned before testing of the
full-height stack in 1997.

Prior to building the full-height stack, a stack simulator has been built for verification of
assembly procedures, manifold designs, new light-weight auxiliary hardware and gas flow
distribution designs. A photograph of the simulator is shown in Figure 2. The gas flow model
and the hydrodynamic experiments were utilized to define tall stack manifold designs for
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Figure 2. FULL HEIGHT 9000 cm®
CELL AREA STACK SIMULATOR:
Verified Assembly, Auxiliary Component
Designs and Flow Distribution

achieving uniform cell-to-cell flow
distribution. Less than 2% flow
variation between cells is projected. A
fuel cell “module” will contain four
full-size stacks. Design of the gas flow
distribution system within the module
was defined with the help of modeling
and cold flow tests. Flow variations
between stacks of less than 1% are
projected.

Construction of a 400kW subscale
power plant for integrated testing of a
full-height stack is expected to be
completed before the end of this year.
The system will also be used to verify
critical BOP equipment designs.
Significant test experience with
diffferent size stacks as well as Santa
Clara project has been accumulated.
Over 1000 MWh of electricity has
been produced, much of it supplied to
utility grid.

Demonstration of 2.85MW prototype
power plant is planned to be
constructed adjacent to ERC’s
Danbury, CT facilities. Work on
environmental and other permitting has
been initiated. Construction will begin
upon acquisition of necessary permits.

ACKNOWLEDGMENT - The support of DOE and DOD/DARPA for the system and
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support of METC Contracting Officer’s representative, Mr. Tom George, is greatly appreciated.
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STATUS OF MCFC STACK TECHNOLOGY AT IHI

M.Hosaka, T.Morita, T.Matsuyama and M.Otsubo
Ishikawajima-Harima Heavy Industries Co., Ltd.
Tokyo, Japan

1. INTRODUCTION

The molten carbonate fuel cell (MCFC) is a promising option for highly efficient power
generation possible to enlarge. THI has been studymg parallel flow MCFC stacks with internal
manifolds that have alarge electrode area of 1m2. THI will make two 250 KW stacks for MW
plant, and has begun to make cell components for the plant. To improve the stability of stack,
soft corrugated plate used in the separator has been developed, and a way of gathering current from
stacks has been studied. The DC output potential of the plant being very high, the design of
electric insulation will be very important. A 20 kW short stack test was conducted in 1995 FY to
certificate some of the improvements and components of the MW plant.

These activities are presented below.

2. SPECIFICATIONS OF 250 kW STACK

250 kW stacks will be installed at Kawagoe Power Station in 1998 FY. The 250 kW stack,
shown in Fig.1, piles up two 125 kW sub-stacks in series. The sub-stack has 140 cells, that half
of the cells, i.e., 70 cells, are making a block on an intermediate holder and the other are under the
holder. Each 70 cells' block is compressed by springs instead of air bellow used for past stacks.
Two 250 kW stacks and the sub-stacks are electrically connected in series, and generate total of
over 500 volts at OCV. Thermal insulation will be set both around the vicinity of stack and
outside of the vessel. We plan to monitor the performance every 5 cell instead of every cell as
usual, because wiring a great deal of cable in a vessel is difficult and increases the probabilities of ’
causing leakage current. The number of cable is still great and should be much fewerin a future.

3. II\/IPROVEMEN’I’S OF STACK TECHNOLOGY

(1) Structure of separator

THI has been adopting internally manifolded stack concept. It is important to keep good contact
among cell components for both of effective area and wet seal area including internal manifold.
Heights of cell components will change during long term operation at high temperature, To follow
the thickness change of cell components, we select soft corrugated plate setting in the separator
under wet seal. The soft corrugated plate shown in Fig.2 has elastic and plastic characteristics as
shown in the figure. Though the corrugated plate shows relaxation for the first time load cycle, the
curve does not change after that. It is sufficient for the soft corrugated plate to follow the
component's thickness change. The corrugated plate also keeps strength enough under the high
temperature operation by creep analysis.

(2) End cell performance

Most of the full sized stack we have tested before shows that the perfoxmances of end cell were
usually lower than the other cells. This is mainly caused by the way of taking out load current
from terminals of end plate. The current distribution of the end cell is affected by the potential
distribution of the end plate, that gathers current from the stack. Fig.3 shows the potential
distribution in the end plate, in case of the same current among the terminals. The current
distribution vertical to the flow direction in a cell will bring fuel utilization's distribution non
uniform among channels in a separator. This distribution reduces the performance, and according to
circumstances this increases the decay rate of end cell. .
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(3) Insulation

Stacks in the plant will produce high electrical potential. Piping, measuring cables, heater
plates and holding system connected with stack should be highly insulated not to come about
leakage current. Ceramic fiber or glass fiber is usually used as insulating sheet or covering. This
material must be taken notice of these lowering electric non-conductance at high temperature. To
reduce the probability of occurring leakage current by measuring cables, the cell's potential will be
measured by every 5 cell instead of each cell as usual.

4.20 kW SHORT STACK TEST

The 125 kW sub-stacks for the MW plant will be done pre-treatment and partial generating test
at the factory of IHI. Then the stack will be transported by trailer to Kawagoe Power Station where
MW plant will be constructed. Therefore the sub-stack should be gotten thermal cycling before
operation at Kawagoe. :

20 kW short stack was tested fo certify cell components that will plan to be used for the 125
kW sub-stack, and to predict the performance of MW plant after thermal cycling. Fig.4 shows the
20 kW stack, which was installed in a pre-treatment vessel at IHI's atmospheric 50 kW stack test
stand. The stack had two holding system, one was the current air bellow and the other was spring.
To simplify holding system, the air bellow of the stack was removed during the thermal cycling,
simulating operation without air bellows at Kawagoe.

(1) Results of test

Stack operating history is shown in Fig.5. Excepting for the hours of the planned thermal
cycling, the stack completed a total of 1,793 hot hours with 1,536 hours of on-load operation and.
generated 26 MWh electric power. Fig.6 shows performance of each cell before and after thermal
cycling, There was no effect on stack performance as a result of the thermal cycling. Gas leakage
and short current were almost little there.

(2) Prediction of 250 kW performance

The gas composition, being fed to the cathode side in MW plant, have very low concentration
of carbon dioxide and oxygen. We usually take data at higher concentration than MW condition.
Recently Morita et al. proposed a correlation of cathode overpotential [1], which stands up even if
at the low concentration. Fig.7 shows the relation to be good for performances of stacks [2]. The
stack showed good performance at simulated MW condition, and got over the planned values. The
decay rate of the stack under the simulated continuous operation of MW plant also satisfied them.

5. CONCLUSION

(1) The design of the stack for MW plant has been making a step forward, especially in the
concept of soft separator and in the way of gathering current from the stack.

(2) 20 kW short stack test to certificate cell components of 250 kW stack satisfied the planned
performance of MW plant.
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DEVELOPMENT OF LARGE SCALE INTERNAL REFORMING
MOLTEN CARBONATE FUEL CELL

A. Sasaki, T. Shinoki and M. Matsumura
Mitsubishi Electric Corporation
Advanced Technology R&D Center
1-1, Tsukaguchi~Honmachi 8 Chome,
Amagasaki, Hyogo 661, JAPAN

INTRODUCTION

Internal Reforming (IR) is a prominent scheme for Molten Carbonate Fuel Cell
(MCFC) power generating systems in order to get high efficiency i.e. 55—60% as based
on the Higher Heating Value (HHV) and compact configuration. The Advanced Internal
Reforming (AIR) technology has been developed based on two types of the IR—MCFC
technology i.e. Direct Internal Reforming (DIR) and Indirect Internal Reforming (IIR).
The outline of development plan is shown in Fig.1.
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0.5m —— 1m®

CROSS FLOW COUNTER FLOW

| DIR (NEDO) ]
3kW 5kW  5kwW 30kW (13,400h)

(11,500h) f ERIFICATION
\10kw HOKW of SCALE-UP =

(10,300hj 30kwW AMBIENT
30kW 200kW
—_ | .. » (New Design,
I AIR (NEDO) l -------- Atmospheric Test)
/ 10kW 10KW - i b‘kw lPRESSURlZED

IIR (KEPCO) I EIRVERIFICATION of LONG|
N LIFE & HIGH POWER]E -
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. H PRESSURIZED SYSTEM PROPOSED
Fig.1 Outline of Development Plan at Mitsubishi Electric Corp.

The main targets of AIR concept are scale—up (Im 2 cell, 200kW stack), life
elongation up to 40,000hours and high power density (pressurized) operation of IR
stacks. Two 10kW AIR stacks of which electrode area is 1m % have been manufactured
and tested, recently. One stack is operated at the atmospheric pressure and another
stack is operated at 0.5MPa, which is the first pressurized IR stack in the world. In this
paper, the AIR technology for large scale cells is reported laying stress on the
performance of these two stacks.

LARGE CELL (im ? ) ADVANCED INTERNAL REFORMING (AIR) STACK DESIGN

The AIR configuration consists of plate reformers piled in every 6 cells and
catalyst beds also installed in the anode gas channels. The AIR is elegant scheme in
order to reduce the stack cooling duty and to get suitable temperature distributions in
the stack.

It is the point to optimize the temperature distribution in order to develop
large scale and high power density IR stacks. The temperature distribution dominates
performance and life characteristics. It is significant to make energy balance between
endothermic reforming reaction and exothermic cell reaction, locally as well as totally in
the IR stacks. Triple gas flows ie. fuel gas (LNG+steam), anode gas and cathode gas
are arranged in the 1 dimensional configuration, as for the 1Im 2 cell IR stacks. Fig.2
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shows such AIR stack configuration. The bipolar plate configuration used in the Im?
cell is also shown in Fig. 3. The counter flow scheme is adopted between the anode gas

ANODE GAS OUTLET-
ﬁ CATHODE GAS INLET ANODE RELATIVE HIGH TEMP. CAJHODE

MATRIX ik INLET INLET
ANODE BIFOLAR PLATE \\
& = Surace}
AT 1 8 “;\%‘2'\;% 2nd REFORMER R\
MG 2] (ANODEGAS \\
ﬂ CHANNEL)
1st REFORMER. Ry z
LATE) I REFORMING
L CATALYSTS g
ANODE GAS — FUEL(I].“EEI_STEAM) CATHODE
CATHODE GAS =— 1st REFORMER OUTLET R (o) o
OUTLET
Fig. 2 AIR Stack Configuration Fig. 3 1m? Bipolar Plate Configuration

and the cathode gas. This 1 dimensional flow configuration makes the temperature
distribution simple in the cell plane, so that the thermal design should be easy and
generallized.

1m 2 —10kW AIR STACK for ATMOSPHERIC PRESSURE OPERATION
The code name of a Im?%—10kW AIR stack for atmospheric pressure
operation is AIR100—1. The specification of AIR100-1 is shown in Table 1 and the

situation of installing is also shown in Photo 1.

Table 1 Specification of AIR100—1

Capacity 10kW

Electrode Area | Im?

Electrolyte LK

Reforming Advanced IR
Cell Number 12

1st Reformers | 2 (3—R~6—~R-—3)
Gas Flow Counter Flow
Pressure 0.1MPa

Photo 1 Instalfation of AIR100—1

The initial performance as the average cell voltage is 0.791V at the current
density=150mA/cm 2, when the fuel is the city gas (Japanese code:13A, natural gas) at
the steam to carbon ratio=3, the fuel utilization is 80%, the oxidant is Air/CO 2 =70/30
and the oxidant utilization is 30%. This value is higher than data of 0.5m ? AIR stacks
je. 078V at the maximum, so that the stack design which uses large cells is
satisfactory. The individual cell voltages are shown in Fig. 4. The AIR100-1 stack has
been operated stably since February 1996. The operation time is 3,410hours (the power
generating time:3,211hours) and the total generated electric power is 39MWh on August
9, 1996. The voltage decay rate is about 5mV/1,000h up to now, including scheduled
thermal cycle once.
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Fig. 4 Initial Performance of AIR100—1 Fig. 5 Temperature Distribution
in the Cell Plane of AIR100-1

A typical temperature distribution in the cell plane of AIR100—1 is shown in
Fig. 5. The 1 dimensional tempcrature gradient is almost attained in the direction of the
cathode gas flow. The inlet side of the cathode (the outlet side of the anode), where the
temperature is relatively low, is utilized to elongate the catalyst life of the 2nd reformer.
Furthermore, the cathode gas outlet temperature is the maximum so that it is easy to
perform the temperature control of the stack and to recover the exhaust gas energy
form the stack. The progress in the thermal design of IR stacks is shown in Fig. 6 and
7. This is the design concept to raise the average operating temperature, keeping the
maximum temperature constant and also keeping the cathode gas flow rate decreasing.

~—— : AIR, 1m?, Counter Flow, 10kW, 12cells ('35 Design) 660
...... : AIR, 0.5m2, Cross Flow, 10kW, 20cells (93 Design)
2 —-: DIR, 0.5m?, Cross Flow, 30kW, 57cells (92 Design) |
- - TARGET
= o *
< 20 - §40¢
3 g o
[
(1) L.
3. F A
< [+
Z 4 w 620[-
2 %‘ @ :AIR, tm3 10kW, Counter
s | | 0 sAIR, a5, 10kW, Cross
5 - & :AIR, 052, 30KW, Cross
g A :DIR, 0S¥, 30kW, Crass
[T T 1
0 iy P A Y 3 6000 10 20
520 540 560 580 600 620 640 660 6830 700 CATHODE GAS FLOW RATE
TEMPERATURE [C] {Net, Normalized:Nm® /h/kW]

Fig. 6 Progress of Temperature Distributions Fig.7 Progress of Thermal Balances
of IR Stacks of IR Stacks

1m? —10kW AIR STACK for PRESSURIZED OPERATION

The code name of a 1mZ%—10kW AIR stack for pressurized operation is
PIR100—1. The specification of PIR100—1 is shown in Table 2 and the situation of
installing is also shown in Photo 2. This stack uses Li/Na electrolyte instead of LVK in
order to reduce Ni dissolution at the pressurized operation. PIR100—1 shows 0.851V at
150mA/cm 2, 0.781V at 250mA/cm ? and 0.745V at 300mA/cm 2, when the fuel is
CHyH20=25/75, the fuel utilization is 80%, the oxidant is AIR/CO.=70/30, the oxidant
utilization is 20% and the operating pressure is 0.5MPa. Fig. 8 shows the i—V curve and
Fig. 9 shows the power density. 22kW/m ? as the power density of MCFC stacks is the
highest record in the world. PIR100—1 has been operated since March 1996. The
operation time is 2,871hours (the power generating time:2,007hours and the continuous
250mA/cm ? operation time:500hours) on August 9, 1996.
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Table 1 Specification of PIR100—1

Capacity 10kW
Electrode Area | 1m?
Electrolyte Li/Na
Reforming Advanced IR -

Cell Number 8

1st Reformers 1 (4—R-4)
Gas Flow Counter Flow
Pressure 0.5MPa

Photo 2 Installation of PIR100~-1
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210 \‘* 2 20 L)
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209 = \\ £1s
= S, o Z
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us (Inhouss, 0.1MPa) P “% {Inhouse, 0.1MPa)
Q 07 w05
Z =
& °
g 0.6 oo 2
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CURRENT DENSITY [mA/cnt'] CURRENT DENSITY [mA/cnt]

Fig. 8 i—V Characteristcis of PIR100—1  Fig. 9 Power Density Curve of PIR100—1
CONCLUSIONS

The performance of Im? AIR stacks is better than those of 0.5m? AIR
stacks. The temperature distribution in the 1m? cell plane is satisfactory due to 1
dimensional counter flow scheme between the anode gas and cathode gas. A 200kW AIR
stack for atmospheric pressure operation has been developed, adopting and checking this
AIR design concept. The operation of this 200kW stack is scheduled to be at the
Japanese electric utility site in 1999,

The life characteristics of pressurized AIR operation have been also evaluated
in parallel with scale—up. The target is to operate the long life and high power density
AIR stacks. The IR stack technology will be completed when the scale—up technology
by the 200kW development and the long life/high power density technology by the
pressurized short stacks fuse into one.
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Progress of MCFC Stack Technology at Toshiba

M.Hori, T.Hayashi, and Y. Shimizu
Toshiba Corporation
1-6 Uchisaiwai-cho, Chiyoda-ku, Tokyo 100,Japan

Introduction

Toshiba is working on the development of MCFC stack technology;
improvement of cell characteristics, and establishment of separator
technology. For the cell technology, Toshiba has concentrated on both the
restraints of NiO cathode dissolution and electrolyte loss from cells, which
are the critical issues to extend cell life in MCFC, and great progress has
been made. On the other hand, recognizing that the separator is one of key
elements in accomplishing reliable and cost-competitive MCFC stacks,
Toshiba has been accelerating the technology establishment and
verification of an advanced type separator. A sub-scale stack with such a
separator was provided for an electric generating test, and has been
operated for more than 10,000 hours. This paper presents several topics
obtained through the technical activities in the MCFC field at Toshiba.

1.Cell Technologies

Fig.1 shows the progress of single-cell performances since 1990 at Toshiba.
By taking a few countermeasures to restrain the NiO cathode dissolution
and the electrolyte loss, great progress has been made in the improvement
of cell performance since 1992.

1

& {—wowhcmlm Loss)

Q 0‘8 \

&

_S \

E 0.6 1990°Tile) 1992 (Matrix and Reinfoced Anode)

3 04l Tata, 923K

150mA/em?, Up,=40%
0‘2 1 1 1
0 5,000 10,000 15,000 20,000

Operation Time (hours)

Fig.1l Progress of single-cell performances

1.1 Restrai £ NiO hode d I '
To restrain the cathode dissolution, Toshiba has discovered three kinds of
effective countermeasures; a LiFeO: layer, an out-of-cell oxidized NiO
cathode, and a Li2COs-Na2CQOs eutectic electrolyte. Fig.2 shows the Ni
amount detected in the electrolyte layers of a conventional cell with in-situ
oxidized NiO cathode and an advanced cell adopting the countermeasures
after holding both the cells in 70Air/30C0: at 923K for 50 hours. By
taking such countermeasures, the NiO dissolution rate could be reduced to
about 1/20. Fig.3 shows the electric generating test results for a single-cell
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taking the countermeasures. The test was conducted under the
accelerating condition of various CO:z partial pressures from 0.3atm to
3.0atm. In the figure, the operation time on the horizontal axis was
expanded by the accelerating times of COz partial pressures. From the
figure, it is estimated that at least 20,000 hours could be expected as the
cell life from the NiO cathode dissolution point of view.
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Fig.2 Comparison of Ni amount Fig.3 Performance time change of the
in electrolyte layers cell with the countermeasures

1.2 Restraint of electrolyte loss

Toshiba has considered that the electrolyte loss from cells is mainly caused
by the particle growth of y -LiAlO: adopted as an electrolyte support
material, and has examined whether « -LiAlO:2 could be applied, in place of
y -LiAlOz, as the electrolyte support material. Fig.4 shows the SEM
photographs of y -LiAlOz and « -LiAlO:2 after holding them in
36Air/16C02/48H20 at 923K for 5,500 hours. The particles of «-LiAlO:2
didn't grow, while that of y -LiAlOz grew. Judging from these results, «-
LiAlO:z would be superior to 7 -LiAlQz for the electrolyte support material.
In order to verify the stability of «-LiAlOg, an electric generating test is
being conducted on a single-cell with « -LiAlO:z as the electrolyte support
material. The test result to date is shown in Fig.1 as a performance time
change with an additional remark of 1996. Even beyond 10,000 hours, the
excellent cell characteristic is-Being obtained.

[
®
3

Y. L ¥ ®
y -LiAlOz2 Matrix 7
Fig.4 Particle growth of y -LiAlOz and « -LiAlO2
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2.Stack Technologies
Fig.b shows a conceptual illustration of a MCFC stack using the advanced
type separator Toshiba has developed. The separator is an internal
manifold type, and is flexible configuration. The separator is composed of
thin sheets of metal such as 0.3-0.4 mm in thickness. A kind of spring
element is incorporated into the edge sealing portions of the separator.
The flexible configuration will meet the two important requirements to the
separator; electrical contact of cell repeating parts, and reactant gas sealing
(wet sealing) along the separator edge.

Inter-connector
Fig.5 Conceptual illustration of MCFC stack with advanced type separator

To make a preliminary evaluation of the practicability of the advanced type
separator, a sub-scale stack, which is composed of three 1200cm? cells and
four separators with the flexible configuration, were provided for an electric
generating test. Fig.6 shows the test results. Even beyond 10,000 hours,
the stack is still being operated and the separators are maintaining their
functions.

1.2 I
- e . sav g s @
1.0 0.CV.
SN
QO
2 o6 | 150mA/em®
£ 0.
=3
= 04 |
S lata, 923K
02 | 4 thermal cycles Up=40%
0.0 ! :
0 5000 10000 15000

Operation Time (hours)
Fig.6 Electric generating test results of a sub-scale stack
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Toshiba is proceeding to develop the manufacturing process technologies of
full-sized flexible separator, electrodes and « -LiAlO2 matrix. Fig.7 shows

the «-LiAlO2 matrix-tape manufactured by a continuous tape caster.

o

Fig.7 «-LiAlOz matrix-tape manufactured by a continuous tape caster
ull-gi T ifi

Incorporating all technical knowledge mentioned above, Toshiba has

‘fabricated a full-sized cell stack. Fig.8 shows the stack mounted on a test

stand. The test for evaluating gas leakage will be conducted on this stack
soon,

i ‘. o ,

Fig.8 Full-sized stack mounted on a test stand
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DEMONSTRATION OF DIRECT INTERNAL REFORMING
FOR MCFC POWER PLANTS
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1. Introduction

The conversion of methane into hydrogen for an MCFC by steam reforming is
accomplished either externally or internally in the stack. In the case of external
reforming the plant electrical efticiency is 5% abs. lower mainly because more
parasitic power is required for air compression for stack cooling [1]. Further-
more, heat produced in the stack must be transferred to the external reformer to
drive the endothermic steam reforming reaction giving a more complex plant lay-
out.

A more suitable and cost effective approach is to use internal steam reforming
of methane. Internal reforming may be accomplished either by Indirect Internal
Reforming (IIR) and Direct Internal Reforming (DIR) in series or by DIR-only
as illustrated in Fig. 1. To avoid carbon formation in the anode compartment
higher hydrocarbons in the feedstock are converted into hydrogen, methane and
carbon oxides by reaction with steam in an adiabatic prereformer [2] upstream
the fuel cell stack. :

This paper discusses key elements of the design of both types of internal
reforming and presents data from pilot plants with a combined total of more than
10,000 operating hours. The project is being carried out as part of the activities
of the European MCFC Consortium, ARGE [3].

2. The IIR/DIR-system

Depending upon the operating temperature and the steam-to-carbon ratio 60-90%
of the methane fed to the MCFC is steam reformed in the IIR-chambers. The
remaining methane must be steam reformed in the anode chamber to reach a
high fuel utilization and a high plant electrical efticiency. Catalyst pellets may
be used but a more elegant solution allowing easier cell assembly is catalyzed
hardware [4] where the surfaces of the cell hardware are covered with a thin
layer of steam reforming catalyst. The performance of catalyzed hardware has
been demonstrated in the [IR-chambers of a pipeline natural gas (PNG) fuelled
7 kW MCEFC pilot plant at Efkraft’s facilities in Kyndby with no deactivation as
illustrated in Fig. 2.

The catalyst in the anode chamber, whether as pellets or catalyzed hardware, is
susceptible to poisoning by alkali resulting in loss of catalyst activity. In the
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IIR/DIR system the catalyst in the anode chamber must retain a few percent of
its original activity to reach a 95% methane conversion for the lifetime of the
fuel cell stack [4]. Data from a PNG fuelled 8 kW pilot plant from 1994
operated at Elkraft’s facilities in Kyndby (Kyndby II) show that long catalyst life
in the anode chamber can be achieved as illustrated in Fig. 3.

3. The DIR-only System .
The stack cost can be substantially reduced by omitting the IIR-chambers an
performing the internal reforming only by DIR. However, in this case the
amount of catalyst that can be placed in the anode chamber is limited. A large
amount of catalyst will result in a severe and stack damaging temperature drop
in the anode inlet area during the initial period of operation when the catalyst is
highly active. On the other hand, a small amount of catalyst will result in short
catalyst lifetime and, thereby, low stack efficiency.

A novel catalytic system which avoids the stack damaging temperature drop
while maintaining sufficient catalyst lifetime has been developed. A mathematical
model has been derived for the MCFC stack. Model computer simulations were
performed to define an optimal catalyst (activity) distribution in the anode
chamber. Fig. 4 shows the calculated temperature distribution for a DIR-only
MCFC stack at typical start of run conditions. The calculated methane
conversion exceeds 99%.

A new type of internal reforming catalyst is used in the anode inlet area. The
start-of-run activity of the catalyst has been tuned to match the required activity
as defined by the model calculations. Accelerated out of cell experiments in an
alkali poisoning reactor indicate that the activity close to stack end-of-life is
similar to catalysts used in the anode chamber of the IIR/DIR-system. The cal-
culated temperature profile close to the end-of-life is shown in Fig. 5. The
corresponding methane conversion is above 97%.

An 8 kW DIR-only pilot plant experiment for validation of the model is planned
at Elkraft’s facilities in Kyndby (Kyndby II) during the fall of 1996.
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Figure 2: Equilibrium temperature exit IIR-chambers with catalyzed hardware
in 7 kW MCEFC pilot plant. The constant equilibrium temperature indicates no
deactivation. The MCFC stack was delivered by ERC.
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Figure 3: Methane leakage exit anode chamber in 8 kW pilot plant illustrating
good performance of the anode chamber catalyst. The plant was at constant load
from 2000-6000 hours of operation. The anode exit gas is in chemical
equilibrium at the last data point (6200 hours) taken at low fuel utilization. The
MCEFC stack was delivered by ERC.
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STATUS OF THE M-C POWER IMHEX® MCFC COMMERCIALIZATION PROGRAM

René M Laurens*, Joseph A Scroppo, Randy J Petri and Thomas G Benjamin
M-C Power Corporation
8040 South Madison Street
Burr Ridge, IL 60521 U.S.A.
Phone 708.986.8040 Fax 708.986.8153

COMMERCIALIZATION and MARKETING STATUS

Six years ago, M-C Power (MCP) developed a comprehensive business plan to commercialize molten
carbonate fel cell (MCFC) power plants. On an annual basis the plan has been reviewed and modified
to adapt to identified end user needs and technological advancements. As a result, product definition kept
abreast with marketing requirements. Over the last five years, there was order and reason for subtle shifts
in supply, demand, competition and pricing policies. Today, however, traditional market assessment
assumptions must be challenged. There is a revolution taking place. The revolution can be summed up
inone word. .. deregulation. Deregulation of the airline industry led to consideration of the natural gas
industry. Now that natural gas deregulation is behind us, it is electric power and telecommunications that
are receiving attention. Increased emphasis is being placed on achieving market-priced power. The net
result will be thinner margins for the seller and the end user. What does this mean for the
commercialization of molten carbonate fuel cells ?

The imminent electric market restructuring will create new forces that will move the MCFC market in
new directions. First, the energy customer will enjoy a wide range of choices for electric power and
services. Efficiency improvement, power quality and on-site generation will be at the top of the purchase
menu. Then, creative electric pricing programs will emerge and price indexing will become common.
Under mature deregulation, energy options for large industrial and commercial customers will be
optimized based on specific customer requirements. Restructuring is likely to cause transmission
congestions as participants move away from regulated transmission activities. Transmission congestion
within sensitive air basins will provide the opportunity for strategic placement of MCFC power plants.
The extremely competitive nature of wholesale power generation suggests that MCFC applications are
best suited for placement at or near customer sites. Thus, MCFC power plants can compete in a retail
market while exploiting their environmentally benign characteristics.

After the Year 2005, power generation capacity shortages are likely because of retired, stranded
generating assets. Mature market electric power pricing in the deregulated environment will only result
after restructuring is completely implemented nationwide. This means that full electric price reductions
will not occur until around the Year 2005. Considering electric restructuring, the U.S. Department of
Energy is predicting stable natural gas prices through the year 2015, increasing by only 1.5 % per year.!
Although a high fuel gas price enhances the benefits from the high efficiency characteristics of the MCFC
power plant, our analyses reveal that four opportunity segments will remain in the deregulated
environment. These four market segments are:

Market Segment 7 Representative Business
1. Commercial facilities ] Hospitals, hotels, offices and retails establishments.
2. Industrial manufacturing Textile mills, paper and allied products, chemicals, glass and primary
- metals.
3. Off-site power generation Distributed generation; supports electric distribution system.
4. Opportunity fuels Landfill gas, sewage treatment digester gas, refineries, petrochemical

plants, chemical and allied products.
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Hospitals have the most favorable energy use characteristics of any commercial building for on-site
cogeneration systems. They are electrical-energy intensive, require significant thermat energy and their
energy use pattern is fairly constant- that is, it does not diminish appreciably at night or on weekends and
holidays. Additional candidates include: other kinds of health care facilities such as nursing homes and
convalescent center, prisons and hotels.

Distributed generation, as presented here, is power capacity that is owned by the electric utility and is
classified as distribution assets rather than as a generation asset. The initial distributed generation
applications of MCFC's will be in areas where electrical transmission and distribution costs are the
highest. Other high priority uses will be areas where a utility can defer or cancel new substation
construction or upgrades. During the Years 2000 to 2005, fuel cells could capture as much as 500 MW
of capacity. '

The primary uses for MCFC's in industrial manufacturing is for cogeneration and manufacturing plant
emission reduction. Opportunity fuels in the petroleum refinery, petrochemical and chemical industries
include hydrogen and carbon monoxide. Methane from Jandfills and waste water treatment plants are also
considered opportunity fuels.

TESTING and TECHNOLOGY DEVELOPMENT

Full-area, short height stack testing. Short height, full-area stack testing is conducted to verify stack
design changes or qualify components used in full height prototypes. MCP conducted one full-area, short
height test (MCP-7) to qualify the components for the Naval Air Station (NAS) Miramar demonstation.
The principal objectives of the test were to verify: 1) performance of the components, 2) the effect of
increased negative fit up, 3) the effect of integrated feed rails towards reducing the cell pressure drop,
and, 4) unattended stack test operation. A brief summary of the results obtained is given below.

Performance- Figure 1 contains typical MCP-7 polarization data. The polarization was conducted at
1 atm and 75% fuel utilization at 160 mA/cm?, using system gases (simulated cathode recycle power
plant gases). The test duration was 2,369 h with 1,050 h of steady state operation on simulated power
plant gases. The average power produced on system gases at 1 atm equates to 19.6 kW (~1kW/cell) at
160 mA/em?,

Fit up- Negative fit up is used to ensure good seal pressure in the gas manifold area while maintaining

Figure 1. MCP-7 Polarization the ability of the rail to follow cathode
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] 4\'_\ A E_ not the case. In fact, we noted a slight

T 16 A7 15 ‘g improvement, or reduction of resistance
s \j Ay ’ 5 by3.4%, over previous data.

= 14 10 o

g 12 / \ s g Integrated feed rail- Previous plate

designs used pressed/machined pieces to

10 . 0 distribute reactant gases. A total of ten

0 500 1000 1500 2000 (10) feed rails were used; manufucturing

Load, A was costly and time consuming.

Integration of the feed rails into the main plate not only reduced plate cost but provided the added benefit
of reduced cell face pressure drop. Data collected during MCP-7 revealed a 5% reduction in pressure
drop when compared with other short height stacks for a wide range of cathode flows.
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Unattended operation- To meet low operating cost and remote siting capabilities an MCFC-based power
plant must operate unattended. The MCP test facility control system was improved to enable this type
of operation. During MCP-7, the facility operated 1,300 h jn this mode and responded well to both
scheduled and unscheduled power outages and other simulated tests.

Prototype testing. We completed the construction of our second prototype 250 kW full height stack.
The first stack-- installed at Unocal's Fred Hartley Research Center -- was not successful. Consequently,
MCP stopped manufacturing of the Miramar stack and conducted an extensive review of its component
manufacturing, assembly, conditioning, transportation, field installation and startup procedures. While
the stack produced 80 kW in the acceptance test facility (ATF), the review team identified that the most
probable causes for the lack of stack performance were the in-field oxidation of the anodes and loss of
clamping pressure. In addition, the team identified 48 issues where improvement was needed. The great
majority of these were implemented. A summary of the significant changes made to ensure the success
of the NAS Miramar stack is presented below:

Manufacturing- Modified procedures yielded much improved component tolerances. In general, the
manufacturing teams achieved tolerances of + 2 mils on components with areas in excess of 10,000 cm?

Assembly- A comprehensive three-dimensional, finite element, thermo-mechanical stack asembly model
was completed. The model enables stack engineers to evaluate the effect of stacking tolerances on gas
sealing requirements and active area contact forces. The mode] was validated via a series of live stack
assembly tests of from 50 to 250 cells that were instrumented with a real-time strain gauge system as well
as pressure sensitive film. The computer simulations and live
Figure 2. NAS Miramar 250 kW Stack assembly tests confirmed that force distribution plates are
needed to realize good gas seals and electrical contact. The
verified model was then used to specify the number, spacing
and thickness of these force distribution plates. Figure 2
shows the assembled Miramar stack; a total of 9 such
“intermediate”, or force distribution plates were used.

Conditioning- Several bench scale tests were made to
validate the procedures to be used for conditioning the
Miramar stack. Redundant equipment and instrumentation
were added to the acceptance test facility to enhance its
reliability. The actual conditioning process for the NAS
Miramar stack was uneventful. We met the 200 hours goal
setfor on-load operation in the ATF, with over 150 hours of
operation at 25% load; using simulated power plant gases
setat 60% fuel utilization. The maximum power output was
104 kW for a six hour period. The maximum load could not
be sustained due to facility cooling limitations. To prevent
loss of clamping pressure after stack conditioning -- 2 key®
recommendation made by the review team-- a redundant
spring clamping system was installed. -

Transportation and Field Assembly- Figure 3 shows the power module leaving the MCP manufacturing
facility. The procedures used for transportation of the NAS Miramar stack were identical to those used
for the Unocal stack. Confirmation testing after stack arrival at Miramar revealed no adverse effects due
to transportation. The field stack assembly was completed on schedule and the power module is ready
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for integration after the startup test(s) are completed on the balance of plant (BOP) equipment.
Redundant stack height measurement systems, another key recommendation made by the review team,
were installed and verified by MCP engineers.
i er module

Figure 3. NAS Miramar pow: Market  Entry  Component
Development. To achieve market
entry performance, life and cost
requirements, MCP has modified
the existing cell package
components using a continuous
improvement approach. Particular
emphasis was placed on the
development and scale up of a
sodium-based electrolyte and a Ni
dissolution resistant cathode.

For example, the IMHEX team
completed a very successful series
of bench scale tests using first and second generation stabilized cathodes. Detailed results for the solid
solution cathodes are given elsewhere.> Here, a brief description of the results obtained from a new,
second generation stabilized cathode are given. The test completed 10,000 h of operation, including more
than a year on load with simulated power plant system gases. The cell operated at 3 atm pressure at a

Figure 4. voltage of 763 mV at 160

mA/cm?, with flows set for
New, Lower Cost Stabilzed 60% fuel utilization. There

1000 was no discernable decay.
The on-load lifegraph is

. 800 p —— shown in Figure 4.

E

g 600 The new cathode in this test
g Performance at 60% UtF, 160 mA/cm2, Systems Gases is projected to be 6%less
g 40 expensive to produce than
& ‘ the current state-of-the-art
200 NiO cathode and 69%less
expensive than the first
0 . generation stabilized
0 2000 4000 6000 8000 1000 cathodes. In addition, the

Operating Time, h e
P 9 lower cost stabilized

cathode is easier to manufacture, with higher production yiclds and increased strength in the sintered state.

CONCLUSIONS and FUTURE OUTLOOK

The MCP marketing and product development efforts have been described. The business plan clearly
establishes a preferred commercialization path-- adjust t6 an ever changing utility industry and fit the key
entry areas. Technically, we are positioning ourselves for these new market entry areas via the
development and readiness for full-scale testing of new components that meet the performance and life
goal requirements. Thus, MCP is ready to meet the challenges of an exciting and ever-changing utility
industry future.
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ANSALDO PROGRAMS ON FUEL CELL VEHICLES

Bartolomeo G. Marcenaro and Flavio Federici
Ansaldo Ricerche Sil
Corso Perrone 25
16161 GENOVA -ITALY
Tel. +39-10-6558427
Fax. +39-10-6558104
marcen@ari.ansaldo.it

The growth in traffic and the importance of maintaining a stable ecology at the
global scale, particularly with regard to atmospheric pollution, raises the necessity
to realise a new generation of vehicles which are more efficient, more economical
and compatible with the environment.

At European level, the Car of Tomorrow task force has identified fuel cells as a
promising alternative propulsion system.

Ansaldo Ricerche has been involved in the development of fuel cell vehicles since
the early nineties. Current ongoing programs relates to:

¢ Fuel cell bus demonstrator (EQHHPP BUS) 7 Test in 1996
» Fuel cell boat demonstrator (EQI-]I-IPP BOAT) Test in 1997
o Fuel cell passenger car prototype (FEVER) Test in 1997
o 2nd generation Fuel cell bus (FCBUS) 1996-1999

s 2nd generation Fuel cell passenger.car (HYDRO-GEN) 1996-1999

EQHHPP FC BUS

This project, first announced during 1992 Fuel Cell Seminar, concerns the
realisation of a demonstrator of a full size urban bus (12 m) powered by SPFC
fuel cells. The bus is conceived as a laboratory vehicle , where all components
are laid out on the passenger compartment for ease of access during tests.

The construction has been finished early this year and operational tests are being
performed at Ansaldo premises. Tests on the road are scheduled early 1997 in the
Italian city of Brescia.

The project has accumulated over one year delay due to technical problems on
some components. :
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EQHHPP FC BOAT
A small passenger boats (20 m) is being converted to fuel cell by using the same
concept of the EQHHPP fuel cell bus.
The generator is being installed and tests are scheduled for 1997 on Lake
Maggiore (Italy)

FEVER (Fuel cell Electric Vehicle for Efficiency and Range)

A European Commission Joule II project, aimed at developing a fuel cell
passenger car, namely a Renault LAGUNA, powered by SPFC fuel cell.

The target is a high efficiency vehicle with a range of about 500 km, to be tested
from spring 1997,

FC-BUS

The concept developed for the EQHHPP FC BUS is to be engineered into a
urban bus without loosing any passenger capacity.

Taking advantage of the new Fuel Cell stacks developed for the FEVER project,
a 50 kW generator, fed by gaseous hydrogen, will be installed in the engine
compartment of a standard NEOPLAN N4114 urban bus.

The project started May 1996 and will end April 1999.

HYDRO-GEN

A further development of De Nora's SPFC stacks is the main objective of this
project. A 12-15 kW stack operating at very low pressure is to be developed and
subsequently installed on a Peugeot minivan. A special hydrogen tank will be
developed for operation at 700 bars.

The project, launched on January 96 will last 48 months.

The following table summarises the programs and involved partners
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PERFORMANCE EVALUATION OF 1 KW PEFC

Hideaki Komaki
Ishikawajima-Harima Heavy Industries Co., Ltd.
2-1-1 Toyosu, Koto-ku, Tokyo 135, Japan

Syozo Tsuchiyama
The Shipbuilding Research Association of Japan
Senpaku Shinko Bldg., 1-15-16 Toranomon, Minato-ku,
Tokyo 105, Japan

This report covers part of a joint study on a PEFC
propulsion system for surface ships, summarized in a
presentation to this Seminar, entitled "study on a
PEFC Propulsion System for Surface Ships", and which
envisages application to a 1,500 DWT cargo vessel,
The aspect treated here concerns the effects brought
on PEFC operating performance by conditions particular
to shipboard operation. The performance characteris-
tics were examined through tests performed on a 1 kW
stack and on a single cell (Manufactured by Fuji Elec-
tric Co., Ltd.). The tests covered the items (1) to
(4) cited in the headings of the sections that follow.

Specifications of the stack and single cell are as

given in Table 1, and the conditions applied for the
tests on both stack and single cell in Table 2.

Table 1 Specifications of stack and single cell

Stack Single cell

Output 1.1kwW 14 w
Voltage 11 v 0.7 Vv
Current 100 A 20 A

Number of cells 16 1

Electrode surface

area 250 50 cm2

Hydrogen, simulated

Fuel Hydrogen reformate gas
Oxidant Air Air

Table 2 Conditions commonly adopted for all tests

Temperature 73°C (346 K)
Pressure 0.2 MPa abs.
Fuel utilization 75% at 400 mA/cm2
Air utilization I 25% at 400 mA/cm2
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(1) Static characteristics

On both stack and single cell, the V~I characteristics
were determined with parametric changes brought on
such factors as temperature, pressure, fuel and air
utilization, and compositions of fuel and of oxidant.

The effects on the V-I characteristics brought by
changes in temperature proved to be as shown in Figs.
1 and 2, which indicate highest cell voltage to be
derivable at around 73°C.

i1

212 g 101 %
w Ha ] Air &, 100 :
: st = N
2 ~—80C 9F g /!
g el 2
o ! & d ——~0.1Alcrl
o8 S i w7 B ey vl o
g =8 %6 ~a~0,3A/enl
g 3 v ; 0.4Alcr {1
Z 08 2 o ! -

[} 0.1 0.2 03 0.4 50 55 60 65 70 75 80 85

CURRENT DENSITY (A/end) STACK TEMPERATURE ('C)

Fig. 1 V-I characteris- Fig. 2 Relative output

tics obtained under dif- voltage as function of

ferent stack temperatures stack temperature

From the data acquired on static characteristics,
empirical formulas have been derived £for correcting
output voltage, as reproduced below.

V=VBaSE+AVAFAVEH-AV(THAV(CH+AVAN-AVEC)

- AVE =B (241 - B p=-0380mV/mA/ck - -
( 200mA/cxf < i < 400mA/cr )
AVE) =8, In(P2/P1) B p=5TmVike/c
AV(D) = 81 (T2-T1) B=155mV/T (T=73C)

=-0.65mV/'C (T>73C)
AV(C) =B Im(Yoz/Yo1) pB.=102 (taking account of steam

AV(A) =B, In(Ym/¥H1) f =49 (at 400mA/ad) T oot Press:)

-~ AVEHC) = B i (T-TC) Bic=15mVIT :0= (T-Tc) £12.5C
=9.6mV/C :12.5C < (T-Tc) = 25T

where V : Cell voltage [mV]
i : Current density [mA/cm?]
P : Pressure [kg/cm2 abs.]
T : Stack temperature [°C]
Yy : Molecular fraction of hydrogen :
Yo : Molecular fraction of oxygen
Te : Dew point of cathode inlet air [°C]

308



KOMAKI ET AL.
-3 -

B : Voltage correction coefficient

1 : Reference condition.
2 : Operating point

IR : Current density
HC : Cathode dew point

(2) Changes of load .
The 1 kW stack was used for tests covering load
increase/decrease, sharp load lowering/rising,
overloading, and repeated loading.

The test on sharp load lowering/rising-—simulating
the conditions occurring upon crash-stop astern maneu-
ver——yielded the results reproduced in Fig. 3, where
load was lowered at a rate of 18%/s and raised at
3%/s. Figure 4 shows the result of repeated loading
test, in which the current was 10 times lowered £from
rated level down to 25% and raised again at intervals
of 20s. ‘The output power is revealed to have well
followed the changes of current (i.e. of load).

120 14 E 200 §
21400 122 2 | —stackeowerCuput GoW)  HesAr {165
e 5 = ~—Stack Current (A) '§_
& eof 5 w0 125
g ..l —~—Stack Current (A) 8o g (<]
2 60 [+4 =] «©
o ~~-Stack Power Output (i) 108 & O °5§
3w 04 S H100 <]
£ Ha/ Air te 2 04 ©
“w 201 02 § 7] 5

= <
ok e . 0 0 . - 0o 5
0 50 100 150 200 250 300 350 0 10 20 30 40 50
TIME () TIME (min}
Fig. 3 Results of sharp Fig. 4 Results of
load lowering/rising test repeated loading test

(3) Operation of stack in inclined position

Hull inclination and pitching/rolling motions being
indispensably required to be taken into account in
shipboard operation, this factor was considered in a
test in which the stack was operated at positions
inclined in the four directions and at 5° intervals to
the maximum angles indicated in Fig. 5. It proved
that stack performance was the most adversely affected
when the inclination placed the air exhaust manifold
on the under side. For practical application of the
PEFC to ship propulsion, there is need to devise a
means of 1letting the generated water freely flow out
with the stack inclined to angles up to 30°.
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Ha Exhaust Manifold
Air IN =
C.W.IN A
.i- ol
Air OUT |
Air Exhaust Manifold -

Fig. 5 Maiimum allowable angles of stack inclination
(4) Effect of salinity

For evaluating the effect on fuel cell brought by the
presence of salinity in the sea air, the single cell
operating performance was measured after impregnating
for a prescribed duration a membrane electrode assem-
bly in water containing salt in parametrically varied
concentrations. Test results are presented in Fig.
6, where 120mg/300ml salt concentration corresponds
to the total quantity of salt entering a single cell
upon operation for 100 h at 50% air utilization rate
in sea atmosphere (containing 30 mg salt/m3) in heavy
sea. )

The foregoing data indicate the necessity of passing
the air supplied to cell through a filter of 99.3%
salt removal efficiency, in order to prevent lowering
of cell output. voltage by the salinity of marine
atmosphere during the course of cell life (40,000 h).
This requirement is based on the supposition that
heavy seas continue ininterrupted during 40,000 h and
that all the salt entering the cathod is trapped in
the membrane electrode assembly.

1.2

1

0.8 —— n

%h%“\\
0.6 b NI -

AVERAGE CELL VOLTAGE (V)

——A : 12mg/300m £ sclution \B
0.4 L—-—=--B : 40mg/300m ¢ solution
—C : 120mg/300m £ solution c\
0.2 :
o
0 . 0. 0.2 0.3 0.4 0.5

CURRENT DENSITY (Aeni)
Fig. 6 Results of salinity effect test
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EXPERIMENTAL INVESTIGATION ON A TURBINE COMPRESSOR
FOR AIR SUPPLY SYSTEM OF A FUEL CELL

Masayasu Matsuda
Sumitomo-Heavy Industries, Ltd.
19 Natsushima-cho, Yokosuka 237, Japan

Syozo Tsuchiyama
The Shipbuilding Research Association of Japan
1-15-16 Toranomon, Minato-ku, Tokyo, 105, Japan

This report covers part of a Jjoint study on a PEFC
propulsion system for surface ships, summarized in a
presentation to this Seminar, entitled "Study on a
PEFC Propulsion System for Surface Ships", and which
envisages application to a 1,500 DWT cargo vessel.
The aspect treated here concerns a study on the air
supply system for the PEFC, with particular reference
to system components.

AIR SUPPLY SYSTEM CONCEIVED FOR THE ENVISAGED SHIP

With the view to providing high PEFC operating
efficiency over a wide range of loading, as well as to
ensuring versatile load-following capability, the air
supply system conceived to "equip the envisaged ship is
devised to seek:-

Enhancement of PEFC generating efficiency through
pressurized fuel cell operation (use of air
compressor)

Retrenchment of compressor power at low load
(compressor delivery flow rate and pressure
controlled to follow variations in fuel cell
load)

Enhanced utilization of surplus hydrogen in the
off-gas {(use of an auxiliary combustor installed
immediately upstream of turbine)

Enhanced utilization of exhaust heat (turbine
compressor equipped with generator-motor).

1

The generator-motor referred to above is connected to
the compressor shaft through reduction gearing, and
serves as denerator during excess turbine output, and
as motor during shortages of same.

ALTERNATIVE AIR SUPPLY SYSTEMS EVALUATED

To serve in selecting the best combination of devices
for the fuel cell air supply system, a comparative
evaluation was made of the alternatives cited in Table
l, applying the criteria of space occupied, weight,
operating efficiency and controllability.
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The comparison was made under the common condition of
not controlling the turbine inlet temperature (except
for the "Turbine Compressor Only" alternative).
Particular weight was attached to availability of au-
xiliary power source to supplement compressor driving
power shortage under partial load, in view of the re-
latively low temperature of the heat source, i.e. ex-
haust heat from fuel cell and from methanol reformer.

Among the alternatives evaluated, that of "Turbine
Compressor with Generator-Motor" has proved to promise
the highest operating efficiency, combined with
compact equipment size, as noted in Table 1. It is
envisaged to adopt this combination as ultimate choice
of air supply system.

EXPERIMENTAL SETUP

For the purpose of verifying air supply system con~
trollability, an experiment on system components was
conducted on the motor-driven blower + turbine
compressor alternative, which alternative was chosen
on account of its permitting various experimental
conditions to be more easily set. A 2-stage rotary
motor-driven blower was used, combined with a
single-stage centrifugal automobile turbocharger
driven by single-stage radial turbine. The system
capacity was set at approximately 1/10 of ‘that for the
envisaged actual ship. The experimental equipment is
schematized in Fig. 1.

In the experiment, the following key items were
examined, which are of interest in common with the
turbine compressor + generator-motor alternative
envisaged as ultimate choice.

- To verify the.operating stability of this system

—~ To determine the operating characteristics of the
respective control systems, and to identify
problems calllng for solution

- To verify the controllability of the respective
control systems under changes of load and of
turbine inlet temperature

- To verify the starting characteristics and effect
of startup 1load reduction provided by the
compressor bypass line.

Air supply flow rate was® controlled by regulatlng the
1st-stage blower revolutlon.

COntrollablllty of the air supply system was evaluated
for the following alternative control methods:
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(1) without pressure control

Compressor delivery flow rate alone was control-
led, and delivery pressure was left to follow its
course. With no regulation intervening between
turbine and compressor, all throttling loss is
eliminated, to contribute toward raising the
operating efficiency. The uncontrolled delivery
pressure has proved to vary with such factors as
the temperatures of environment and of turbine.

(2) Control of fuel cell outlet pressure

The control valve (V2 in Fig. 1) installed at fu-
el cell outlet was regqulated to control the fuel
cell outlet pressure. Closing this valve proved
effectively to prevent dropping of fuel cell
pressure upon such occurrences as abrupt lowering
of turbine inlet pressure caused by turbine tem-
perature decrease during operation under constant
fuel cell 1load. It was further ascertained that
the valve also provides a similar adjusting
function upon lowering of turbine flow rate.

(3) Regulation of fuel cell bypass line flow rate

The rate of air supply to fuel cell from compres-
sor delivery was adjusted by regulating the fuel
cell bypass 1line control valve (V3 in Fig. 1).
In practical application, this action is to be
brought to play in partial load operation, when
required to reduce the air supply to fuel cell to
a level below minimum blower delivery rate.

Proper functioning of this action has been
verified.

(4) Regulation of turbine bypass line flow rate

The turbine bypass line control valve (V4 in Fig.
l) serves to regulate the flow to turbine and lower
the turbine inlet pressure. This action has proved to
prevent abrupt rise of turbine inlet pressure upon
such occurrences as turbine temperature rise during
operation under constant fuel cell load. It has fur-
ther been ascertained that the valve also provides a
similar adjusting function against rise of turbine
inlet pressure with increase of turbine flow rate.

An example of experimental results is shown in
Fig. 2, representing a run on turbine compressor
startup without use of the compressor bypass 1line.
Further details are to be reported in poster session.
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Table 1: Comparative evaluation of alternative air supply systems

DA ET AL.
4

Turbine compr. | Motor-driv. blower | Motor-driv. compr. | Turbine compr.
with gen.-mot. +Turbine compr. +Turbo gen. only
Electric | High load © @) A O
Power (100%) -5 kKW(H) 0 kW 10 kW 0 kW
reg’d | Lowload | - O O A - X
(50%) 2kW 2kW SKW 30 kKW(**)
High load. o ° © o
Flow Compr. rev. Turbine bypass Compr. rev. Turbine bypass|
Control | Low load O O © A ;
Compr. rev. Blower rev. Compr. rev. Turbine temp. |
Space occupied : weight ®) AN X o i
 ©Best O:Good O:Acceptable < :Not Good
™) Power furnished by generator
**) Heat fumnished by methanol
©-v3
‘Fuel Celll 1 ‘i v2
e
V1 : Compressor relief valve
V2 : Fuell cell outlet pressure control valve
V3 : Fuel cell bypass line control valve
V4 : Turbine bypass line control valve
Figure 1: Schematic of experimental setup
1
%
0.8l—/ T
. ] V74
—g 0.6 /3 //\77 —O— : Compressor intake pressure
S 2 ~C}- : Compressor flow rate
g 0.4 l d / /( : Compressor exhaust pressure | |
s v j / // % /" —7— : Turbine inlet pressure
o ) 5 >~ * Turbine compressor revolution f---
0.2 / 7 4 ~O—: Turbine flowrate L]
. / /( Blower frow rate:0—1.37Nm"/min
Turbine inlet temperature:28.7°C -
055_%%%/ v : | I ]

4 6
Lapse of time [s}]

8

Figure 2: Starting characteristics of turbine compressor
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DEVELOPMENT OF
A SELECTIVE OXIDATION CO REMOVAL REACTOR
FOR METHANOL REFORMATE GAS

Shunji Okada, Yoshiaki Takatani, Seiji Terada
' and Shinichi Ohtani
Kawasaki Heavy Industry, Ltd.
1-1 Kawasaki-cho, Akashi, Hyogo-ken 673, Japan

Syozo Tsuchiyama
The Shipbuilding Research Association of Japan
1-15~16 Toranomon, Minato-ku, Tokyo, 105, Japan
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This report forms part of a joint study. . on a PEFC pro-
pulsion system for surface ships, summarized in a pre-
sentation to this Seminar, entitled "Study on a PEFC
Propulsion System for Surface Ships", and which envi-
sages application to a 1,500 DWT cargo vessel. The
aspect treated here concernns laboratory-scale tests
aimed at reducing by selective oxidation to a level
below 10 ppm the carbon monoxide (CO) contained to a
concentration of around 1% in reformate gas.

The catalyst chosen was Ru-base, for its high CO
removal efficiency with 1little parasitic reaction.
The catalyst was tested on a laboratory-scale reactor
corresponding to a 1-kW output PEFC system.

A difficulty encountered in the present tests was
heating of the catalyst layer by the exothermic
oxidation reaction, and devising a means of ensuring
optimum catalyst temperature is a matter calling for
further development in practical application. The
results of studies to be conducted on such and other
subjects are to be incorporated in the design of a
500-kW class marine propulsion fuel cell system.

LABORATORY-SCALE TESTS

For acquiring basic data to serve in selecting
catalysts, laboratory-scale tests using a flow-through
reactor were conducted at atmospheric pressure on
simulated reformate gas.

(1) Temperature-dependent characteristics of catalyst

The dependence on catalyst temperature shown by the CO
removal and hydrogen loss characteristics of represen-
tative alumina-supported noble metal catalysts proved
to be as shown in Fig. 1, where the CO and hydrogen
removal efficiencies 7cg and 7y are plotted against
catalyst temperature.
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Entrance gas components:
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100 CO : 900ppm
. Q2 800ppm
N2 : Balance
— 75 Testing condition
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o — T T Rh/Al203 o ®
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Catalyst temperature [C] Ru/Al203 - -

Fig. 1 Temperature-dependent CO removal and Hy loss
characteristics of representative catalysts

The highest CO removal efficiency is seen to have been
obtained over a wide temperature range with Ru-base
catalyst. As regards hydrogen 1loss, all catalysts
have tended to raise their effectiveness with
increasing temperature. In this respect, Ru-base
catalyst is at a disadvantage for its diminishing
hydrogen at a rapidly rising rate with increasing
temperature, thus taking away hydrogen that could
serve usefully as fuel.

(2) Parasitic reactions of catalyst

Conceivable parasitic reactions that might be induced
by catalyst include reverse-shift reaction,
methanation and hydrogen oxidation. To examine such
possibility, the temperature-dependent behavior of Ru-
and Rh-base catalysts were examined on- a simulated
reformate gas devoid of CoO. )

The results, indicated in Fig. 2, reveal that with
such gas initially devoid of CO, Rh-base catalyst
generates CO by reverse-shift at high temperature.
Such reaction is not induced by Ru-base catalyst, but
on the other hand, this catalyst generates CHy by
methanation of COj. While CHyp does not directly
detract from PEFC performance, its generation is at
the expense of consuming fuel hydrogen, and should
thus be minimized.
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Entrance Gas Components - CO2 : 1.8%; H2 : 6.0%; N2 : Balance
Testing conditions: SV : 20,000 hr-1; LV : 0.22 Nm/s

Exit gas component plots:
Catalyst Ru/AI203-52}Ru/AI203-51 Catalyst Rh/AI203 | Pt/AI203
co ] [ : co a ]
CH4 ] ° CH4 = .
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Fig. 2 Parasitic reactions of catalysts
verified with gas initially devoid of CO

(3) Tests on reformate gas with reactor corresponding
to 1kW output PEFC system

For the purpose of deriving criteria to serve in
selecting granular catalysts for removal of CO——which
is present in 1 to 2% concentration in gas from actual
reformate reactor (H:COp = 75/25)—-and also for
evaluating catalyst performance, tests were conducted
on a laboratory reactor corresponding to a 1lkW output
PEFC system, with results as summarized below.

(3-1) Performance of Ru-base catalyst

The performance of Ru-base catalyst was examined in
terms of the reactor exit CO and CH4q concentrations
related to stoichiometric ratio, at different catalyst
entrance temperatures.

The plots shown in Fig. 3 are from runs at 100 and
150°C catalyst entrance temperature. Exit co
concentration is seen to lower with increasing
stoichiometric ratio up to 3.2, at which point a
concentration of 16 ppm has been marked with 150°C
reactor entrance temperature, The original co
concentration at reactor entrance was 10,057 ppm,
meaning that the catalyst performed at a CO removal

efficiency nco of 99.84%.
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Fig. 3 Performance of Ru-base catalyst: Exit CO and
CH4- concentrations vs. stoichiometric ratio

If a CO converter were installed downstream of the
reformer to reduce the CO concentration below 7,000
ppm before entering the reactor, the target CO
concentration of 10 ppm could well be realized at
reactor exit. : :

The influence of differences in catalyst temperature
was insignificant in the range covered (100 - 150°C).

(3-2) Effect of temperature on catalyst performance

The selective oxidation process involves exothermic
reaction, which makes it important to ensure a uniform
temperature distribution through -the catalyst bed.
For this reason a comparison was made between two
alternative arrangements: (a) £filling the reactor with
catalyst only; (b) diluting the catalyst with inert
(glass) beads to disperse the generated heat.

The results revealed the <catalyst -diluted with
6.3~-fold volume of glass beads to have effectively
served to spread the heat. 1In the present experimetal
setup, a thermostat was used as heat source, but no
means was provided for actively removing the generated
heat. Hence, the catalyst temperature exceeded 250°C
in the leading catalyst layer, which for this reason
could only remove less than 90% of the CO.

A possible solution to the above difficulty may be the

adoption of a heat exchanger type reactor to remove
heat, in combination with catalyst dilution.
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PERFORMANCE OF CATALYSTS FOR CO REMOVAL BY METHANATION

Hitoshi Oshiro, Kiichi Nagaya and Koichi Mitani
Hitachi Zosen Corporation
2-2-11 Funamachi, Taisho-ku, Osaka 551, Japan

Syozo Tsuchiyama
The Shipbuilding Research Association of Japan
1-15-16 Toranomon, Minato-ku, Tokyo, 105, Japan

This report forms part of a joint study on a PEFC
propulsion system for surface ships, summarized in a
presentation to this Seminar, entitled "Study on a
PEFC Propulsion System for Surface Ships", and which
envisages application to a 1,500 DWT cargo vessel.
The aspect treated here concerns an experiment in
reducing by methanation to a level below 10 ppm the CO
that is contained to around 1% in reformate gas.

EXPERIMENTAL SETUP

To precede application test with actual CO removal
equipment for verifying practical performance, the
present experiment was undertaken using the equipment
shown in Fig. 1 to determine (1) the methanation rate
for obtaining basic data on catalysts, and (2)
catalyst performance using reformate gas under
conditions close to practical application.

(1) Methanation rate

Catalysts tested :

Three Ni-Al,03 base methanation catalysts
obtained obtained from market

Catalyst A (20 to 24% Ni)

Catalyst B (14 to 17% Ni)

Catalyst C (20% Ni, 4 to 6% CaoQ)

Reaction temperature :
varied in three steps 200, 225 and 250°C

Reaction pressure :
Varied in three steps 2, 3 and 5 kgf/cm2 abs.

Subject gases tested:

99% Hy -~ 1% CO mixture
99% Hy - 1% COp mixture
99% Hy 1% CO + steam mixture
99% Hy - 1% COp + steam mixture

Quantity of catalyst applied : 1 ml
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(2) Methanation performance of catalyst

catalyst tested: Catalyst C (3/16" spherules
containing 20% Ni, 4 to 6% CaO)

Quantity of catalyst applied : 530 ml -

Reaction temperatures: 200, 225 and 250°C

Reaction pressure 2 kgf/cm? abs.

sV 300, 500 and 1,000 h-1

Subject gas tested .
Reformate gas (generated at 250°C from
methanol/water mixture at S/C = 1.55 and 1.7)

RESULTS
(1) Methanation rate

Tests on all three Ni-Al,03 base catalysts proved both
reaction rate constants kgg and ko2 to be signifi-
cantly influenced by the reaction temperature: For
this reason, the reaction constants were equated to
the inverse value of reaction temperature, recorded in
Arrhenius plots. Representative reaction rate equa-
tions thus empirically derived were as given below.

- For CO methanation
Teo=T.436%x 10 « exp(-1.375X 10°/ R T)* pco/(1412.97 - peco)?

where
Leo : Reaction rate [mol/(h-g)
Pco : CO partial pressure [kgf/cm2 abs.]
T : Reaction temperature [K] (200 to 250°C)
R : Gas constant [8.314 J/(mol-<K)}

A comparison is given in Fig. 2 between the reaction
rate derived by the above equation and corresponding
measured data.

- For CO, methanation
Fcoz=1.083%x10*" » exp(-1.094X 105 /R T)- pecoz/(1466. 86+ D coz)

where the symbols are the same as for rgg, with all
references to CO and co replaced respectively by COjp
and COj.

Calculated and measured values are compared in Fig. 3.
(2) Methanation performance of catalyst _—

The CO concentration at reactor exit varied with
reaction temperature and SV as shown in Fig. 4. Table
1 presents the gas compositions analyzed at reactor
entrance and exit, in terms of dry gas content, for
the run using S/C = 1.55 methanol/water mixture.
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It is seen from this table that reduction of CO below
the 10 ppm target value is possible at static
condition with reaction at 250°C and SV = 300 h-1l.

From the CH4 concentrations, some €02 methanation
reaction would appear to have occurred, which would
consume hydrogen, otherwise utilizable as Ffuel, beyond
the amount necessary for CO elimination, to lower the
overall thermal efficiency of this process.

Table 1 €O, Co2, CH2 concentration at reactor
inlet/outlet (S/C: 1.55)

Test condition C O Conc. C O. Conc. CH. Conc.
SV Temp. Inlet Outlet | Inlet | Qutlet | Inlet | Qutlet
200°C 4040ppn 24.3% 0.73%
1000h-* 225°C | 1.33% | 1180ppm | 23.8% | 24.4% -~ 0.97%
250°C 297ppn 23. 6% 4. 30%
200°C 527ppn 24. 6% 1.97%
500n"! 225°C | 1.33% 231ppm | 23.8% | 23.7% - 4.32%
250°C 24ppm 23.3% 4.70%
200°C 471ppn 24.3% 2.13%
300n-* 225°C | 1.28% 231ppm | 23.7% | 23.5% - 4. 35%
250°C 8ppm 22. 9% 4.80%

Gas Chromatograph

Infrared Analyser

Reactor L, Reactor

Reformer
- Pump PI

Electric Heater Electric Heater
Tank

Fig. 1 Flow sheet of equipment
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POWER FEATURE REQUIRED FOR
PEFC POWERED ELECTRIC PROPULSION SHIP

Isao Yoshida
Ships & Offshore Structures Planning Dept.
NKK Corporation
2-1 Suehiro-cho, Tsurumi-ku, Yokohama 230, Japan

Masaru Oka
Ship Designing Dept.,
Mitsubishi Heavy Industries, Ltd.
1-1 Akunoura-machi, Nagasaki 850-91, Japan

This report covers part of a Jjoint study on a PEFC
system for ship propulsion, summarized in a presenta-
tion to this Seminar, entitled "Study on a PEFC Pro-
pulsion System for Surface Ships", and which envisages
application to a 1,500 DWT cargo vessel. The aspect
treated here concerns an analysis of the load-follow~
ing performance required and estimated of a PEFC
system to power the envisaged ship.

The analysis proved that difficulty should be expected
of the fuel supply circuit in following with adequate
rapidity the sharp changes of load on fuel cell under
certain conditions. Further integrated experiments
and simulation exercises are currently in progress to
further analyze the response characteristics of the
fuel supply circuit——particularly of the methanol
reformer and gas reservoir——to determine the best
measure to be adopted for overcoming the expected
difficulty.

MANEUVERING PATTERNS

A vital consideration needing to be made in applying
fuel cells as power source for ship propulsion 1is
that, compared with land vehicles, extremely sharp and
wide fluctuations of load require to be accommodated.
Such load fluctuations are caused under conditions
such as:-

- Maneuvering in close waters inside ports

-~ Actuation of large shipboard machinery such as
bow thrusters for Dberthing and unberthing
operations

- Crash stop astern maneuver to avoid collision.

- Propeller racing when it emerges above water in
heavy sea.

The conditions cited above would follow the patterns
shown in Fig. 1.
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" Pig. 1 Maneuvering patterns

LOAD CHANGES OCCASIONED BY VARIOUS MANEUVERS

The changes of load on power source occasioned under
the operating conditions cited in the - preceding
section are modelized in Fig. 2 for the case of crash
stop astern maneuver, and in Fig. 3 for propeller
racing.

MEASURES FOR ACCOMMODATING LOAD CHANGES

The rates of load change occasioned on the envisaged
ship by the conditions referred to above proved to be:
+4.3%/s for bow thruster actuation, -~ 42.5%/s for
crash stop astern maneuver, and + 10.5%/s for
propeller racing.

1,000
= -
ﬁ- N
£ 800 = 10
=5 y 4
13 —
a
g 600 = ——Eecticcnmmption =} 8
8 E /- >, —Propelter revolution —]
© o p— b=
.g 400 ¥ - --« Ship speed = g
@ 200 > -
—_ - &
g ~
Bk 0 X - 0
=
U'Q
£33 200 , =
R« ‘g
3 Y -
-400 > -5
0 100 200 300 400 TIME [sec]
Fig. 2 Load fluctuations estimated ¢to occur upon

crash stop astern maneuver
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Fig. 3 Load fluctuations estimated to occur upon
propeller racing

The present analysis proved the load-following
performance of the PEFC system constituents to be as
follows:-

(1) The PEFC itself responds extremely rapidly to
load changes, which can be followed with almost
no time lag.

(2) Air supply to cell is expected to respond with
some delay—of the order of several
seconds——but this should not cause any problem
in actual practice.

(3) Fuel supply can be expected to create some
difficulty. As countermeasure, in the case of
the maneuvering pattern of Fig. 1l:-

For bow ‘thruster actuation during maneuvers of
berthing/unberthing and of entering/leaving port, the
fuel supply rate would be set to equal the base load
plus command power output of bow thrusters or
propulsion motors. Abrupt 1load increases at rates
beyond the response characteristics of the fuel supply
system would be accommodated by battery discharge;
abrupt load decreases would be absorbed by a gas
reservoir to be installed on the reformate gas supply
line of the fuel cell. Examination is further under
way of a means of burning the unutilized anode off-gas
in a catalytic combuster and recovering the effluent
heat.
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- To deal with the abrupt load decrease occurring
upon crash stop astern maneuver, constituting
the occasion of maximum rate of 1load change,
considering that the 1limit to fuel supply
circuit pressure will preclude resorting to the
measure cited above for bow thruster actuation,
and in view of the infrequency expected of this
maneuver, the possibility is being examined of
dealing with the eventuality by burning the
excess fuel in a catalytic combuster to be
installed in the exhaust duct line of fuel cell
and releasing the effluent to atmosphere.

- Load variations accompanying transitions
between navigation in confined water and in
open sea are to be controlled, independently
of the rate at which the command 1lever is
moved, by what is known as "programmed
acceleration”™ and ‘"programmed deceleration®,
based on the load-following characteristics of
the fuel supply circuit.

The arrangement of system control circuitry contem-
plated for accommodating abrupt 1load variations is
schematized in Fig. 4.

HAIN SYITCH BOARD

PROPULSION XOT
L PROPULSION XOTOR |CONTROLLER

L (+)PROPULSION HOTOR
ELECT, LOAD DETECTOR W

ONITORI

NG

BATTERY
BN

HOTOR CONTROL CENTER

SIFC HASTER CONTROLLER]

Fig. 4 System control circuitry contemplated for
accommodating abrupt load variations
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DYNAMIC SIMULATOR FOR PEFC PROPULSION PLANT

Masataka Hiraide, Eiichi Kaneda and Takao Sato,
Mitsui Engineering & Shipbuilding Co., Ltd.
5-6-4 Tsukiji, Chuo~ku, Tokyo 105, Japan

Syozo Tsuchiyama
The Shipbuilding Research Association of Japan
1-15-16 Toranomon, Minato-ku, Tokyo, 105, Japan

This report covers part of a joint study on a PEFC
propulsion system for surface ships, summarized in a
presentation to this Seminar, entitled "Study on a
PEFC Propulsion System for Surface Ships", and which
envisages application to a 1,500 DWT cargo vessel.
The work presented here focuses on a simulation study
on PEFC propulsion plant performance, and particularly
on the system response to changes in load.

Using a dynamic simulator composed of system
components including fuel cell, various simulations
were executed, to examine the performance of the
system as a whole and of the individual system
components under quick and large load changes such as
occasioned by maneuvering operations and by racing
when the propeller emerges above water in heavy sea.

SIMULATOR MODEL

The simulation program comprises mathematical models
of the PEFC propulsion plant including -fuel cell,
reformer, turbine COMpPLessor, humidifier, steam
separator, heat exchangers, evaporators, gas reservoir
and propulsion system, as shown in Fig. 1. The models
are expressed in differential equations based on
material and energy balance equations, combined with
algebraic equations. Consideration is also given to
the reaction kinetics of the reformer.
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SIMULATION

Using the dynamic simulator, the PEFC propulsion plant
performance was analyzed on the following items:

(1) steady-state operation
(2) Open loop responses
(3) Control system performance .
(4) Performance under the following conditions:
{a) step changes to fuel cell load
(b) Maneuvering
{c) ©Propeller racing
{(d) Bow thruster operation
(e) Crash stop astern.

validity of the dynamic simulation program was
confirmed by the satisfactory results obtained for
steady-state operation under item (1) above; the
simulation of item (2) served to find out the
characteristics of the 1load change., The foregoing
results were utilized  in analyzing the control system
performance under item (3). The PEFC system
incorporating the control system was dynamically
simulated covering the operations cited under items
(4)(a) through (e) above.

RESULTS

The results of simulation on the system response to
step changes to fuel cell load are shown. in Fig.. 2, in
terms of fuel cell output, methanol flow rate, reformer
fuel utilization, PEFC anode pressure and reformer
outlet temperature. The case of propeller racing is
represented in Fig. 3, in similar terms.

The simulation results shown in Pigs. 2 and 3 indicate
that, when the 1load is lowering, the fuel cell output
can well follow the change in demand of load. The rise
in reformer outlet temperature seen in Fig. 2 upon
lowering of load could be eliminated by providing a
bypass line from reformer combustion gas line to
combustor. Such and other process improvements are
currently being brought to the simulation system. The
simulator is also being evaluated through comparisons
with experimental data. The results can be expected to
permit making more detailed analyses of PEFC propulsion
plant performance.
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AIR-BREATHING FUEL CELL STACKS FOR
PORTABLE POWER APPLICATIONS

M. S. Wilson, D. DeCaro, J. K. Neutzler, C. Zawodzinski and S. Gottesfeld
Electronic and Electrochemical Materials and Devices Research Group, MS D429,
Los Alamos National Laboratory, Los Alamos New Mexico 87545

Introduction

Increasing attention is being directed towards polymer electrolyte fuel cells as battery replacements
because of their potentially superior energy densities and the possibility of "mechanical" refueling.
On the low end of the power requirement scale (ca. 10 W), fuel cells can compete with primary and
secondary batteries only if the fuel cell systems are simple, inexpensive, and reliable.
Considerations of cost and simplicity (and minimal parasitic power) discourage the use of
conventional performance enhancing subsystems (e.g., humidification, cooling, or forced-reactant
flow). Thus, we are developing a stack design that is inherently self-regulating to allow effective
operation without the benefit of such auxiliary components [1-3]. As such, the air cathode does
not use forced flow to replenish the depleted oxygen. Instead, the oxygen in the air must diffuse
into the stack from the periphery of the unit cells. For this reason the stack is described as "air-
breathing.” This configuration limits the ability of water to escape which prevents the polymer
electrolyte membranes from drying out, even at relatively high continuous operation temperatures
(+60°C). This results in stacks with reliable and stable performance.

This air-breathing configuration assumes a unique stack geometry that utilizes circular flow-field
plates with an annular hydrogen feed manifold and the single tie-bolt extending up through the
central axis of the stack. With this geometry, the hydrogen supply to the unit cells is radially
outward, and the air supply is from the periphery inward. This configuration has several
advantages. The entire periphery is free to air access and allows greater heat conduction to enhance
cooling. Furthermore, all of the components in the stack (e.g., the flow-fields, seals and
membrane/electrode assemblies), are radially symmetrical, so part fabrication is simple and the
entire system is potentially low-cost. Lastly, this configuration is compact and lightweight.

IMPERMEABLE CATALYZED IMPERMEABLE

MEMBRANE
SEPARATOR i/ BACKINGS SEPARATOR

A —
)
—_—

e

POROUS aesoLy

(Fastener)

AIR FLOW-FIELD H2 FLOW-FIELD
W/ INNER SEAL W/ OUTER SEAL
Dot sanmnd (Flow Inward) (Flow

Figure 1. Schematic of the components in a unit cell of the air-breather fuel cell stack.

Air-Breather Stack

Figure 1 depicts the key components of a unit cell for an air-breather stack. Most stacks are 2"
(5.1 cm) in diameter with cell active areas of about 13 cm?, although 1.5" (3.8 cm) diameter
stacks with 6 cm2 active area cells have also been investigated. End-plates (not shown in the
figure) compress the collection of unit cells together with the use of a tie-bolt projecting up
through the middle. Around the tie-bolt is a porous, channeled sleeve that provides alignment for
the unit cell components and a conduit for the hydrogen to reach the inner edge of the hydrogen
flow-fields. Hydrogen feed is dead-ended, although provision is made for an initial purge. The
reactant flow-fields are typically reinforced carbon paper (e.g. Spectracarb, from Spectracorp,
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Lawrence, MA). Seals are located at the inner edge of the air flow-field and the outer edge of the
hydrogen flow-field. The flow-fields bracket the membrane/electrode assembly (MEA), which
consists of a catalyzed polymer electrolyte membrane sandwiched between two gas diffusion
backings from E-TEK (Natick, MA). Stainless steel foil separators, that are typically 0.010"
(0.25 mm) thick, prevent the reactants in the back-to-back flow-fields from mixing. In multi-cell
stacks, the odd separators are of a larger diameter to provide cooling fins, which gives the stack the
appearance of a finned tube.

7 —8— W.L. Gore MEA
-~ Nafion 112/LANL MEA
=@ Dev. Dow/LANL MEA

Stack Voltage (V)
E-Y

1] 8-Cell Stacks, 3 mm thick Cathode Flow-Fields E

acmprz

0 1 1 ' Il 1 1
0.0 0.2 04 0.6 0.8 1.0 1.2 14 1.6

Stack Current (A)

Figure 2. Polarization curves of 8-cell air-breather stacks using a series of different MEAs.

Results

A series of 13 cm2 active area, 8-cell stacks using the 2" (5 cm) diameter elements and 2.5" 64
cm) diameter cooling fins/separators every two cells were assembled and tested using various
combinations of flow-fields, MEAs and backings at ambient pressures of 0.75 atm (the laboratory
is at an altitude of 7,200 ft or 2,200 m). Not surprisingly, cell performance is substantially
affected by the thickness of the cathode flow-field because oxygen must diffuse in from the
periphery through this structure. However, while the performance of a single cell air-breather
increases with flow-field thickness, more modest thicknesses provide the best performances in
multi-cell stacks. Since under continuous operation a multi-cell stack naturally runs warmer than
a single cell (ca. 60°C vs. ca. 30°C), too thick of a flow-field allows the cell to dry out
excessively. Modeling suggests that the cells suffer once the water partial pressure throughout the
flow-field drops below the saturated vapor pressure [3]. A cathode flow-field thickness of about 3
mm is optimal for continuous operation with the 2" diameter 8-cell stacks,

Figure 2 depicts polarization curves for a series of continuously operating 8-cell stacks using
different MEAs, one a W. L. Gore catalyzed composite membrane product [4], and the other two
MEAs are commercially supplied membranes catalyzed by a process developed at Los Alamos
(LANL) {5). Itis readily evident that the W. L. Gore MEA enjoys more than a 100 mV advantage
over the other two MEAs, most likely due to an electrode kinetic advantage realized by attaining a
higher water content in the catalyst layer. Since the LANL catalyzation process "toughens" the
ionomer in the catalyst layer such that it can withstand the rigors of high current density operation,
it apparently does not adsorb an appreciable amount of water under the air-breather conditions. Not
only is the W. L. Gore MEA quite thin (ca. 20 pm), but it also appears to accommodate
substantially more water in the catalyst. layer, the combination of which results in improved
hydration and performance under these conditions.
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Another key component is the gas diffusion backing. 8-cell stacks were operated with and without
E-TEK backings and with and without a Teflon treatment. The cells using the backings were
clearly superior, as flooding was apparent in the cells with the MEA directly against the carbon

paper. The need for a "microporous” backing structure to control flooding has been previously
observed in high performance cells [5].

Figure 3 depicts the voltage output of an 8-cell air-breathing stack operating on a portable metal
hydride canister at a constant current of 1 A. After coming up quickly, the fluctuations about 5 V

are quite small for the first 5 - 6 hours, at which point the hydrogen becomes depleted and some of
the cells become starved for hydrogen.

:Stack Curre'nt
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"
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]
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£

8-Cell Stack,

2 W. L. Gore MEA, H ]
E-Tek Backing, %
1l 3 mm Cathode Flow-field 3 i
H
- . . 4 .
0:00:00 2:00:00 4:00:00 6:00:00 8:00:00

TIME (h:m:s)

Figure 3. Voltage response (at 1 A) of an 8-cell stack fueled by a portable metal hydride cylinder.

A number of cells have operated for over a thousand hours. Barring seal failures or similar events,
performance losses are minimal. Long shut-down periods usually have no effect except on the
rapidity of start-up. Upon disassembly, separators made of 304 8§ foil typically exhibit some
corrosion. The features on the anode sides appear to be a deposit and the cathode sides are pit
corroded. The use of 316 SS foils improves the situation, but some effects are still noticeable.
System Energy Densities

At this point, the specific powers we obtain for a roughly 6 to 7 W, 10-cell stack are in the
neighborhood of 40 W/kg. In combination with the commercial portable metal hydride supply
canisters that we currently use (that are about 0.5 wt% hydrogen), a system specific energy of
about 60 Whikg is obtained for a 10 W system (Figure 4). If the gravimetric density of the
hydride storage would be increased to 1.5 wi% hydrogen (which is within the realm of room
temperature metal hydrides), then about 150 Wh/kg could be obtained for a 10 W, 10 hour system.
From this point on, increased fuel capacity provides even higher specific energies, which increases
the appeal of a system that can use multiple, replaceable fuel canisters. In contrast, the specific

energies of conventional batteries are tied to the design, not the total energy capacity, and the best

rechargeable batteries (Li-ion) are currently limited to about 110 Whikg. As suggested in Figure

4, increases in hydrogen storage density significantly increase the specific energies. Higher levels,

such as the 4 wt% hydrogen density depicted in the figure, are easily attainable with chemical

hydrides, although the challenge in this case is to develop systems that are low-cost, relatively
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benign, and viable for consumer applications. However, if such hydrogen storage systems can be
realized, the portable fuel cell will become a formidable competitor for many applications.
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Figure 4. Effect of hydrogen storage density on the specific energy of a 10 W fuel cell system.

Applications

For the immediate future, the use of portable fuel cells will probably be limited to niche
applications for technically proficient users (e.g., industry, military, hobbyists, etc.). As such, we
have demonstrated the air-breather fuel cells in several different radio-control model cars. The
hydrogen storage and "transparent" consumer interface challenges will need to be resolved for truly
huge markets such as communications or portable computers. In anticipation, we routinely
demonstrate an Apple Powerbook 180 laptop operating on two 10-cell stacks with hydrogen
supplied from interchangeable portable cylinders. No cooling fan or auxiliary electronics (e.g. a
DC to DC converter) are necessary. Thus, this system (the two 10-cell stacks, a pressure
regulator, and a metal hydride canister) could conceivably fit into a roughly 2.5"x2.5"x12" (5x5%30
cm) enclosure. Appropriate modifications of the metal hydride alloy may possibly even eliminate
the need for the pressure regulator. Either way, a very simple, potentially low-cost, high energy-
density fuel cell system is achieved.
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DIESEL FUEL TO DC POWER
Navy & Marine Corps Applications

David P. Bloomficld
Analytic Power Corporation
268 Summecr Strect
Boston, MA 02210

Introduction

During the past year Analytic Power has tested fuel cell stacks and diesel fuel processors for US
Navy and Marine Corps applications. The units are 10 kW demonstration power plants. The
USN power plant was built to demonstrate the feasibility of diesel fueled PEM fuel cell power
plants for 250 kW and 2.5 MW shipboard power systems. We designed and tested a ten cell, 1
kW USMC substack and fuel processor. The complete 10 kW prototype power plant. which has
application to both power and hydrogen generation, is now under construction. The USN and
USMC fsel cell stacks have been tested on both actual and simulated reformate.

Analytic Power has accumulated operating experience with autothermal reforming based fuel
processors operating on sulfur bearing diesel fuel, jet fuel, propane. and natural gas. We have
also completed the design and fabrication of an advanced regenerative ATR for the USMC. One
of the significant problems with small fuel processors is heat loss which limits its ability to
operate with the high steam to carbon ratios required for coke free, high efficiency operation. The
new USMC unit specifically addresses these heat transfer issues. The advances in these military
programs have been incorporated into

Substack Performance H2 AIRJ - Anaigtic Power's commercial units
which are now under test.
1.1 - USNZ5

T —USMC10 Militarv Svstem Requirements
@ 0e N AUSN20 Fuel cell power plants in military
S o7 A :"‘:n =00 50PPM applications must demonstrate fuel
3 b RS 8 flexibility (sulfur bearing diesel and jet
o 05 e T fuels) and they must be quick starting.
< 03 Analytic Power’s units now start in
- about one hour; this time will be
0.4 reduced to 20 minutes. The power
0 200 400 600 800 1000 plants must be able to function in a
Current Density ASF wide range of environmental

- conditions. USN units must operate in

Figure 1 - Baseline Hydrogen Air Performance a salt spray environment. Both USMC

and USN units must be extremely

rugged — capable of withstanding heavy shock and vibration loads. The missions require good

load following capability and a hot standby operating mode. Finally, military units must be
compact and lightweight.

PEM Fuel Cells Stacks

The fuel cell stacks built by Analytic Power use W.L. Gore membranes and cathodes. The anodes
are catalyzed by Analytic Power using an alloy of PtRu. The USN and the USMC stacks use
machined carbon paper flow fields fabricated by Analytic Power. The flow field design is based
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on a finite difference model developed jointly by Analytic Power and the University of South
Carolina. This flow ficld design has dramatically improved reactant gas distribution and cell
stack performance. The bipolar plates are composite units fabricated from nitrided titanium
scparator plates, carbon paper flow fictds and plastic ccll frames with O-ring scals. The stacks arc
water cooled.

Figure 1 shows the hydrogen/air performance of the USN and USMC stacks tested on reformed
hydrocarbons. The upper line is the 10-cell USMC stack performance at 40 psig and 180°F. It is
the average of all cells in the stack. Some cells reached 0.6 voits per cell at 1000 ASF. The next
line in Figure 1 corresponds to a 25-cell stack built for the USN program. The performance level
of this stack is about three times better than previous builds which did not have the new advanced
flow fields. The 25-cell stack was operated at about 35 psig and 160°F. The lower temperature
accounts for the difference in performance between USN and USMC stacks. The triangular data
points were obtained from a 20 cell-USN stack operating between 130°F and 150°F at about 25
psig. The figure also shows a data point which represents the average voltage at 200 ASF when
50 PPM carbon monoxide was admitted into the cell. The average performance at 200 ASF
dropped about 200 mv when the stack was exposed to carbon monoxide. As we will show,
performance was completely restored by titrating the stack anode gas with air.

Current Density & Volts vs Record No gﬁuﬁl:df t::to(‘:: ;0 i,%ﬁlia?bilz
Analytic Fow er Corporation monoxide contaminated gas.

u 400 : 1 The stack was also tested at 100
< - » PPM and 150 PPM levels.
Z S0 0.8 § Stacks are now being endurance
2 200 06 = tested ‘on simulated reformate,
é =3 The figure shows .that the
$ 100 W 0.4 g average cell voltage drops about
5 200 millivolts with the cell
© 0 0.2 stack on a 200 ASF load.
480 500 520 540 560 580 Figure 3 shows that carbon

USN 20 cell substack Recno = asf monoxide admission starts at
50 PPM CO TEST - VOlts about record number 490, near
the point where performance

Figure 2 - Current Density & Volts vs Record No. starts to drop. The 600 records

accumulated in  thc  test
correspond to about 5.25 hours of testing. Each record number represents about 30 seconds. At
record number 565 we started titrating air into the anode, Figure 2 shows that performance
recovers completcly when air is present in the anode cavities.

Autothermal Reforming Fuel Processor
Figure 4 shows a schematic of the USN fuel processor test stand. All the fuel processor

components are mounted in the test stand. Analytic Power devcloped a simulation program
which has proven uscful in correlating the experimental data of the fucl processor. -
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The USN ATR started n -
operation in April of 1995. Carbon Monoxide & Air vs Record
After about a year of operation Anattyic Pow er Corporation
on a variety of fuels ranging 0.014 2
from jet fuel to diesel fuel, | o 0'0 12 :
several stainless steel ATR | o * J45
components corroded. The unit | "% 0.01
was rebuilt with Inconel | 5 0.008 ; 2
replacement parts and a new | = 0.006 <
catalyst, Since the rebuild, the | § 0.004 ——3f- =05
unit has attained efficiencics of | § 0.002 -ti
about 75% on diescl fucl. The 0 o
design objective is to reach 480 500 520 540 560 580

about 82%. Recno

Figure 3 - Carbon Monoxide and Air vs Record No.
The ATR been tested at

pressures from 1 to 2.5 atm.

Most of our operations have used low steam to carbon ratios because of the heat loss from the
ATR. Heat loss limits the ATR’s capacity to heat steam and air to partial oxidation temperatures.
While the condition can be remedied by clevating the oxygen to carbon ratio, this hurts
efficiency. Low hydrogen to carbon ratios in the ATR enhances coke formation, especially at
clevated pressure., No coke formation has been experienced at low pressure. Since the ATR was
rebuilt and the insulation was replaced, heat loss has been greatly reduced and operation at

elevated pressure has been improved. The new USMC ATR design is expected to greatly reduce
heat loss.
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Figure 4 - ATR based Fuel Processor
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We are concentrating on selective oxidation to reduce the carbon monoxide level from the fuel
processor. Both the USN and USMC cell stacks have been operated successfully on the effluent
from a natural gas fuel processor. However, the performance is somewhat erratic because of the
rclatively high levels of carbon monoxide leaving the sclective oxidizer. Our most recent results
show improved selective oxidizer performance at temperatures of 350°F rather than the 180 to
250° F which were originally used. The higher temperature necessitates relocating the sclective
oxidizer from the position shown in Figure 4 to a point between the shift converter and
condenser. A sample of the cffluent composition at various points in the fucl processor is
presented in Table 1. The table shows the gas compositions from a diesel fuel reforming test,
analyzed at the ATR or shift converter exit. The gas compositions, which are on a dry basis, were
obtained with a gas chromatograph which is part of the USN fuel processor test stand
instrumentation.

The oxygen to carbon ratios shown in the table are quite high while the steam to carbon ratios are
low. These conditions generally result in a reactor inlet temperature of about 2000°F. The high
inlet temperature is required to get high conversions of diesel fuel to carbon oxides. The present
system also suffers from a shift converter inlet temperature and, consequently, a high shift
converter exit temperature. This results in a high carbon monoxide concentration at the shift
converter exit.

Table 1
Fuel Processor Effluent Composition
0/C | HO/IC | %adj. | %adj. | %adi. | %adi. | %adj. Sample
H: N; CcO CH, CO;
0.43 0.71 24.10 59.07 8.31 1.35 717 ATR
0.45 1.54 3547 39.21 14.19 (151 9.61 ATR
045 0.69 35.18 40.30 13.88 1.22 9.42 ATR
045 | 1.62 2.31 56.96 0.90 1.29 38.54 sC
0.46 0.74 128 58.07 0.30 1.48 38.87 SC
0.46 0.72 35.99 36.72 1.40 3.21 22.68 sC
0.46 0.74 36.85 37.82 1.05 0.88 23.40 sC
0.46 1.65 3241 32.96 11.42 0.62 22.59 ATR

The USMC reformer. which is nearing completion. uses a thermally regenerative design and an
advanced heat transfer system. This should greatly reduce heat loss from the reactor surface. The
USMC fuel processor will also employ separate high and low temperature shift converters,
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FUEL ECONOMY AND RANGE ESTIMATES
FOR FUEL CELL POWERED AUTOMOBILES

Margaret Steinbugler and Joan Ogden
Center for Energy and Environmental Studies
School of Engincering and Applied Science
Princeton University, Princeton, New Jersey 08544-5263

While a number of automotive fuel cell applications have been demonstrated, including
a golf cart [1,2], buses [2-4], and a van [5], these systems and others that have been proposed
(6] have utilized differing configurations ranging from direct hydrogen fuel cell-only power
plants to fuel cell/battery hybrids operating on reformed mecthanol. To date there is no clear
consensus on which configuration, from among the possible combinations of fuel cell, peaking
device, and fuel type, is the most likely to be successfully commercialized. System simplicity
favors direct hydrogen fuel cell vehicles, but infrastructure is lacking. Infrastructure favors a
system using a liquid fuel with a fuel processor, but system integration and performance issues
remain. A number of studics have analyzed particular configurations on either a system [7-10]
or vehicle [11-16] scale. The objective of this work-is to estimate, within a consistent
framework, fuel economies and ranges for a variety of configurations using flexible models
with the goal of identifying the most promising configurations and the most important areas for
further research and development.

Configurations considered include a direct hydrogen fuel cell vehicle with no peaking
device, a direct hydrogen fuel cell vehicle with a peaking device (battery, flywheel, or
ultracapacitor), a fuel cell vehicle operating on methanol steam reformate with peaking device,
and a fuel cell vehicle operating on liquid hydrocarbon partial oxidation (POX) reformate with
peaking device,

A computer model has been deyeloped to estimate fucl economics and ranges for these
vehicles. Inputs to the model include vehicle parameters, a driving schedule, and performance
and weight information about vehicle components.

Required vehicle parameters include coefficients of drag and rolling resistance, glider
weight, frontal area, and accessory power. Driving schedules currently being considered are the
Federal Urban Driving Schedule (FUDS), the Federal Highway Driving Schedule (FHDS), and
cach of these with their velocities increased by 25%.

Vehicle components include the fuel ccll system, peaking devices such as batteries,
flywheels, and ultracapacitors, fuel storage, fuel processor, and clectric drive motor. The model
takes into account the masses, pcak power and/or cnergy storage capabilities of these devices
and cither sizes the vehicle power train for specified acceleration and hill climbing performance
or allows the user to specify component sizes.

For each second of the chosen driving schedule, road load equations are used to
calculate the power demanded from (or, via regenerative braking, dcliverable to) the power
plant. The fuel cell system is considered the primary power sourcc. If it can supply all the
power needed, it does so. The peaking device is considered to augment the fuel cell and only
delivers power when the power needed to adhere to the driving schedule exceeds the fuel cell
system’s capabilities. This may occur in a dircct hydrogen configuration when the fuel cell
system is small; it may occur in an indirect system if the fuel cell system is small or if the fuel
processor is unable to follow load transients.

During the simulation, peaking device state of charge and hydrogen consumed by the
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fuel cell are tracked. When the driving schedule simulation is completed, total fuel consumed
and distance traveled are calculated, resulling in estimates for fuel cconomy and range.

One broad generalization that can be made is that cven with a system as cfficient as a
direct hydrogen fucl cell powering the vehicle, load reductions (ic, lower mass, drag and rolling
coefficients, and accessory power) relative to today’s typical midsize cars are necessary to
achieve the Partnership for a New Generation of Vehicles (PNGV) 80 mpg goal. For example,
a direct hydrogen fuel cell-only vehicle with performance and vehicle characteristics (such as
weight and drag cocfficient) consistent with today’s commercial midsize cars has an estimated
combined urban/highway fuel cconomy of 64 mpg. To achicve 80 mpg via weight reduction
alone would require a 35% reduction in curb weight. If drag coefficicnt could be reduced from
0.35 to 0.30, curb weight reduction necded for 80 mpg would be only 26.5%. Fucl cell
vehicles operating on reformate suffer additional losses relative to direct hydrogen vehicles due
1o reformate quality (hydrogen dilution) and lower hydrogen utilization and may have more
difficulty attaining the PNGV goal. :
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DIESEL FUELED SHIP PROPULSION
FUEL CELL DEMONSTRATION PROJECT L

William H. Kumm
President
Arctic Energies Ltd.

511 Heavitree Lane
Severna Park, MD 21146-1010
Tel 410-987-5454
FAX 410-987-7549

Brie:f Summary of Paper

The paper describes the work underway to adapt a former US Navy diesel electric drive
ship as a 2.4 Megawatt fuel cell powered, US Coast Guard operated, demonstrator. The
Project will design the new configuration, and then remove the four 600 kW diesel electric
generators and auxiliaries. It will design, build and install fourteen or more nominal 180
kW diesel fueled molten carbonate internal reforming direct fuel cells (DFCs). The USCG
cutter VINDICATOR has been chosen. The adaptation will be carried out at the USCG
shipyard at Curtis Bay, MD. A multi-agency (state and federal) cooperative project is
now underway. The USCG prime contractor, AEL, is performing the work under a Phase
II Small Business Innovation Research (SBIR) award. This follows their successful
completion of Phases I and II under contract to the US Naval Sea Systems (NAVSEA)
from 1989 through 1993 which successfully demonstrated the feasibility of diesel fueled
DFCs. The demonstrated marine propulsion of a USCG cutter will lead to commercial,
naval ship and submarine applications as well as on-land applications such as diesel fueled
locomotives.
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DEMIXING AND EFFECTIVE VOLATILITY OF
MOLTEN ALKALI CARBONATE MELTS IN MCFCs

Thomas Brenscheidt, Hartmut Wendt
Institut fiir Chemische Technologie, TH Darmstadt
Petersenstr. 20, D - 64287 Darmstadt, Germany

Introduction:

Since the early investigation of A. Klemm (1), the demixing of the cations of molten binary salt
mixtures with a common anion due to the different mobilities of two different cations had been
investigated in numerous experiments and the respective results interpreted in terms of struc-
tural features of the melts; see for instance (2) and (3). 1-1 electrolytes had been preferentially
investigated. Okada also reported investigations on lithium carbonate/potassium carbonate
mixtures in the temperature range from 980 to 1070 K, (4). From this investigation it is known,
that the heavier potassium cation is faster than lithium in mixtures which are more concen-
trated in potassium than xk»co3 = 0,32 (Chemla effect)whereas below this isotachic concentra-
tion lithium is faster.

Theory and Prediction:

Charge and mass transfer in the electrolyte of molten carbonate fuel cells is accomplished by
the movement of the carbonate anions, which are generated at the cathode and decomposed by
release of CO- at the anode. Against the steadily moving stream of carbonate anions the cations
are migrating - but according to their different mobilities with different velocities. Under steady
state conditions the relatively faster cation would accumulate in the catholyte. Steady state
conditions for the cations are defined by zero velocities of the summed convective, migrative
and diffusive mass transfer:
0= Agtoraty = Reome T Vg T Ay M

With t; equaling the so-called internal transfer number of cation i, defined against the back-
ground of the anion common to both salts and x, equaling the mole fraction of the salt (M),CO;3
in the binary mixtures one obtains for the three transport terms

y i2 . i . &,
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and calculates the steady state balance
i &,
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y
With the volumetric concentration of the cation, i, ¢;. which is given to a good approximation

by ¢, = xip/ A—/[ with p equal to the density of the melt and 1\-4 equal to the mean molar weight
of the melt one arrives at

& __
dy

y is the distance of the point of consideration from the outer surface of the fuel cell anode, ¢; as

the internal transfer number is, defined by the internal mobilities, b; and b; of the two cations

and by the mole fractions x; and x; of the two salts in the binary mixture:
xb xb,
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A closed solution of diff. equ. (4) is impossible, as the bi, bj values are not constant as the con-
centrations of the molten mixture changes. According to equ. (4) the sign of the gradient dxy/dy
depends on the sign of the quantity (x; - t;) and its magnitude depends also on the current den-
sity, i. For x¢>0,32, as is demonstrated in fig. 1, the quantity (x - t) calculated from Okada’s
data for Li;COy/K>CO; melts becomes negative for potassium and as dcx/dy is positive, the
potassium concentration increases in going from the anode to the cathode, whereas the concen-
tration of lithium decreases correspondingly. Since the lower melting eutectic of the
Li,CO3/K,CO; system which defines the usual melt composition in MCFCs, has the composi-
tion xK = 0,38 we can definitely predict the accumulation of potassium and the depletion of
lithium in the cathode. We expect also, that on the anode side of the cell a limiting potassium
concentration will be attained that matches the concentration of the isotachotic point if more
and more potassium is dragged into the cathode as would be expected as the current density is
increased. Relative mobilities in binary molten Li,CO3/Na,CO; mixtures are not known. Per-
forming steady state operation of MCFC which make use of this electrolyte and analyzing the
steady state distribution of lithium and sodium in these cells would allow to draw conclusions
concerning the relative internal mobilities and transference number of both cations.

Results:

(a) LizCOs/K,CO; eutectic: Table 1 collects the chemical analyses of a 340 h experiment per-
formed at 650 °C with a steady current density of 100 mA cm™
Table 1
Potassium and lithium contents of MCFC operated for 340 h at 100 mA. c_m'2

anode matrix . cathode
total K/mg 21,2 175 25
total Li/mg 70 58 6,3
thickness/mm 0,8 1,1 0,5
mol% Li.CO; 64 64 58

It is evident that the greatest part of the electrolyte is contained in the matrix (75 to 80 %) and
that almost equal parts of the remaining electrolyte are contained in both electrodes. The ratio
m (K)/m(Li) is almost equal in the matrix and the anode (~3) but it increases to 4 in the
cathode.

Fig. 2 shows for three independent experiments - two with 100 mA cm™ - one with
150 mA cm™ the mean lithium carbonatc mole fraction in the anode, matrix and cathode.
Evidently anode and matrix electrolyte exhibit almost the same chemical composition but the
catholyte is seizeably depleted in lithium. This effect becomes much more pronounced at higher
current densitits. As the current density increases by a factor of 1,5 the concentration
difference,

Axy, co, = X,;(matrix) - x,, (cathode)

increases by a factor of almost 3, indicating that the current density of a MCFC with
Li;CO3/K2CO; eutectic melt might become a critical operation parameter.
Table 2
Demixing of Li,CO3/Na,CO; eutectic in MCFC
mole % Li;CO;

Operating time/h c.d./mA cm® anode matrix cathode
139 100 56 51 49
69 150 - 56 54 53
116 150 53 (57) 48
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Li,COs/Na;CO; electrolyte: Transference experiments had also been performed with
Li,CO,/Na,CO;-cutectic (52/48 mole/mole). Table 2 lists the analyses of the cell melts in the
three different components of a respective lithium-sodium carbonate cell.

Obviously also with lithinm/sodium carbonate melts (52/48 mole/mole) depletion of lithium
and the accumulation of the heavier sodium is observed in the cathode. But the effect is weaker
and the concentration gradient seems to be more evenly distributed across the cell than with
lithium/potassium carbonate melts.

Discussion:
Accumulation of heavier alkali cation (K* or Na*) and depletion of Li* at the cathode is firmly
established. This has several consequences:

(a) the electrode kinetics of oxygen evolution is affected as the solubility of oxygen in the
mixed alkali carbonate melts depends on the lithium contents.

(b) The effective volatility of the melt, which is mainly determined by the mole fraction of the
more volatile sodium and potassium carbonates respectively is enhanced to some extent
according to their increased concentration (9).

(c) At seizeably increased current densities, which are desirable because of the still insuffi-
cient power density of MCFCs, the concentration enhancement of potassium cations at
the cathode could lead to the crossing of the liquidus/solidus curve with precipitation of
lithium carbonate in the anode.

(d) With lithium/sodium carbonate melts demixing is much weaker. This together with the
lower nickel oxide solubility and volatility is reason enough to seriously consider Li/Na
melts as more appropriate than LI/K melts.
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OPERATION CHARACTERISTICS OF A MULTIPLE TYPE MCFC
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Multiple type structure of MCFC of which the separatorof the cellis dividedby fourelement
cells has been studied. For the stable operation of this type cell, the effect of gas flow rate and
temperature distribution on the cell voltage should be clear.

In orderto clarify these characteristics, a small sized mimic model has been made and tested. The
flow rate distribution for the four element cells were varied and cell voltage and temperature
distribution were measured for each cell. The decrease in cell voltage and the increase in
maximum temperature became remarkable when the apparent utilization factor for one element
cell became over 100%. The calculated results agreed fairly good with test results.

1. Structure and characteristic of a multiple type cell.

Figure | shows a schematicof a single cell of multiple type MCFC. A cathode, an anode,a
current corrector anda gas channel were dividedinto fourdivided cells excepta electrolyte plate.
The reaction gases (for both cathode and anode) flows from the center lattice part toward the
peripheral regions, and the flow directions of anode gas and cathode gas are perpendicularto each
other. Figure 2 shows a schematic of the multiple type cell used for experiments. The size of the
cell was 50 cm x 50 cm, and the area of this cell is one-thirteenth of actual cell(100kW class).
We called this multiple type cellas M900 stack. M900 stack has 2 cells. They are definedas No.
1 andNo. 2 cell from the lower part sequentially. And M900 stack has four manifold(A,B.C,D).
At eachmanifold, flow rate of the reaction gasinto each divided cell(A,B,C,D) can be controlled

independently.

2. Voltage-time characteristics of the multiple type cell

At first, the cell characteristic under equal flow rate to each 4 divided cells has been measured
as abasic characteristic of the cell. Only time dependenceof No. 1 cell performance is shownin
figure 3, because No. 2 cell showed almost same tendency. Therefore, we indicate only the result
of No. 1 cell in this paper. M900 stack was operated continually about 2,000 hours. The

performance change until about 1,500 hours was shown in this figure. As for operating
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condition, hydrogen/carbon dioxide/steam ratio of anode gas was 72/18/10, and the air/carbon
dioxide ratio of cathode gas was 70/30. And the M900 stack was operated in continually under
the condition of 150mA/cm? load(rated load of the cell), 650°C operating temperature, 60% fuel
gas utilization and 30% oxidant gas utilization. Under various load current condition, cell
voltage and intemal resistance (alternating current resistance at 1kHz) were measured
simultaneously. The altemating curmrent resistance was measured using Milli-ohm meter
(HP4231A).

In figure 3, the open circuit voltage showed almost constant value of 1.07 V, and the cell
voltage at the rated load showed 0.8 V in early stage, andhas a tendency to fall by gradually. The
internal resistance showed almost the same during the operation, approximately 0.6 Q cm? The
performance decay rate was 0.8% per 1,000 hour.

In figure 4, the relationship between operation temperature and cell performance decay rate is
shown, which were obtained by small-sized cells of 100 cm? class cell. It is clear that the
performance decay rate increased with increasing of temperature. The performance decay rate at
650°C was approximately 1% per 1,000 hours, and this characteristics was also the same as this
M900 stack.

3. The effect of the flow rate distribution on the cell performance

Figure 5 shows the influence of the flow rate distribution on cells performance. This figure
shows the results when the rate of fuel gas supply to each divided cells were changed, but the total
gas flow rate was kept constant, and the fuel utilization at 40%. The case 1 indicates that the gas
flow rate between each divided cells was equal, and the case 2 indicates that the gas flow rate of
the dividedcell A was increased by 30% than the average, and considerable share was reduced from
dividedcell B, in other words, the gas flow rate of the divided cell B was considerably reduced. The
case 3 indicates that the gas flow rate of divided cells A and B was increased 30% than the average,
and flow rate of remaining divided cells C and D were reduced by 30%. Finally, the case 4, the
gas flow rate of the divided cell A was reduced by 90% than the average, and remaining divided
cells B-D wereincreased by 30%. The vertical axis of the figure shows a ratio compared with the
cell voltage of case 1, i.e., the deviation of the cell performance in the case 2-4 from the uniform
gas flow distribution(case 1). And horizontal axis was defined by the following equation that
represented a standard deviation of fuel gas flow rate of 4 divided cells.

(Deviation of flow rate)= X [{(QVQ-1)}*2)/4 s (D)

Where Qi is the flow rate of the fuel gas to each divided cells and Q is the fuel gas flow rate
of the average with all the divided cells, respectively. Asaresult, the performance change of case
4 was extremely large.

In figure5, it is alsoindicated the simulated performance change ratio simultaneously, where
the open circle plots were experimental results, and the region of slanted line was a simulated one.

From this figure, in spite of the performance loss was within 0.6% when the change of the
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deviation of flow rate was within 20%, it was found, that the performance fall became large
suddenly as the inclination with deviation of flow rate surpassed approximately 30%. The
measured values were settled in the range that were predicted by the calculation. In this figure, the
reason why the calculated values had some range, because there were several cases which had

different pattems of flow rate (llistributionrat the same deviation of flow rate.

4. Effect of the deviation of flow rate on a temperature distribution in cell

In figure 6, the change of the temperature dlistribution caused by the deviation of flow ratein
four divided cells is shown. In this figure, the isothermal lines were obtained by using
interpolation by Lunge Kutta method using the 20 points of measured temperature values. From
this figure, the temperature in a divided cell A decreased because the fuel flow rate was decreased
(The apparent utilization was high). On the otherhand, the temperature increased because the fuel
flow rate was increased (The apparent utilization waslow)in adivided cell D. These changes can
be explained that the electric current was concentrated on a divided cell D by the sufficient gas

flow rate and this increased the generation of heat.

5. Conclusion A reducedsize cell was produced, and the effect on the cell performancesand
the temperature distribution with changing the gas supply condition into four divided cells were
examined. And we obtained the following results.

(1) The performance decay rate of the reduction model was agreed with which the performance
decay rate of the small-sized cells.

(2) Cell performance deteriorated with increasing the deviation of the flow rate gradually, and the
performance fall became remarkable when the apparent utilization with the divided cell exceeded
100%.
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Figure 1 Schematic of Muitiple Type MCFC.
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MCFC POWER PLANT WITH CO, SEPARATION

Noboru Kinoshita
Ishikawajima-Harima Heavy Industries Co., Ltd.
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Fuel cell power plant has been developed for many years with expectation of high system
efficiency. In the meantime the gas turbine combined cycle has shown its considerable progress in
improving system efficiency. Fuel cell power plant will no longer be attractive unless it excceds
the gas turbine combined cycle at least in the system efficiency. It is said CO, separation could
improve the efficiency of fuel cell power plant. IHI has developed the CO, separator for fuel cell
power plant. This study describes that the CO, separator can increase the efficiency of the molten
carbonate fuel cell (MCFC) power plant by 5% and the expected efficiency reaches 63 % in HHV
basis.

CO; SEPARATOR

In general, CO, separation is performed by means of absorption, adsorption and membrane. If we
want to apply these technologics for the fuel cell plant, we encounters some difficulties. For
example, adsorption nceds excessive power consumption and absorption requires considerable
heat energy while membrane has poor selectivity. IHI has developed the CO, separator tailored for
the fucl cell plant by improving the liquid absorption technology.(1)

SYSTEM DESCRIPTION -

A schematic flow diagram of the MCFC power plant with CO; separation is shown in Figure 1.
Natural gas fuel is heated by exchanging heat with anode exhaust gas in the heat exchanger E-3,
where also a small amount of steam is generated and the anode exhaust recycle stream from the
CO; absorber T-1 is heated. These streams are combined and further heated in the heat exchanger
E-1. The hot fuel gas flows through the anode channels. In the anode chamber, natural gas is
reformed to hydrogen and carbon oxides and utilized to produce electricity. The. electrochemical
reactions provide heat necessary for the endothermic reforming reaction. The anode exhaust gas
contains unused fuel such as hydrogen and carbon monoxide. These valuable fuels can be used
thoroughly in the fuel cell by means of recycling themselves through the CO; separator.

Exhaust gas leaves the anode at 650C and flows lhrough‘ the heat exchangers E-1, E-2 and E-3
and is further cooled in E-4 and fed to the CO, absorber T-1, where most of carbon dioxide and
steam are transferred to the Jiquid absorbent. The overhead gas which contains 25 vol % (dry) CO,
after treated in T-1 is compressed by the recycle gas compressor C-3 and heated in E-3. A small
portion of this stream is sent to the catalytic burner R-1 to raise the cathode inlet gas temperature.
The remainder is recycled back to the anode chamber. The anode recycle gas flow rate is adjusted
such that the fuel cell outlet gas temperature is approximately 650C. ’

Air is fed to the CO; stripper T-2 via the air blower C-1. In the CO; stripper, CO- and steam are
‘transferred to the air stream. At the top of the stripper, the operating temperature and pressure are
approximately 60°C and 1.23 kg/em? respectively. The overhead gas is compressed by the air
compressor C-2 to a sufficient pressure to operate the fuel cell at the pressure of 5 kg/em®. The
compressor consists of two stages and an inter cooler and is driven by the expander X-1. The
compressed gas is heated by exchanging heat with the expander exhaust gas in the heat exchanger
E-5. This preheated stream is further heated by exchanging heat with the anode exhaust in E-2
where the high temperature sift reaction takes place to maximize heat recovery from the anode
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cexhaust. This hot stream is passed over the catalytic burner R-1 then enters the cathode chamber of
the fuel cell. The cathode exhaust leaves at 650 and enters the expander X-1 to recover energy
from the hot strcam.

The absorbent leaving the bottom of the stripper T-2 is pumped to the top of the absorber T-1.
After absorbing CO, and steam in T-1, the absorbent is heated in the inter cooler of the air
compressor C-2 and in the heat exchanger E-4 to the temperature of 62°C, then recycled back to

the top of the stripper T-2.

Figure 1: A Schematic Flow Diagram of MCFC Power Plant with CO, Separation

PRESSURE
K . 1200

The parametric analysis shown

. 1000
below is based on the power ,
plant size of about S0 MW. At igg E/E
higher pressure the fuel cell ‘
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performance improves and the
size of the CO, separator 200
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especially in the air blower C-1.

The power requirement for the Figure 2: Pressure effects on parasitic power
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absorbent pump P-1 increases slightly as the higher head requirement overcomes the effect of the
reduced flow rate. The power requirement for the recycle gas compressor C-3 decreases slightly
also. As a result of the above considerations, the operaling pressure of 5 kg/em? is selected for the
fuel cell stack.

TEMPERATURE

The lower is the operating temperature of fuel cell, the longer the fuel celt life is expected. On the
other hand, at higher temperatures, the fuel cell performance improves but the increase in costs for
equipment and maintenance would offset the performance gains. Thercfore, in this study the
temperature of 650C is selected as a maximum temperature for the fuel cell outlet.

The temperature of absorbent affects largely the design of the CO, separator. The performance of
the CO; separator improves at higher temperature while heat requirement increases due to the
increased vaporization of stcam in the CO; stripper. Also the absorbent will be degraded at higher
temperatures. The available heat from the anode exhaust and the inter cooler of the air compressor
covers the heat requirement of the CO, separator when the operating temperature of the inlet
stream of the CO, stripper is about 62°C. This temperature is low enough to avoid degradation of

absorbent. . :

CALCULATION BASIS

The system efficiency is calculated on the basis shown in Table 1.
Table I: Basis for System Efficiency Calculation

Power Plant Size (MW) 50
Inverter Efficiency (%) 98
Machinery Efficiency (%)
Expander-Compressor :
Expander(adiabatic) 88

Compressor(adiabatic) 85

Mechanical Loss 5

Generator 90
Other Compressors (adiabatic) 80
Pump 75
Motor 90

Heat Loss (Gcal/H)

Fuel Cell Stack 2-3
High Temperature Piping 1.7
Catalytic Burner 04

Other Parasitic Power Consumption (kW) 500

For comparison purpose, the system efficiency of the internal reforming(IR-) MCFC power plant is
also calculated on the same basis.

RESULTS

The calculated results are summarized in Table 2 to evaluate the effects of the CO, separation. The
results shows the system efficiency increases from 58% to 63% by using the CO, separator. The
considerable improvement of fuel utilization from 82% to 93.6% has greater effect on the
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enhancement of system efficiency than the extent of reduction of the excess power gencration of
the expander-compressor. The reduction of power generated in the expander-compressor is mainly
due to the compression work for CO, which is transferred from the anode exhaust to the oxidant
stream.

Table 2: The effect of CO, Separator

IR-MCFC w/ CO» separator
Fuel Supplied (HHV Gcal/H) 78413 78.413
Fuel Utilization -Overall (%) 82.0 93.6
Cell Voltage (mV) 805 822
Net Power Output (MW) 53.0 56.7
System Efficiency (HHV %) 58 63
Operating Pressure at Fuel Cell Inlet (kgfem®) 3.5 5.0
Power Generated by Expander-Compressor(kW) 2760 0
Flow Rate of Absorbent (m3IH) 0 2545

The following is the briel specifications of main cquipment of the CO; separator calculated by
using IHI’s experimental data. Both towers consist of structured packing.

Absorber T-1 Packing Height (m) 4.0
Tower Diameter (m) 53
Packing Pressure Drop (mmH.0) 35
Stripper T-2 Packing Height (m) 8.0
Tower Diameter (m) ‘ 7.0

Packing Pressure Drop (mmH,0) 430

SUMMARY

The CO, separator is able to improve the system efficiency of the MCFC power plant and the
expected system efficiency reaches 63 HHV %. This considerable improvement is mainly due to
the increment of fuel utilization. This high value is assured by the peculiar features of the CO,
separator. The unused valuable fuels in the anode exhaust can be recycled back to the fuel cell
once the anode exhaust gets rid of CO,.

In this study, the cffectiveness of the CO, separator is shown when it’s applied to the internal
reforrming MCFC. Alternatively it is possible to apply it to the external reforming MCFC. In this
case the system efficiency decreases to about 60% because of a large amount of anode gas recycle
at high temperature required to transfer the waste heat from the fuel cell to the external reformer,
that needs additional power consumption of the hot recycle gas compressor. Also the anode gas
recycle dilutes the anode gas composition and lowers the Nernst potential that leads to the
increased size of the fuel cell stack.

REFERENCES
1. N. Kinoshita, “Development of CO, Separator for MCFC,” Fuel Cell Seminar, Nov/Dec. 1992
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AN APPROACH FOR LONGER LIFETIME MCFCs
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For entering into commercialization of MCFC power plants in the beginning of the 21st
century, we will devote to research for increasing lifetime as long as 40,000 hours with cell
performance decay rate of 0.25 %/1000hrs as the target in FY 1999,

This paper will discuss on our approach for longer lifetime MCFCs through electrolyte-loss
management and NiO precipitation management as well as micro-structural control of
electrodes and matrix plates. Cell voltage decay rate will be estimated by simulation
through series of experiments on accelerated conditions.

1. Introduction

MCFC power plants have the high potential for commercialization in competition with
thermal power plants. From the technological viewpoint for commercialization, it will
depend on cell voltage endurance for long term with appropriate current density under
pressurized condition. From the economical viewpoint, it will depend on capital cost as well
as system simplicity and reliability.

Several causes will contribute to voltage losses in a practical fuel cell. The cell performance
is theoretically decreases from open circuit voltage by Nemst loss, the reaction polarization
in anode and cathode, electronic polarization and ion conductive polarization. Open circuit
voltage is also decreased by Ni precipitation amount and gas crossover. Each of them will
cause output voltage decay during operation.

2. Investigation for Longer Endurance

MCFC stack components consist of porous materials such as anodes, cathodes and matrix
plates as well as non-porous materials such as separators and current collectors. Every
compartment in MCFC is, indeed, susceptible to suffer severe corrosion. It causes
electrolyte loss from matrix, metallic Ni precipitation onto matrix plates and micro-structural
degradation of porous materials. They have still limitation from several technical problems
for 40,000 hour lifetime in operating conditions. Figure 1 shows major research efforts to be
devoted corresponding to endurance time region.

1T 1T 111100 T 1 77
s 7 e e s i s o s Target
. Cell Fabrication _j of 40,000 hrs
s o ot i in FY 1999
PO B LI Lo or.m vl
{ Electrolyte-loss Management i
FNE R T 0 1 U M T 3
; Ni Precipitation Management !
B T T At SO 3 O SO0 1
Micro-structural Control
i 0 i e SO B S B U Y
100 1000 10,000 100,000
Endurance Time (hrs)

Fig.1 Research Efforts for Longer Lifetime
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3. Component Degradation

Alkali carbonates form a highly conductive molten salt with carbonate ions at the high
operating temperatures. Cell performance of MCFCs_has been 1mproved steadily in recent
years. An MCFC stack will still suffer from component degradation including corrosion of
each component, Ni precipitation and gas crossover as well as creepage of electrolyte.
Figure 2 shows operating principles and degradation phenomena observed as follows;

Separamr
Fuel In 5 .. i s s oy ‘ Fuel Out
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Corrosion [T —
Current Collector
Oxidant In “~Cco
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o

Fig. 2 Operating Pnncxple and Component Degradation

4. Performance Decay

A 5 kW -external reforming type stack with 1 m? active area, for example, has provided
performance decay rate of 3 mV/1000hrs with 16,000 hrs under a little lower operating
temperature of 617 C, whose decay rate is estimated as about 5 mV/1000hrs under standard
operating temperature of 650 C.

A 20 kW short stack of our state-of-the-art has been also under operation. The gas flow
distribution has been well uniformed with internal manifold type. Matrix of porous LiAlO2
has about 1 mm thickness. Anode of Ni-Cr-Al powdered alloy metal has also 1 mm
thickness. Cathode is made of in-situ oxidized porous NiO with Mg additives. Performance
decay rate of Kawagoe 1 MW pilot plant, scheduled to be operated in FY 1999, has been
estimated as 6 mV/1000hrs with initial output of 782 mV from the results.

Generally speaking, overall performance decay rate in present is around 0.5 to 1.0 %/1000hrs
and stack life is around 6000 to 7000 hrs from the limitation of Ni precipitation. Several
corrosive reactions of each component are induced in molten carbonate during operation.
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Figures 3 and 4 show the data published from the world as well as corresponding target of
ours as follows;
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Fig.3 Ni Precipitation Amount during Operation Fig. 4 Decay Rate in Recent Years
Performance decay rate in FY 1999 is targeted as 0.25 %/1000hrs and lifetime is as 40,000
hrs, Table 1 shows target of Ni short-circuit time and performance decay rate in FY 1999 as
well as state-of-the-art of them as follows;

Table I  Performance Decay Rate of State-of-the-art and Our Target

State-of-the-art

Target in FY 1999

Ni precipitation amount

6 to 7 mg/cm?/1000hrs

1 mg/cm¥1000hrs

Short-circuit time (ts0)

6000 to 7000 hrs

40,000 hrs

State-of-the-art

Target in FY 1999

Overall resistance

0.5 to 1.0 %/1000hrs
= 4.0 to 8.0 mV/1000hrs

0.25 %/1000hrs
= 2 mV/1000hrs

Reaction resistance

in anode and cathode (R+R) 0.29 to 0.5 %/1000hrs 0.12 %/1000hrs
Electronic resistance Re) | 0.06 10 0.2 %/1000hrs 0.08 %/1000hrs
Ion conductive resistance (R;) 0.15 to 0.3 %/1000hrs 0.05 %/1000hrs

5, Estimation of Cell Endurance

Lifetime around 40,000 hrs is, indeed, long time to demonstrate. In order to prospect for
newly developed stacks with better performance in shorter investigating period, Central
Research Institute of Electric Power Industry (CRIEPI) has just now started to induce
equations for estimation of individual decay rates such as reaction resistance in anode and
cathode (R, R,), electronic resistance (R,) and ion conductive resistance (R) as well as
short-circuit time (1, ) as follows;
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More adequate equations with functions of operating time, temperature and partial pressures
will be induced by basic cell operation under series of several accelerated conditions for
approximately estimating longer lifetime of cell stacks improved and developed further.

6. Conclusion

MCFCs provide the opportunity for achieving higher system efficiencies operating under higher
temperature condition around 650 ‘C because of the nature of electrolyte. Considering about
future commercialization of MCFC power plants, we shall continue to devote to our research
and development through international information exchange. Such issues mc]udmg
manufacturing_cost shall be overcome after achieving our target in FY1999.
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Abstract

The Institute of Gas Technology (IGT), under subcontract to M-C Power Corporation under DOE
funding, has been operating bench-scale fuel cells to investigate the performance and endurance
issues of the Li/Na electrolyte because it offers higher ionic conductivity, higher exchange current
densities, lower vapor pressures, and lower cathode dissolution rates than the Li/K electrolyte.
These cells have continued to show higher performance and lower decay rates than the Li/K cells
since the publication of our two previous papers in 1994.(1,2)

In this paper, test results of two long-term 100-cm? bench scale cells are discussed. One cell
operated continuously at 160 mA/cm? for 17,000 hours with reference gases (60H»/20C0,/20H,0
fuel at 75% utilization and 30CQ,/70 air oxidant humidified at room temperature at 50%
utlization). The other cell operated at 160 mA/cm?® for 6900 hours at 3 atm with system gases
(64H,/16CO,/20H,0 at 75% utilization and an M-C Power system-defined oxidant at 40%
utlization). Both cells have shown the highest performance and longest endurance among IGT
cells operated to date,

Results and Discussion

IGT Cell-934 operated continuously at 160 mA/cm? for 17,000 hours (about 2 years) with
reference gases, including one thermal cycle, with a decay rate of 2 mV/1000 hours. It reached a
peak performance of 809 mV. Its performance lifegraph is shown in Figure 1. The thermal
cycle occurred after about 6000 hours of operation: the cell was cooled down, clamped between
flanges,and moved to another test facility where it was restarted. Toward the end of the 17,000
hours operation, cell performance had decreased to about 720 mV due to decreased anode wet
seal efficiency and OCV and increased N, crossover.
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Cell-94 1operated for 6900 hours at 3 atm with system gases at 160 mA/cm®. It had a peak
performance of 765 mV and a decay rate of 3 mV/1000 hours until a cathode overpressure
incident occurred at about 5300 hours of operation. Thereafter, the cell decayed more rapidly.
Tts lifegraph is shown in Figure 2. Post test examination showed that corrosion of the anode wet
seal was mild as was the case with the 17,000-hour cell. Wet seal leakage in the latter cell was
related to the matrix and not due to wet seal corrosion.
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Figure 2. IGT CELL-941

Sensitivity to fuel and oxidant utilizations for Li/Na have been discussed before.(1,2) They are
indications of the magnitude of the anode and cathode polarizations and of the uniformity of gas
flow distibution across the electrodes. They were determined to be 1.5 mV/%U; and

0.5 mV/%U,, respectively. These values are slightly greater than those of LK. The
performance sensitivity to temperature has also been determined. Although internal resistance
(IR) varies with temperature similarly for Li/Na and Li/K, the electrode polarization of Li/Na,
especially when a stabilized cathode(SC) is used, was found to decrease at a greater rate with
decreasing temperature below 650°C than Li/K (Figure 3). This could be due to poor carbonate
distribution in the cell components or to different reaction kinetics.

Carbonate loss from the porous components of Cell-934 was determined to be 3.7 grams or
2.2 g/10,000 hours. This is higher than the loss observed for Li/K electrolyte under similar
operating conditions, which was 1.6 g/10,000 hours (Figure 4). White salt deposits on the
external surface of the anode flange of Cell-934 were evident indicating carbonate creepage.
There were 1.5 grams carbonate accounted from the washings of this cell’s hardware therefore,
just 2.2 grams or 1.3 g/10,000 hrs carbonate were unaccounted.

Carbonate loss from the porous components of the 3 atm Cell-941 was determined to be 1.8
grams or 2.6 g/10,000 hours, comparable to that observed for Cell-934.. 'Heavy salt deposits on
the external surface of the cell’s anode flange were also observed.
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Figure 4. CARBONATE LOSS FROM 94-cm® CELLS

The amount of Ni in the matrix was determined to be 17.1 mg/cm?for the 17,000-hour cell and
14.6 mg/cm?® for the 3 atm 6900-hour cell. There was no sign of cell shorting either from the
CO, analysis of the fuel outlet gases under OCV condition or from the microscopic examination
of the matrix cross sections. Although the cathodes of these two cells were stabilized, the
observed rates of cathode dissolution are higher than those observed with Li/Na cells with an
unstabilized cathode(Figure 5).
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Figure 5. CATHODE DISSOLUTION IN 100-cm” CELLS
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INTRODUCTION

Long term operation is an essential subject in the commercialization of the Molten Carbonate
Fuel Cell (MCFC). Material stability is important for the development of the MCFC,
particularly for long term operation. In this paper, the specification and the stabilization of
MCFC matrix are investigated, with the aim of producing 40000 hours of operation.

It is common knowledge that matrix thickness has a large influence on shorting time, as
shorting is caused by the dissolution of the nickel oxide cathodes (1,2). Therefore, the optimum
thickness of a matrix designed for 40000 hours operation without the nickel shorting was
sought. The influences of different electrolytes and matrix specifications on the shorting time
were measured with accelerated cell tests. The internal resistance of the matrix was also
estimated.

Gamma( 7 )-lithium aluminate (LiAlO:2) powder with a sub-micron particle diameter is
commonly used for a raw material of matrix to retain molten carbonate electrolytes. This is
because most researchers found that 7 -LiAlO: was the most stable material in the MCFC
cnvironment among the three allotropic forms alpha ( a ), beta ( 8 ), and 7 (3,4). However,
two problems with the stability of 7 -LiAlO:z are being vigorously discussed, especially in
Japan; particle growth causes decreasing electrolyte retention (5,6), and the transformation of 7
to a (6,7). This transformation contradicts the accepted opinion that 7 is the most stable
form. In this paper, the particle growth and the phase transformation of LiAlO2 are examined
with post-test analyses. The influence of matrix degradation on cell performance is also
considered.

EXPERIMENT

Accelerated  single  cell

tests have been performed Table 1 Specifications and results of accelerated cell tests

to ?Va]ua!e the  nickel Cell |Electrolyte Matrix Shorting  [Coeflicient A
shorting time for three (Type (m/o) specification |time / hours of eq.[1]
cells with the different 5

. A |Li/K =62/38 | Conventional |- 300 2.06X10
clectrolytes and matrices. || B |[i/Na=53/47 | Conventional 300 550X10 8
The specifications are | ¢ |LiNa=53/47 Improved 2050 14.10X10

shown in Table 1. To
. tm, C 0
accelerate  the  shorting, 8&?,'.“,2"{%,3&22‘;"’ .3a m, 61{:::( density: 15 mA/em *

thinner matrices (0.5 &£ [|Average partial pressure of CO 2 in cathode gas: 1.72atm
0.01 mm) were used, and
the average partial pressure of the carbon dioxide in the cathode gas (Pco2_avg) was 1.72 atm.
The anode was made of Ni-Al alloy. Lithiated nickel oxide was used for the cathode. The
matrix was made of 7y -LiAlO:2 by tape casting method. A comparison of shorting times of
L¥/K and Li/Na carbonate was carried out by testing cells A and B (Table 1). A new matrix
which had a structure delaying the shorting ume was used with the Li/Na carbonate in cell C
Each cell was usually operated at 150mA/cm . The operation was continued until the open
circuit voltage obviously dropped due to the mckel shorting.

Post-test analyses were performed to estimate the in-cell stability of the LiAlO2 for several
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single cells, which were operated for 5000 ~ 20000 hours under the conditions shown in Table
2. The  component
specifications of these

cells were the same as || Cell | Electrolyte | Gas Utilization Cathode_Gas | Operation
the previous cells used T UfUoz/Ucor Composition Time

Table 2 Specifications of cell tests to estimate matrix stabilization

for the accelerated tests | No. % 2/CO2 % hours

with the exception of the || px1| Lik 40/40/40 15/55/30 5000

mac s Tie 7| 52| HE | ma | e | g
o :

-LiAlO: powder used for || 157 | [imNa 40/40/40 15/55/30 7500

the matrices in these cells . | LN2 Li/Na 60/40/80 17/70117 10000

has a purity of over 98% - N z
(a content < 2%) and a | QPemling pressur: Atmospherey Cugent depsty: 150ma em
sub-micron particle

diameter. After disassembling the cells that were operated, particle diameter and phase
composition of the LiAlO2 were examined with a scanning electron microscope (SEM) and an
x-ray microdiffractometer. Both examinations were performed at three positions in the cross
section of the matrix ( near the cathode, at the middle layer, and near the anode) in each cell.
The collimator with 2 50 £ m ¢ pin hole was used for the x-ray microdiffractmeter
measurement. C

RESULTS AND DISCUSSIONS
The optimum thickness and IR loss of the matrix
Optimum thickness is the minimum thickness necessary for operating cells for 40000 hours
without shorting in this paper. Researchers reported that the shorting time is approximately
proportional to the second power of the matrix thickness and the reciprocal of the cathode CO2
partial pressure (2). as shown in Eq. [1].

( Matrix thickness / cm ) 2

(Shorting time / hours) = A X i 1]
( Pco2_avg /atm)

A of Eq. [1] is the coefficient 4 200 5
which depends on the cell . E
specifications. The calculated £
number of A for various cells is g3 & Thickness 1150 %
shown in Table 1. The P £91R loss , E
optimum thickness- of the _% S
matrix can be estimated with 22 100 5
Eq. [I] for various operating E 2
conditions. Fig. 1 shows the E =
calculated optimum thickness. g-l S0 %
The Pcoz_avg was assumed to =
be 05 atm in a 5 atm » <

pressurized condition. These 0
resuts  show  that  the [Electrolyte || Li/K | Li/Na | Yi/Na | Li/Na
improvements of clectrolyte and  [Matrix TypelConventionallConventionall Improved | _Advanced

matrix  stucture  are  very -

effective for the reduction of Fig.l Calculated results of optimum thickness and IR loss of matrices
matrix thickness. for 40000 hours of operation without Ni-shorting (Pco2_avg=0.5atm)
The internal resistance (IR) loss of a matrix can be calculated using Archie’s equation shown in
Eq. [2] (7). .

(Electrolyte volume fraction) ~® - ( Matrix thickness / cm)

(Resistance / Q «cm %) = - -
(Electrolyte conductivity-/ ( Q -cm) ™' )

2]
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The calculated IR loss of the endurable matrices over 40000 hours is also shown in Fig. 1.
The empirical number was used as the coefficient B (8), and the current density was 150
mA/em ® . As seen in Fig. 1, the IR loss of a matrix with Li/Na electrolyte is below half of
that of one with Li/K electrolyte. This is caused by the thinner matrix and high conductivity of
Li/Na. In addition, the IR loss of the improved matrix is lower than that of a conventional
matrix. The advanced matrix which is shown in Fig. 1 is now being developed to achieve a
further reduction of the resistance. This is because the advanced matrix has a higher porosity
than the others, From these results, it is expected that the pressurized operation of the MCFC
becomes possible with the improvements of the electrolyte composition and the matrix structure,
even if the nickel oxide cathode is used.

In-cell stability of _the LiAIO:

Fig. 2 shows the results of post test analyses of the maximum particle diameters of LiAlO2 at
different positions in the cross section of the matrix. LiAlO2 particles grew near the cathode
with passage of time. On the other hand, fine particles were kept at the middle layer even in the
cell operated for 20000 hours. There was little influence brought about by differences in the
clectrolyte and cathode gases on particle growth, although it was reported that particle growth
was influenced by the basicity of electrolyte (5).

Fig. 3 shows the « -LiAlO2 content as determined by x-ray diffraction. The transformation of
7 to o was remarkable near the cathode where the particle growth was accelerated. These
results suggest that there is a relation between phase transformation and particle growth, It was
observed that the particle growth was accelerated in out-of-cell tests, when the packing of the
matrix was looser (9). This particle growth might be caused by the decrease in packing density
due to the phase transformation.

Fig. 4 shows the changes in internal resistance and gas cross-over in the cell operated for 20000
hours, The amount of cross-over didn’t increase. This is because of the fine pore layer in the
middle of matrix layer which retained electrolyte. However, the resistance increased gradually
after 16000 hours. Particle growth causes the cell resistance to increase due to the lowering of
clectrolyte retention. These results suggest that it is necessary to take some action to inhibit
particle growth for longer operation.
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Abstract

PVA-asssisted sol-gel method is wseful in producing metal oxides with lafge surface area at low
temperature, We fabricated LiCoO»-coated NiO(LC-NiO)’ cathode by PVA-asssisted sol-gel method and
measured its properties. The electrical conductivity of LC-NiO cathode was measured to be more than
5 times as high as that of NiO and unit cell test showed improved performance. From the SEM
images and Raman spectra, we confirmed that the structure of LC-NiO was different from that of NiO.
For 250 hours of steady operation of unit cells, the mean voltage of the cells were 0.78V for NiO
and 0.85V for LiCoO.<oated NiO at a current density of 150mA/cm’.

Introduction B

The solubility of NiO cathode in molten carbonate fuel cell(MCFC) electrolyte has been identified as
one of the major technical obstacles facing fuel cell commercialization. Lithium cobalt oxide, LiCoO:
was selected as one of the new materials for MCFC cathode because the solubility of LiCoO: is small
and the rate of dissolution into the melt is slower than that for NiO, although the clectrical
conductivity is lower than that of NiO. So we coated NiO which has higher electrical conductivity
with stable LiCoO; in carbonate and got LiCoOaxcoated NiO(LC-NiO) cathode by PVA-asssisted sol-gel
method.

The use of PVA greatly suppressed the formation of precipitates from which the heterogeneity stems.
Thereby, homogeneity in the composition of the precursor could be attained, eliminating the diffusion
barrier. It is speculated that the hydroxy ligands on the PVA interact with. or arc complexed to the
metal ions, wrapping them and forming cocoons like local structure around the ions. This local
isolation would prevent agglomeration of metal components, cutting- off the proceeding toward the
formation of precipitates. Presumably, this isolation would be conserved until the organic moicties are
bumed off by being heated. In this study, we measured propertics of LC-NiO cathode fabricated by
PVA-asssisted sol-gel method and investgated whether LC-NiO cathode had the possiblity as the MCFC
cathode.

Experimental
At first, lithium acetate(CH3COO - Li - 2H-0) and cobalt acetate(Co(CH3COO): - 4H:0) were
dissolved in water stoichiometrically. Another solution was prepared by dissolving PVA in water.

The two solutions were mixed and heated to 60~80°C. Pure nickel electrodes were prepared by tape
casting method and the electrodes’ were coated by viscous (Li,Co)-PVA solution. The electrode
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coating used dipping method at atmospheric pressure or at vacuum. After heat treatment at 800°C for
2 hours, the properties of LC-NiO electrodes were investgated by TGA, DSC, SEM, Raman
spectroscopy. conductivity measurement, and unit cell test.

Results and Discussion

Figure 1 and figure 2 are TGA and DSC curves. respectively. of various electrodes and the
(Li,Co)-PVA solution. The (LiCo)-PVA solution shows a large weight loss and an cndotherimc
reaction curve at 50°C~150°C due to water evaporation The LC-NiO and NiO electrodes show a
weight loss and exotherimc reaction curves at 300°C~500°C because of the oxidation of organic
materials in the electrodes. . At 600°C~800°C, exotherime reactions of LC-NiO and NiQ electrodes are
assumed due to the formation of oxides.

20 Figure 1.TGA curves of
] a) pure Ni electrode,
1044 p b) LC-Ni electrode,
100 . ¢) (Li,Co-PVA)solution.

—
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10} g a) pure Ni electrode.
o °f a ® b) LC-Ni electrode,
% o ¢) (Li.Co-PVA)solution.
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Figure 3 shows SEM images of NiO and LC-Ni electrodes after heat treatment at 800°C for 2
hours. The surface structure of LC-NiO electrode was different from that of pure NiO clectrode.
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The structure of NiO electrode shows many micro pores and round-shape particles. On the other
hand, the surface structure of LC-NiO electrode shows few micro pores and angular-shape particles.

Figure 3. SEM images of a) pure NiO electrode, b) LC-NiO electrode
after heat treatment at 800°C for 2 hours.

Figure 4 shows thc Raman spcctra of various electrodes. The Raman spectra of two LC-NiO
clectrodes(b, ¢) were different from that of NiO clectrode(a). For LiCoO.. previous Raman spectra
show two strong Raman bands at 485 and 597 cm®. NiO Raman spectra are shown in figure 4. a).

However only Raman band was observed at 597 cm” for two LC-NiO electrodes. which might be due
to the lithiation of NiO electrodes.

Figure 4. Raman spectra of

a) pure NiO electrode,

b) LC-NiO electrode by dipping
at atmospheric pressure,

c) LC-NiO electrode by dipping
at vacuum after heat treatment
at 800°C for 2 hours.

Intensity

200 400 600 800 1000 1200 1400 1600 1800 2000
Wavenumber(cm™)

Table 1. shows the electrical conductivity of various electrodes. The electrical conductivity of
LC-NiO cathode was measured to be more than 5 times as high as that of pure NiO.
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Table 1. The electrical conductivity of various electrodes. ‘ !

Electrode ' " NiO " LC-NiO

Conductivity(ohm™cmi™) 3.23 x 10° 1.82 x 10°

The performance of unit cell using the LC-NiO cathode showed in Figure 5. For 250 hours of
steady operation of unit cells, the mean voltage of the cells were 0.78V for NxO(a) and 0.85V for
LC-NiO(b) at a current density of 150mA/cm’

1.00

0.95

0.90 -
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070 —
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Figure 5. The plots of operation time vs. votage.

Conclusions o i

We fabricated LiCoO:-coated NiO(LC-NiO) cathode by PVA-asssisted sol-gel method. . After heat
treatment at 800°C for 2 hours, the SEM image of LC-NiO electrode was different from that of pure
NiO clectrode and the fact was confirmed by Raman spectra. The electrical conductivity of LC-NiO
cathode was measured to be more than 5 times as high as that of pure NiQO. For 250 hours of
steady operation of unit cells, the mean voltage of the cells were 0.78V for NiO and 0.85V for
LC-NiO at a cument density of 150mA/cm® The efficiency improvement of LC-NiO cathode cannot
be explained yet.. : ’ o
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Introduction

An interesting way of reducing the production costs of the electrical energy by improving
efficiency and, at the same time, having a good integration between environment and power
plants is offered by the utilisation of the fucl cells operating at high temperatures. From this
point of view, Molten Carbonate Fuel Cells (MCFCs) scem to be one of the most promising
technologies because of their environmental friendly operation for various fuels and potential
low cost. In fact it is well known that the MCFCs overall plant efficiency is typically some 50%
and can reach, as a consequence of their high operating temperature, 65% with a bottoming
cycle. Moreover MCFCs will be particularly attractive for dispersed power plants of MW size
located at user sites. Additional advantages of MCFCs are their good response to base and
partial load, short time for-plant erection and modularity.

However, the competitiveness of MCFC power plants with respect to the other plant types
depends, in a significant way, on the achievement of some basic prerequisites concerning
technical, economical and environmental aspects. An important practical problem regards the
process simplicity of the overall system and the proper choice of plant components as concerns
their performance, reliability, cost reduction and lifetime.

In particular the MCFC stack, which is the key component, still needs improvements to reach
high performance during long term operation as well as a close integration with the balance of
plant (BoP), which is essential for the effective management of heat and gas flow. Another
important goal concerns an easy maintenance and a low-cost replacement of the stack.

Ansaldo Ricerche, also within a technical co-operation with ENEL and ENEA, engaged in the
ficld of MCFCs since the early eighties, Babcock & Wilcox Espaiiola, IBERDROLA and their
partners are facing the previous problems by taking advantage of their experience concerning the
design and construction of a 100 kW MCFC stack which will be tested at the IBERDROLA
facility in Guadalix, near Madrid. After this test, the stack will be placed in a 100 kW MCFC
prototype cogencration power plant under erection, at the CISE premises, near Milan. These
activities are carried out under two JOULE and THERMIE contracts from European Union
(EU). As regards the THERMIE project, CISE is the ENEL representative.

In the frame of its co-operation with Ansaldo Ricerche, the role of ENEL is to support the
technology devclopment and assessment through the performance of specific activities
concerning the physicochemical characterisation of materials and the operation of laboratory
monocells and small size stacks, and to provide basic ideas as concerns the plant type and
configuration as well as its operation modalities.

General considerations

At present the main efforts of Ansaldo Ricerche and Babcock & Wilcox Espaiiola are addressed
to improve MCFC technology, define optimum systems for fuel processing and re-design fuel
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cell stacks for application to MW class power plants mainly fuelled with natural gas and
consistent with the market opportunities concerning dispersed and on-site applications. However
some studies concerning the use of coal gas as fuel are also undertaken [1].

To this aim Ansaldo Ricerche and its Spanish partners defined their roles to reach in a short
time and in a cost effective way the target of the joint program [2] according to their actual
technological background. From this point of view the activities to be developed have been
splitted in such a way that each partner, within its specific roles and expertise, may collaborate
in the most important tasks of the joint program. Moreover, IBERDROLA, a Spanish electrical
utility, will support some technical choices dealing with the BoP and definition of the basic
criteria for connection to the grid and for operation modalities.

Some of the previous activities are performed within a new program partially founded by the
EU, lasting three years and mainly focused to the development and assessment of cost effective
stack through the re-design of the stack as well as the proper sclection of electrode materials and
repeat components by performing suitable tests also using one full area short stack.

Stack design : .

Many experimental activitics aimed at supporting the design and construction of the basic stack
module concerned the design, manufacturing and testing of several stacks having cells with an
uscful area of 100, 702 and 6760 cm® This program permitted to assess the validity of the
present technology, define proper operating conditions and individuate the critical parameters
conditioning the integration of the stack in the plant. Useful information about the
manufacturing of repeat porous and metallic components were also gained so that it was possible
to set up a pre-industrial production line, which permitted to define its running criteria and to
evaluate properly the relevant costs and specific problems for mass production.

Actually a sound knowledge has been already obtained to review the basic requirements relating
to the plant and stack and concerning the cost reduction, modularity improvement, control
simplification, easy maintenance and high reliability. Other important aspects to be considered
concern assembly procedures, start-up cycles, gas sealing, impurity tolerability and diagnostic
tools.

The present technology for the construction of large size stacks is based on elements having a
geometrical arca of 0.75 m? with a rated power ranging from 50 to 100 kW. Anodes are based
on Ni-Cr alloys with a chromium content ranging from 2 to 5% and are formed using
proprictary heat trcatments under suitable atmospheres concerning debinding, pre-sintering,
sintering, chromium pre-oxidation. After the prévious operations anodes are filled with a
mixture of Li and K carbonates having a proprietary composition. Cathodes, made of nickel, are
oxidised in situ during the conditioning phase of stacks, performed using a suitable atmosphere,
to give a lithiated nickel oxide structure. The electrolyte matrix, constituted by y-LiAlO,, is
placed in the stack in the green state and is typically made of some layers having an overall
thickness less than 1 mm. Particular care is devoted to the selection of the y-LiAlO, powders to
prevent matrix crack growth and thickness reduction during stack operation. The removal of
binders is performed using a proprictary process during stack start-up.

Current collector and gas distributor are constituted by a single picce which is obtained by die
forming. This component is carefully controlled to verify the respect of specifications as
concerns its height which is very important in order to get a uniform pressure over all the
contact region and to reduce significantly the value of the internal resistance. Cathodic current
collector and gas distributor are made of AISI 310 S stainless steel. Anodic current collector and
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gas distributors have a more complex structure based on a trilayer sheet made of nickel clad
AISI 310 S stainless stecl. Springs for cathodic and anodic regions are sclected to operate
properly at a temperature of about 700 °C. Separator plates are made of AISI 310 S stainless
steel and the zones of the wet sealing are aluminised according to a proprietary procedurc.
Besides the filling of the anodes with Li and K carbonates, a further amount, necessary for a
correct stack performance, is added in the anodic current collectors using a proprietary
procedure. Its amount is determined by applying a mathematical model, validated by scveral
experimental observations, which permits to account for electrolyte losses due to corrosion and
decomposition processes and migration under the influence of electrical fields.

The present stack design is based on the external manifolding configuration. The mechanical
sealing at the operating temperature is obtained using a suitable assembly of a-alumina, zirconia
felt and cloth. The design account also for the slide due to hot stack compaction under the axial
mechanical load. External manifolds are properly matched to the stack by a system which
assures a nearly constant pressure on the seals. The axial mechanical load is applied through a
pneumatic bellow which operates with nitrogen and permits to regulate accurately the pressure
during the stack start-up and operation. The use of a pneumatic bellow is very effective to reduce
the contact resistance and entity of the gas leakage's through wet scals. A mechanical system
becomes active when the value of the axial load is less than a prefixed threshold.

The current practice is to equip stacks with suitable sensors in order to collect the values of
several physical quantities such as: cell voltage, internal resistance, cell temperature map, inlet
and outlet manifold temperature at different regions and stack compaction versus operation time.

The first prototype of the 0.75 m? technology is a stack having 20 cells which will be operated
under a pressure of 3.5 bar. This stack will be fed with anodic and cathodic gas mixtures
simulating the operating conditions of the 100 kW stack. In fact the cogenerative 100 kW plant
utilises heat sensible reforming system to produce hydrogen rich gas from natural gas. At
present the stack is in the assembly phase and its operation is planned at middle October, 1996.

Ansaldo Ricerche experience based on single cells and subscale stacks has shown that some
critical aspects of the present stack technology which includes also conditioning procedures are:
aluminization of scparator plate in the wet seal region, stack assembly procedures, stack
conditioning cycle and non-repeat metallic parts. It is useful to underline that the previous
problems are not of technical nature but mainly arise from an economical point of view because
at present some of the previous operation are not cost effective.

In order to move towards the pre-commercial application of plants based on MCFC technology,
the following intermediate targets have been fixed for the basic stack module:

o Cellarea 0.75m?

e Power density 160 mW cm-2 at 750 mV/cell
o Operating pressure 3.5atm

o Decay rate <2 mV per 1000 h

o Lifetime >20000 h

e Cost 3000 — 4000 $/kW.

The previous goals are consistent with the technical and economical requirements of a pre-
commercial phase and industrial application because the effective commercialisation requires
only the improvement of manufacturing facilitics for cost reduction and mass production

To reach the previous targets and improve stack design, a guideline handbook with reference to
the stack configuration, mechanical load management, cell number, gas manifolding, choice of

373




TORAZZAET AL
4-

materials and/or components, assembly and maintenance” procedures will be defined. The
influcnce of the "size-dependent" parameters will be also examined in order to identify and
optimise the size of the commercial units. In addition to these activities, Ansaldo Ricerche is
starting a specific technical program aimed at defining a new start-up cycle procedures, which
should require less tight controls and envisage the possibilify of performing such an opcration
directly on the plant, and at designing improved fabrication technologies of the non-repeat
metallic parts in order to face a mass production with a low manufacturing time and effcctive
costs. '

Stack configuration will be defined also by using suitable mathematical modelling to support the
choice criteria for single block or submodule arrangement. This point is very important as
concerns the start-up cycle, performance, reparability and maintenance. The mathematical
modelling is also useful to define basic criteria and methodology for the design of new stacks
and to select the main parameters affecting their sizing.

As regards the development of effective cathodes, the doped lithium cobaltite will be examined
and specifications concerning total porosity, mean pore size, surface specific area, electrical
conductivity and stability in molten carbonates will be established. Furthermore an experimental
activity concerning anodes stabilised whit aluminium has becn started and some specimens have
been prepared. The characterisation of their performance on monocells is in progress.

Conclusions

Ansaldo Ricerche experience, concerning single cells and subscale stacks, shows that the prescat
technology seems to be valid for the construction of stacks whit a size of about 100 kW even if
the single cell performance as well as the anode and cathode stability can be improved.

Mathematical modelling of stack design and j)érfomance is an useful tool to reach the designed
target and define the expected performance when the state-of-the-art materials are uscd.
Mathematical simulation is also useful for a correct distribution of the process gases.

At last, a new crossed approach "system-to-stack” and "stack-to-system" has been defined, which
should overcome the distortion due to the fact of considering separately the stack development
and BoP specifications. This new approach permits a comparative analysis of mutual links of
stacks, ancillary devices and BoP equipment by accounting for the use of the proprietary
Compact Unit concept and comparing the effectiveness of the different fuel procéssing systems.
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Introduction

Dissolution of NiO cathode into the electrolyte matrix is an important phenomena limiting the
lifetime of molten carbonate fuel cell (MCFC). The dissolved nickel diffuses into the matrix and is
reduced by dissolved hydrogen leading to the formation of metallic nickel films in the pores of the
matrix. The growth of Ni films in the electrolyte matrix during the continuous cell operation results
eventually in shorting between cathode and anode. Various mathematical and empirical models [1-
4] have been developed to describe the NiO dissolution and Ni deposition processes, and these
models have some success in estimating the lifetime of MCFC by correlating the amount of Ni
deposited in the matrix with shorting time.

Since the exact mechanism of Ni deposition was not well understood, deposition reaction was
assumed to be very fast in most of the models and the Ni deposition region was limited around a
point in the matrix. In fact, formation of Ni films takes place in a rather broad region in the matrix,
the location and thickness of the film depending on operating conditions as well as matrix
properties. In this study, we assumed simple reaction kinetics for Ni deposition and developed a
mathematical model to get the distribution of nickel in the matrix.

Model Development

Ni deposition is known to occur by the following reaction :
Ni¥* + H; + CO;>* — Ni + H,0 + CO. ¢))

Ni?* dissolved from the cathode and hydrogen dissolved at the anode diffuse opposite to each other
and react within the pores of the matrix. The Ni deposition process is similar to the one used for
the fabrication of inorganic membranes by chemical vapor deposition in an opposing reactants
geometry [5,6]. But, transport mechanism of charged species like Ni?* in the electrolyte is
somewhat different from gas diffusion in the pores. For simplicity, consider the deposition of Ni
in a cylindrical pore of the matrix with an initial pore radius r, at any axial position z, as shown in
Fig. 1. As Ni is deposited on the wall of the pore, the pore radius changes. From the deposition
model, we can find the pore radius change as a function of pore axial position and time. The
progress of Ni deposition can be characterized by the instantaneous radius calculated from the
amount of Ni in the deposit layer using molar volume of Ni (py;) and molecular weight (My ) ©

dr
— = -Ry Muni / P 2
dt )
with initial condition :
r=r, at t=0. 3

Ry denotes the formation rate of Ni based on unit surface area of the pore. In this study we assume
simple reaction kinetics for Ni formation :
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Fig. 1. Cylindrical pore of the matrix for modeling Ni deposition.

RNi = k cNi2+ C}{z (4)
and reaction rate for reactant i based on unit pore volume, R;, can be correlated with Ry; by :

2
Ri= - — R ' &)
r
hl
Assuming quasi-steady state for the deposition process, material balance of reactant i in the
cylindrical pore gives :

WK =R ©)

where J; is the flux of i. Transport of Ni** through the electrolyte in the matrix pore can be
described by diffusion, migration and convection. Since the migration of Ni** due to the gradient of
electric field in the matrix is minor [1], we neglect migration term in J;. Then flux of species i
becomes :

Ji = "Ji,diffusion + Ji, convection 7 @
with Jidifusion = -D; dCi/dz ®
Ji.oonveclion = v Ci (9)

where D; denotes an effective diffusion coefficient of i, and v denotes the convective flow rate.
Effective diffusion coefficient is correlated with bulk diffusivity oY by :

D; = (eh)DP (10)
where 7 is tortuosity factor and € is porosity of the matrix. Since the poroity is a function of pore
radius, D; changes with axial position and time during the deposition. The convective transport
takes place by the carbonate ion flow due to the fuel cell reaction in the anode and cathode. The
amount of carbonate ion transported from the cathode side to the anode side is proportional to the
current density (I/A) and the electrolyte velocity can be expressed as :
v= (VA)M, / (Fp) (r,/r) (11)

Therefore, flux of Ni** or H, becomes :

Jnize = -Dnipe dCrpe/dz + vCins (12)
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Jpp = -Dyp dCypp/dz - vCy. (13)
The boundary conditions at both ends of the matrix are :
Crniz+ = Cni®, dCyp/dz = 0 at z=0 14
Ciz = Ci% dCyipie /dz = 0 at z=2,. (15)
Chiz+ at the cathode-electrolyte interface can be calculated assuming that NiO dissolution reaction :
NiO + CO, & Ni* + COs¥ 16)

is always in equilibrium. Then Cyp,. is proportional to the partial pressure of CO; at the cathode
that is the average partial pressure of CO, determined by the material balance in the cathode for
given current density. Cy,° can be obtained from the Henry's law using average partial pressure of
H, at the anode side. The differential equation (2) and (6) together with initial and boundary
conditions (3), (14) and (15) were solved by finite difference method. The amount of Ni deposited
in the matrix was obtained by integrating the pore radius along the pore axis. The kinetic
parameters were optimized so that the evolution of the amount of nickel in the matrix during the
cell operation was fitted well to the 3cm?-cell data from the literature [1,2].

Distribution of Ni in the matrix

The distribution of Ni in the matrix depends on the operating conditions and matrix properties.
We concentrate in this abstract on the effect of gas composition on the Ni distribution. Fig. 2 and
Fig. 3 show the distribution of Ni in the matrix at 2,000h as a function of cathode CO, partial
pressure (Pcoz) and anode hydrogen partial pressure (Py), respectively. The location of Ni deposit
moves toward the anode side with increasing Pco,. In addition, the amount of Ni deposited in the
matrix increases with increasing Pcop. Similar resuits were obtained when Py, at the anode side
were varied. As Py, decreases, the film location moves to the anode side and Ni distribution
becomes broad.

It was found that the amount of Ni deposited in the matrix of a 3cm? cell was higher than the
amount found in the bench-scale cell or stack even if the same feed compositions were used {1].
Since 3cm® cell is usually operated at lower utilization, average Pco; and Py, in the 3cm? cell
should be higher than those in the bench-scale cell or stack. Since the amount of Ni increases with
increasing Pco, and Py, as shown in Fig. 2 and Fig. 3, it is expected that the amount of Ni
deposited in the 3cm?® cell is higher than that in the bench-scale cell or stack. Furthermore, the
simulation results indicate that the thickness of Ni deposit is lower for the 3cm? cell.

Previously, Kasaj and Suzuki found from the co-flow type 100cm®cell experiment that the Ni
distribution in the matrix was not uniform along the gas flowing direction [7]. For the matrix
placed near the gas inlet, Ni was deposited in a narrow region close to the cathode side. On the
other hand, Ni deposit was found in a broad region close to the anode side of the matrix near the
gas outlet.. These results can be clearly explained in view of the results obtained from the
simulation. Since fuel utilization is usually higher than CO, utilization in the bench-scale cell
experiment, gradient of Py, will be higher along the gas flowing direction. Near the gas inlet, Py,
is relatively high and Ni deposition would occur far from the anode side of the matrix. As Py,
decreases along the gas flowing direction, the location of Ni deposition moves to the anode side as
shown in Fig. 3. The Ni distribution is relatively broad in the matrix near the gas outlet since both
Py; and Pco, are low at this location.
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1. Introduction

The Molten Carbonate Fuel Cell (MCFC) is one of promising high
efficiency power generation devices with low emission. Molten carbonate used
for its electrolyte plays an important role in MCFC. It separates between anode
and cathode gas environment and provides ionic conductivity on MCFC
operation, Stainless steel is conventionally used as separator/current collector
materials in MCFC cathode environment. As corrosion of the components of
MCFC caused by the electrolyte proceeds with the electrolyte consumption, the
corrosion in the MCFC is related to its performance and life. To understand
and inhibit the corrosion in the MCFC is important to realize MCFC power
generation system.

We have studied the effect of alkaline earth carbonate addition into
carbonate on corrosion of type 316L stainless steel”. In this paper, we describe
the effect of the temperature on corrosion behavior of type 316L stainless steel
with carbonate mixture, (Liy2Ko33)2CO;3, under the cathode environment in out-
of-cell test.

2. Experimental
The commercially available type 316L stainless steel (SUS316L) sheet,

which is 0.5 mm in thickness, was served as corrosion specimen. Its chemical
composition is listed in table 1. The plate was cut into 10 x 20 mm, polished
with wet #1000 abrasive paper, washed, degreased by acetone, rinsed with
distilled water, and dried. Reagent grade Li,CO; and K,COs, which purity was
> 99.0% and > 99.5%, respectively, were served for preparation of mixed
carbonate. Mixed carbonate composed of Li;CO; : K;CO; = 62 : 38 (mol%)
was melted at 650 °C under pure CO, environment, quenched and ground prior
to coating. Specimens were coated with the mixed carbonate of 5 mg/cm” and
hung in an alumina crucible. Corrosion test was carried out under the ambient
cathode environment (CO,/0, = 2/1) at 600, 650, 700 °C in out-of-cell. After
the corrosion test, weight gain due to corrosion was measured by removing
carbonate. In order to investigate the corrosion behavior, tested corrosion
specimens after removing deposit by distilled water were analyzed by X-ray
diffraction (XRD) and electron probe micro-analysis (EPMA).
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3. Results and discussion

Results of weight gain due to the corrosion with time at various
temperatures are shown in Figure 1. Though Cr was only detected in all the
melts after the test as the element dissolved from the specimen, the amount of
dissolved Cr was negligibly small. The weight of all the specimens increases
with increasing time in the range from 25 to 500 hours and increasing
temperature in the range of 600 to 700 °C. In these ranges, all the weight gains
with time follow parabolic rate equation :

2=1 .
x=ky-t

where x is the weight gain (ing), &, the parabolic rate constant (mg?/h), and ¢ the
time exposed (). These results indicate the corrosion behavior is controlled by
diffusion. Hot corrosion cannot be observed in the test at the temperature in the
range of 600 to 700 °C. ‘

Results of XRD show that corrosion products on all specimens were
identified as lithium ferrite, such as LiFeO,, and LiCrO,. Though no potassium
compound was found in the solid corrosion products, K,CrO, were identified in
the deposit tested by XRD. Results of EPMA show that corrosion products on
all specimens consist of two layer structure, Fe rich oxide-as an outer layer and
Cr rich oxide as an inner Jayer. Lithium in the carbonate melt reacts with iron
and chromium in the specimen and is fixed in the corrosion products of solid
phase. On the other hand, potassium reacts chromium and still exists in the
carbonate deposit of liquid phase.

Reference ,
I. M. Yanagida, S. Baba, K. Tanimoto, T. Kojima, N. Ohtori, Y. Tamiya, T.
Asai, Y. Miyazaki and M. Azuma, DENKI KAGAKU, 64, 542 (1996).
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Table 1. Chemical composition in wi% of type 316L stainless stecl used.

C P S 0] N Si Mn Mo Ni Cr Fe
0.022 0.029 0.010 0.0060 0.0262 0.65 1.01 2.14 12.01 17.02 Bal.(67)
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Figure 1: Relationship between weight gain and test duration with 5 mg/cm? of
molten carbonate, (Lipg:Ko35),COs, under 67% CO, - 33% O, at various
temperatures.
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PHYSICAL PROPERTIES OF MOLTEN CARBONATE ELECTROLYTE
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T. Asal and Y. MiYAZAKI

Osaka National Research Institute
Midorigaoka 1-8-31. Ikeda City, Osaka 563, Japan

LIntroduction B B
Recently many kinds of compositions of molten carbonate electrolyte have been applied
to molten carbonate fuel cell in order to avoid the several problems such as corrosion of separator
plate and NiO cathode dissolution. Many researchers recognize that the addition of alkaline earth
(Ca. Sr. and Ba) carbonate to Li,CO;-Na,CO; and Li;CO;-K»CO; eutectic electrolytes is effective
to avoid these p}oblems' ), On_the qgher lgzgnd, one qu gle corrosion progucts, Cer' ion is found to
dissolve into electrolyte and accumulated during ﬁle long-term MCFC operation®. This would

affect the performance of MCFC.

There, however, are little known data of physical properties of molten carbonate
containing alkaline earth carbonates and CrQ.%. We report the measured and accumulated  data
for these molten carbonate of electrical conductivity and surface tension to select favorable

composition of molten carbonate electrolytes.

2.Electrical conductivity

Electrical conductivity would directly affect the output of MCFC in the form of IR loss.
The clectrical conductivity of molten carbonate was measured using AC two ;;robe technique®.

The addition of alkaline earth carbonate resulted in decrease of the conductivity linearly
with mole fraction of additives. The linear relationship between mole fraction of alkaline earth
carbonate and conductivity makes it easy to calculate the conductivity of ternary mixture of Li-
Na-alkaline earth and Li-K-alkaline earth from the data of alkali binary carbonate systems as
shown in Fig. 1. as an example for SrCO; addition. These decrease of conductivity by the addition
of alkaline earth carbonate may be due to the exchanging conductive alkali cations with less
conductive alkaline earth cations, which strongly attract carbonate ions by their double charge.

Molten Li>CO3-Na,CO3(52:48mo01%) added with ‘alkaline earth carbonate by 10 mol%
show about 1.3 times higher electrical conductivity than that of conventional molten Li>»CO;-
K>CO:; (62:38mol%) clectrolyte at 923K. These electrolytes are promising from the viewpoints of

not only low solubility of NiQ", but also higher conductivity.
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The addition of CrO to Li,COs-Na,COx(52:48mol%) and Li,COs-
K2C05(62:38mol%) by 3 and 5 mol% was found to decrease the electrical conductivity of mixture
as shown in Fig.2, and show less influence upon the conductivity of these mixtures than that of
alkaline earth carbonate. Because the addition of CrOs” is only exchange less conductive

carbonate jon with CrO4™.

3.Surface tension

Surface tension would have influence upon gas-electrode reaction site and distribution
of electrolyte among the cell components. The surface tension of molten carbonate was measured
using maximum bubble pressure technique. The addition of alkaline earth carbonates into any of
alkali (Li. Na and K) carbonate and their mixture resulted in the increase of surface tension of
mixtures as shown in Fig.3. It is also because of double charged small alkaline earth cations
attract carbonate ion stronger than alkali cations.

In the case of CrO4* addition, it makes the surface tension of mixture lower as shown in
Fig 4. The reason for the decrease of surface tension of mixtures is that larger CrO,> ion should

have weaker coulombic force than carbonate ion.

4.Conclusion

@®The addition of all alkaline earth carbonate to alkali carbonate resulted in increase of the
surface tension and decrease of thé clectrical conductivity of mixtures.

@ The addition of CrO* to alkali carbonate resulted in decrease of both surface tension and
clectrical conductivity of mixtures.

@®Molten Li»CO;-Na,CO3(52:48mol%) added with alkaline earth carbonate is promising from the
viewpoint of higher electrical conductivity than conventional molten Li;CO3-KaCO; (62:38mo1%)

electrolyte.
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HIGH POWER DENSITY CARBONATE FUEL CELL

C. Yuh, R. Johnsen, J. Doyon and J. Allen
Energy Research Corporation
'3 Great Pasture Road
Danbury, CT 06813, U.S.A.

Carbonate fuel cell is a highly efficient and environmentally clean source of power
generation. Many organizations worldwide are actively pursuing the development of the
technology. Field demonstration of multi-MW size power plant has been initiated in 1996 (1), a
step toward commercialization before the turn of the century. Energy Research Corporation
(ERC) is planning to introduce a 2.85MW commercial fuel cell power plant with an efficiency
of 58%, which is quite attractive for distributed power generation. However, to further expand
competitive edge over alternative systems and to achieve wider market penetration, ERC is
exploring advanced carbonate fuel cells having significantly higher power densities. A more
compact power plant would also stimulate interest in new markets such as ships and submarines
where space limitations exist. The activities focused on reducing cell polarization and internal
resistance as well as on advanced thin cell components.

APPROACHES

Cathode and anode polarizations are major voltage loss contributors in a carbonate fuel
cell. According to literature (2), the anode polarization is mainly caused by diffusional mass
transfer limitation in the pores. The cathode polarization is mixed activation and concentration
polarization. Gas accessibility limitation caused by current collector geometry (3) also
contribute to the concentration polarization. A mathematical model has recently been used to
estimate electrode polarization as a function of electrode porosity, thickness and current
collector geometry. Performance data of several 250cm? cells were used for model verification.
The estimated cathode polarization is about 70 mV for ERC’s baseline cathode -and cathode
current collector, using SNRS oxidant (12.5%0,,19.1%CO,) at 75% CO, utilization and 160
mA/cm®. The modeling results also indicated that gas-phase diffusional polarization (both in-
plane and through-plane, as shown in Figure 1, is an important contributor. This conclusion is
also verified by diagnostic testing using He carrier gas (3). Therefore, using thinner cathode and
adjusting current collector geometry to increase gas accessibility are expected to reduce cathode
polarization. Furthermore, the-anode polarization was estimated to be >30 mV, using SRNG
fuel (73% H,, 18%CO, and 9% H,0) at 75% fuel utilization and 160 mA/cm®. Therefore, there
may be an additional opportunity of reducing anode polarization by increasing gas accessibility
in the porous anode structure. Based on this model simulation, a new current collector design
was developed to enhance gas accessibility. ’

A thinner matrix allows reduction of ionic resistance and increase of power density.
However, it requires a high strength to withstand the stress associated with thin component
design for compact cells. An advanced robust matrix was developed recently (4). It has
significantly increased strength compared to the baseline. With such a matrix, the use of thin
components becomes feasible.

Another approach for increasing power density is to use a monolithic cell design. In
this design the bipolar plate is dimpled (Figure 2). The active components are manufactured as
thin tapes. The perforated anode and cathode current collectors are also dimpled. Since the
green tapes are pliable, the components in this assembly are in intimate contact. Therefore, the
monolithic design allows using thin flexible components and less number of cell hardware. Due
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to the monolithic structure, additional active area is available for current generation. Because of
the higher stress associated with the thin-component monolithic design, the use of the robust
matrix discussed above is essential.

CELL TESTING

Several thin-component 250cm? single cells (planar or monolithic) incorporating
advanced matrix and current collector design have been operated. Using a thin robust matrix
has reduced cell ohmic resistance by mote than 15 mV at 160 mA/cm?. Figure 3 shows a
comparison between constant utilization polarization of planar thin- and normal-thickness
matrix designs, showing about 25 mV performance improvement at 160 ma/cm? under ERC's
standard SRNG/5NRS condition. Using the advanced anode current collector design, about 20-
25 mV performance improvement was recorded at 160 mA/cm? under same test condition.
However, using the advanced current collector design on the cathode side, only a few mV
performance improvement can be realized for the normal thickness cathode, predictable by the
model simulation. Therefore, for achieving additional cathode performance, a thinner cathode
may be desired. In summary, at least 40mV performance improvement can be achieved with
the above approaches. Figure 4 shows much increased performance with monolithic cell design,
indicating the potential of 400 mA/cm? operation. This enhanced performance can be attributed
to not only the reduced mass transfer resistance (thinner cathode and special current collector
design) but also the additional active area for power generation.

CONCLUSION

Several approaches has been evaluated to enhance performance and power density of
carbonate fuel cells. Diffusional mass transfer resistance can be reduced by using thinner
electrodes and by enhancing gas accessibility. Thin robust matrix can be used for reducing
ionic resistance without compromising gas sealing efficiency. At least 40 mV performance
enhancement can be expected by using the above approaches in combination. These
improvements need to be translated in commercial-scale hardware.
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- Figure 1. GAS DIFFUSION IN FUEL CELL ELECTRODE:
Both In-plane and Through-plane Diffusion Influence Electrode Performance.

DIR CATALYST

Figure 2. CROSS-SECTIONAL VIEW OF MONOLITHIC FUEL CELL:
Thin Flexible Components Can Be Used in This Design.
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Introduction ‘

The development of MCFC stack technology is carried out at Ansaldo Ricerche in the framework of
the MOLCARE project (1), a cooperation with Spanish companies under a partial UE funding, while
a specific research program conceming the physico-chemical characterization of materials is performed
jointly by CISE and ENEL (2). The project includes the development, the construction and the testing
of a full scale 100 kW prototype, the assessment of stack technology on subscale stacks, the
mathematical modelling of the MCFC based plants and the basic researches. The aim of the basic
researches, carried out on single cells, is to improve the effectiveness and durability of both the active
and the hardware materials.

The Ansaldo stack technology is based on external manifolding. The full scale 100 kW prototype will
be integrated with the sensible heat reformer and other ancillary equipments according to the "Compact
Unit (CU)" concept (1). These technical choices stress requirements for manifold gasket configuration,
electrolyte migration control, Ap management and porous component compaction.

Stack Technology

The present MCFC technology under deve]opment at Ansaldo Ricerche makes use of a green
electrolyte matrix, of a nickel cathode, which is oxidised and lithiated in situ during the start up cycle,
and of a nickelchromium anode. A proprietary methodology is used to accomodate proper quantities
of lithium and potassium carbonates in each cell.

Subscale stacks having the same active area and an increasing number of cells have been fabricated
and operated in the last three years. In particular two stacks of 15 cells with active area of 702 cm®
were tested at atmospheric pressure at CISE for more than 1600 and 1800 hours of hot time
respectively (3). In the latter stack the manifold sealings and electrolyte matrix impermeability to
process gases were significantly improved.

In 1996 a stack of 50 cells with the same active area was tested for more than 750 hours of hot time
using the Ansaldo Ricerche pressurized facility (fig. 1).

At the end of the start up cycle an average OCV of 1042+ 5 mV was noticed at approximately 600
°C (fuel: 25%H,-9%CO0,-11%H,0-55%N,; oxidant: 86%air-14%CO,). During the operation at
atmospheric pressure most of the cells reached the expected performance of 740 mV at a current
density j = 158 mA/cm” with the fuel utilization U; = 40%. This cell performance should correspond
to a stack power output of 4.1 kW. However, the power output of about 4 kW was obtained, but at 206
mA/ent” with U; = 50% (fig. 2), due to the anomalous behavior of some bottom cells. The stack power
output P(j) measured after 600 hours of hot time is shown in fig. 2 together with the voltage V(j) of
the cell n. 30 starting from the bottom, which is representative of the average behavior of the properly
operating cells. -

Gaschromatographic analyses were perfonned at regular intervals on the process gases and dld not
evidence cross-over phenomena through the electrolyte matrices.

Post test analyses are now in progress mainly to get information about the electrolyte sha.rmg among
the cells and the porous components, and also about the electrode compaction.

In parallel a great effort was devoted to set up the facilities for the fabrication of porous repeat parts
(1100 mm width contimious tape casting) and metallic components. A full scale stack assembling area
under controlled atmosphere was also set up at Ansaldo Ricerche. The first stack of 20 cells having
a useful area of 6760 cm’ is under construction. It will be tested within the end of this year.

§

390

Yy



TORAZZA ET AL
2-

Fig. 1 - The 50-cell stack tested at the pressurized Ansaldo Ricerche facility in 1996: (a) at the test
facility, (b) after thermal insulation removal.
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Fig. 2 - Behavior of P(j) and V(j) measured after 600 hours of hot time (U= 50% at 206 mA/cm?) on
the 50-cell stack tested at Ansaldo Ricerche facility in 1996.
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Bench-scale Single Cell Testing

The basic activities on standard bench-scale single cells are currently being carried out at Ansaldo
Ricerche and CISE. Tests of a few thousands hours are performed at atmospheric pressure and in
pressurized conditions using square cells having an active area of approximately 50 cm®. The aim of
this experimental program is to optimize porous electrodes and to test protective coatings on current
collectors and housing components.

The cells are fed with fuel and oxidant gas compositions similar to those planned for the next full scale
stacks and in particular for the first stack of 20 cells of 6760 cm’.

In the standard conditions of testing (fuel: 35%H,-23%CO,-42%H,0; oxidant: 86 %air-14%CO,;
Upp=Uce=60% at 150 mA/cm’) cell voltages of 700-710 mV were obtained at 150 mA/em® (fig. 3).
When using a 52%H,-13%CO0,-35 % H,0 fuel and a 70 %air-30 %CO, oxidant (U, = U, = 40%)
cell voltages exceeding 800 mV were obtained at 150 mA/em? with the present component technology.

12 120
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— ‘g
2 08 - +8 =
% | &
2 06- +60 2
> 5
3 041 +4 5
E
02 1 -Power Density 1o A&
0.0 } } } — 0
0 50 100 . 150 200

Current Density (mA/cnt)

Fig. 3 - Behavior of cell voltage and power density as a function of the current density measured after
277 hours of hot time on the ARI-X33 cell fed with 35%H,-23%CO0,-42%H,0 fuel and 86 %air-
14%CO, oxidant (U; = 57% at 150 mA/cnt®).

Materials Characterization

Both the porous electrodes and the protective coatings are characterized before and after the tests in
stacks and single cells. This important task is mainly carried out, under the ENEL coordination, at
CISE where different diagnostic tools are available including mercury porosimetry, helium
pycnometry, electron microscopy, X-ray diffraction, Auger and X-ray photoelectron spectroscopies.
At present, the main effort is focused on the careful evaluation of the morphological properties of
porous repeat parts, bécause of their influence on electrolyte sharing and on cell performance.
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The combined use of mercury porosimetry, helium pycnometry and SEM image analyses provides
useful data to improve the quality and the homogeneity of full scale porous components. Also the
chromium distribution in Ni-Cr anodes is under study in order to increase their mechanical stability.
Satisfactory results were obtained on nickel coated anodic current collectors and aluminized bipolar
plates. The behavior of the shielded slot type anodic current collector made from Ni/AISI310/Ni
threelayer was satisfactory both in stack and in single cell runs. Similarly, the effectiveness of the
protective coatings in the wet seal area of bipolar plates was demonstrated by the SEM-EDS analyses
of the samples of the subscale stacks.

More recently, the experimental methods for the determination of the electrolyte content and the
sharing of tlie electrolyte among the different porous components (anode, matrix and cathode) were
set up. Preliminary data have been obtained on the 15-cell stack operated at CISE in 1995 and on the
50-cell stack operated at Ansaldo Ricerche in 1996. These results are useful in order to define proper
solutions for the electrolyte management in full scale stacks with external manifolding.

Conclusions

The scaling up approach of the Ansaldo stack technology and the basic research activities on bench-
scale cells and material characterization provided satisfactory results.

Some problems faced in the initial phase of cell and stack development were overcome. The new
technology is promising because the cell performance is in agreement with literature data. .
Finally, further efforts are needed to improve the homogeneity of the cell performance as well as the
component stability and durability, even if our data show that cell power densities are already
consistent with the final goal of the full scale 100 kW prototype.
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1. INTRODUCTION
The molten carbonate fuel cell (MCFC) uses generally mixture of lithium carbonate and
potassium carbonate (Li/K) as the electrolyte, NiO cathode dissolution is one of ! serious problems

for MCFC life ”. The NiO cathode has been found to dissolve into the electrolyte as Nl ion
which is reduced to metallic Ni by H_ in the fuel gas and bridges the anode and the cathode. The

bridges short circuit and degrade cell performance and shorten cell life. Since solubility of NiO in
-mixture of lithium carbonate and sodium carbonate (Li/Na) is lower than in Li/K, it takes longer
time to take place shorting by NiO cathode dissolution in Li/Na-compared with in Li/K. The
ionic conductivity of Li/Na is higher than of Li/K, however. oxygen solubility in Li/Na is lower
than in Li/K. A new 10 kW class MCFC stack composed of Li/K cells and Li/Na cells, was
tested. Basic performance of the Li/K cells and Li/Na cells of the stack was reported.

2. EXPERIMENTAL

The stack consisted of 26 cells. The cell area was 2520 cm®. The electrolyte of six cells, which
were located at top of the stack. was Li/NaCO; (Li/Na=53/47 mol %). Other cells used Li/KCO;
(Li/K=62/38 mol %). The weight of the separator plat¢ was lighter than of the conventional
plates since the separator plate consisted of thin stainless steel plates. Gas follow pattern was
cross flow type. In the operation. the maximum temperature in the stack was kept lower than 680
°C. The stack was installed in the test facility of CRIEPL afier the initial performance check of
the stack with heating up and cooling down processes at Hitachi Works site. The stack was
operated at 3 - 7 ata. No gas recycling such as cathode gas recycling was applled

3. RESULTS 850 o '26‘ -
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Nernst loss (7xz) if anode reaction resistance (R,), cathode reaction resistance (R.) and 1ntemal
resistance (R,;) are propotional to current density (7).

V=E-ty-JjR, +R +R;) m

E and 7 are calcnlated using single cell performance model . 650 °C is assumed as the
representative stack temperature in the calculation. In addition, R;, observed at approximately
600 °C is compensared using the representative temperature. Temperature in the stack is actually
not uniform. However, R, + R_ of each cell of the stack is able to be calculated with good

accuracy since £ — 17, — R, inEq. (1) is changed only within 10 mV by temperature change
of 70 °C since increment of temperature increases [ — 77y but decreases jR,. R, is

approximately constant if the fuel gas is reformed LNG ©®. Furthermore, R. is given by following
equation, even if cathode gas composition is changed. since cathode polarization is controlled by
supcr oxide jon and CO diffusion .

= AP P + P, ‘ @

Thc stack was tested with several cathode gas compositions. R, + R, of each cell of the stack

was calculated using Eq. (1). Parameter A. B and R, were determined from dependence of the
cathode gas composition. As a result, voltage drops by R,,, R, and R were separated.

1100
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Fig. 2 Analyzed result of each cell performance.

Figure 2 shows analyzed result of each cell performance of the stack. Nernst loss is not shown.
Voltage drops by R,, of Li/Na cells (No. 1 - 6) are almost haif of these of Li/K cells (No. 7 - 26)
since the ionic conductivity of Li/Na is approximately two times larger than of Li/K. Cathode
polarizations located top and bottom of the stack are large since temperatures of these cells are
lower than of middle cells. Cathode polarization of Li/Na cell (No. 6) is approximately equal to
of Li/K cells (No. 7 - 21). Good performance of Li/Na cell at 7 ata is brought by low cathode
polarization and low voltage drop by R;,. Anode polarization analyzed by this method agrees with
the result of single cell test. The method can analyze each cell performance of the stack with
good accuracy. 3
Figure 3 shows relationship between cell voltages and parameter A. Circles indicate measured
cell voltages and squares indicate cell voltages compensated using R,.. There is a obvious
relationship between compensated cell voltage and ‘parameter A. Based on the result, it can be
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said cell voltage is controlled by parameter A relating to diffusion of super oxide in the
electrolyte under this condition. Diffusion of super oxide plays an important roll in the cathode
polarization. At lower CO, partial pressure, effect of parameter B relating to CO, diffusion would
be larger. The result suggested that thickness of electrolyte film on the cathode of low
performance cell is thicker than of high performance cell or that actual effective cell area for
cathode reaction of low performance cell is smaller than of high performance cell.
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calculated from difference between set current density and calculated fuel consumption by cell
reaction.

30
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Fig. 5 Shorting current by NiO cathode dissolution

Figure 5 shows history of calculated shorting current density. Short current density began to
increase at 1400 h and then gradually increased with operation time. This result agrees-with the
measured voltage history in Fig. 4. The shorting current would be caused by NiO cathode
dissolution. The measured shorting time shows a good agreement with the time calculated by
empirical equation @, Ni contents of Li/K cells at 1400 h calcutated by data of single cells are
enough to occur the shorting ©. However, Ni contents of Li/Na cells are lower than of Li/K cells
since NiO solubility of Li/Na is lower than of Li/K.

+. Conclusions

¢ Each cell performance of the stack is able to be analvzed by new performance analysis method
with good accuracy.

* Voltage drop by R, of Li/Na cell is appm\lmatelv half of that of L/K cell from the analysis.

¢ Diffusion of super oxide and CO; plays an important roll in the cathode polarization. It is
suggested that thickness of clectrolyte film on the cathode of low performance cell is thicker
than of high performance cell or that actual effective cell area for cathode reaction of low
performance cell is smaller than of high performance cell.

¢ Shoring by NiO cathode dissolution would take place in Li/K cells at 1400 h. The shorting
time agreed with estimated value by empirical equation.
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Electrolyte Loss In Corrosion of 30Cr-45Ni-1AI-0.03Y-Fe Alloy
for MCFC Separator

Katsumi Masamura, Koichiro Ohe, Masahiro Takemura =~
Materials and Processing Research Center. NKK Corporation
1-1 Minami-Watarida, Kawasaki-ku, Kawasaki, 210 Japan

Introduction

To establish high performance of MCFC, a new high corrosion resistant alloy
(30%Cr—4‘3%N|-1%Al 0.03%Y-Fe) for MCFC separator has been developed“‘“"
The developed alloy has good corrosion resistance for both anode and cathode envi-
ronments. On the other hand, one of the main factors to determine the life time of
MCEFC stack is electrolyte loss. A potential danger of electrolyte loss cased by cor-
rosion of metal components is pointed out. Basic mechamsm of electrolyte loss is
proposed according to following reactions.

Fe+Li* +2C05>~ = LiFcO, +2C0, +4e~
Cr +K* 440047~ =K, CrOy +4C0, + 8~

High Cr content alloy such as type 3 lOS(25%Cr—20%N1) has disadvantages in view
of electrolyte loss in spite of high corrosion resistance®. It is said that the dlssolutlon
of Cr ion into electrolyte is. detrimental for electrolyte loss, because a mole of CrO,*
ion combines 2 moles of K* ions as K,CrO,, while a mole of Fe** ion combine a
mole of Li* jon as LiFeO,. To understand the mechanism of electrolyte loss due to
corrosion of metal component, the distribution of metal ions in oxide and molten
salt were studied. "

Experimental

Two types of corrosion tests were conducted. Immersion test was used to determine
dissolved metal ions in carbonate. Coating test-was used simulating separator sur-
face on which wetted by thin salt layer, to determine the distribution of. metal ions in
oxide and salt. Conditions of corrosion tests are listed in Table 1.

Four types of alloys (type 304: 18.1%Cr-8. 3%N1 316L: 16.3%Cr-11.9%Ni-

2.5%Mo, 310S: 24.8%Cr-21.4%Ni and the developed ally:30.1%Cr-44.9%Ni-
1.0%A1-0.045%Y) were used.

Table 1 Conditions of corrosion test

Immersion test | Coating method’
Temperature 650°C
Gas composition 30%CO,-14%O,-N, bal.
Sall composition 62 mole % Li,CO,- 38 mole % K,C0,
Amount of Salt 40g S0mg.cm’® |
Test duration ) 205h, 500h . 1000h
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After corrosion test, the soluble sub-

stances of .salt were extracted by water
and residuals were filtered from the solu-
tion. Metal ions (Li, K. Fe, Cr and Ni) of
solution and residual were analyzed. .

Results and discussion

Effect of Cr content on mass loss by im-
mersion and coated tests are shown in Fig.
1. Mass loss after corrosion tests was
reduced with high Cr content for all con-
ditions tested. The developed alloy
showed the highest corrosion resistance

in both test methods.

Chemical analyses of salt after corrosion
test are shown in Table 2 and Table 3.
After immersion test, Cr was identified
from salt and only a little amount of Fe
and Ni were detected. No residuals were
found in salt used for immersion test after
extraction by water.

A

o~ 8 \\

7 AA

I ™.

& l\ Y
E 5 Coating

aa | 7000 W&,

- [ immersion |

@5 |© |soonr

= 1 \‘
=1 Limmersion

0 [ 205hr

0 5 10 15 20 25 30 35
Cr content %

Fig. 1 Effect of Cr content on
mass loss after immersion
and coating test in molten
carbonate at 650°C

In soluble substance, a small amount of Fe and Ni was found but only Cr was
identified as alloy element. On the other hand, in residuals, Fe and Ni were deter-
mined but Cr was not found for type 304, 316L and 30%Cr-45%Ni alloy. Only for
type 310S Stainless steel, a little amount of Cr was identified. This result suggested

~ Table 2 Metal ion concentration in salt after 205 and 500 hours im-
mersion test at 650°C(%, Original weight of salt was 40g re-

spectively)
205 hours 500 hours
Li K Cr Fe | Ni } Li K Cr | Fe | Ni
304 9.10 | 30.1 | 0.006 | 0.002]0.002] 939 | 33.8 | 0.006 |0.002]0.002
316L 9.45 | 30.3 | 0.005 | 0.002]0.002] 9.33 | 33.6 | 0.003 |0.002]0.002
3108 9.37 | 29.6 | 0.004 | 0.002]0.002] 9.70 | 32.8 | 0.010 ]0.002]0.002
30%Cr-45%Ni § 9.05 | 39.8 | 0.004 | 0.002{0.002} 10.5 | 354 | 0.006 [0.002]0.002

Table 3 Metal ion ratio of soluble and insoluble substance in salt
after coating test for 700 hours at 650°C (mole ratio)

Soluble substance

Insoluble substance

Li K Cr Fe | Ni

i Li K Cr Fe Ni

304 0.29 0.55]0.16 | 0.0 | 0.0 ] 0.57 0.0 0.0 0.40 | 0.02
316L 0.24 1058|0171 0.0 { 0.0 | 0.54 0.0 0.0 0.43 | 0.03
3108 035]024(041{ 0.0 | 0.0 | 0.46 0.0 0.04 | 041 | 0.10

30%Cr-45%Ni | 0.37 | 0201043 ] 0.0 | 0.0 | 0.44 0.0 0.0 0.47 | 0.10
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Fig. 2 Effect of Fe content of alloys Fig. 3 Effectof Cr content on Cr dis-
on Li/(Li+K) ratio after cor- solution into molten carbon-

rosion tests. ate after 205 and 500 hour
- immersion test at 650°C

that soluble substance is mixture of carbonate and K,CrO,. The ratio of Li/Fe of
residuals are from 0.94 to 1.42. This fact indicate that main part of insoluble sub-
stance is LiFeO,. The insoluble substance was removed oxide formed on surface of
materials. 1y
Effect of Fe content in alloys on Li/(Li+K) in salt after corrosion test shown Fig. 2.
Original value of this ratio is 0.62-0.64. After corrosion test, Li in salt on type 304
and 316L decreased. because Fe ion was formed solid LiFeO,. In coating test, as
the amount of salt was limited, the decrease of Li was drastic for type 304 and 316L
stainless steels. On the developed alloy (24%Fe), Li/(Li+K) ratio was not reduced
in case of coating and immersion tests. This results suggested that 30%Cr-45%Ni
alloy scarcely fixed Li ion in corrosion.

Effect of Cr content on the.concentration of dissolved Cr and Fe ions in molten salt
were shown in Fig. 3. The concentration of Fe ion was small and independent from
alloy composition and test duration. After 205 hours immersion test, the concentra-
tion of dissolved Cr ion was almost same for all alloys tested. After 500 hours cor-
rosion test, Cr concentration increased with Cr content of alloy up to 25%, and be-
come small at 30%Cr alloy. - }

The structure of oxide films after corrosion tests were examined by SEM. The
cross-sectional view of oxide films is sliown in Fig. 4. For all alloys tested, oxide
films had same structure. From EPMA analysis, inner layer is Cr rich oxide. The
outer layer is LiFeQO, determined by X lay diffraction. 30%Cr alloy has thin oxide
layer and it is mainly Cr rich oxide. Type 304SS and 316L SS has thick oxide layer
and its main component was LiFeO.. )
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Summary

After corrosion test, distribution
of metal ions (Fe, Ni, Cr, Li and
K) in surface oxide and molten
salt was determined.

1.

Fe ion is fixed in outer ox-
ide layer formed on surface
as LiFeO,.

Cr ion is fixed inner oxide
layer and dissolved into salt
as CrO,™ ion.

Type 304 or 316 stainless
steel show poor corrosion
resistance and fix Li as
LiFeO,. The developed
30%Cr-45%Ni- 1%Al-
0.03%Y-Fe alloy scarcely
fix Li ion, because its high
corrosion resistance and
small Fe content.

]
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! .
| Cr rich
oxide

ILi l"(*()gl —
2pm

Moetal

Fig. 4 Cross-sectional view of surface of
30%Cr-45%Ni alloy after coating
test for 700hours at 650°C

The developed alloy with 30%Cr has high corrosion resistance and its dis-
solved Cr is as same as type 304 and 316. Amount of dissolved Cr into salt by
corrosion is determined by corrosion rate, Cr content of alloy and structure of
oxide films. Type 310S Stainless steel containing 25%Cr is not sufficient in
view of corrosion resistance and Cr dissolution.
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LITHIUM-FERRATE-BASED CATHODES
FOR MOLTEN CARBONATE FUEL CELLS

M. T. Lanagan, L. Bloom,T T.D. Kaun,'r J. Wolfenstine,' and M. KrumpeltT

Energy Technology Division, Chemical Technology Divisiont
Argonne National Laboratory
Argonne, IL 60439-4838

Introduction

Argonne National Laboratory is developing advanced cathodes for pressurized operation
of the molten carbonate fuel cell (MCFC) at ~650°C [2-5]). To be economically viable for
stationary power generation, molten carbonate fuel cells must have lifetimes of more than 25,000 h
while exhibiting superior cell performance [6]. In the gresent technology, lithiated NiO is used as
the cathode. Over the lifetime of the cell, however, Ni" ions tend to transport to the anode, where
they are reduced to metallic Ni [7). With increased CO, partial pressure, the transport of Ni
increases because of the increased solubility of NiO in the carbonate electrolyte. Although this
process is slow in MCFCs operated at 1 atm and a low CO; partial pressure (about 0.1 atm),
transport of nickel to the anode may be excessive at a higher pressure (e.g., 3 atm) and a high CO,
partial pressure (e.g., about 0.3 atm). This transport is expected to lead eventually to poor MCFC
performance and/or short circuiting.

Several alternative cathode compositions have been explored to reduce cathode solubility
in the molten salt electrolyte [2-5,8]. For example, LiCoO, has been studied extensively [8,9,10]
as a potential cathode material. The LiCoO, cathode has a low resistivity, about 1 Q-cm, and can
be used as a direct substitute for NiO. However, the high material cost may prevent large-scale
implementation.

Argonne is developing advanced cathodes based on lithium ferrate (LiFe0,), which is
attractive because of its very low solubility in the molten (Li,K),COj3 electrolyte [11]. Because of
its high resistivity (about 300 Q-cm), however, LiFeO, cannot be used as a direct substitute for
NiO. Cation substitution is, therefore, necessary to decrease resistivity.

We determined the effect of cation substitution on the resistivity and deformation of
LiFeO,. The substituents were chosen because their respective oxides as well as LiFeO, crystallize
with the rock-salt structure.

Experimental

Materials Synthesis and Characterization. Stoichiometric amounts of L12C03, F6203,
Co0, NiO and/or MgO were mixed and heat treated at 825°C for 4 h. The powders were pressed '
into disks and sintered at 1000°C for 4 h. Upon cooling, the phase distribution of the sintered
disks was characterized by X-ray diffraction. The relative densities of the pellets were in the range
of 60-90%; LiCoO, had the highest (93% of theoretical) and pure LiFeO,, the lowest (81%). All
materials except LiCoO; had equiaxed grains (0.96-1.43 um). L1CoOz had acicular grain

morphology (5 x 1.5 um).

Resistivity and Deformation Rate Measurements. Resistivity was determined using the
four-wire, dc, van der Pauw method at 650°C in air. Parallelepipeds (2 x 2 x 4 mm) were cut from
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the sintered pellets. The samples were deformed by compression at a constant deformation rate in
air at 1000°C.

Cell Tests. Promising materials were tested in a 5 x 5-cm cell with a pressed (LiK),CO,
electrolyte tile. The test cell was operated at 650°C using an 0,-CO, gas mixture which simulated
pressurized operation at 3—5 atm.

Results and Discussion

Materials. We found that the range of homogeneity for Co-substituted LiFe0, is limited;
several phases are formed during synthesis. All of the diffraction peaks for Mg-substituted LiFeO,
were indexed to a rock-salt structure. Further analysis shows that the lattice parameter increases
monotonically with MgO concentration, indicating a complete solid solution (Fig. 1). Fayard
found that both CoO and MgO formed complete solid solutions with LiFeO, [12]. Apparently, Co
solubility is affected by differences in synthesis conditions.

Resistivity Measurements. Resistivity results for MgO-substituted LiFeO, samples show
that the minimum resistivity is approximately 100 Q-cm (at 650°C in air) and appears in the MgO
concentration range of 6-12 mol% (Fig. 2). Clearly, the resistivity of Mg-substituted LiFe0Q; is too
high; lower resistivity values (~1 £-cm) are necessary for MCFC cathodes. By using different
cation substituents, we lowered the resistivity of a LiFeO,-based material (designated Material 1)
to 1.3 Q-cm at 650°C.

Deformation Rate Studies. Figure 3 shows a log-log plot of the deformation rate vs stress
at 1000°C for five materials: (a) pure LiFeO,, (b) 12.5 m/o NiO-LiFeO,, (c) 9 m/o MgO-LiFeO,,
(d) pure LiCoO,, and (e) 5 m/o Li,O-NiO. Here, the deformation rate was normalized with respect
to grain size and stress to the material density, and it was assumed that the deformation rate is
controlled by lattice diffusion. The slope of all curves is close to unity, implying that they all
exhibit the same deformation mechanism (e.g., diffusional creep and/or grain boundary sliding).
Materials (a) and (d) have higher deformation rates than (e), lithiated NiQO; Material (d) has the
highest deformation rate. Doping LiFeO, with NiO or MgO decreases the deformation rate as
compared to that of pure LiFeO,. Materials (a), (b), (c), and (d) will compact more than lithiated
NiO at 650°C.

Cell Tests. A fibrous cathode of Material 1 was used in a cell test. The cell potential at
160 mA/cm?® as a function of time is shown in Fig. 4. After an initial break-in period, a constant
potential of 850 mV was observed for 1700 h. Polarization experiments showed a small
degradation at 1706 h (see Fig. 5). These results show that LiFeO,-based cathodes have good
performance and durability at high CO, partial pressures.

Conclusions

Several LiFeO,-based materials with cation substitutions were synthesized and
characterized. With the proper choice of substituents, the resistivity of LiFeO, was lowered to
about 1 Q-cm. e '

The LiCoO;- and LiFeO,-based cathode materials have deformation rates higher than that

of lithiated NiO at 1000°C. They will compact more at 650°C. Doping the alternative cathodes
decreases their deformation rates.
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The LiFeO,-based cathodes exhibit cell potentials which are stable for long periods of

time under simulated pressurized operation. LiFeO,-based materials continue to show promise as
cathodes for the MCFC.
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