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This report was prepared as an account of work sponsored by an agency of the
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any specific commercial product, process, or service by trade name, trademark,
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ment, recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein do not neces-
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Foreword

The Federal Energy Technology Center (FETC) sponsored the Fuel Cells '97 Review
Meeting on August 26-28, 1997, in Morgantown, West Virginia. The purpose of the meeting
was to provide an annual forum for the exchange of ideas and discussion of results and plans
related to the research on fuel cell power systems. The total of almost 250 conference
participants included engineers and scientists representing utilities, academia, and government
from the U.S. and eleven other countries: Canada, China, India, Iran, Italy, Japan, Korea,
Netherlands, Russia, Taiwan, and the United Kingdom.

On first day, the conference covered the perspectives of sponsors and end users, and the
progress reports of fuel-cell developers. Papers covered phosphoric, carbonate, and solid oxide
fuel cells for stationary power applications. On the second day, the conference covered advanced
research in solid oxide and other fuel cell developments. On the third day, the conference
sponsored a workshop on advanced research and technology development. A panel presentation
was given on fuel cell opportunities. Breakout sessions with group discussions followed this with
fuel cell developers, gas turbine vendors, and consultants.

Papers and presentations in this document were produced from electronic files provided by
the authors. They have been neither refereed nor extensively edited. The meeting Proceedings
was provided to participants on CD. The Proceedings is available as paper copy or microfiche
from the Office of Scientific and Technical Information, or as microfiche or blowback from
microfiche from the National Technical Information Service. The Proceedings is also available
worldwide on the FETC Homepage over the Internet (URL: http://www.fetc.doe.gov).

Conference Technical Coordinator
William Cary Smith, for Diane T. Hooie

Workshop Coordinator
Douglas F. Gyorke
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FETC Perspective on the
DOE Stationary Power Fuel Cell Program

Rita A. Bajura
Director, Federal Energy Technology Center
U.S. Department of Energy

Good Morning, welcome to tHeuel Cells ‘97 Review Meeting

Let me start with a few word about the Federal energy Technology Center — the FETC.
As | am sure you know, last December, DOE merged the Morgantown and Pittsburgh Energy
Technology Centers into the FETC. This merger was the result of a nationwide trend, in the
words of President Clinton, forsmaller, humbler Government

We have responded. Our staff is down 15 percent over the past two years through
attrition. We operate the FETC as if our two sites were co-located — thanks goodness for E-
mail. A common management team serves both sites. Our programs typically span both sites.
No more lead centers.

So you will start to see some fuel cell work in Pittsburgh office of the FETC. I'd like to
introduce the FETC management team deal with fuel cells:

. Ralph Carabetta, my Deputy.

. Joe Strakey, heads the Office of Power Systems Product Management.
. Mark Williams is the Fuel Cell Product Managers in that office.

. Ken Markel heads the Office of Project Management.

. Chuck Zeh is Director of the Gas Power System Division.

Fuel cells! DOE/FE is responsible for the fuel cell program for stationary power. Our
sister agency, DOE/Energy Efficiency & Renewable Energy, is responsible for fuel cells for
transportation. This morning, | want to talk about:

. The status of DOE/FE’s fuel cell program.
. Five trends and their impact on the future of the program

Status of Fossil Energy’s Fuel Cell Program
Let me begin with the firseal fuel cell success story — PAFCs!
From 1976 to 1992, the DOE and its predecessors invested $290 million to develop

PAFCs. The Gas Research Institute, EPRI, and gas and electric utilities also invested in the
development effort. ONSI Corporation, a subsidiary of International Fuel Cells (IFC), emerged



as the leading PAFC technology vendor. Currently, ONSI is actively marketing PAFC systems.
More than 100 of their 200-kW systems are operating in countries around the world.

Reliability has been excellent. Some have operated for more than 40,000 hours and are still going
strong! Reducing the capital cost is the major issue for PAFC systems — as dlisuel cell

systems. The ONSI unit sells for $3,000/kW; the goal is to reduce the cost to $1500/kW.

In 1996 FETC awarded grants for 42 of the 200-kW units. The Department of Defense
provided this funding as part of the Administration’s climate-change program. Here, the goal was
to reduce CQemissions by accelerating the commercialization of PAFCs. This year, DOD’s
Picatinny Arsenal is managing the buy-down program. DOD intents to award grants for 50 to 70
units before the end of this calender year.

DOE/FE is now out of the PAFC business. We focus on advanced fuel cells — MCFCs
and SOFCs. These operate at higher temperatures than PAFC systems, have higher fuel-to-
electric efficiencies, potentially lower capital costs, and can be integrated with coal gasifiers.
DOE/FE’s total FY97 funding for the MCFC and SOFC programs is $50 million. And we
leverage this with an additional 40-percent cost-sharing from the private sector.

We are funding two major developers of MCFCs:

. Energy Research Corporation of Danbury, CT, and
. M-C Power Corporation of Burr Ridge, IL.

In FY97, we funded each of these developers at the $15 to 16 million level. Both of the
developers conducted a major demonstration in 1996-97.

. ERC demonstrated a 2-MW unit at Santa Clara, California. This was the world’s largest
MCFC demonstration. It was also the largést] cell power plant to operate in the U.S.

. M-C Power demonstrated a 250-kW demonstration at the Miramar Naval Air Station,
near San Diego, California.

You will hear more about these two demonstration projects during this mektisigo
secretthat the original objectives for the two demonstrations weralhathieved. Fortunately,
the problems encountered were not inherent to the technology. Rather, they were a normal part
of the technology maturation process. Both MC-Power and ERC plan an additional
demonstration project as part of the DOE program. They are still assessing sites.

FETC also funds SOFC technology. We currently support one major SOFC developer —
Westinghouse — who, we feel, is the world leader in the SOFC technology. We are funding
Westinghouse at the $12 million/year level in FY97.

Westinghouse made significant progress in reducing manufacturing costs of their tubular
cells. They eliminated two electrochemical vapor deposition steps. Currently, Westinghouse is
preparing for & 00-kW demonstration testin the Netherlands, in January 1998. This will be the
largest SOFC system tested to date. They are also planning (1) a 250-kW test at Southern
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California Edison, (2) a 1-MW test at Ontario hydro, and (3) a 3-MW, demo at Fort Meade, MD
sponsored by the EPA. This will be a coupled turbine/fuel cell system.

Five Trends and Impact on the Future of the Fuel Cell Program

| want to talk about five policy issues and then give some of my thoughts on how these
issues might impact the fuel cell program.

Issue 1: Global Warming —Greenhousdsas Emissions

Let me put this into context: CO concentration levels in the atmosphere have increased
by 25 percent over the past 100 years. That is a fact. We are still debating — does this influence
our climate? If it does, what will change? Will the changes result in a better or worse climate?
What is the rate of change?

2,500 experts from more than 80 countries studied climate change as part of the United
Nation’s Intergovernmental Panel on Climate Change (IPCC). There is some disagreement over
the final wording but their IPCC report stated:

The balance of evidence suggests a discernible human influence on global climate.

Where do we go from here? Developing countries do not want to limit themi@iO
their standard of living catches up with developed countries.

But many developed countries want binding limits on,CO emissions. Binding limits are
not that onerous for some developed countries.

. England — when they privatized their coal industry, they switched from high-cost, thin-
seam coal to lower-cost North Sea gas;

. France — which is heavily nuclear;

. Germany — whose baseline in 1990 included the terribly inefficient East German plants
that are already being upgraded;

. Japan — a compact nation with small cars and short commutes, and also high energy-

efficiency because of long-standing, high energy prices.

Thus, the U.S. is under considerable pressure to commit to binding limits. The
Administration has stated they want binding limits that are “flexible, cost-effective, realistic,
achievable, and ultimately global in scope.” They are currently negotiating binding limits with 130
other nations. The Administration plans to sign a greenhouse gas reduction treaty during a
climate change meeting in Kyoto, Japan this December.



Meanwhile:

. Econometric models by Argonne and others show that binding limits would significantly
reduce output and employment in six industries: Aluminum, Cement, Chemical, Steel,
Petroleum Refining, and Paper and Pulp.

. Many, but not all, industry groups complain that binding limits will hurt the U.S. economy.
They want more public debate on climate change. They want to see the specific details on
the plan that the Administration will sign at Kyoto.

. The U.S. Senate voted 95 to 0 that they wahtet developing and developed nations to
be covered in any climate change treaty negotiated by the Administration.

The concern over greenhouse gases is a threat for the fuel cell prégmirtrechnology
that uses a carbon-based fuel is suspécAnd natural gas is a carbon based fuel.

But climate change concern is also an opportunity! In July, President Clinton announced a
new initiative: AClimate Change Technology Strategy He asked DOE to help plan this
initiative, an initiative to seek low-cost technologies to address climate change. As we speak,
DOE's laboratories — including FETC— are planning this initiative. The initiative will:

. Define roadmaps for addressing global warming.

. Identify technology targets.

. Scope out the needed R&D.

. Form industry-university-laboratory partnerships to carry out the R&D Program.

The scope of the initiative includes:

. Clean power generation — everything is on the table, including nuclear.
. Energy efficiency in the transportation, building, and manufacturing sectors.
. Long-range solutions for beyond 2025.

The planing schedule for this initiative is aggressive. DOE’s goal is to deliver the
completed plans for the initiative to the White House by October 1. We plan to start work on the
Climate Change Initiative in FY98! Initially, the program could invaindy repackagingof our
current R&D activity. But depending on the level of Congressional and public interestutds
evolveinto a major, new program!

| see this initiative as an opportunity for DOE and industry and academia to partner (1) to
reduce the cost of fuel cells, and (2) to develop the ultra high-efficiency fuel-cell systems. Hybrid
systems that couple gas turbines and fuel cells can slash CO emissions in half compared with
current, baseline systems. We can reducg CO emissions even more by coupling high-efficiency
power generation systems (1) with more efficient, end-use technologies; and (2) more efficient
motors and buildings, the kind of technology DOE'’s Office of Energy Efficiency is developing.



Issue 2: Deregulation and convergence

Deregulation of the energy industry, both domestically and internationally, is forcing alll
segments of the energy industry to reduce. In response to this pressure to reduce costs, gas,
electric, and oil companies are merging to become “energy companies.”

Energy companies will build “energy plexes” — flexible plants that

. Consume gas or coal or waste material, and
. Produce a slate of products: electricity, liquid fuels, chemicals.

You are seeing this concept in Italy where Texaco is building three IGCC plants that will
use a waste — refinery bottoms — to produce electricity and other chemicals.

DOE calls this concept Vision 21 — the plant for the 21st century. Vision 21 has a
flexible design. Itis tailored to meet the economics of a specific site. Vision 21 plants will have
fuel-to-electric efficiencies higher than 60 percent. To achieve this efficiency level, the plant
design includes a turbine/fuel cell combination.

In addition, Vision 21 plants will have no net €émissions.No net CO, emissions!
In Vision 21, we are exploring CO removal and sequestration. At a minimum, we need to
develop information on the real cost and performance implications of removing and sequestering
CO,. This is a long-term effort. Possible sequestration techniques include:

. Reforestation projects.

. Deep ocean disposal in clathrate hydrates.

. Geologic disposal in depleted gas and oil reservoirs.
. Disposal in deep, un-minable coal seams.

I need to insert a touch of realism in this discussion on deregulation. Fuel cells have
serious competition from competing technologies! Gas-fired reciprocating engines in the 50-kW
to 5 MW size cost $200 to $350/kW. Lower-heating-value efficiencies are 35 percent. Thanks to
work by GRI and others, NO levels are not that bad.

The message is that fuel cell costs must come down before fuel cells will be competitive in
anything other than niche markets.

Issue 3: New R&D approachesk A new model for structuring R&D programs

Over the past few years, Congress and the Administration have had diametrically opposed
views of R&D: Congressheld that “basic research is good, and applied research is bad — it's
corporate welfare.” ThAdministration championed “technology partnerships with industry” as
the cornerstone of economic development.

To solve this impasse, Congressional leaders are attempting to reach a consensus on a new
R&D model — a model that would blur the border between basic and applied research. The
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emerging model is based on partnerships among government, universities, and industry. The view
is partnerships leverage the Government and the private-sector’s investment in R&D. Industry
involvement ensures the relevance of the R&D. The model calls for Consortia to:

. Focus on a defined problem — for example, develop a 60 mpg car.
. Cut across an industry — for example, all fuel cell manufacturers.

Industry produces a roadmap of technology needs and it may share ideas. This model suggests,
but doesn’t demand, that the research be pre-competitive. There is a whole range of potential
opportunities for fuel cell consortia in pre-competitive R&D:

. Advanced manufacturing processes
. Advanced materials

| recognize that all three major developers in the DOE/FE program have an advisory
group or a commercialization consortia that support their respective programs.

. ERC has the Fuel Cell Commercialization Group (FCCG).
. MC-Power has the Alliance to Commercialize Carbonate Technology (ACCT).
. Westinghouse has a 100-member fuel-cell advisory group.

Currently, EPRI is forming a new focused advisory group for Westinghouse. But the new R&D
model | described may become a requirement. | invite your comments on how we can make it
work if it doesbecome a requirement.

Issue 4 is Accountability

The Government Performance and Results Act, or GPRA, passed in 1993. In it, Congress
demanded that all Government programs contribute to measurable, desirable outcomes. The
outcomes must benefit the public — and be something that the private sector cannot or will not
do on its own. R&D programs are not exempt: they must produce measurable outcomes, for
example, tons per year of pollutant reduced. These measures are used as part of the budget
formulation process. The message for this audience is that, from a budget perspective, itis
critically important that we hold to the schedule for fuel cell demonstrations and
commercialization.

Starting in the FY99 budget cycle, DOE’s budget requests to Congress will be based on
amount of public good achieved. In this case, the public good is the potential for future emission
reduction.

Issue 5 is budget pressure

The requirement to balance the budget is producing tremendous pressure on Congress to
reduce discretionary funding, like R&D programs. As most of you know, the House FY98
appropriations bill told DOE to “down select” from three fuel-cell vendors to two.

The Senate language was silent on “down select,” and it contained enough funding that we should
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be able to continue with all three vendors. The issue will be resolved by the conference
committee after Labor Day. We are looking at various scenarios, in the event the House version
prevails, none of them pleasant. | hope we will not be forced into a down selection, particularly
since a down selection is likely to drive the technology abroad, with the U.S. losing much of its
investment.

I think it is important to have multiple vendors in the fuel cell program, and maintain the
competition to reduce the cost of the commercial fuel cell product.

| conclude with a request: thahu enter into the public debate on global warming
Energy use has a major impact on the U.S. economy! Energy is a $560 billion per year business
in the U.S. It accounts for 8 percent of our Gross Domestic Product.

Fossil fuels supply 85 percent of the energy we consume in the United States. And they
will continue to be the dominant energy source in the U.S. for the foreseeable future.

DOE projects that fossil fuels will supply 88 percent by 2015. In the U.S., the use of
fossil fuels has made our energy cheap — this has enhanced our quality of life — | like my
dishwasher and I like my Chevy Blazer.

And it’s fossil fuels that have made our economy competitive in the world market.
This is our economic imperative — an abundant supply of low-cost energy. But we also have an
environmental imperative — | want my children and grandchildren to live in a world that is non
despoiled.

The U.S. needs to reconcile our economic and environmental imperatives. It's up to us in
the scientific and technical community to weigh in on how best this might be done — or we will
be told how it will be done.

Thank you.
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Perspectives on 1996 Technology Progress

During the past year, fuel cell technology for stationary power applications continued to
advance in both commercial applications; first of a kind field demonstrations; and laboratory scale
breakthroughs. PAFC systems are carving out a real niche as premium power and grid inde-
pendent power systems for commercial sector markets. Field units continue to illustrate fuel cell
systems can have superior reliability and availability characteristics. While costs are still about a
factor of two higher than what more main-stream markets will bear - PAFC applications & adop-
tion process clearly point the way in demonstrating how fuel cells will play out in the evolving
energy services markets.

Multi-million dollar carbonate fuel cell field tests were completed the past year. A 2 MW
system developed by ERC successfully operated for 4090 hours sending power to the Santa Clara
electric grid. A 250 kW pilot system supplied by M-C Power also completed demonstration tests
with over 1500 MWhs supplied to the Miramar Naval Air Station. Both these demonstrations are
enormous steps forward in developing an understanding of how carbonate systems need to be
designed and how carbonate stacks need to be configured both electrically and process wise.
While these demonstrations provided valuable information for the developers, they fell short,
however, in providing the necessary “technology comfort” for many of EPRI’s electric and gas
utility clients. More specifically, the demonstrations did not confirm if large carbonate stacks can
be effectively cycled and provide load following. They also did not answer important buyer
guestions on durability; performance, life and information regarding costs and impacts of long
term operation on maintenance and operations. As both carbonate fuel cell demonstrations fell
short of their intended operating test plans, concerns need to be raised regarding the robustness of
the technology that was put in the field; the relative timing of these field tests; the need for
continued RD&D “in-house”; and eventual commercialization plans. As will be discussed later,
fuel cell technology is trying to be introduced into an rapidly changing electric power industry,
where it will be very difficult for utilities to be the early adopters and initial buyers of potentially
high risk technology. New and creative commercialization approaches will be needed.

Solid oxide fuel cell systems are advancing both in size and in integrated systems coupled
with small gas turbines. Westinghouse has fabricated and is testing a 100 kW system; ZTEK has
fabricated and is testing a 25 kW planar system. Both are planning to enter the market with ultra
high ( 60%) SOFC-gas turbine systems. Innovations in the laboratory have yielded breakthrough
power densities. EPRI sponsored work at the University of Utah developed a planar solid oxide
fuel cell with a power density 5-6 times higher than the current state of the art.



Historically, PEM fuel cells did not fit into any EPRI advanced power generation systems.
However, both the industry and the technology has changed and we believe there are several
strategic fits for PEM fuel cells. Polymer electrolyte membrane fuel cells continue to make
technological advances in both increased power density; weight reduction; and cost reduction.
As such, we are starting to look very closely at PEM systems for stationary power markets and
applications. Their operating and power characteristics may make PEM systems potentially very
attractive in new energy services. The past year has also shown that fuel processing systems, once
a critical enabling technology for PEMFCs, are also advancing. Examples of this are the work at
ADL and Northwest Power. Advances in PEM technology are also leading us to re-examine the
role of PEM electrolyzers and regenerative PEM systems in energy market applications. If critical
technical issues can be resolved this may open up complete new markets for PEM fuel cells in
stationary power and transportation markets.

Role for Fuel Cells in Evolving Electric Utility Industry

Electric industry restructuring is radically evolving to a new paradigm where customers
will be able to purchase electricity as a commodity. New energy service providers will emerge to
“package” and offer a wide variety of energy service products to customers. Customers will have
a landmark opportunity to choose their own energy providers. These structural changes, deregu-
lation and the resulting competitive environment will significantly impact commercialization
strategies and markets for fuel cell technology.

While electric and gas utilities have historically pioneered the introduction of new tech-
nology, the associated risks of using “emerging technologies” were moderated by monopoly
status and allowance for rate-based costs to be passed on to customers. New regulatory changes
favor enhanced competition, lowest-cost providers, and differentiated services that deliver value
to customers beyond traditional kilowatts. Therefore, utilities will not be able to provide the
“market pull” support in the way previously envisioned for commercialization of fuel cells. Com-
peting technologies continue to place pressure on the performance and cost requirements for fuel
cell products. Compact aeroderivative turbines and proven heavy-frame (industrial) gas turbines
are commercially available in 1 to 100 MW sizes and can be deployed on a one-year schedule;
several micro-turbine generator systems are also entering the market for on-site distributed power
generation applications. Their initial low cost ( $ < 500/kW) and attractive operating character-
istics are receiving the attention of many of our utility clients.

We do not believe fuel cells will be competitive with bulk power generation resources for
quite some time, if ever. That is, it will be very difficult for fuel cell systems to compete in a
deregulated bulk power commodity market. Fuel cells will most likely find applications in a
variety of distributed generation/energy services applications.

The most likely adopters of fuel cells will be non-regulated Energy Service Companies
(ESCOs) offering packaged bulk power and valued added services to customers. ESCOs will
favor fuel cell products in the 10 kW to 5,000 kW sizes. GENCOs and Mini-Gencos may adopt
larger fuel cell products (e.g. 1 to 20 MW SOFC-CT and MCFC systems) if they can compete
with bulk power or offer other quantifiable values to end use customers. Fuel cell produced



power will be used to augment bulk power most-likely through a premium service or cogenera-
tion driven customer need. Near term applications could be in industrial and commercial cogen-
eration sites where electric and gas rates are high; in certain commercial sectors where high
reliability and premium service will be valued high enough to off-set the higher cost of fuel cell
power. Early adopter markets are most likely to be in the commercial sector which could include
hotels; data processing centers; grocery stores; heath care and educational facilities. Eventual
mass markets could be served by either PEM or SOFC systems designed for loads around 2 to
10 kW. However, significant technical and cost reduction challenges exist for fuel cells in this
market.

The electric utility industry is entering into a competitive era in which the business envi-
ronment requires investments in new technology to provide an immediate as well as long term
return. Electric utilities seek to deploy new technologies that respond to customer needs and
enhance their ability to compete on a domestic and global basis. Several of our member utility
clients have recently made significant investments in fuel cell technology ventures.

Reinventing EPRI's Fuel Cell & Distributed Generation Program

Industry restructuring, the convergence of electric, gas and telecommunications are
requiring EPRI to re-invent the collaborative R&D business model upon which the Institute was
founded 25 years ago. During the past three years we have unbundeled our R&D portfolio which
now enables utilities to choose among 100 research targets and to customize their participation in
EPRI R&D. We have also recently established two taxable subsidiaries epriCSG and epriGEN to
enhance the competitive value of R&D investments by our members and to provide increased
flexibility with respect to intellectual property protection, publication and access of information.

The new corporate vision for 1998 is to “ Provide science and technology based solutions
of indispensable value to our global energy customers”. We are in the process of changing our
organization from a structure designed to serve an integrated utility to one that will provide solu-
tions to numerous individual participants in the electric and energy enterprise including: power
marketers; generating companies; transmission and distribution companies; system operators; gas
and oil companies; energy service and retail service companies; and telecommunications
companies.

Fuel Cell R&D at EPRI has undergone dramatic changes in program emphasis and direc-
tion. All future long term fuel cell R&D and basic science & technology will continue to be
funded by our strategic R&D program. While the development and commercialization of new
fuel cell products for retail and small distributed power markets will be very much market driven
and conducted in our new epriGEN taxable subsidiary target. Our fuel cell program has changed
the past few years from a “technology push” R&D strategy to more of a market and “customer
driven” R&D focused program.

Our program areas for 1998 include:

. Evaluate ONSI 200 kW PAFC systems in distributed generation applications



. Facilitate the commercialization and early introduction of MCFC systems

. Provide intelligence and assessments on vendor fuel cell programs

. Sponsor development of SOFC based systems for serving retail markets

. Participate in development, evaluation, and demonstration of SOFC-CT systems
. Evaluate & develop PEM based fuel cell systems for retail markets

. Catalyze the formation of initiatives, joint ventures involving fuel cell technology

Our primary goals are to provide intelligence and fuel cell technology solutions to our
clients to help them grow new and profitable business strategies based on advanced distributed
resource technologies. By participating in bench scale testing, evaluation, development and
demonstration we will provide validated data to support member interests in fuel cell technology
investments. EPRI is in a unique position to assist both energy companies and fuel cell developers
in defining/developing marketable products and in implementing their commercialization business
plans within the evolving restructured electric power industry.



GRI Fuel Cell Perspective
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Outline
A. Power Generation Perspective
B. Basic Research on Solid Oxide Fuel Cells

GRI Power Generation Strategic Elements

1. Use of Natural Gas in (1) competitive dispatch — central station; and (2) emissions
control — central station.

2. Customer Generation — onsite.

3. Distributed Generation — utility controlled.

GRI's Changing Imperatives

1. The gas industry is rapidly evolving from full-cost recovery to market pricing.

2. There is an increasing perception that share-holder dollars, rather than rate-payer dollars,
are at risk.

3. Share-holder dollars carrynauch higher discount (investment hurdle) rate.

4. The R&D portfolio must equilibrate to a higher discount sate reduced resources.

GRI Response
1. Re-examine project time frames, risk factors, and expected benefits.
2. Develop a lower-risk, nearer-term R&D portfolio.

3. No 1997 applied R&D fuel-cell budget or activities, although basic SOFC research
continues.



Where Do Fuel Cells Fit?

Onsite Generation

Premium Power - applications needing sine-waves, not volts and amps; energy costs
defer to other cost factors.

Configuration - base-load fuel cell on a dedicated circuit with grid as backup! cell
reliability must be unquestioned.

Distributed Generation
Definition: modular generation under the dispatch control of electric utilities.

GRI focus on characterizing distributed generation benefits, and defining required
technology features.

Application pull, not technology push.
Gas turbine and reciprocating enginetechnologies continue to progress.

Vast network of unknown costs. Price transparency will uncover pockets of very high
cost service.

Performance-basedate-making will motivate wire companies to a least-cost solution.

Is modular generation cheaperthan substations and wires? Probalagin enough
cases to support multiple vendors.

GRI View of Fuel Cell Status

1.

The continuing challenge for the PAFC is to find high-value, mission-critical power niches
that can easily afford the high first cost.

Recent MCFC test results point out how much research is still needed, while the MCFC
slowly progresses toward product goals.

Basic research focuses on the SOFC because of its advantages for stationary applications,
but is also monitoring the recent PEM progress.



SOFC Advantages in Stationary Applications

. Natural gas fuel is processed directly within the stack — by internal reforming or possibly
by direct oxidation.

. One compact system with effective heat transfer from the stack to reforming and air
preheating steps.

. Long life because of the all-solid-state construction.

. Very high efficiency: SOFC only — 55 percent HHV; SOFC and Gas Turbine Cycles —
65 to 70 percent HHV.

. High quality heat for direct use, or gas turbine cycles.

Current GRI SOFC Research
1. Reduced-temperature, planar systems (AlliedSignal, Univ. of Utah, Univ. of Pennsylvania)
. Anode-supported, thin-film, scaled-up cells
. Mixed-conducting electrode cells, €H oxidation
. Inexpensive fabrication
. Small stacks, metallic interconnects

2. Tubular systems (Westinghouse)

. Fabrication methods
. Cell design

3. Technical evaluation (TDA Research, Bechtel)

. Manufacturing cost, system issues



Planar Manufacturing Cost Assumptions

200 MW/yr, 24 hr/day operation, 95% availability

Fixed capital investment: 3.9 times major equipment
Working capital: 20% of fixed capital

Raw materials: vendor projections

Labor: 200 employees at $35,000/year
Maintenance: 4.2% of fixed capital
Depreciation: 10% of fixed capital

Property taxes and insurance: 2.6% of fixed capital
Overhead & administration: 8% of labor

Distribution, marketing, and R&D: 15% of total pretax expense
Profit: Adjusted for ROR of 20%
Income taxes: 50% of profit

ROR = (depreciation + profit - income tax)(fixed + working capital)
Annual cost = raw materials + operating + capital-related
Stack capital cost = (annual cost)(annual production)

Conclusions

1. Rapid changes in the energy industry have produced a nearer-term focus in GRI's power
generation program.

2. Applied R&D is supporting improvements to microturbines, engines, and industrial
turbines.
3. Basic research in reduced-temperature, planar SOFCs:

. Technically challenging, longer-term option
. Potential for more than $700/kW capital cost
. Higher power density, small size, good manufacturability

4, Basic research in tubular SOFCs:
. Possibly ready for commercialization in about 3 years

. Seal-less design, tolerance to thermal stress, recent technical progress, operability
in high-efficiency, pressurized SOFC/turbine cycles
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EFFECT OF POWER DENSITY ON
SOFC STACK COST

1400

1200

1000

. Ceramic IC, screen print, tape cast anode

800 +

600 +

. Sputter, tape cast anode

Stack Cost, $/kW

400 +

200 +

>
Tape cast anode, screen
1 - i

0 +—print : . .
1 2 3 4 5 6 7
Power Density, kW/m?




COMPARISON OF PLANAR GEOMETRY

STACK POWER DENSITIES
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THE COST OF SOFC STACKS IS DECREASING
AS POWER DENSITY IS IMPROVED
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Introduction

Fuel cells represent a developing technology which could potentially replace the internal combustion engine
in all areas of the transportation sector. They operate with significantly higher fuel efficiency, greatly reduced
emissions, and the capability of running on a variety of fuels (such as hydrogen, ethanol, methanol, and
natural gas). The widespread introduction and use of fuel cell vehicles could have a major impact on reducing
petroleum consumption and on improving air quality in urban areas. This paper provides an update on the
status of the U.S. Department of Energy (DOE) program directed at the development of fuel cell propulsion
systems for transportation applications.

Program Drivers

This program is responsive to requirements of the U.S. Energy Policy Act of 1992 (EPACT) which

authorizes the development of fuel cell vehicles. It also represents the key fuel cell work being done under the
Partnership for a New Generation of Vehicles (PNGV) -- a U.S. government/industry research and
development initiative involving representatives from seven Federal agencies and the three major domestic
automakers (Chrysler, Ford, General Motors) that began in 1993 to strengthen U.S. competitiveness in the
automotive industry. DOE's program specifically addresses the PNGV goal of developing a vehicle to
achieve up to three times the fuel efficiency of today's comparable vehicle.

Besides the legislative drivers for this program, there is keen international competition in the race to develop
PEM power systems for automobiles -- extensive efforts are underway in North America, Europe and Japan.
Toyota demonstrated a fuel cell powered vehicle in late 1996. Daimler-Benz has built a second-generation
six-passenger van powered by a 50-kW PEM fuel cell and has announced plans to demonstrate a small A-
class car powered by fuel cells at the October 1997 Tokyo Auto Show. Daimler-Benz and Ballard Power
Systems of Canada have announced a joint venture in which they will invest over $200 million during the
next three years in the development and commercialization of fuel cell engines.

Program Goal

The goal of the DOE Fuel Cells in Transportation Program is to develop highly efficient, low or zero
emission automotive fuel cell propulsion systems. Specific objectives include: By the year 2000, validate fuel
cell propulsion systems that are (a) 2-3 times more energy efficient than today’s comparable vehicles; (b)
more than 100 times cleaner than Federal EPA Tier Il emissions standards; and (c) capable of operating on
hydrogen, methanol, ethanol, natural gas, and gasoline. In addition, by the year 2004, our objective is to
validate fuel cell propulsion systems that meet customer expectations in terms of cost (competitive with
conventional vehicles) and performance (equivalent range, safety, and reliability as conventional vehicles).



Technical Accomplishments
Recent technical accomplishments of the program will be presented. Some highlights include:

* Platinum Catalyst Reduction -- Catalyst loadings on fuel cell electrodes were reduced to 0.25 mg/cm2 with
performance validated in 10-kW size stacks.

» Advanced Bipolar Plates -- Low-cost, lightweight metallic plates were developed by Mechanical
Technology Inc, Allied Signal, and Delphi Automotive Systems and validated in fuel cell stacks of up to 10-
kW size. As aresult, stack power densities of greater than 400 W/kg were attained.

» Automotive-Size Stacks -- A full-size 50-kW PEM fuel cell stack was built and tested.

* Fuel-Flexible Reformer -- A 50-kW partial oxidation reformer was developed and demonstrated by Arthur
D. Little, with measured efficiencies of 78% and 84% for gasoline and ethanol, respectively.

 Carbon Monoxide Clean-Up Systerhos Alamos National Laboratory developed a preferential oxidation
(PrOx) system to convert low levels of carbon monoxide to carbon dioxide in reformed fuels. The PrOx
system reduces the CO concentration from greater than 1% to less than 0.01%, a level that does not degrade
fuel cell performance.

» Low-Temperature Reforming Catalyst for Gasoline -- Argonne National Laboratory developed a novel,
fuel-flexible partial-oxidation (POX) catalyst for reforming gasoline and alternative fuels. The product gas
contained 60% hydrogen for gasoline and ethanol, 65% for methanol, and 72% for natural gas.

» High-Efficiency Air Compressors and Expanders -- Scroll, variable-displacement, and turbo compressors
were built and tested. Air compressor efficiencies of 86%, and expander efficiencies of 90%, were measured
with minimal loss in efficiency over a broad range of flow conditions.

* Fuel Cell Vehicle Design -- Fully configured fuel cell vehicle designs were developed by Ford, General
Motors, and Chrysler Pentastar.

» Membranes for Direct Methanol Fuel Cells -- Improved membranes were developed by a team from
International Fuel Cells and the Universities of Connecticut, lowa, and Southern Mississippi. A Nafion/poly
(propylene) dendrimer membrane reduced methanol crossover by 67% while adding only 8 mV to the cell
voltage loss compared with Nafion 117 at 0.1 A/lcm2.

» Modeling and Simulation -- Detailed systems models were developed at Argonne National Laboratory to
permit PNGV to conduct systems analysis and vehicle engineering studies for fuel cell vehicles.

» Manufacturing Assessments -- Studies by divisions of General Motors, Ford and Chrysler concluded fuel
cells could be manufactured in quantity at a price comparable to today’s internal combustion engine.

Future R&D Activities
DOE conducted a competitive procurement in 1997 for focused R&D on transportation fuel cells. DOE’s

future fuel cell R&D activities, to be completed during the next 2-3 years under $50 million of new cost-
shared initiatives, will be disclosed and discussed.
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Abstract

The National Defense Center for Environmental Excellence (NDCEE), operated by
Concurrent Technologies Corporation (CTC), has been tasked to support the Environmental
Security Technology Certification Program (ESTCP) in investigating the use of fuel cells in
Department of Defense (DOD) applications. This study emphasizes stationary power
applications, as apposed to transportation and portable power applications. In addition, this
analysis does not preclude any type of fuel cell technology. The applications identified in this task
may be met by phosphoric acid, molten carbonate, polymer electrolyte membrane, or solid oxide
fuel cell technology.

The information presented is based on the second report in a series of three documents
written in support of the ESTCP task.

The first report, issued June 2, 1997, provides a detailed overview of fuel cell
technology, fuel cell manufacturers, and key support organizations. In addition, the report
summarizes current DOD fuel cell applications and installations.

The second report, which is the focus of this presentation, was issued on June 20,
1997. This report identifies fuel cell applications not currently pursued by the DOD,
including premium power, DC power, and hydrogen source applications. To date, most
fuel cells installed or to be installed under the fiscal year 1993/1994 DOD fuel cell
programs handle non-critical electrical loads, with the primary focus on effective
utilization of the recovered thermal energy. However, many other, more critical
applications exist that could benefit from fuel cell technology.

The third report is scheduled to be issued in October 1997. This report will
provide DOD decision makers with the information necessary to determine if they have a
potential fuel cell application, and analyze the economics of installing a fuel cell at their
facility. The guidebook will also provide information on siting considerations,
environmental issues, and effect of deregulation of the electric power industry on fuel cell
implementation.

Fuel cells can provide “premium power” to those critical or semicritical loads that require
higher quality and/or reliability than that normally provided by the electric utility grid. Depending
on their configuration, fuel cells can provide continuous power while serving as a backup or



uninterrupted power supply. Ten high-impact, premium power applications have been identified
for the DOD, as follows

. Medical Treatment Facilities

. High-Security Facilities

. Communications and Data Centers

. Advanced Manufacturing Processes
. Electronics Manufacturing Processes
. Air Traffic Control Facilities

. Radar Sites

. Shipboard Service

. Research and Testing Facilities

. Remote Sites and Field Operations

Similar types of applications exist in the commercial industry and non-DOD government
sectors. Examples of premium power applications include the trans-Alaska pipeline, U.S.
embassies, and American Indian reservations.

In addition to these premium power applications, several potential DOD applications have
been identified for the direct current (DC) power generated by fuel cells. These applications
include many electrotechnologies, such as electroplating, electrocoating, and other industrial
processes found in many Army, Navy, Air Force, and Marine maintenance and repair facilities.

Finally, potential hydrogen sources that can be used to power a fuel cell have been
identified. The DOD can take advantage of this fuel cell applications in facilities that have sewage
treatment plants or other means of generating a hydrogen-rich gas, such as heat treatment
processes.

Meeting the high standards and critical power requirements of the DOD, fuel cells offer
premium power in high-impact applications. In addition, these fuel cell applications meet similar
needs found in the government (non-DOD), commercial, and industrial sectors. Successful
implementation of fuel cells in these applications will, in turn, facilitate the commercialization and
further development of this technology and reduce DOD energy costs, thereby reducing life-cycle
costs.



National Defense Center for Environmental Excellence
Vision:
To be a National Resource for the Development, Application, and Dissemination

of Advanced Environmental Technologies to the DOD, Other Government Agencies,
and Industry.

Mission:

. Assess and Prioritize the Nature and Seriousness of DOD Environmental
Problems, and Identify Potential Solutions that Support the DOD
Environmental Strategy.

. Transition Environmentally Acceptable Materials and Processes to Defense
Industrial Activities and Private Industry.

. Provide Training Which Supports the Use of New Environmentally Acceptable
Technologies.

. Perform Applied R&D, Where Appropriate, to Accelerate the Transition of
New Technologies.

Environmental Security Technology Certification Program
(ESTCP) Validation Task

POP: October 1, 1996 - November 1, 1997

Task 1: Current Uses (June 1997)

Task 2: DOD-Unique Applications (June 1997)

Task 3: DOD Guidebook (October 1997)



Objectives
Look beyond current Congressionally funded work:

- Most of the 30 fuel cells, installed or to be installed under the FY 93/94 program,
are for non-critical electric and heating applications.

- Emphasize unique, premium power applications.
Focus on stationary applications (not transportation or portable power).

Consider all fuel cell types (PAFC, MCFC, SOFC, PEMFC).

DOD Direction

DOD’s goal is to purchase utilities and services, including electricity, from public or
private sources, especially for those sites located within the U.S.

The findings from this report will be made available to energy service providers for the
purpose of evaluating this opportunity.
Methodology
Literature Search: Web sites, reports, conference proceedings
NDCEE contacts

Survey

Expected Benefits of Premium Power
Reliability (Backup power and UPS capability)
Quiality
Security

Cost Avoidance (data loss; product loss; health and safety)



High-Impact Premium Power Applications

Medical Treatment Facilities
High-Security Facilities
Communications and Data Centers
Advanced Manufacturing Processes
Electronics Manufacturing Processes
Air Traffic Control Facilities
Radar Sites
Shipboard Services
Research and Testing Facilities
Remote Sites and Field Operations

Medical Treatment Facilities (MTF)
. Fuel cells could provide premium power for critical and life safety operations, such as

surgical services, emergency room, cardiology, intensive care, X-ray, labor and delivery,
emergency lighting, and fire detection.

. 130 DOD hospitals and medical centers and 500 clinics worldwide.
. 41 MTFs could benefit from fuel cell technology.
. 163 veterans administration medical centers meet the same criteria for installation of a fuel

cell as DOD MTFs.

High-Security Facilities

Examples of secure facilities include: (1) National Simulation Center, F. Leavenworth, KS; (2)
Ft. Leavenworth Prison (new facility); (3) National Gold Reserve, Ft. Knox, KY; (4) U.S. Mint,
West Point, NY; and (5) Nuclear weapons storage, Elsworth AFB, SD. Devices such as electric
magnetic card swipe entryways, and surveillance cameras require reliable power.

Communications/Data Centers

Mission critical data centers support human life critical applications, such as early warning
systems, combat information centers, emergency evacuation and support operations, and manned
space mission satellite-operations centers.

High-demand data centers support critical applications, such as logistic processing centers,
financial processing centers, and telecommunication processing centers.



Advanced Manufacturing Processes

Quality controlled processes having extremely tight tolerances include CNC processing,
CAD/CAM, and robotics.

A power outage may result in: (1) increased scrap material, (2) loss of production (throughput),
and/or (3) possible equipment damage.

20 DOD sites were identified that have advanced manufacturing processes, including Army
depots, Navy aviation depots, air logistics centers, and ship repair yards.

Electronics Manufacturing Processes

Power quality in electronics manufacturing has a significant effect on the quality and cost of DOD
electronic devices.

Power problems can cause large financial losses because of lost product and deferred production,
for example, semiconductor manufacturing, PCB assembly, and system-level assembly.

Air Traffic Control Facilities
1383 airports worldwide handle military air traffic.
These systems require clean, reliable power for safe operation
of communications, computer systems, and runway lights.

Radar Sites

National security is dependent on the reliable operation of worldwide radar sites. NORAD tracks
over 8,000 objects in space using information from radar sites and satellites.

Fuel cells could supply primary or backup electrical power at these, often remote, locations.



Shipboard Service

The U.S. Coast Guard and Navy have analyzed the potential use of fuel cells
on board smaller combatant ships. Their findings note that fuel cells could:

. Increase survivability by distributing electrical power from multiple
sources withing the ship.

. Improve fuel efficiency by 12 to 20 percent.

. Lower noise and thermal signatures.

. Reduce environmental impact.

. Match future electrical (DC) power requirements for Naval weapon
systems.

Remote Sites/Field Operations
Deployed military units, particularly those that are permanent or stationary, include headquarters
units, maintenance units, support units, and field hospitals. DOD facilities are located in Arctic
and Antarctic regions. DOD facilities are also located on remote islands.

Other (non-DOD) Premium Power Applications

. Trans-Alaska Pipeline including pumping stations, remote electronic
communications stations, and the proposed pipeline expansion.

. U.S. Embassies:253 embassy-related facilities worldwide.
. American Indian Reservations: 314 federally recognized reservations;
often located in remote areas.
DC Power Applications

Very large amounts of DC power are used in electrochemical processes, such as anodizing,
electrocoating, electroplating, electrolytic etching, and electrostatic spray painting.

49 DOD sites require DC power for industrial operations.



Hydrogen Source Applications

Potential hydrogen sources include: industrial processes, such as heat treatment; sewage
treatment plants; and other non-DOD sources, such as landfills and agricultural waste.

17 DOD sites have sewage treatment plants that could be sued to power a fuel cell.

Summary

Fuel cell technology offers several environmental and operational advantages
over conventional fossil fuel power generation methods.

In support of an ESTCP task to investigate the use of fuel cells in DOD
applications, CTC has identified several premium power, DC power, and
hydrogen source applications for fuel cells.

Recommendations

Based on the positive results presented, additional work is indicated to properly
evaluate the DOD applications identified. DOD sites with high-impact
applications need to be identified. Information on fuel cell technology needs to
be conveyed to the sites. And the potential application and economics of fuel
cell technology need to be evaluated, using the DOD Guidebook (to be available
October 1997).
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INTRODUCTION

The supply of reliable, cost-effective electric power with minimal environmental impact is
a constant concern of Department of Defense (DOD) installation energy personnel. Electricity
purchased from the local utility is expensive and represents only about 30% of the original energy
input at the generating station due to generation and distribution inefficiencies. Because of master
metering and large air conditioning loads, the demand portion of the installation's electric bill can
be in excess of 50% of the total bill.

While the electric utilities in the United States have a very good record of reliability, there
is significant potential for improving the security of electrical power supplied by using on-site
power generation. On-site, dispersed power generation can reduce power outages due to
weather, terrorist activities, or lack of utility generating capacity. In addition, as increased
emphasis is placed on global warming, acid rain, and air pollution in general, the development of
clean, highly efficient power producing technologies is not only desirable, but mandatory. Since
the majority of central heat plants on U. S. military installations are nearing the end of their useful
life, there is an opportunity to replace outdated existing equipment with modern technologies.

THE TECHNOLOGY

Fuel cells are electrochemical power generators with the potential for attaining very high
electrical energy conversion efficiencies while operating quietly with minimal polluting emissions.
In addition, by-product thermal energy generated in the fuel cell is available for use for cogen-
eration of hot water or steam, bringing the overall potential conversion efficiency (electrical plus
thermal) to approximately 85%. Air emissions from fuel cells are so low that several Air Quality
Management Districts in the United States, including several in California which has the nation's
strictest limits on air pollutants, have exempted them from requiring a permit to operate.

Phosphoric Acid Fuel Cells (PAFCs) are in the initial stages of commercialization. While
PAFCs are not economically competitive with other more conventional energy production tech-
nologies at the present time, current cost projections predict that PAFC systems will become
economically competitive within the next few years as market demand increases.



THE DOD FUEL CELL DEMONSTRATION PROJECT

The FY 1993 Defense Appropriations Act provided $6.0M worth of equipment procure-
ment funds per Service for the implementation of "non-developmental item natural gas fuel cells
currently in production in the United States ... for power generation at military installations ... "
with the recommendation that "... some of the cells be installed at locations in need of enhanced
air quality ...". The purposes of this demonstration project are to stimulate growth in the fuel cell
industry, which will lower costs through economies of scale and competition, and to determine
the role fuel cells should play in DOD long-term energy supply strategy. The three Services,
acting through the Defense Utilities Energy Coordinating Council (DUECC), requested that the
U. S. Army Construction Engineering Research Laboratories (USACERL), a U. S. Army Corps
of Engineers research laboratory affiliated with the University of lllinois at Urbana-Champaign,
coordinate this fuel cell demonstration program for all three Services.

The FY 1994 Defense Appropriations Act provided $6.25M worth of equipment pro-
curement funds per Service "to continue procurement of nondevelopmental item (NDI) 200 kW
phosphoric acid natural gas fuel cells currently in production in the United States".

Specific tasks associated with USACERL's coordination role in this program include the
following: (1) Procurement of turnkey Phosphoric Acid Fuel Cell Power Plant packages:
(2) Evaluation of potential DOD site installation candidates in order to identify the specific sites
where the PAFCs will be installed; (3) Monitoring of the electrical generation efficiency, degree of
thermal utilization, air emission characteristics, and overall system reliability of the PAFCs to
determine the economic and environmental benefits of owning and operating these systems:
(4) Development of application guidelines based on the results of this project for the implemen-
tation of PAFC technology at DOD facilities; and (5) Documentation of all aspects of the entire
DOD Fuel Cell Demonstration Project.

A solicitation was prepared for the purchase of turnkey Phosphoric Acid Fuel Cell Power
Plant packages, to include purchase, site engineering, installation and startup, operation and
maintenance training, and a five year warranty, maintenance and repair period. Following a
negotiation period, ONSI Corporation was awarded a contract for the purchase of these turnkey
PAFC systems. The terms of this contract involve cost-sharing on the part of ONSI Corporation
and calls for partnering with the local utility serving the selected posts. A total of 12 200-kW
PAFCs were purchased with the FY 1993 Appropriations and have been, or will be, installed at
DoD installations, with specific installation sites being identified through contract modifications.

SITE SELECTION CRITERIA

Initial candidate sites were identified by Army, Air Force, and Navy/Marine Corps Head-
guarters through solicitation of their respective Major Commands/Major Claimants. As aware-
ness of the program grows, individual installations are requesting to become a part of this
program. Initial screening of candidate sites is performed through an economic analysis based on
total electricity and natural gas usage and average unit costs as provided by the Defense Energy
Information System (DEIS). This economic analysis considers the electrical savings available



through operation of a fuel cell power plant. the associated natural gas costs to operate the sys-
tem, and the natural gas savings obtainable through recovery of the by-product thermal energy.

Installations which appear to be good potential candidates as a result of this initial screen-
ing are then asked to submit copies of their actual past utility bills for a twelve month period in
order that the economic analysis can be refined through the use of actual monthly energy con-
sumption and utility rate schedule data. In addition, each candidate installation is asked to pro-
vide information regarding the degree of air quality attainment for the region in which they are
located, as well as a description of the intended application for the recovered by-product thermal
energy and an estimate of the amount of this recovered thermal energy which they could use. At
the same time, potential opportunities for financial leveraging through cost sharing and/or rebates
by the local utilities providing service to these candidate sites are investigated. Efforts are also
made to insure equal distribution of fuel cell installation sites among the three Services, and to
provide as wide a geographical and climatic distribution as feasibility allows.

Site visits are then made to those installations which still appear to be good potential
candidate sites at the end of this evaluation process. These site visits allow for refinement of the
estimate of by-product thermal energy usage, an analysis of the logistical factors surrounding
potential fuel cell installation (e.g. distance from gas line, lengths of pipe and wiring runs, avail-
ability of sufficient land space for siting, etc.), and the development of a conceptual design pack-
age. The successful candidate sites are then identified to the ONSI Corporation to be selected
installation sites through individual contract modifications. A kickoff meeting is held on site
shortly after each contract modification to initiate the design and installation process.

CURRENT STATUS

From the FY 1993 appropriation, ten ONSI model B PAFCs have been installed and are
operational at Natick Research, Development and Engineering Center, MA. Newport Naval
Education Training Center, RI, the 934th Tactical Air Group, Minneapolis, MN, Kirtland Air
Force Base, NM, Twenty-Nine Palms Marine Corps Base, CA, Nellis Air Force Base, NV, Camp
Pendleton, CA, Ft Eustis, VA, U. S. Military Academy, West Point, NY, and Picatinny Arsenal,
NJ. A PAFC is also slated for installation at the Galley at the U. S. Naval Academy, Annapolis,
MD during 1997 as part of an overall building renovation project. (Another PAFC was installed
by others at Vandenberg AFB.)

From the FY1994 appropriation, five PAFC are operational (as of July 1997). The five
operational plants are at the following sites: 911th Airlift Wing, Pittsburgh, PA; Naval Air Station
(NAS), Jacksonville, FL; NAS Fallon, NV; Fort Richardson, AK; Edwards AFB, CA. Twelve
additional sites are scheduled to be installed and operational by the end of September 1997. The
twelve additional sites are: Laughlin AFB, TX; Watervliet Arsenal, NY; Fort Huachuca, AZ;
Westover ARB, MA,; Little Rock AFB, AR; Stennis Space Center, MS; Davis-Monthan AFB,

AZ; Fort Bliss, TX; Pine Bluff Arsenal, AR; Port Hueneme, CA; Barksdale AFB, LA; and
NDCEE, PA. Of the seventeen total PAFCs to be installed from the FY 1994 appropriation,
thirteen will be ONSI model C power plants and four will be the older model B power plants.



As of July 1997 with 15 PAFCs installed operational, the fleet has logged more than
136,000 hours of operation (mostly by model B power plants). The first units came on line during
February 1995. As of June 1997, the total fleet unadjusted availability was 74%. Several factors
have contributed to this 74% unadjusted availability which is somewhat lower than the manufac-
turers stated ( > 90%) availability for the worldwide fleet. In early 1996 after one unit experi-
enced water chemistry problems related to local conditions, some units were intentionally shut
down while the problem was being investigated. Another site intentionally shuts down their
PAFC during winter months due to high gas prices. Adjusting for these intentional shutdowns,
the fleet has an adjusted availability of 85%. This availability could be adjusted further by fol-
lowing the common industry practice of adjusting for down time which is not attributed to power
plant itself. For the 136,000 fleet hours, estimated (cumulative) dollars savings (based on the
actual Mwh generated) are more than $900,000. Also, estimated (cumulative) pollution abated
(compared to a typical mix of conventional electric utility generation) is approximately 45 tons of
NOx and 90 tons of SOx.

Monitoring of PAFC performance continues while new plants are added to the fleet. Itis
anticipated that continued monitoring (contingent on available funding) will eventually permit a
more detailed analysis of PAFC long term performance, identifying causes for outages, and devel-
opment of application guidance for DoD facilities.
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Abstract

Manufacturing of the PC25 fuel cell power plant began in 1991 and operation in on-site
applications began early in 1992. Since that time, nearly 150 power plants have been delivered to
customers in 13 countries throughout North America, Asia, and Europe, and the fleet has
accumulated 1.5 million hours of operations.

Concurrent with the manufacturing and operating activity, the equity partners in ONSI
have invested substantial resources in developing further improvements to the product and the
supporting business capabilities. The most visible result of these activities is a new power-plant
model, referred to as the PC25 C, which is one third smaller and lighter than the first power-plant
model delivered to the market. Improvements to this model are in various stages of development,
and introduction of these improvements will begin later in 1997. Sponsors of these improvements
include Toshiba and United Technologies Corporation, who are owners of International Fuel Cells
Corporation of which ONSI is a subsidiary, and a subsidiary of Ansaldo, who along with Toshiba
and International fuel Cells, is an equity partner in ONSI.

The PC25 experience includes operation on natural gas, propane, light naphtha, and waste
gas from waste-water treatment and landfill facilities, and hydrogen. The electrical configurations
include both 60 and 50 Hz as well as grid-connected with automatic transfer to grid-independent
operation in the event of a grid outage; other power plants have been operated as grid-
independent units with transfer of the load to the grid in the event of a fuel cell outage. The
product heat from the fuel cell has been used for domestic hot water, space heating, air
conditioner reheat, and to drive adsorption air conditioners. A wide range of operating
environments has been encountered, including temperatures from minus 40 to 128 Fahrenheit;
altitudes from sea level to one mile above sea level; and shock and vibration from truck transport,
transportation and rigging accidents, and earthquakes.

Durability and reliability statistics are encouraging. Individual power plants have operated
for total periods in excess of 35,000 hours (over 4 years), confirming the long periods between
overhaul, which has long been a projection for fuel cells. A few dozen continuous runs have
exceeded six months and several have exceeded one year. The power plant incorporates
diagnostics and data recording, which permit rapid restoration to operation after a forced outage.
Remote control and diagnostics have been used to avoid shutdowns and to facilitate maintenance
actions.



The PC25 is designed and fabricated in accordance with requirements developed by the
American Gas Association Laboratories. These requirements are currently in the process of being
upgraded to an ANSI standard. Other standards activities with the IEEE, ASME, are addressing
interconnection, installation, and applications issues.

Improvements incorporated in the PC25 C model include a higher power density cell
stack; improved cell stack manufacturing processes; an inverter utilizing IGBTSs to reduce size and
weight; a simplified and smaller fuel processor; compact heat exchangers; and an improved
control system and improved packaging, including hinged panels for improved maintenance
access. Further improvements under development are associated with these same components;
these improvements will be inserted into production over the next few years. The improvements
will also include broader operating capabilities associated with assured power applications.
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1.0 INTRODUCTION

The carbonatéuel cell promisesighly efficient, cost-effectivegnvironmentallysuperior
power generation from pgtine natural gas, coal gas, biogas, atiter gaseouandliquid fuels.
ERC has been engaged in the development of this unique technology, focusing on the development
of the DirectFuel Cell(DFC) technology[1,6]. The DFC desigrcorporates thenique internal
reforming featurevhich allows utilization of d@ydrocarborfuel directly inthe fuel cell without
requiring anyexternal reformingeactorand associated heat exchange equipment. This approach
provides upgrading of waste heat to cleainenergy;thereby, it contributes to higher overall
efficiency for conversion of fuel energy to electricity withv levels of environmental emissions.
Among the internal reformingoptions, ERC has selectélue Indirect InternaReforming(lIR) -
Direct Internal ReformindDIR) combination as itbaseline design. Ithe IIR-DIR stack, a
reforming unit (RU) is placed in tveeen a group of fuel cells. The hydrocarbon fuel is first fed into
the RU where it is reformed partially to hydrogen and carbon monoxide fuel using heat produced by
the fuel cell electrochemical reactions. The reformed gases are then fed to the DIR chamber, where
the residual fuel is reformed simultaneously with the electrochemical fuel cell reactions.

ERC plans to offer commercial DFC power plants in various sizes, initially focusing on the
MW-scale units. The plan is to offer standardized, packaged MW-scale DFC power plants operating
on natural gas or other hydrocarbon-containing fuels for commercial sale by the end of the decade.
The power plant design will include a diesel fuel processgntigpn to allow dual fuel fixed DOD base
applications. These power plants, which can be shop-fabricated and sited near

Research sponsored by the U.S. Department of Energy's Morgantown Energy Technology Center and the Department of Defense
(DARPA) under contract DE-FC21-95MC31184 with Energy Research Corporation, 3 Great Pasture Road, Danbury, CT 06813; telefax;
203-825-6150.



the user, arédeally suited for distributed generatiomdustrialcogeneration, and uninterrupted
power for military bases. ffer gaining experience from the early MW-scale power plants, and with
maturing of the technology, ERC expects to introduce larger power plants operating on natural gas
and/or coal gas or other fuels in the early part of the 21st century.

ERC operated a 1.8 MW plant in 1996-97, the largest fugl@eder plant that ever operated
in North America, at a utility site. Thisst-of-a-kind power plant has demonstrated high efficiency,
low emissions, reactiveower,and unattended operation capabilities. These accomplishments are
addressed in a separate paper at this conference. Built on the experience of this full-size power plant
field test, ERC launched the Product Design Improvement (PDI) program sponsored by government
and the private-sector cost-share. The PDI efforts are focused on technology and system optimization
for cost reduction, commercial design development, and prototype system demonstration.

2.0 OBJECTIVES AND APPROACH
This program is designed to advance the carbonate fuel cell technology from the current full-

size field test to the commercial design by the turn of this century. The specific objectives selected
to attain the overall program goal are:

° Define power plant requirements and specifications,
° Establish the design for a multifuel, low-cost, modular, market-responsive power plant,
° Resolvepower plant manufacturing issues and defthe designfor the comnercial-scale

manufacturing facility,

° Define the stack and balance-of-plant (BOP) equipment packaging arrangement and module
designs,
° Acquire capability tosupportdevelopmental testing of stacks asdical BOP equipment

to prepare for commercial design, and

° Resolve stack and BOP equipment technology issues, and dasignandfield test a
modular prototype power plant to demonstrate readiness for commercial entry.

A seven-task program, dedicated to attainiregobjectves inthe areas noted above, was
initiated in December 1994. Program accomplishments of the past year is discussed in this paper.
The previous year’s progress was reported earlier[5-6].

3.0 PROJECT DESCRIPTION

ERC is currently in the third/ear of the multiyear program for development and
demonstration of a MW-clagwwerplantsupported by DOE/FET@ith additional funding from
DOD/DARPA and the ERC Team. Figure 1 shows key program elements (shaded area) and their
interrelationships. The productdefinition and specification have been derived with input from
potential users, including the Fuel Cell Commercialization Group (FCCG). The baseline power plant
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final design has been completed. Detapedverplant system and packaging desigmnsbeing
developed using stack and BOP development results. A MW-scale prototype modular power plant
representative of theommercial design is planned to tenstructed antested. Based on the
experience andata generated in the current program, EfRD plans to acquire manufacturing
capability for market-entry products through expansion oéxigting Torrington production facility.
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Figure 1. @ EFFO
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ACTIO N OF
KEY PROJECT ELEMENTS:
The Program will Result in the Market Entry Commercial Product Design

A project team is in place to supplemalitrelevant expertise required for product design,
improvement, verifications, and marketing.

4.0 RESULTS/ACCOMPLISHMENTS

In the past year, the ERC tedras made steadyrogress in the areas system design,
enhancing manufacturing capabilities, resolvieghnology issues, and preparing ®ystem
verification. Major accomplishments in each of these areas are discussed below:

Power Plant Design

The ERC team has completed the Final Design engineering effort of the baseline DFC power
plant in collaboration with Fluor-Daniel, Inc. This design effort has already factored in the Santa Clara
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Demonstration Project (SCDP) operating experience. higielights ofthe SCDP operating
experience input include improvements tiee anode exhaust oxidizer, invertelectrical
configuration, and plant layout for heat loss and maintenance considerations. The cost impact of the
SCDP experience driven improvements/adjustments has also been evaluated and audited by an
independent consultant and found to be within 1% of an earlier prediction[6]. The baseline plant is
highly modularized featuring higkefficiency, quiet operationnegligible emissionsand asmall

footprint that allows it to be sited in virtually any location. The plant has a rectangular footprint with

a plot area 0f<420 squamgeter. The height of the plant will not exceed 7.6 meter. The DFC plant

is designed for natural gas fuel, but modifications will allow ussledr fuels such as landfill gas, and
military logistic fuels. The plant vill provide unattended operation with remalispatching
capability. The powerplant specifications and engineering drawiagailable fromthe effort are
sufficient to initiate the standard power plant procurement and construction activities.

The packaging approach for BOP and the staddule has been defined. The BOP
equipment will be packaged into truck-transportable skigsptzte with pre-installed piping, valves,
insulation, instrumentation and electrical wiring. The truck-transportable fuel cell stack modules, each
containing fourfuel cell stacks and gas distribution to and frdmose stacks werglesigned in
conjunction with Jacobs Applied Technology, Inc. Progress in defining the stack module design is
discussed later in this report.

Manufacturing Capabilities

The stack manufacturing héagen significantlyenhanced by expandirige floor space,
acquiring new tooling, and automating the quality check procedure for the cell packages. About 1300
meter square additional manufacturing floor space has been addeckiasting manufacturing plant
space of 5000 meter square. The comporeatsufacturing processes have bsgaamlined to
improve throughput, yield, and quality. FCMC has also prepared a semiautomatic full-height stack
assembly facility. This facility will be used fassembly of the 300 plus cell stacks, the building block
of ERC’s DFC power plant. As the commercial components manufacture has been defined, the plant
layout for the 24 MW/yr production capacity have been identified. Facilitization in accordance with
this plan has been initiated. The present equipment capacity is approximately 17 MW/yr.

In parallel with manufacturing capacity enhancement, the components manufacture processes
were improved and streamlined. The bipolar plate design has been refineztuce
thermomechanical stress and cost as well as improve mass manufacturability. Following successful
gualification of the innovative design irthe full area cell stack, théipolar platehigh rate
manufacture tooling was designed, fabricated,cquradified intrial runs at the vendor’s site. Next,
the tooling will be commissned at the Torrington, CT, manufacturing site. An automatic cathode
manufacturing line has been commissioned to manufacture a fully quality-checked cathode every six
minute starting with nickel powder. A photograph of the automatic cathode manufacturing line is
shown in Figure 2.  The matrix manufacturing rate and yield have also been increased using a lower
cost casting substrate.



Figure 2. AUTOMATIC CATHODE MANUFACTURING LINE:
Can Produce One Cathode Every Six Minutes

The cell components are quality checked by measuring thickness at twenty-five locations
with acomputer controlled thicknesseasuring machine. A ptograph of the setup shown in
Figure 3. The range of the twenty-five measurements, i.e. the difference between the maximum and
minimum values, is used as the individual components acceptance criteria.
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Figure 3. COMPUTER CONTROLLED THICKNESS
MEASUREMENT EQUIPMENT:
Thickness is Measured at Twenty-Five Points for Quality Check
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Figure 4. COMPARISON OF THICKNESS RANGE OF COMMERCIAL
PROCESS CATHODES WITH SCDP PROCESS CATHODES:
Thickness Variation Reduced by a Factor of Three

Together with the area scalempanufacturingate,yield, and manufacturing tolerance thie cell
components have been enhansaphificantly. Acomparison of the new generation 9000 cm
cathode quality measurement data (of fifty piecesatiiodes) with the previous generation 606 cm
cathodes is provided in Figures 4. The cathode thickness variation has been reduced by a factor of
three and the piece-to-pieceproducibility, as shown bthe scatter of théndividual cathode
measurements, has also been imprasigdificantly. Similar quality improvements have been
achieved for the anodes (Figure 5) and the matrices (Figure 6).
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Thickness Variation Reduced by a Factor of Thigaere 6. COMPARISON OF THICKNESS RANGE
OF FIFTY COMMERCIAL
PROCESS MATRICES WITH SCDP PROCESS MATRICES:
Thickness Variation Reduced by a Factor of Two

Technology Improvement

A three-dimensional transient/steady-stadenputer modellescribing fluid flow, heat and
mass transfer, and chemical and electrochemical reaction processes has been developed based on the
COMMIX computer code[8] for guiding the direct carbonate fuel cell stack design optimization. The
computer model predicts three-dimensional distribution of gas fle@mperature and gas
components as well as cell current density profile, cell potential, and pressure drops. The prediction
is derived from numerical solutions of the conservation equations of mass, momentum and energy
coupled with reaction kinetics and cell performance model. The models in the computer code have
been validated by extensive laboratory data. Reasonable agreements
between computed arfdel cell results, such as flow variationsmperature distributions, cell
potentials, exhaust gas compositions, and methane conversions were obtained. Details of the
model and modeling results with experimental DFC stack data were presented in a recent paper[9].

The model is being used at ERC as a cost effective tool for: 1) the DIR and reforming unit
design optimizations, 2) evaluating stack performance (temperature profile, cell voltage, and pressure
drops), and 3) investigating transient response to load changes. An example of the model utilization
for optimization of the DIRlesign is discussed nexiSix different catalyst loading designere
evaluated usinghe model. Thenodel predicted end-of-liféEOL) methane conversion, anode
chamberpressure dropand the catalystost arecompared in Figure 7. The Designwihich
promisesl0% pressure drop reduction, 208atalyst cost reduction over the baseline design and
at thesame time assuregeater than 98.5%methane conversion at EQknd-of-life) has been
selected for stack testing.
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Figure 7. DIR CATALYST LOADING PATTERN OPTIMIZED USING MODEL:
Design E Selected for Stack Evaluation

A high performancauggedmatrix has been developed inDDE/SBIR program and
incorporated in théaselineDFC stack design. This matrix has resulted in excellegassealing
capability and performance reproducibility in tIEC cells. A comparison of beginning-of- life gas
sealing performance of laboratory cells (256 cm ) are compafédure 8 for two types of matrices,
the advanced and the baseline designs. The frequency of cells, percent of the cells, is plotted against
the gassealing performance normalized wréspect to the product goal. The laboratory cell data
(built in 1996 to 1991ime period) show that for theells built withthe high performance matrix:
1)100% of the cells met thesdgn goal, 2) the mean gas sealing efficiency is approximately a factor
of ten better than théesign goal, and 3) cell-to-cell reproducibility is excellefiis improved
design has also significantly enhanced thermo-mechanical ruggedness of the carbonate fuel cell.

The DFC powerplanttargeted for the baseload power generation application is expected
to undergo five to ten thermal cycles over its life for planned and unplanned maintenance operations.
A laboratory cell built with the advanced design has already been thermal cycled sixty times (the test
is continuing) using an accelerated scheme for gas sealing loss. The cell maintained the design goal
for gas sealing (as shown in Figure 9). The gas sealing goal set here is very tight, <0.5% fuel loss at
30 cm of water column differential pressure which is equivalent to < 0.2 % fuel cell performance loss.
The cell electrochemical performance has also been unaffected by the repeated thermal cycles to room
temperature (Figure 10).
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Figure 10. EFFECT OF THERMAL CELL VOLTAGE:
Performance Unaffected by Thermal Cycles

The robustness of theommercial DFC design has been enhansgphificantly by
incorporating a thermo-mechanically compliant cell design and the advanced rugged matrix discussed
earlier. The 10 kW-Class subscale stack (10-cell, 9080 cm ) test using this design has been initiated.
The performance of this improved desgpack is compared in Figure 11 with the Sabtara
generation 6000 cin area stackhis lightweight,robust stack provided about 28érformance
enhancement. The stack was operated at 160 MA/cm produckly per cell which is more than
two timesthe cell power corresponding to the SCDP’s maximum power operation point. The cell
temperature distribution corresponding to the 160 mA/cm operating case is shown in Figure 12. As
the data show, the cell was operated with a temperature gradient of 6@levén with a cold fuel
inlet temperature of~52C. This improved thermal distribution has resulted from the optimization
of the IIR as well as the DIR designs.

VOLTAGE @ 140 mA/ecm?2, mV

SCDP DESIGN LIGHTWEIGHT
6000 cm® COMMERCIAL
9000 cm®

MF0761C

Figure 11. PERFORMANCE STATUS:
~2% Performance Enhancement Achieved in Lightweight Full-Area Stacks
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Figure 12. TEMPERATURE PROFILE AT 160 mA/cm?
(9000 cnt, 10-CELL DFC STACK):
Excellent Temperature Achieved at Rated Load

The 1IR-DIR feature used in the ERC design lends to unique temperature control capabilities
as compared to a DIR-only stack. This feature is illustrated in Figure 13, where the fraction of the
cell area is plotted against the local temperature for two different internal reforming design types, the
DIR and the IIR-DIR. These results pooit thatthe 1IR-DIR stack operatesith a narrow
temperature range. Therefore, fogimen maximum celtemperature, the I[IR-DIesign will
provide thehighest average cell temperature, hence, a leéetrochemical performance. The
baseline ERC IIR-DIRlesign can be optimized further by usthg comprehensive DFC model
discussed previously to fine tune the temperature profile.

10 kW IIR-DIR, 160 mA/cm®
UF =70%, UCO, = 72%

8 kW DIR, 120 mA/cm?
UF = 70%, UCO, = 30%

FRACTIONAL AREA (%)

Figure 13. IIR-DIR AND DIR STACK TEMPERATURE DISTRIBUTIONS:
The IIR-DIR Provides Much Further Improved Thermal Uniformity
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The 10 kW stack was thermally cycled eleven times without showing effects on gas sealing
efficiency, electrochemical performance and cell internal resistance (Figure 14).
Figure 14. EFFECT OF THERMAL CYCLING ON STACK
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PERFORMANCE PARAMETERS:
Stack Robust to Thermal Cycling

The baseline matrix uses a high surface area submicron gammag-LIAIO powder as the matrix
supportmaterial. Recentlythe alpha-LiAIOQ, has beeshown to be most stable in the carbonate
environment. Use of this material is, therefore, expected to enhance matrix electrolyte retention in
the carbonate fuel cell. The advanced matrix has been successfully fabricated using the alpha phase
material. Two single-cetkests conductedith this materiafor greater than 4000 éach have
demonstrated significant performance stability improvementtadt) no decay in ceterminal
voltage has been noticed in the initial data (Figure 15). The current focus is scale up of this design
and implementation in full-area stacks.

Compared to the individually insulated stacks in a rectangular box used in the SCDP plant,
the stack enclosure in the commercial product is an internally insulated circular box. The packaging,
cost, and weight benefits of the new design are shown in Figure 16. On an equal output power basis,
the stack enclosure footprint, weight, asabt have beemeduced by factorsine,four, and four,
respectively. Thetack enclosure conceptwdgsign was developed in 1994-95 time period. The
important considerations for the design are: 1) high performance insulation, 2) electrical penetrations
and conduction through hot environment, 3) internal gas distributors, 4) baseplate, and 5) packaging
of four stacks and the gas distribution system within the truck transportable envelope. These designs
have been evolved in 1996-97 timeipd through iterative stack tests. A multifunctional end plate
which has integrated end plate and the stack compression plate functions has been made available (a

12



photograph of the plate is shown in Figuré) from this effort. This design has resulted in
elimination of end heaters, cathode side pipe dielectrics, and sedld@tion of the expansion joints.

To date six subscale tests of the stack module design have been completed. A full-height enclosure
stack has also been fabricateda test to be conducted towards émel of 1997. Based on the

single stack enclosure experience, the four- stack enclosure design is being finalized. Once the design
is finalized, a full-size simulator will be constructed for cold hatlverification tests. The four-stack
module istruck-transportable. A “goose-neck” type transpodesign is being finalized in
collaboration with a transporter vendor.
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Figure 15. STABILITY OF ADVANCED CELL DESIGN:
No Decay Observed
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Figure 16. COMPACT STACK MODULE DESIGN:
Footprint Lowered by Factor of Nine
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Figure 17. MULTIFUNCTIONAL END PLATE DEVELOPED:
Eliminated Parts, Reduced Cost, and Allowed Compact Packaging

System Design Verification

A 400 kW subscalgower plant test facility has been constructed at ERC for evaluation of
the major BOP equipmentull-size stack module, angbower plant control and operational
parameters. A process flow diagram of the power plant is shown is Figure 18. The power plant test
facility includes a uniquanode exhaust oxidizer design develope&B{. Thebasic design has
been validated by computer simulation in collaboration with the DOE/FETC in-house R&D engineers
under a CRADA. Thidestfacility simulatesERC’s baselinepower plant operationsncluding
automatic startup, shut-down, load change and steady state as well as provides conditioning of the
full-size stack. The poweplant construction andssembly havbeen completed (a photograph is
shown in Figurel9). It is currently undergoing PAC (process and control test) and is expected to
be ready for full operation by the fourth quarter of 1997.

Summary

The major accomplishments thfe pastyear includethe following: 1) completedaseline
power plant final design and constructed 400gadMer plant test facility, 2) established commercial
manufacturingprocesses for cell (repeat) componentsyejfied robustness ofommercial cell
design at subscale, and 4) verified stack module design in subscale stack tests; scaleup is in progress.
The future activities will focus otesting full-size stacks and BOP equipment in the power plant test
facility and construction of the stack conditioning facility.
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Figure 18. ERC 400 kW-CLASS POWER PLANT PROCESS
FLOW DIAGRAM:
Will be Used as Test Bed for Advanced Subsystems
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Figure 19. 400 kw POWER PLANT MECHANICAL
CONSTRUCTION AND ASSEMBLY COMPLETED:
This Power Plant test Facility will be Ready in the Latter Part of 1997
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I ntroduction

Fuel Cdl Engineering Corporation (FCE) has been involved in a DOE Cooperative Agreement
Program (private-sector cost-shared) aimed at the demondtration of direct carbonate fue cell (DFC)
technology at full scde. FCE is awholly owned subsidiary of Energy Research Corporation (ERC),
which has been pursuing the development of the DFC for commercidization near the end of this
decade. The project involves the design, congtruction, and testing of a 2MW carbonate fud cdll
demonstration power plant in the city of Santa Clara, Cdifornia. Congtruction of the plant - including
the ingtalation of the fud cell stack modules - was complete in March 1996. Testing was begun in
April 1996 and the test program was completed in this reporting period, in March 1997.

Objectivesand Approach

Potentia users of the commercia DFC power plant under development at ERC will require that the
technology be demonstrated at or near the full scae of the commercia products. The objective of the
Santa Clara Demondtration Project (SCDP) was to provide the first such demondration of the
technology. The approach ERC has taken in the commercidization of the DFC is described in detail
elsawhere [1]. An aggressive core technology development program is in place which is focused by
ongoing contact with customers and vendors to optimize the design of the commercia power plant.
ERC has sdected a 24 MW power plant unit for initid market entry. Two ERC subsdiaries are
supporting the commercidization effort: The Fuel Cell Manufacturing Corporation (FCMC) and the
Fud Cdl Engineering Corporation (FCE).

FCMC manufactures DFC stacks and multi-stack modules, currently from its manufacturing facility in
Torrington, CT. FCE is responsble for power plant design, integration of al subsystems,
sdesmarketing, and client services. The commercia product specifications have been developed by
working closdy with the Fud Cdl Commercidization Group (FCCG). FCCG members include
municipa utilities, rural dectric co-ops, and investor-owned utilities who have expressed interest in
being the initid purchasers of the firss commercid DFC power plants. The utility participants in the
SCDP have been drawn from the membership of FCCG.



FCE was the prime contractor for the design, construction, and testing of the SCDP Plant, and FCMC
manufactured the multi-stack submodules used in the DC power section of the plant. Fluor Danidl Inc.
(FDI) served as the architect-engineer for the design and construction of the plant, and also provided
support to the design of the multi-stack submodules. FDI is dso asssting the ERC companies in
commercid power plant design.

Project Description

The project involved the design, construction, and testing of megawatt-scdle DFC demongtration
power plant in the city of Santa Clara, Cdifornia. The rated output of the nominaly 2MW SCDP plant
was 1.8 MW. The plant islocated at 1255 Space Park Drivein Santa Clara The Steis owned by the
City's Electric Department and is adjacent to a 115/60kV switching station on the City eectrica
system. A photograph of the power plant is shown in Figure 1.

The naturd gas fueled power plant consists of the fuel cell power section (16 eectrochemical fuel cdll
stacks, configured into four 4-stack submodules) and the balance of plant (BOP) equipment. The BOP
is comprised of the process, mechanical, and eectrica equipment which provides the required gas
flows to the stacks and converts the stacks DC power to AC power at the required grid voltage. The
design of the power plant is based on ERC's proprietary DFC "Simplified Design,” which is dso the
basis for ERC's initid commercia offering. The Smplified Design includes provison for startup, fuel
cleanup, recirculation of carbon dioxide to the cathode side and exhaust of spent gases through a Hesat
Recovery Unit (HRU) which provides the required fudl pre-heat and steam generation. ERC has also
investigated other process design options which provide higher efficiency operation, but at the expense
of increased system complexity and higher capital cost

Figurel
Santa Clara Demongtration Project Power Plant



The design and fabrication of the fud cell stack modules was done with the support of the U.S.
Department of Energy through FETC, under Cooperative Agreement DE-FC21-92MC29237. The
period of performance for the Cooperative Agreement is October 1, 1992 through September 30,
1997.

The design and procurement of the baance of plant and the construction and testing of the complete
system was supported by the Santa Clara Demondtration Participants. The participants in the SCDP
are as follows. City of Santa Clara, City of Los Angeles Department of Water and Power, City of
Vernon, Electric Power Research Inditute, Nationd Rurd Electric Cooperative Association,
Sacramento Municipa Utility Didtrict, and Southern Cdlifornia Edison Company. Sat River Project
and the Northern Cdifornia Power Agency (NCPA) aso supplied some project funding through a
consortium agreement with the City of SantaClara. In addition, the California Energy Commission has
provided funding to the City of Santa Clarato partialy support the balance of plant pre-test activities.
ERC aso contributed to the project, at about the level of an SCDP share.

Results

As reported last year, the plant startup was begun in April 1996. After the initid heatup, power
generation operations began with a period of gradua power level increases during Power Conversion
Unit tuning operations. The plant output was increased beyond the 1.8 MW rated capacity to 1.93
MW, during which time the fud cell stacks exhibited extremely uniform performance (+/- 1% variation
in stack voltage) at levelsin excess of the plant design projections. The voltage uniformity at 1.93 MW
net AC isshown in Figure 2, and the voltage performance of the stacks over the load range is shown in
Figure 3. Inthefirg run of operation at rated power, the plant was operated in a conservative mode,
snce the ability of the PCU system had not yet been confirmed and the response of the system to grid
disturbances had not yet been demondrated. This involved running the two auxiliary natural gas
burners in the plant (one in the anode exhaust line and one in the HRU) in order to enhance system
gability in the event of a plant trip. These burners would normally be off, and would be started in the
event of atrip to standby, so keeping them running would provide a* soft landing” plant trip.

With the auxiliary burnersfiring, the system efficiency did not meet the target 49% (LHV) leve, but an
efficiency of 44% (LHV) was achieved, arecord for a smple cycle natural gas power plant a this Sze
levd. The performance of the stacks and the system operating parameters indicated that once the
auxiliary firing was curtailed, the 49% target could easily be met.

During operation a rated power, transents were observed in some of the stack voltages and the
system was shut down for ingpection. The cause was determined to be parasitic eectrica circuits,
caused by a breach of the electrica isolation between the fudl cell stacks and the gas distribution piping.
The source of these circuits was traced to a glue used to ingtall the thermal insulation around the feed
and exit process lines to the fud cdl stacks. At elevated temperatures glue became eectricaly
conductive, diminishing the effectiveness of didectrics used to isolate fuel and air metal pipes from the
fue cdls. Since differentid potentias can reach 1000 VDC in the power plant, it became possble for
stray parasitic currents to flow through the tainted dielectrics.
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Power plant operations were resumed once the compromised dielectric components were repaired or
replaced. During this second operating period, power output was ramped to 1.2 MW gross DC (1.0
MW net AC) before the performance of some of the stacks precluded further ramping. It was observed
that all of the stacks operating below design levels shared a common position in the electrica circuit. It
appears that during the pipe dielectric shorting which forced the first plant shutdown, the voltages of
the shorted pipe and stack hardware in some portions of the circuit were driven to levels which
triggered secondary dectrical damage at the stacks. This left resdua damage which became
progressvely worse during the second operational run. The eight stacks in the unaffected portion of
the circuit did not incur this problem, and all eight were observed to operate well.

As a reault, operations were continued using the unaffected eight stacks in a reconfigured IMW
operating mode. |solation of the desired stacks was done by ingtaling blinds midway down the run of
the flow headers, as shown in Figure 4. This diminated the eight stacks at the four ends of the piping
system, preserving a symmetrical flow configuration which is important in maintaining a uniform
pressure profile throughout the stacks. The mechanical reconfiguration was done in a 10 hour
operation, during which time the stacks were not delivered any gas flows.

Figure4

Stack Isolation Approach Used For Plant Reconfiguration
Thelsolation Preserved a Symmetrical Flow Configuration to the Eight Operating Stacks



Following the mechanica reconfiguration, the plant was left in hot standby awaiting the delivery and
ingtdlation of an additiond transformer between the inverter and the grid, which was needed to alow
the lower voltage output of the reconfigured power plant to interface with the City's electrica system.
Once the transformer was ingtalled the third operating period was begun. The planned curtailment of
auxiliary fud firing could not be done in the third operating period, since the heat output from the eight
stacks was not sufficient to support the HRU pre-heat and steam generation functions, without the use
of auxiliary firing.

The initid power ramp in the third operating period brought the plant to a power level of 950 kW
gross DC, 95% of the Gross DC target leve for the 8-stack system. Figure 5 compares the average
performance of the operating eight stacks during this load ramp to the performance of the eight stacks
during the load ramps in the first and second operating periods. It can be seen that the performance of
the stacksin the load ramp in the second period was very smilar to the ramp at the beginning of the
first operating period.

The load curve for the third period is Smilar in terms of polarization dope, but the average stack
voltage was dightly less than that seen in the previous two operating periods. The dightly lower
voltage was due to the lower operating temperatures of the stacks. Asthe 8-stack process gases were
circulated through the 16-stack piping system, the normal plant heat losses resulted in twice the cooling
effect due to the reduced mass flow. Asareault, the inlet temperatures to the stacks were significantly
cooler than in earlier operating periods and the exit temperatures were dightly cooler than in previous
runs. The lower voltage of the stacks was consistent with modd predictions of the temperature effect.
The temperature differentiad across the stacks - the difference between the coolest inlet and the
warmest outlet process gas - was 30 to 40 percent higher than in earlier power generation periods at
comparable power output levels.
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While operating at the 95% DC power level, the performance of two of the stacks began to decline.
The possbility that the wide thermal gradients were causing localized contact problems was
congdered, and the plant was put on standby for about 150 hours to alow the stacks to thermally
equilibrate on standby. On resumption of power generation, one of the two weak stacks recovered
performance and the other stabilized, indicating that the therma gradients had played a role in ther
performance loss. In this and subsequent operations the therma gradient across the stack was
minimized by running with a higher than norma steam content in the fud to the stacks. Thisincreased
the heat capacity of the fuel inlet, lessening the heat |oss impact on the system.

The stacks used in the SCDP plant represent a 1993 design, and incorporate cell hardware which isless
tolerant of extreme thermd gradients than the hardware currently being used at ERC. The advanced
hardware which is currently being tested in full area short-stacks is designed to tolerate thermal
gradients significantly beyond those seen during the off-design operating periods in the SCDP plant.
Testing to date on the new hardware has verified this capability, which was a mgor objective of the
new design.

Once the process adjustment was made to limit the therma gradient across the stacks, the balance of
the third operating period was characterized by stable operation at 50% to 75% power for extended
time periods. There were three short BOP-related shutdowns in this period. One was caused by a
ghort circuit in a power cord in the control room and two were caused by the buildup of debrisin the
HRU. The HRU includes a catdyst block for oxidation of VOCs during the initid power plant heatup
(thisinitid conditioning of the fuel cell stacks was donein the field at Santa Clara but is expected to be
a factory operation in commercia stack production). This catayst block began to collect deposits
related to the use of unclean pipdine natura gas in the startup burner firing into the system exhaust.
Changes in the commercid BOP configuration and stack designs will preclude this from recurring.
These three outages were the only BOP related outages in the entire test program since the initia
startup.

The few outages that did occur in the third operating period provided the opportunity to evaluate one
of the SCDP s key performance criteria, ramp rate. The criteriato be demonstrated was aramp rate of
standby to full power in 30 minutes, arate of 3.3% per minute. Seven automaticaly controlled power
ramps were performed in the third operating period, the fastest of which was at a rate of 4.8% power
per minute. The stable operations observed in the third operating period also provided the opportunity
to evauate other design criteria, such as noise level, power quadity, and emissons. The testing of the
reconfigured power plant was continued through March 3, 1997, when the testing operations were
concluded. The plant was operated in grid-connected mode for a total of 4000 hours. Following the
completion of the test program, the fuel cel stack submodules were shipped back to FCMC's
Torrington, CT facility for post-test analysis, which is now ongoing.

In addition to meeting and exceeding its rated power criteria and ramping criteria, the power plant
operations met many other key project objectives. Specific project criteria which were successfully
demonstrated included rated output, peak operation, voltage harmonic power quality, low NOx and
SOx emissions, and operation within noise limits. A summary of the power plant performance against
key project criteria is shown in Table 1. The SCDP baance of plant proved to be exceptionally
reliable. The system rode through minor grid disturbances and responded to mgor grid problems



exactly asintended. The overdl availability of the balance of plant during the test program was 99%,
and the entire test program (including the BOP pre-test) was carried out with an excellent safety
record, with no lost-time accidents. These would be excellent results for any plant, but are particularly
impressivein this first-of-a kind demongration plant.

Tablel

SCDP Power Plant Performance vsKey Project Criteria
Almog All of theKey Project Criteria Were Met in the Demongtration Program

Power Output 1.8 MW Rated Power Target Exceeded with Power Output up to 1.93 MW.

Heat Rate Stack Performance Level Necessary for Target Hest Rate Achieved.

< 7000 Btu/kWh (48.7% Efficiency) Target Not Achieved due to Conservative
Approach To Operating the Plant in the Early Phase Of Testing, and Process
Impacts in Reconfigured Plant. Minimum Heat Rate of 7820 Btu/kWh (43.6%
Efficiency) Achieved.

Power Quality Voltage Harmonics Less Than Half of IEEE 519 5% Digtortion Level. Overdl
Current Harmonics Below |1EEE 519 Leve, With Four Individual Harmonics
Above Level. Correctable With Additiona PCU Tuning.

Ramp Rate 3.3% Power per Minute Target Rate Exceeded
Maximum Ramp Rate Tested was 4.8% per Minute

Emissons SOx Emissions Level Undetectable

NOx Emissions Level Undetectable Upstream of Startup Burner, only 2ppm at
System Exhaust Downstream of Burner

Noise Met SCDP and City of Santa Clara Requirements
<60 dB(A) 100 feet from Equipment and <70 dB(A) at Property Line

Beyond its success at demonstrating many of the key project criteria, the test program was dso
invaluable as a learning process for the DFC development team. The project represents the first time
that globa power plant type issues (e.g. heat loss, system control, grid interface, multi-stack operation,
etc.) have been dedt with for carbonate fud cdls in the fidd and a the megawait scde. The
advantages of the amplified BOP design utilized in ERC’'s DFC concept were clearly demonstrated by
such reaults as the excdlent BOP rdiability. The limitations of the design (e.g. the impact of hesat loss
on the stack temperature gradient in early operations of the 8-stack system) were successfully faced
and resolved (eg. by increasing steam content to minimize heat loss impacts). In terms of both
capabilities demonstrated and lessons learned, the test program has been an important advancement
toward the commercidization of the Direct Fud Cell. The accomplishments of this project were
recognized through an APPA Energy Innovator Award and an EPRI Technica Achievement Award.
A summary of the overal program accomplishmentsis shown in Table 2.



Table2
Key SCDP Accomplishments

Permitting/Construction

Ease of Permitting for Direct Fuel Cell (DFC) Powerplant Demonstrated
Demonstrated DFC Construction Approach

BOP Configured with Vendor Supplied Skid Mounted Modules and Shop
Fabricated Piping Spools

DC Power Block with Multi-Stack Submodules Truck Shipped Across U.S.

Engineering, Procurement and Construction Completed Within 0.1% of 1993
Budget Forecast.

Power Plant Start-Up

Start-Up of Multiple-Stack System in the Field Demonstrated

Automatic Control of Start-Up Parameters Demonstrated

Stack Operation

Uniform Performance of DFC Stacks Above Target Performance Level Achieved

Power Output

Power Output at and Above 1.8 MW Rated Power Level, up to 1.93 MW Net AC
1710 MWh Delivered to City of Santa Clara Grid
Largest Fuel Cell Powerplant Operated in Western Hemisphere

Largest DFC Powerplant Operated in the World

Power Quality

Voltage Harmonics Less Than Half IEEE 519 5% Distortion Limit

Overall Current Harmonics Below IEEE 519 Level, with Four Individual Harmonics
Above Level. Correctable with PCU Retuning .

BOP Operation

Automatic Control of BOP Equipment and Power Level Demonstrated
99% BOP Availability
Plant Staffed by Locally Hired Power Plant Operators

No Nuisance Trips. Plant rode through minor grid disturbances and responded to
major grid disturbances exactly as intended

DC Power Module

Fuel Cell Stacks Exhibited Uniform Performance, in Excess of Design Projections

Design and Electrical Configuration Issues Continue to be Addressed in Ongoing
Development Program, along with Thermal Cycle and Durability Issues

Learning

Operation of Multiple Stacks in Common Flow System and Electrical Circuit
Provided Insight into Multiple Stack Power Plant Design Issues

Experience Gained in DFC Power Plant Operation

Dynamic Response of Stacks and BOP Equipment During Transients and Load
Ramps Provided Insight Into Design of Commercial Power Plant.




Future Activities

As noted above, the fud cdll stacks have been returned to FCM C' s facility in Torrington, Connecticu,
where a process of post test andyss is now ongoing. ERC, FCMC, and FCE personnd are
participating in the post test program, which will be complete later this year, and reported on at the
next conference.
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M-C Power Commercialization Program Overview

Elias H. Camara (lee_camara_ mcpower@compuserve.com: 630-986-8040)
M-C Power Corporation
8040 S. Madison Street
Burr Ridge, Illinois 60521

Introduction:

Since itsincorporation in 1987, M-C Power has focused on development and integration of molten
carbonate fudl cell technology by combining individua cells into cost-effective stacks, which are then
integrated into a power plant system utilizing commercially available balance of plant equipment.
Demonstration testing of cogeneration power plant concepts that generate electric power and steam
in practical applications at the desired capacity level are an integral part of our commercialization

strategy.

We have successfully operated increasingly larger fuel cell stacks while improving power output and
cell life. Development activities include the improvement of component performance, endurance
tests, and cost reduction methods. This work represents an important milestone in M-C Power’s
commercialization program and has culminated in the design, construction, and testing of a fully
integrated 250-kW molten carbonate fuel cell (MCFC) power plant at the Naval Air Station (NAS)
Miramar in San Diego, Cdifornia

The purpose of the Product Development Test (PDT) at the NAS Miramar was to demonstrate the
internally manifolded heat exchanger (IMHEX®) MCFC technology in athermally integrated power
plant. This project has provided the data required to finalize the commercial design for M-C Power’s
market entry product. The findings from the PDT project are currently being incorporated into our
Product Design and Improvement (PDI) project. This paper addresses the importance of the PDI
program in commercializing MCFC technology by the year 2001 and M-C Power’s approach to
achieving that goal.

Objective:

The objective of the PDI project is to establish commercia readiness of M-C Power’s MCFC system
for distributed generation and other applications. To date, work performed under this project has
focused on quantifying the market potential for MCFC technology, recognizing and addressing the
requirements of the customer base, and resolving cost reduction and technical issues affecting the
marketability, performance, and reliability of MCFC power plant systems. M-C Power’s ongoing
commercialization program is enhanced by recent development activities and market studies.

Research sponsored by the U.S. Department of Energy and administered by the Federal Energy Technology Center,
under contract DE-FC21-95M C30133 with M-C Power Corporation, 8040 S. Madison Street- Burr Ridge,IL 60521;
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1



When M-C Power was founded, itsinitial mission was to develop, produce, and commerciaize a
high efficiency, environmentally benign energy conversion device based on a molten carbonate fuel
cell utilizing the IMHEX® design. Today, our corporate goal reflects the many accomplishments
we ve made since our founding. We plan to enter the market with nomina 250-kW and 1-MW
flexible and modular power plant products. We based this decision upon several factors which
include market studies completed in the past year; input from members of the Alliance to
Commercialize Carbonate Technology (ACCT), which includes their views of the futurein a
deregulated marketplace; analysis and recommendations of the commercialization team members;
and the results of the demonstration test at the NAS Miramar. A great deal of the technology
development work has been completed. The remaining barriers have been identified and a strategy
has been implemented. We have production capabilities established—and we' ve set our sights on
accomplishing the full scale commercialization of this technology.

Approach

The approach for devel oping this technology was defined early on when M-C Power established a
commercialization team in order to succeed at meeting its mission. The commerciaization team is
comprised of major playersin the fields of energy research, power plant design, packaging,
distribution, and maintenance. Itisled by M-C Power and is balanced out by Stewart & Stevenson
Services, Bechtel Corporation, and the Institute of Gas Technology. Thisteam provides the
expertise needed to develop and commercialize a cost-effective power plant based on M-C Power’s
molten carbonate fuel cell MCFC stack technology.

Although M-C Power is managing the commercialization and development of the MCFC technology,
the contributions of its supporting team members and their significance can’t be overlooked. The
Institute of Gas Technology is responsible for component development to increase cell performance
and endurance. M-C Power then takes this technology and scales it up to commercial size utilizing its
proven manufacturing processes. Bechtel Corporation provides the process design for the overall
plant and the detailed design of the systems needed to support the fuel cell stacks and form a
completely integrated operational power plant. Stewart & Stevenson Services receives the specified
equipment, packages it on transportable skids that are completed with piping, instrumentation, and
wiring. The skids are then factory tested to verify performance and operationa characteristics.

Verification tests and power plant efforts within the Product Design and Improvement project are
directed toward the construction and operation of a prototype power plant system. The system is
intended to reflect all of the design and operational features of the market entry product. The
commercialization team has developed a strategic approach to implementation of the project. This
approach capitalizes on past development projects and enables the team to accelerate its efforts to

Research sponsored by the U.S. Department of Energy and administered by the Federal Energy Technology Center,
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satisfy our commercialization objective through the successful design, manufacture, field test, and
evaluation of the prototype power plant.

Project Description

The commercialization team has chartered the best course of action in order to achieve the highest
probability of success. The performance of market assessments and product definition activities was
the first order of business under this project. They are discussed in further detail in the results
portion of this paper. They have led to aframework from which the system design and analysis tasks
could proceed in atimely fashion. Bechtel had previously selected a baseline system which they have
been using to perform trade-off studies. The results of these studies are discussed in the following
section.

The other major areas covered under the PDI program include the optimization of the
manufacturing processes developed in an earlier program and verification of advanced component
concepts. Optimization and automation of active cell component manufacturing processes,
consolidation of separator plate manufacturing, and the upgrading of our QA/QC capabilities are all
serving to enhance our ability to produce quality stacks for prototype power demonstrations.

Through the identification, qualification, and implementation of advanced component formulations
and manufacturing processes, we are reducing the cost of producing the cells that comprise the fuel
cell stack. We have been developing, verifying, and improving upon the critical components and
subsystems required in a market responsive product. Efforts are focusing on the cell package, stack
module, and balance-of-plant components.

Future testing will be carried out using existing facilities. Modification will be made to these facilities
as deemed appropriate by the commercialization team and its sponsors. Tests are being performed to
verify advanced engineering designs and component technologies. Balance of plant components
have been identified and will be qualified through strategic vendor alliances. These verification
efforts will be focusing on the turbogenerator, recycle blower, and power conditioning units. All
subsystems and BOP components will be accepted only after rigorous factory endurance verification.
Fuel processing is addressing a variety of dternate fuels.

Results

The results of the PDI program to date have contributed to a better understanding of the markets for
MCFC technology. Those results are discussed further in the application section of this paper.
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Market analysis completed over the past year has led to a detailed product definition and realignment
of our program strategy to reflect the dynamics of a changing market.

Bechtel has been charged with the task of developing simple and cost effective concepts for nominal
250-kW and 1-MW class power plants. The decision to further explore the opportunities of a power
plant with the capacity of 250-kW has been purely market driven. The members of ACCT and other
industry players have expressed their interest in a power plant of this size, and we have responded.
From early on they have conveyed the importance of reliability, durability and cost. We have been
working to address those issues from the onset of our development program.

The path to allowable installed power plant cost (stack and balance of plant) has been established.
Stack costs are being reduced by elimination and integration of processing steps, design
simplification, and the use of low cost raw materials. Many of these cost reduction approaches are
currrently being tested at the 100 cm? single cell scale and in 1000 cm? stacks. The cost of the
balance of plant is being reduced by compaction, component eimination, and system simplification.

Applications

More recently, the markets for this technology have been driven by the issues surrounding
deregulation and competition in the electric industry. Some of the issues driving the market for fuel
cell technology include retaining loads through better customer service, environmental regulations,
power quality, reliability, constrained capital for utility transmission and distribution (T& D)
investments, and distributed vs. centralized power generation. Our market analysis gives us a clearer
understanding of these issues and their impact on the PDI program.

The target market within the United States can be segmented into four main areas. They are
commercia applications, light industrial applications, distributed power, and severa specia niche
applications. The commercial segment includes small to medium sized hospitals, hotels schools, and
shopping malls. For these applications our technology would serve as a co-generation unit; supplying
heat and electricity for cooling and illumination. The light industrial segment includes, but is not
limited to, the chemical, paper, metal, food, and plastics industries. In this application, the MCFC
would serve as a co-generator of electrical power and high quality steam to serve the respective
industrial processes.

The customers for the distributed power segment would include the traditional utilities and their
unregulated subsidiaries. The main driver behind this application is the avoidance or deferral of
T&D costs. The MCFC would aleviate energy losses within the system, supply reactive power
support, and defer the construction of costlier system upgrades.
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The specia niche segment includes applications such as computer centers that require premium
power quality and high reliability. Also within this segment are producers of opportunity fuels such
as landfills, waste water treatment plants, and refineries. 1n these applications the MCFC will help
them to lower current power costs by using available waste streams as fuel.

Future Activities

M-C Power and the commercialization team will continue with the tasks outlined under the PDI
program. The most important element in the near term isto integrate and verify that the balance of
plant components can perform reliably.  Concurrently, we will expand upon our accomplishmentsin
the area of cell performance and cost reduction.
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NAS Miramar Molten Carbonate Fuel Cell Demonstration Status
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M-C Power Corporation
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Burr Ridge, IL 60521

R. A. Figueroa (619) 654-8614
San Diego Gas & Electric
P.O. Box 1831
San Diego, CA 92112-4150

Introduction

Thereis a need to demonstrate Molten Carbonate Fuel Cell (MCFC) power plant systemsin
order to establish a cost and performance track record for the emerging MCFC technology. Itis
intended that the MCFC demonstration power plant would provide a configuration which
supports the demonstration of a M-C Power internally manifolded (IMHEX®) 250 kW MCFC
stack. The demonstration provides an ideal vehicle for developing utility and other end-user
support for the technology which would provide the confidence necessary to encourage the
purchase of MCFC power plants. The demonstration incorporates full-scale and full-height stack
and balance of plant (BOP) system testing. Testing goals are consistent with M-C Power’s
commercialization plan and with product definition requirements identified through extensive
market research. The target capacity range for commercial plantsisfrom 250 kW to 1 MW and
higher which makes the power plant size well suited for a wide range of on-site and distributed
power applications that are expected to grow in importance over the coming decade.

Objective

The objective of this Cooperative Agreement is to support the Product Development Test
(PDT) of an M-C Power full-area, full-height 250 kW M CFC stack in order to accelerate
commercialization of the technology. Another objective isto demonstrate the M-C Power team’s
capability to design, manufacture, assemble and test MCFC power plants which are closeto a
commercia configuration. By definition, the 250 kW NAS Miramar molten carbonate fuel cell
demonstration is an integrated power plant which is consistent with M-C Power’s commercial
development plan.

Approach

The project has been developed in accordance with DOE guidelines under the Cooperative
Agreement established between M-C Power and the DOE. DOE funded the design,
manufacturing and fabrication of the 250 kW stack which consisted of 250 cells with an active
area of 10,800 cm? per cell. All costs associated with the necessary BOP were funded by the Gas



Research Institute (GRI). Funds for testing of the demonstration power plant were provided
under tailored collaboration with the Electric Power Research Institute (EPRI). The DOD's
Advanced Research Projects Agency (ARPA) has funded the site relocation to Miramar and a 20
kW stack test. Additional funding was supplied by Bechtel Corporation, Pennsylvania Power &
Light, San Diego Gas & Electric (SDG&E), Southern California Gas (SoCa Gas), Stewart &
Stevenson Services, Inc. (S&S) and Sydkraft AB of Sweden.

M-C Power managed the project. Bechtel was responsible for the design, detailed
engineering, construction management and plant start-up. S& S fabricated the balance of plant
(BOP) in their shop on a skid and tested the performance prior to shipping to the site. SDG&E
performed site construction work with its own staff which was supplemented by craft labor under
subcontracts with them. The project was executed over the period September 30, 1992 through
March 31, 1997. M-C Power operated the plant with its own funding and utility support 2 %2
months beyond the March 31, 1997 Cooperative Agreement end date.

Project Description

The project includes the design, procurement, construction, start-up and operation of the
world' sfirst 250 kW cogeneration MCFC power plant. The demonstration plant is designed to
produce 250 kKW net of electricity aswell as 340 - 640 pounds per hour of 100 psig steam for use
in NAS Miramar’s district heating system. It islocated on the NAS Miramar military base which
is about 15 miles northeast of downtown San Diego. The plant, occupying a 40 x 80 square foot
area, has three main components: a fuel processor (reformer), a BOP skid and the fuel cell stack.
Auxiliary equipment includes a nitrogen storage tank and vaporizer, and a boiler feed water make-
up system which are separate from the BOP skid. In the market entry plant, this auxiliary
equipment will be either eliminated or included within the BOP skid. The electrical equipment
and control system are located in a separate building. The electrical and control systems are being
reduced to cabinet size in the market entry design.

Results

Construction Schedule

Site preparation and civil construction were completed in November 1995 which was six
months after the construction start date. The stack was shipped to the site in August of 1996.
The plant was mechanically complete the following month and electrical acceptance took place on
October 15, 1996 as shown in Figure 1 (NAS Miramar Operating Schedule). Process and
Control (PAC) testing started in September 1996 and was completed in December.

Fuel Cell Stack

Between April and July 1996 the final assembly, conditioning and acceptance testing of the
stack took place. The stack was conditioned in the Acceptance Test Facility (ATF) and tested at
400 to 425 amps load. Conditioning and testing lasted a total of 593 operating hours. Binder
removal was conducted for approximately 247 hours. Electrolyte melting was completed in 162
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hours. Throughout the el ectrolyte melting, the gas manifold pressures remained positive
indicating excellent sealing. Cathode oxidation was completed in 39 hours.

Acceptance Testing

During acceptance testing the stack generated power for 210 hours. The maximum load
current obtained during this testing was 546 amps with the maximum power output of 107 kKW.
The stack operated at a steady state |oad of approximately 400 amps for 164 hours with the
output power of 90 kW. During operation the stack met the stated acceptance criteria: > 207.5
VDC at 40 mA/cm?. No apparent cell package voltage decay was observed during operation.
Final stack cooling after acceptance testing was completed in 160 hours. Ambient temperature
crossover testing before and after stack conditioning met the acceptance criteria of less than 0.4
dpm/cell gas leakage at a stack clamping force of 40 psi and differential pressure of 10" WC.

Plant Performance

The demonstration project first produced power on January 24, 1997. In addition to an
impressive list of technology successes and the verification of key operating systems, the power
plant produced 158 megawatt hours of electricity and 296,000 pounds of steam. Thiswasthe
first time any molten carbonate fuel cell power plant has been used for cogeneration, providing
both eectricity and high quality steam in a utility grid application. The quality of electricity and
steam produced was excellent. Transitions between being on and off-line were smooth. These
transitions were completely unnoticeable to power and steam usersin the local NAS Miramar
systems.

Figure 2 (NAS Miramar 250-kW Stack - Stack DC Cumulative Power) presents the electricity
production history of the demonstration plant. The slow initial power production during the first
900 hours corresponds to the time when instrumentation electrical interference issues were being
resolved. At thistime the inverter was taken off line. Between 900 hours and 1900 hours of
operation took place utilizing aload device. At 1250, 1450 and 1650 hours the stack exhibited
off load operation due to malfunction of rotating equipment. At approximately 1900 hours
through 2300 hours the inverter was operational when rotating equipment again malfunctioned.

Figure 3 (NAS Miramar Stack Performance - OCV) shows excellent cell to cell uniformity.
The average voltage is shown in the left bar. Thereis excellent correlation between the OCV’sin
the demonstration stack and with small-height scale tests in the laboratory even with the scale up
factor of 12.5 times. Bench scale tests were run in parallel for diagnostic purposes.

Figure 4 (NAS Miramar Stack Performance - 1140 ADC, 206 kW) shows excellent voltage
distribution. This uniformity is at 66% of design load and at actual power plant conditions (low
CO,/0O,) concentration. The upward trend is due to temperature gradient from the bottom to the
top of the stack. Voltage uniformity also indicates an above average gas distribution
demonstrating that hydrodynamic design is under control.



Figure 5 (250 kW Miramar Stack Actual versus Predicted Performance) is a voltage
comparison between the el ectrochemical model predictions and actual voltage performance. The
difference between predictions and actua performance achieved is less than 8%. Even though
results are extremely good, further enhancements of the model to predict low oxidant conditions
are under development.

There was superior stack voltage distribution throughout the stack and once again confirmed
no evidence of electrolyte movement. All internal seals held over awide range of test pressures
which verified that they would hold under adverse operating conditions. The plant easily moved
between standby and on-load operations without the use of supplemental CO..

The DOE Cooperative Agreement ended on March 31, 1997, but M-C Power chose to
operate the plant for an additional 2 %2 months. With limited additional funds, the decision was
made to shut down the plant. The stack was removed and transported to M-C Power’s
manufacturing and testing facilities where it will be anayzed.

The demonstration project met its test objective by:

» Demonstrating major equipment/system performance in an actua end-user application
using commercia operating parameters and fuel conditions.

* Proving that the technology can operate in a distributed generation mode.

» Confirmed that the plant can start up and operate with standard electric utility operating
personnel.

» Proved that there is no electrolyte migration in the stack.

There are some enhancements to the BOP and stack which will move the technology closer to
commercialization. On the BOP side these improvements include better performance from the hot
gas blower and turbocharger. New and improved equipment are ready for installation and testing.
In future operations, stack performance will be improved by a new plate design which will
incorporate 310 SSinstead of 316 SSfor better corrosion resistance.

Application

Plant startup and operating experience has amply demonstrated that M-C Power’s MCFC
stack can be integrated effectively into a power plant configuration. The stack design has shown
impressive stability and resiliency under adverse operating conditions as has the new reformer.
Design and operating experience is already being used to further improve the reliability and
operability of the next generation of power plants which are currently being designed. Plant
operating experience has revealed that BOP equipment specifications should be relaxed to provide
improved power plant operating flexibility. Major equipment and systems performance has shown
that ssimpler and cheaper designs are possible for the market entry power plants. An elaborate
instrumentation and control system at NAS Miramar has provided data which will further
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contribute to ssimple and reliable commercia designs. The demonstration has also proven that
commercial cost targets are achievable.

Future Activities

The NAS Miramar Demonstration Plant is currently in a standby mode of operation. Plans are
being developed to use the power plant as atest facility for MCFC stacks which incorporate
advanced components. These components, already proven in the laboratory, will be included in
the early market entry power plants. The Miramar plant will also be used to test improved BOP
equipment and control systems which meet commercia operating specifications and cost goals.
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Fig. 2 NAS Miramar 250-kW Stack
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Fig. 3 NAS Miramar Stack
Performance - OCV
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Fig. 4 NAS Miramar Stack
Performance--
1140 ADC, 206 kW
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Westinghouse Program Overview

R. George, (georgera@westinghouse.com; 412-256-2553)
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I ntroduction

The Westinghouse Solid Oxide Fuel Cell Development Program continuesto make
steady progress towards commercialization. The vision of a cost-competitive, ultra-high
efficiency, environmentally friendly SOFC power generation product line for distributed power
and cogeneration applicationsis nearing areality. Thisvision is centered around Pressurized
SOFC/Gas Turbine (PSOFC/GT) combined cycle power generation systems in the hundreds of
kWe’s to tens of MWe’s power range, which are capable of producing electricity at efficiencies
between 62% and 72% depending on size, configuration and equipment selection. This paper
summarizes 1) our important technical accomplishments over the past few years, 2) our final
phase development program covering the time-frame 1997 to 2001, and 3) our vision of a
commercial enterprise structure including partners.

Objectives

The objective of the Westinghouse SOFC Development Program is to complete the
development of atmospheric SOFC power systems and PSOFC/GT power systems for
cogeneration and distributed power applications, and initiate commercial manufacture of such
systems by 2001.

Approach

The Westinghouse SOFC Development Program is multi-faceted and consists of the
following major tasks: cell cost reduction, module scale-up and cost reduction, system (balance-
of-plant) scale-up and cost reduction, field unit program, and commercial manufacturing facility
design and construction. This final phase development program will cover the time span 1997-
2002. In order to secure non-Federal funds for cost share obligations and for construction of the
commercial manufacturing facility, and to selectively augment the existing skills and capabilities
in such areas as ceramic manufacturing, automation, gas turbine technology, market access and
distribution channels, etc., Westinghouse has been negotiating with a number of other
corporations concerning the formation of a Joint Venture for the purpose of commercializing
SOFC.

Research sponsored by the U.S. Department of Energy’s Morgantown Energy Technology Center, under contract
DE-FC21-91MC28055 with Westinghouse Electric Corporation, Science and Technology Center, 1310 Beulah
Road, Pittsburgh, PA 15235-5098; telefax: 412-256-2012.



Project Description

The cell development tasks are focused on developing lower cost materials and ceramic
manufacturing processes for our commercial size (2.2cm O.D., 150 cm active length) air
electrode supported cell. The nominal material composition of each cell component has been
fixed, and the evaluation of lower grade (i.e., lower purity) raw materialsisin progress. Over the
last several years, Westinghouse has made significant progress in developing lower cost
manufacturing processes, plasma spray of the interconnection has replaced the more expensive
electrochemical vapor deposition (EVD) processin production and fuel electrode slurry
dipping/sintering intended to replace fuel electrode slurry spray/EV D has been successfully
developed in the laboratory. Implementation in production is expected by mid-1998.

The module development tasks are focused on scale-up, pressurization, and cost
reduction. A cell stack, consisting of 1152, commercia size, air electrode supported cells with
integral stack reformers and having a maximum power output at 1 atmosphere pressure of 170
kWe DC, has been fully designed and built for the EDB/ELSAM Field Unit described below.
The above stack design will form the basis of the stack designsin our field unit program
described below, and in our commercial modules.

Thefield unit program consists of 3 field unit tests: 1) the EDB/ELSAM (Dutch/Danish
utilities) 100 kWe, atmospheric cogeneration system scheduled for start of site testing in
December 1997, 2) the SCE 250 kWe, PSOFC/GT combined cycle system scheduled for start of
site testing in January 1999, and 3) the MWe-Class PSOFC/GT system at EPA’s Fort Meade,
MD laboratory scheduled for start of site testing in 2000. The first field unit will demonstrate the
performance of the commercial size cell in large quantities and the new stack components
including the stack reformers. The second field unit is a first-of-a-kind test demonstrating the
coupling of a PSOFC module and a gas turbine at 3-4 atmospheres pressure. Finally, the third
field unit is a demonstration of a multi-module commercial prototype system. Both PSOFC/GT
field units are expected to have an electrical efficiency in the 60-65% range. In addition, a task
to upgrade the MWe-class system to a 70% efficient system is included in our field unit program.

Assuming the success of the cost reduction tasks and field unit program, a decision to
build the first commercial production line will be made around mid-1999. Construction is
estimated to take about 2 years. Thus commissioning of the commercial manufacturing facility is
expeected by mid-2001.

Accomplishments

The SOFC Power Generation organization is proud of and encouraged by its technical
accomplishments over the past few years. The major accomplishments include:



e Over 13,000 hours (1% years) of power operation for a 25 kWe SOFC power generation
system with approximately 0.1% voltage degradation per 1000 hours of operation,

* Nearly 7% years of power operation for two cells with a voltage degradation rate of about
0.5% per 1000 hours,

» Successful development of our air electrode supported cell, and successful scale-up from a 50
cm active length cell (65 watts per cell at 1 atmosphere) to a 150 cm active length, larger
diameter cell (210 watts per cell at 1 atmosphere),

» Construction, commissioning, and operation of a 4 MWe per year Pilot Manufacturing
Facility,

» Completion of the manufacturing of the 100 kWe (150 kWe max.) cogeneration power
system for EDB/ELSAM (a Dutch and Danish Utility Consortium), and

» Successful pressurized cell testing up to 15 atmospheres in collaboration with Ontario Hydro
achieving a SOFC cell power output record of 280 watts.

Benefits

This program is expected to culminate in a MWe-class product offering having an
electrical efficiency of at least 63% on natural gas, an NOx emiss gdmV, and a total
installed cost of $1500/kWe or less.
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Westinghouse SOFC Field Unit Status
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I ntroduction

Fuel cells are without question the most non-polluting of all fuel consuming power
generation technologies. Intrinsicaly, the potential for NOx generation is virtually non-existent
because fuel oxidation occurs electrochemically rather than by combustion, and in the case of the
solid oxide fuel cell (SOFC), isolated from contact with atmospheric nitrogen. In general, sulfur
must be removed from the fuel prior to its oxidation in afuel cell, thus there is no potential for
the emission of SO,, the precursor for acid rain. In addition, across the range of power
generation capacity levels, afuel cell power system can generate electricity more efficiently than
any other fossil fuel consuming electric power generator. Since power generation at the highest
practical efficiency serves to minimize the emission of carbon dioxide while conserving fuel, fuel
cells represent the best way to ameliorate concern over the “green house effect” and dwindling or
politically insecure sources of fuel. Among fuel cell types, only the SOFC has the recognized
potential to achieve power generation efficiencies in excess of 70% using a hybrid cycle that is
both simple and dry, the SOFC/Gas Turbine. Further SOFC development is needed, however, in
order to achieve commercially competitive cell and stack cost and to demonstrate SOFC power
systems at commercially viable capacity levels. In the following will be summarized the status
of the Westinghouse SOFC field unit program and its contribution to an improved prospect for
SOFC commercialization.

Objective

The objectives of the Westinghouse experimental SOFC field unit program are: the
development of a viable SOFC electrical power generation system that meets customer needs; the
first-hand demonstration to customers of the beneficial attributes of the SOFC; the exposure of
deficiencies through experience in order to guide continued development; and the garnering of
real world feedback and data concerning not only cell and stack parameters, but also
transportation, installation, permitting and licensing, start-up and shut-down, system alarming,
fault detection, fault response, and operator interaction.

Approach

Westinghouse has practiced the deployment with customers of fully integrated,
automatically controlled, packaged solid oxide fuel cell power generation systems for over ten
years. These experimental field units are an integral part of the Cooperative Agreement between
Westinghouse and the United States Department of Energy (DOE) for the development of tubular



SOFC technology. The design and construction of the host systems for SOFC field units has
been funded with customer and Westinghouse moneys. DOE has participated in these programs
by providing the cells and in part, the stacks or generator modules. Field units have been
operated at customer expense and in most cases solely by the customer, with data shared with
Westinghouse and DOE. Cells and generator modules are returned to Westinghouse at the
completion of the customer test program.

Project Description

A simplified process flow diagram for an atmospheric pressure SOFC cogeneration
system is shown in Figure 1. A motor driven blower draws ambient air through afilter and
compressesit to a pressure of the order of 2000 mm water column. The process air then flows
through an exhaust gas heated recuperator where its temperature is increased to approximately
500°C. From the recuperator, the air flows through an air heater and then into the SOFC
generator module. The air heater in field units to date is electrically powered and is used only
during start-up and during periods of low power operation when needed to maintain the SOFC at
set point temperature, nominally 1000°C. Natural gas at a pressure of nominally three
atmospheres gauge is desulfurized and routed to the SOFC generator module through a flow
control device. Within the SOFC generator module, the natural gasis reformed to hydrogen and
carbon monoxide and subsequently electrochemically oxidized generating dc power. Typicaly,
the SOFC operates at 85% electrochemical fuel utilization. 1n the SOFC, the electrochemical
oxidation of the fuel occurs with complete isolation from nitrogen, therefore with no potential for
NOx formation. Depleted fuel isburned completely in a combustion zone within the generator
module where it preheats incoming air. Exhaust gas exits from the SOFC generator module with
in-stack radiantly heated reformers at a temperature of approximately 85C°C. In earlier 25 kW
classfield units with a convectively heated reformer, the exhaust gas exited at a temperature of
approximately 700°C. The exhaust gas is routed through a recuperator, which may consist of a
high temperature section, a heat recovery steam generator, and alow temperature section,
followed by an exhaust gas heated water heater.

The Joint Gas Utilities (JGU), a consortium of the Tokyo Gas Company and the Osaka
Gas Company, sponsored in 1992 a 25 kW SOFC cogeneration system that utilized two SOFC
generator modules in a single packaged enclosure. Each generator module used 576 cells, 16
mm diameter by 500 mm active length, of the now obsolete porous zirconia support tube (PST)
design. A description of this unit and its performance can be found in the literature. Asthisunit
did not perform satisfactorily, it was modified and repaired. The JGU cogeneration system was
modified to accept a single generator module utilizing 576 air electrode supported (AES) cells of
16 mm diameter by 500 mm active length in place of the previously used pair of PST type
modules. Thisunit was originally scheduled to be shipped to Osaka, Japan for application
testing, but the great Hanshin earthquake which struck the Kobe area in January 1995 disrupted
the operations of Osaka Gas to such an extent that this proved infeasible. An unequivocally
successful extended factory test was initiated on March 22, 1995 and concluded on February 10,
1997.



The world’s first 100 kWe class Solid Oxide Fuel Cell (SOFC) power generation system
is being supplied by Westinghouse and is sponsored by EDB/ELSAM, a consortium of Dutch
and Danish utilities. This natural gas fueled unit will be installed near Arnhem, The Netherlands,
at an auxiliary district heating plant [Hulp Warmte Centrale] at the Rivierweg in Westervoort, a
site provided by NUON, one of the Dutch participants and will supply ac power to the utility grid
and hot water to the district heating system serving the Duiven/Westervoort area.

The 100 kW SOFC generator module utilizes tubular Air Electrode Supported (AES)
SOFCs of nominally 22 mm diameter by 1500 mm active length. The generator module or stack
is of seal-less design and employs 1152 tubular SOFCs oriented vertically and arranged in twelve
bundle rows. Each bundle row consists of four bundles, with each bundle a rectangular cell array
having three cells in parallel and eight cells in series. The bundle rows are connected in electrical
series yielding a serpentine current path. A cross section of the 100 kW SOFC stack is shown in
Figure 2. The thermal-hydraulic design for the 100 kW stack differs from previous
Westinghouse practice in that the natural gas reformers are integral with the insulation barriers
between bundle rows, with heat supplied by thermal radiation directly from the SOFCs. (In the
25 kW SOFC units, the reformers are hydraulically integrated with the cell stack, but heated by
exhaust gas.) As in prior Westinghouse practice, spent anode gas is recirculated and mixed with
fresh fuel (desulfurized natural gas) using an ejector with pressurized natural gas as the primary
fluid. See Figure 3. The outer canister of the 100 kW generator module is cooled with process
air to limit dissipation to the ambient and to limit canister temperature.

The 100 kW SOFC power generation system is composed of five discrete skid mounted
assemblies or “skids”. The generator skid supports the SOFC stack and the electrically powered
process air heater used for startup. The Thermal Management Skid (TMS) supports the
recuperators, the air movers (blowers), air and exhaust piping and air control valves, and the
Electrical Distribution System (EDS), a shallow set of enclosures which houses all electrical
distribution and electronic hardware including the control computer. The Fuel Supply System
(FSS) skid supports the fuel and purge gas control valves, the desulfurizers, and the small steam
generator used during startup along with a small water supply tank. These three skids are
arranged in a rectilinear package as shown in Figure 4 measuring 8.42 m long by 2.75 m wide
with a maximum height of 3.58 m. The power conditioner and the hot water heater are also skid
mounted, but supplied by EDB/ELSAM.

Westinghouse tubular AES-SOFCs are being tested not only at Westinghouse, but also at
the Kansai Electric Power Company in Japan and Ontario Hydro in Canada. Kansai Electric
purchased from Westinghouse a fully automated atmospheric pressure tubular cell test stand
designed and built by Westinghouse and capable of exercising at steady or cyclic conditions
either a single cell or a “short stack” consisting of two or four tubular cells with cell active
lengths up to 1500 mm. To date, they have tested two test articles with four 500 mm active
length cells and are presently testing a single 1500 mm length cell.

The cell test facility at Ontario Hydro consists of two test stands that can each exercise
test articles similar to those at Kansai Electric, but at elevated pressure up to fifteen atmospheres.



The cell test facility built by Ontario Hydro was designed in collaboration with Westinghouse.
To date, OH has tested seven test articles.

Ontario Hydro is presently completing the construction of a pressurized bundle test
facility designed in collaboration with Westinghouse. The 10 kW test article will contain two
bundles of twenty four cells each and is expected to begin operation in the second half of 1997.

Negotiations are underway for the renewal of the cooperative agreement between DOE
and Westinghouse for tubular SOFC development. In addition to afocus upon cell and stack
manufacturing cost reduction, the proposed renewal program will design, develop, build, and test
pressurized SOFC Gas Turbine (PSOFC/GT) hybrid cycle power systems at customer sites. A
simplified schematic for a PSOFC/GT hybrid cycle power system can be seen in Figure 5.
Simplistically, the expansion turbine has replaced the blower drive motor, and the compressor
has replaced the blower. No electrical power is therefore consumed to move process air, a major
element of parasitic power consumption for atmospheric pressure systems, and additional electric
power can be generated from the turbine shaft. Thefirst field unit proposed for the renewal
program is a 250 kW system which will utilize a stack of the same design as used for the
EDB/ELSAM 100 kW unit, but operating at approximately 3.5 atmospheres pressure in
conjunction with amicro turbine generator (MTG) of nominally 50 kW capacity. The expected
electrical generating efficiency of the 250 kw PSOFC/MTG power system is 60% (ac/LHV).
The second field unit, aone MW system, will utilize four SOFC stacks and a 250 kW turbine
generator to yield a system with over 60% electrical generation efficiency. The third proposed
field unit will upgrade the second field unit by adding four additional SOFC stacks and
upgrading the turbo-machinery in order to achieve 70% efficiency. Startup of the 250 kW
PSOFC/GT is planned for early 1999 while startup of the one MW PSOFC/GT system is
expected in the year 2000.

Results and Accomplishments

A summary of the characteristics and results for Westinghouse SOFC field units to date is
givenin Table 1. Factory test of the JGU 25 kW AES-SOFC Cogeneration system was initiated
on March 22, 1995 at Westinghouse’s Pre-Pilot Manufacturing Facility (PPMF) in Monroeuville,
PA. The unit was shut down after 1200 hours of operation to repair a fuel leak from a reformer
and to replace deactivated reformer catalyst. The unit was subsequently relocated to the
Westinghouse Pilot Manufacturing Facility at the Westinghouse Science and Technology Center
upon decommissioning of the PPMF. Operation of the JGU 25 kW AES-SOFC Cogeneration
System was terminated on February 10, 1997 in order to permit contract mandated inspection of
the cells and stack internals prior to the end of the Japanese fiscal year on March 31. The JGU
25 kW AES-SOFC Cogeneration System generated power for 13,194 hours (282 MW-hrs). In a
maximum power test, the unit generated 25 kW at 84% fuel utilization at 1855 operating hours
and 24.9 kW at 79% fuel utilization just prior to shut down at 13,191 operating hours. A plot of
kW, Voltage and Amperes vs time can be found in Figure 6. Nominal conditions during
operation were 170 Amperes, (306 mA/cmsq), 79% fuel utilization,’T086t point
temperature. The degradation in terminal voltage over the test period at these set point
conditions was 1.86%. Thermal control of the generator to set point is governed by the centroidal



temperature of the hottest quadrant. During operation, the centroidal temperatures of the
quadrants drifted apart. After adjusting the observed quadrant voltage to afixed temperature, the
coldest quadrant experienced no voltage degradation. During the course of operation, the unit
endured atotal of ten thermal cycles between operating temperature (1000°C) and ambient
temperature and thirteen instances of sulfur break-through from the desulfurizer. Sulfur
poisoning was reversible since compl ete voltage recovery was observed after replacement of the
desulfurizer reagent. The longest period of continuous operation without outage of any kind was
6500 hours. Upon disassembly of the stack, visual inspection using a borescope found no
cracked cells. The physical appearance of cells and bundles was virtually indistinguishable from
newly-manufactured samples. The primary reason for the observed degradation in voltage was
the development of porosity in the interconnection resulting in gas leakage between cathode and
anode. Interconnection porosity development after 13,000 hours was an increasing function of
increasing temperature. At 1000°C, interconnection porosity development was insignificant.

The EDB/ELSAM 100 kW SOFC field unit is presently undergoing a process and control
test of the balance of plant (BOP). The SOFC stack isin the final stages of assembly. The power
conditioner has satisfactorily completed factory acceptance testing in Europe. The Heat Export
System (hot water heater) isin the vendor solicitation phase. Factory acceptance tests are
scheduled to begin in September_97 with site acceptance tests expected in December_97.
Analytical estimates of performance show that maximum system efficiency will occur at thermal
balance, that operating condition where no ancillary energy is required to maintain the SOFC
stack at operating temperature. The maximum efficiency of the 100 kW SOFC power generation
system is estimated as 47% (net ac/LHV) at 100 kW ac net output. Overall fuel effectiveness at
this point will exceed 70%. System maximum power is estimated to be approximately 160 kW-
ac with afuel effectiveness approaching 80%. These estimates of performance are shown in
Figure7. The EDB/ELSAM 100 kW SOFC is expected to operate for two years.

At Kansai Electric Power Company facilities, a short stack of four 16 mm diameter by
500 mm active length AES-SOFCs endured 100 thermal cycles between operating temperature
(1000°C) and ambient temperature and generating power for over 10,100 hours at 1000°C, 450
mA/cmsg and 85% fuel utilization. Presently under test isa 22 mm diameter by 1500 mm active
length cell which has achieved 1500 hours of operation without evident degradation.

At Ontario Hydro, a 22 mm diameter by 1500 mm active length AES-SOFC is presently
under test and has passed 3700 hours of operation at elevated pressure (nominally 5 atmospheres)
with no evident degradation after two thermal cycles to ambient conditions.

The SOFC at modest elevated pressure (4 atmospheres) can easily yield a 50% conversion
of natural gasfuel energy into electricity. Noting that al of the fuel energy not converted to
electricity by the SOFC is contained in the exhaust gas at 850°C, a modest recuperated GT-
generator efficiency of 20% will yield a system efficiency of 60%. More elaborate GT cycles
that employ an intercooled, recuperated, reheat GT cycle can then be expected to approach and
exceed a 70% efficiency level.



Benefits

Westinghouse tubular AES-SOFCs have demonstrated superior voltage stability
(approximately 0.1 per cent per thousand hours) in tests exceeding 13,000 hours of power
generation at high fuel utilization. Westinghouse tubular AES-SOFCs have demonstrated
superior thermal toughness by enduring without deleterious effect 100 thermal cycles from power
generation at 1000°C to ambient conditions. Atmospheric pressure tubular SOFC systems can
approach a simple cycle power generation efficiency of 50% (net ac/LHV). Pressurized SOFC/
simple cycle Gas Turbine hybrid cycle power systems can exceed 60% efficiency at
approximately the 250 kW capacity level while GT cycles with intercooling and reheat can
exceed 70% electrical generation efficiency at the integer MW capacity level.
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Table 1 — Westinghouse SOFC Field Units

Stack Cell
Time Rating | Stack Cell Length Cell Oper.
Year | Customer (kW) | Number [ Type (mm) - [ Number | (Hrs) Fuel MWH
1986 | TVA 0.4 1 TK-PST | 300 24 1760 H2+CO 0.5
1987 | Osaka Gas 3 1 TK-PST.| 360 144 3012 Hp+CO 6.1
1987 | Osaka Gas 3 1 TK-PST | 360 144 3683 Ha+CO 7.4
1987 | Tokyo Gas 3 1 TK-PST | 360 144 4882 Hp+CO 9.7
1992 | JGU-1 20 2 TN-PST | 500 576 817 PNG 10.8
1992 | UTILITIES-A 20 1 TN-PST | 500 576 2601 PNG 36.0
1992 | UTILITIES-B1 20 1 TN-PST| 500 576 1579 PNG 25.5
1993 | UTILITIES-B2 | 20 1 TN-PST | 500 576 7064 PNG 108.0
1994 | SCE-1 20 1 TN-PST | 500 576 6015 PNG 99.1
1995 | SCE-2 27 1 AES 500 576 5582 | PNG/DF-2/JP-8 | 118.2
1995 | JGU-2 25 1 AES 500 576 | 13,194 PNG 282.1

Future Work »

1997 |[EDB/ELSAM | 100 | 1 | AES [ 1500 | 1152 | TBD |  PNG

PNG = Pipeline Natural Gas
TK-PST = Thick Wall Porous Support Tube

24 March 97

TN-PST = Thin Wall Porous Support Tube
AES = Air Electrode Supported

Figure 1 — Process flow schematic for an SOFC Cogeneration System
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Figure 2 — 100 kW SOFC Stack Cross Section
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Figure 3 — 100 kW SOFC Stack Gas Flows
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Figure 4 — 100 kW SOFC Field Unit (interior view)

Thermal Management
System/ Electrical Distribution Skid

lectrical Distribution

Instrumentation &
Control

OFC Generator

358 M— Module Skid

Front View

Figure 5 — Single Shaft PSOFC/GT

Air
power [ Filter |
conditioning
system

DC| | sOFC
AC\J | system

Gas turbine

—————— Exhaust

Recuperator/fuel heater

(O—< Natural gas

Desulfurizer



Figure 6 — JGU 25 kW AES-SOFC Power System Performance
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Figure 7 — EDB/ELSAM 100 kW SOFC Performance Estimate

Rated Power (net) 100 kWe AC
Efficiency @ Rating (AC/LHV) 47%
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SOFC SYSTEM ANALYSIS
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A preliminary design and cost estimate of a 500 kW SOFC commercial unit was conducted
to assess its economic potential for distribygeaier generation. The stacks used were of
planar design based dlne thin electrolyte technology. The study results indittedé the
optimum operating temperature for the thin electrolyte is 800C, the product can be produced
at $700-800/kW with 55-60% overall electric efficieitydV), and the cost of electricity (5-

6 cents/kWh based on $4/MMBtu retail natural gas price and 25% annual capital recovery)
is sufficiently low to capture the distributed generation market.

This study is funded by the Gas Research Institute (GRI). Bechtel Corporation is the prime
contractor, responsiblor the overall system design arabst estimate. TDA Research
provided the stack performance and cost estimate.

INTRODUCTION

The planar SOFC hése potential to be mowfficientand lowercostthan the tubular
design because tleells used haveshorter current path and asgnpler to manufacture.
However, it is difficult to find suitable low cost materials for the sealant and interconnect at
the 1000C cell operating temperature. To overctimeetechnical barrier, Gas Research
Institute (GRI) has been funding research for developing thin electrolyte cells to reduce the
operating temperature. TDA Research, in a recent fGiRled stack coststudy (1, 2),
showed the thin electrolyte stack could be manufactured at a very low cost of $230/kW due
to the use of metallic instead of ceramic interconnéttsvever, the stack costpically
represents onl20-40% of the totasystemcost. Todetermine its commercialability for
distributed power generation, GRas engaged Bechtel tonduct a cosanalysis of the
entire system. In this study, TDA Research assisted Bechtel in estinlag¢ingtack
performance and cost.



In this system analysis, a system simulation model was built and tradeoffs were performed
to select theptimum operating parameters and system configuration. The tradeoffs were
geared to address the issues such as:

» Will the increased cathode polarization resistance at the reduced operating temperature
significantly penalize the overall system efficiency? How much can the increased Nernst
potential at the reduced temperature help improve the system efficiency? Will the reduced
temperature also reduce the supportexlity cost,such as thair preheater? What
would be the optimum operating temperature when all the factors are considered?

* Isit beneficial to operate the cell at higher current density?

* Is it beneficial to operate the cell at higher fuel utilization?

* Isthere any advantage to use pressurized operation?

* What is the best integration scheme between the stacks and supporting facilities?

This paper summarizes the preliminary results of this study.
STUDY CASES
Twenty five study cases divided into seven groups were analyzed as shown in Table I.

Groups 1-5 arembientpressure operation cases. Groups 6 and 7 are pressurized
operation cases. A comparison of them establitheselative advantages between the
ambient pressure operation and pressurized operation.

Groups 1-4 search for the optimum current density at the stack operating temperatures of
700, 800, 900, and 1000@espectively. Three or foutifferent currentdensities were
analyzed in each of thegeoups.All the cases are based ofual utilization 0f85%. The
optimum case in eademperature group is theselected for comparison &stablish the
effects of operating temperature.

Group Ssearches for theptimum fuel utilization. Three different fuel utilization levels
were analyzedinder the condition of 800C stack operating temperature anch2@Mn2
current density. Case 5B is actually a duplicate of Case 2B.

Group 6 searches for the optimum operating pressure under the condition of 800C stack
operating temperatures, 300 mA/cm2 current dersity,85% fuel utilization. Four different
pressure levels were analyzed. Group 7 also searches for the optimum operating pressure. The
currentdensity anduel utilizationused are the same as Group 6 but the stack temperature
is increased to 1000C totdemine the benefits of a hotter gas for a more efficient operation
of the downstream turbogenerator. Five different operating pressures were analyzed in Group
7.



All the cases were designed fominimum excess aitevel of 30% to ensure there is
adequate oxygen concentration available in the cathode. This minimum excess air requirement
has forced thdigh stack temperature cases in Groups 3 and @psrate ahigh current
densitiesFor examplethe minimum current density that a 1000C stack can operate is 600
mA/cm2. Below this currentdensity levelthe stack igoo efficient and the waste heat
generated is not sufficient to heat up a large amount of air to the stack operating temperature.

SYSTEM CONFIGURATIONS

Ambient Pressure Operation

All the atmospheric pressure cases (Gralydg arebased on theystem configuration
shown in Figure I.

The natural gas feed is desulfurized and fed to the ejector as the motive gas to induce an
anode gas recycle. The anode gasy/cle provides an internal steam supiolly the pre-
reformer by usinghe cell reaction product water in the an@daust gas. In the pre-
reformer, the natural gas is partially reformed to ensure there is hydrogen available for the cell
reactions at the cell entrance to genesatécientheat for thehighly endothermic internal
reforming reaction. An anode preheater is included as an extended part of the pre-reformer
to heat the pre-reformed gas to the anmdkt temperature. Heat required for the pre-
reforming and anode preheating is provided by a waste heat recovery from the fuel cell stack
flue gas.

Multiple stacks (only one shown in Figure I) made of small size (10 cm diameter) cells are
used. The stack heat is removed by a directdisaipation tahe air preheater coils (only
one shown in Figure 1) placed in between the stacks.sifadl cellsize was chosen to
facilitate this type oheat removal. It prevents the cells from developing a large temperature
gradient between the center and edge. A blower supplies the air feed to the air preheater coils.
The preheated air is further heated to the cathode inlet temperature by a direct combustion
in a “pre-burner” with the spent fuel in the anode exhaust gas. In other SOFC system designs,
the anode exhaust is usually burned off with the cathode exhaust gas in an “after-burner”.

An effective heat integration between the stack heat removal and air preheating has been
a major system design challenge for the SOFC. A standard heat integration scheme employed
by many SOFC developers uses the cathode gas for the heat removal and preheat the air feed
by heat exchange withe cathode exhaust gas. As the temperature rise of the cathode gas
in the stacks is limited (usually less than 100C), the required flow is very large. Typically, a
stoichiometric airratio of 4-5 isnecessary fothe heat removalThis large air flow
significantly increases the air preheater size. The large size, in conjunction with the high air
discharge temperature required, significantly increases the air preheater cost. This has been
one major reasotihat the SOFGystemcost ishigh. The large air flow also increases the
system pressure drop. The combined effect of large flow and high pressure drop increases the



air blower size anthe auxiliary power consumption. As a result, thgstem efficiency is
reduced.

The present desigioes notlepend on the cathode gas for the stack heat removal. The
air flow required is substantially small@ihus, theair preheater isnuch smalleand the
auxiliary powerconsumption is reduced. Alsojrauch hotter stack flue gas is available for
downstream generation of steam, hot water, or additional power because the cathode exhaust
gas is no longer used to preheat the air feed.

The “pre-burner” used in the present design reduces the duty requirement and air discharge
temperature of thair preheater. As a resuthe air preheater can be evemaller and
constructed of a lowetost material. The “pre-burner”, however, decreasdesoxygen
concentration in the cathodeed by one tdwo percentage pointsihis was found to
generate no substantial efficiency penalty in the present study.

The anode exhaust gasm the stacks isplit intotwo streams: one to the ejector and
other one to the “pre-burner”. The cathode exhaust gas, after heat recovery for the pre-
reformer/anode preheater, is discharged to the atmosphere. As indicated previously, plenty
of high temperature heat is available in this stream for further generation of steam, hot water,
or power, ifdesired. All the high temperature system components are housed in a vessel to
minimize high temperature pipe penetration through the vessel. The DC power produced from
the stacks is converted to AC power in the inverter. Not shown in Figure | but included in the
cost estimate are a startup boiler, a nitrogen system, and a control system.

Pressurized Operation

All the pressurized operation cases (Groups 6 and 7) are based on the system configuration
shown in Figure Il. It is essentially the same as that for the atmospheric pressure cases except
a turbogenerator is included to produce additional power and to supply the compressed air
feed by expansion of the stack flue gas.

The fuel cell/turbine integration described above is only one of many schemes commonly
postulated. One other possible scheme is to have the gas turbine placed upstream of the fuel
cell unit. The turbine exhaust becomes the cathode feed with the fuel cell flue gas to preheat
the air feed tdhe turbine combustor. lthis casethe fuel cell stacks can beperated at
atmospheric pressure. Anothasssible scheme is generate steam ot air in the air
preheater coils for expansion in a steam or gas turbine. These schemes will be investigated in
the future in this study.



SYSTEM SIMULATION MODEL

The system simulation modesed in this study performs an ovetadlat andnaterial
balance to determirthe process streafftows and conditions, sizéke major equipment,
estimates the capital and maintenance costs, and analyzes the cost of electricity. In the heat
and material balance, the stack performance was estimated based on use of the following cell
components:

Anode: Ni/Zr cermet, 100 micron thick
Electrolyte: YSZ, 5 micron thick
Cathode: Sr-doped La Manganite, 100 micron thick
Interconnectstainless stedbr the 700C and 800C operating temperatuneg) alloy
metal for the 900C operating temperature, and La Chromite for the 1000C operating
temperature; all materials are 1000 micron thick

The stack costpreviously estimated by TDA Resear(®) based on 20MW/yr
production were $43/ft2, $70/ft2, and $98/ ft2 cell area for the 700/800, 900, and 1000C
operating temperatures, respectively. The ionic resistance of electrolyte used are 0.048, 0.017,
0.007, and 0.00®hm-cm2 atthe 700, 800, 900, and 1000C operating temperatures,
respectively. The corresponding total area specific resistances, which also include ohmic and
polarization resistances of electrodes and ohmic and contact resistances of the interconnect,
are 1.01, 0.68, 0.401, and 0.284n®@bm2, respectively. The ionic resistances are seen to be
a very small fraction of thtal cellresistances due to the use of the thin electrolyte. The
compressor and expander of the turbogenerator agemed to havé6% and 86%
polytropic efficiencies, respectively. The inverter was assumed to have 95% efficiency.

STUDY RESULTS

A summary of thesystem performander all the casesncluding feedrequirements, a
breakdown of the cell voltage drops, cell area required, amounts of power generated and
consumed, and electric and cogeneration efficiencies, is shown in Table II.

A costsummary of all the cases is shown in Table Ill. The O&M cost component of the
cost of electricity consists of maintenanoest, stackreplacementost, and catalyst
consumption. Aghe fuel cell unitwas designed for unattended operation, there is no
operating labocost. The annual maintenance cost, including both materials and labor, was
assumed to be 1% of the capital cost. The stack replacementasosésed on a 5-year stack
life with a salvage value equal 163 of theoriginal stack costThe cost ofelectricity was
calculated based on $4/MM Btu natural gas price and 25% annual capital recovery (or 4 year
payback) whichare thetypical values anticipated e UnitedStates for thalistributed
power generation. Results of the specific tradeoff analysis are discussed below.



Optimum Current Density (Groups 1-4)

At higher currentdensity,the cell voltage drops, the stacks &ss efficient, and the
system electriefficiency isreduced. The larger amount of heat generated from the stacks
increases the stoichiometric air ratio and the air preheater size. On the other hand, the power
density is increased and the total cell area required is reduced. The optimum current densities
at 700, 800, 900, and 1000C operating temperatures are 200, 300, 5600 amé/cm?2,
respectively.

Optimum Stack Operating Temperature

As the operating temperature increases, the stacks becomeffroaeat but also more
expensive. A comparison of the optimum current density cases from Groups 1-4 (Cases 1A,
2B, 3B, and 4A) in Figuréll shows that th@ptimum stack temperature is 800C. This
optimum temperature is a result of the tradeoff betweerfflteency and stackcost. It
should be noted that, due to the use of the “pre-burner”, the air preheater temperatures, even
in the 1000C stack operating tempera cases, never exceed 660C. As a result, none of the
study cases needs to usgh alloy metals or ceramic materiéts the air preheater. The
optimumoperating temperatungill decrease ithe cell resistance is further reduced in the
future.

Optimum Fuel Utilization (Group 5 Cases)

The stacks are more efficient as the fuel utilization increases, even after taking into account
the cell voltage reduction due to the lower fuel concentration in the anode. The more efficient
stacks release lekgat and, thus, the stoichiometacratio and their preheatesize are
reduced. The total cell area, on the othand, increases due tioe lower powerdensity.

Overall, the total capital cost is not sensitive to the fuel utilization level. The higher efficiency

is the main reason that the higher fuel utilization case is more economical. However, there is
an upper it for the practicafuel utilization level. Beyondhat, certain areas of theells

could be deprived of fuel if a mal-distribution ghses develops due to the stdekign
imperfection, stack aging, or other reasons. Only the stack developers based on their actual
operating experience can determine whetheruppedimit is 85%, 90% orsomeother

values.

Optimum Operating Pressure (Groups 6 and 7)

As the operating pressure increases, the turbogenerator has to compress the air to a higher
pressure and this results in a hotter air feed to the fuel cell unit. The hotter air is less effective
in removing the stack heat. Thus, the stoichiometrigatio andair preheatesize are
increased. Due to the larger air flow and higher working pressure, a larger size turbogenerator
is also required. The stacks, on titeerhand, are morefficient because of thaigher
reactant pdial pressureavailable.The expander gas of the turbogenerator forctses



studied is in a temperature region that the turbogenerator produces less power as the pressure
increases. To compensate for this lower power production, the stacks have to produce more
power. Therefore, the cell area required doesnecessarily decrease whtre stack
efficiency increases withthe operating pressur®verall, the capitalcostincreases as the
operating pressure increases.

The stacks become moedficient and turbogenerator becomes leffcient as the
operating pressure increases. Due to these two opposing effects, the overall electric efficiency
slightly increases and then decreasethasoperating pressure increases. Aseffieiency
variation is very smallthe cost ofelectricity reflectsthe change o€apital costwith the
operating pressure.

A comparison between Groups 6 andndicates thatthe higher stack operating
temperature, even though offers a higher electric efficiency, has no net economical advantage
for pressurized operation. The major reason is that stack cost is substantially higher at 1000C
than at 800C.

A comparison of the best pressurized case (Case 6A) with the best atmospheric pressure
case (Case 2B) under the same current density and fuel utilization indicates the pressurization
offers no major economical advantagaventhe samecost ofelectricity,the atmospheric
pressure operation is preferred because the lack of high temperature rotating equipment can
make the unit more reliable, less noisy, and safer to operate. Also, the atmospheric operation
is less likely to need feed gas compression if the natural gas supply pressure is not sufficiently
high.

CONCLUSIONS

This study shows that properly designed planar thin electrolyte SOFC unit can be
produced at $700-800/kW with 55-60% efficiency (LHV). The cost of electricity based on
the retail natural gas price and capital recovatg anticipated for the distributed power
generation is around 5 cents/kW. In comparison, the md&tricity cost in the United
States, ranges from 6 to 12 cents/kW. Thus, the SOFC caanfmercially viable for
capturing the distributed power generation market.

REFERENCES

1. K. Kirist, J. D. Wright, and C. Romero, “Manufacturing Costs for Planar Solid Oxide Fuel
Cells”, Proceedings of the 4th International Symposium on Sailide Fuel Cells, Osaka,
Japan, The Electrochemical Society, p. 24-32, 1995

2. C. Romero, J. D. Wright, “The Value and Manufacturing Costs of Solid Oxide Fuel Cell
Stacks”, GRI Report No. GRI-96/0210, 1996



Table |

Study Cases

Group 1

Group 2

Group 3

Group 4

Group 5

Group 6

Group 7

Ambient Pressure
85% Fuel Utilization
700 C Stack Temperature

Ambient Pressure
85% Fuel Utilization
800 C Stack Temperature

Ambient Pressure
85% Fuel Utilization
900 C Stack Temperature

Ambient Pressure
85% Fuel Utilization
1000 C Stack Temperature

Ambient Pressure
300 mA/cm2 current density
800 C Stack Temperature

Pressurized

85% Fuel Utilization

300 mA/cm2 Current Density
800 C Stack Temperature

Pressurized

85% Fuel Utilization

300 mA/cm2 Current Density
1000 C Stack Temperature

Case 1A: 200 mA/cm2 current density
Case 1B: 300 mA/cm2 current density
Case 1C: 400 mA/cm2 current density

Case 2A: 200 mA/cm2 current density

Case 2B: 300 mA/cm2 current density
Case 2C: 400 mA/cm2 current density
Case 2D: 500 mA/cm2 current density

Case 3A: 400 mA/cm2 current density
Case 3B: 500 mA/cm2 current density
Case 3C: 600 mA/cm2 current density

Case 4A: 600 mA/cm2 current density
Case 4B: 700 mA/cm2 current density
Case 4C: 800 mA/cm2 current density

Case 5A: 80% fuel utilization
Case 5B (2B) : 85% fuel utilization
Case 5C: 90% fuel utilization

Case 6A: 3 atm operating pressure
Case 6B: 4 atm operating pressure
Case 6C: 5 atm operating pressure

Case 6D: 6 atm operating pressure

Case 7A: 5 atm operating pressure
Case 7B: 6 atm operating pressure
Case 7C: 7 atm operating pressure

Case 7D: 8 atm operating pressure

Case 7E: 9 atm operating pressure




Study Case
Operating Pressure, atm
Stack Operating Temp,, C
Fuel Utilization, %
Current Density, mA/cm2

Natural Gas Feed (HHV), MMBtu/h
Stoichiometric Air Ratio

Cell Voltage, Volt
Stack Power Density, kW/m2
Total Cell Area Required, ft2

Fower from Inverter, kW

Power from Turbogenerator, kW

Power Consumed for Blower, kW
Net Power Export, kW

Electric Efficiency, % (LHV)
Cogeneration Potential, % (LHV)
Cogeneration Efficiency, % (LHV)

Study Case
Operating Pressure, atm
Stack Operating Temp., C
Fuel Utilization, %
Current Density, mAfem2

Matural Gas Feed (HHV), MMBiuw/h
Stoichiometric Air Ratio

Cell Voltage, Volt
Stack Power Density, kW/m2
Total Cell Area Required, 2

Power from Inverter, kW

Power from Turbogenerator, kW

Fower Consumed for Blower, kW
Net Power Export, kW

Electric Efficiency, % (LHV)
Cogeneration Potential, % {LHV)
Cogeneration Efficiency, % (LHV)

TableII Summary of System Performance

1A 1B 1C 2A 2B 2C 2D 3A B 3C 4A 4B 4
1 1 1 1 1 1 1 1 1 1 1 1 1
700 700 700 8OO 800 S0 800 900 900 900 1000 1000 1000
85 85 85 85 a5 85 85 85 85 85 85 85 85
200 300 400 200 300 400 500 400 500 600 600 700 800
33z a8 4,57 315 34t anm 4.09 350 371 3.94 76 393 411
1.66 199 2.32 1.22 1.49 1.65 1.82 1.35 144 154 1.31 1.37 143
0741 0642 0542 0779 0721 0.662 0602 0.702 0.664 0.625 0.653 0.626 0.598
148 192 217 156 216 2.65 3.0M 2.81 3z 3.75 392 438 479
3,867 2975 2,653 3,657 2635 2,159 190 2,030 1,720 1524 1456 1,303 1,193
5039 5055 5076 5030 5036 5044 5053 503.4 5038 5043 5035 5038 5042
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
3.9 55 7.6 3.0 3.6 4.4 5.3 kX3 38 4.3 3.5 a8 4.2
5000 5000 5000 500.0 5000 5000 500.0 500.0 500.0 500.0 5000 5000 5000
57.0 9.2 4.4 601 55.5 50.9 36.3 541 51.1 481 50.3 48.2 46.1
352 426 50.0 327 31 416 461 390 419 44.9 43.1 52 47.3
92.2 91.8 914 928 92.7 92,5 92.4 93.1 93.0 93.0 93.4 934 93.4
Table Il Summary of System Performance
(continued}
BA 5B 5C 6A &B 6C 6D 7A 78 7C FL 7E
1 1 1 3 4 5 ] 5 6 7 & 9
800 300 00 800 800 300 300 WoH 1000 100D e 1000
80 85 90 85 85 85 85 35 85 85 85 85
300 300 300 300 300 300 300 300 300 300 300 3
3,56 341 126 3.02 2,97 2,95 295 2.82 2.30 279 278 278
1.56 149 142 L71 1.82 1.94 2,07 LM 139 145 150 156
G733 0721 0.711 0735 0.73% 0742 0745 0.758 0.762 0.765 0.767 0.770
220 216 213 220 222 223 224 227 218 229 23 231
259 2,639 2,673 2,337 2301 2286 2,285 2,184 2166 2,155 2,150 2,149
5040 5036 5033 4545 4501 4494 4510 4384 4368 4364 436.9 4381
1.0 0.0 0.0 455 499 506 49.0 61.6 632 63.6 63.1 61.9
4.0 3.6 3.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
5000 5000 5000 5000 5000 5000 5000 5000 5000 500.0 5000 500.0
531 555 58.0 62.7 637 641 64.1 671 676 68.0 681 682
395 372 M.7 294 281 27.4 271 2584 251 24.6 243 241
92.6 92.7 2.7 92,1 91.8 915 51.2 929 927 926 924 923




Table III Cost Summary, 1996 Pricing

Study Case 1A 1B IC 2A 2B C 2D 3A B 3C 4A 4B 40
Operating Pressure, atm 1 1 1 1 1 1 1 1 1 1 1 1 1
Stack Operating Temp., C 700 700 700 300 800 800 300 S00 590 9S00 1000 1000 1000
Fuel Utilization, % 85 85 &5 85 85 35 85 45 85 L5 85 85 85
Current Density, mAfcm2 200 300 400 200 300 400 500 400 500 600 600 700 800

Capital Cost, S/kW
Stacks an 254 227 3 28 185 162 285 241 214 284 254 233
Air Preheater/V essel %3 114 149 76 31 92 107 74 80 84 73 1] 86
Air Blower/Turbogenerator 2 2 3 2 2 2 z 2 2 2 2 2 2
Inverter & Control System 200 200 200 200 200 200 200 200 200 200 200 200 200
Desulfurizer, Ejector, Prereformer 25 28 3z 24 25 26 28 25 26 27 26 27 27
Other Support Facilities 155 155 155 155 156 155 155 155 155 155 155 155 155

Total 806 754 766 769 69 650 656 741 705 687 741 718 703
Cost of Electricity, Cent/kWh (a)
Capital Recovery (25% annualy) 242 227 230 23 207 198 197 222 212 06 223 216 211
Natural Gas ($4/MMBtu) 2.66 3.07 kX 2.52 2.73 298 327 2.80 2.97 315 3.01 114 3.29
Q&M 0.69 o.57 055 066 051 0.45 0.42 0.62 0.55 0.50 0.62 957 0.54
Total 577 591 6.50 549 531 541 566 56 563 572 58 58 5M
Table IIl Cost Summary, 1996 Pricing
{continued)

Study Case 54 5B 5C 6A 6B 6C 6D TA 78 7C 7D 7E
Operating Pressure, atm 1 1 1 3 4 5 & 5 6 7 8 9
Stack Operating Temp., C 800 800 800 800 800 800 800 100 1000 1000 1000 1000
Fuel Dtilization, % 80 85 90 85 85 85 85 85 85 85 85 85
Cuwrent Density, mA/em2 300 300 300 300 300 300 300 300 00 300 300 300

Capital Cost, $/kW
Stacks 22 26 228 200 197 195 195 26 423 420 419 419
Air Preheater/V essel 83 81 78 78 81 B4 87 62 63 65 66 1]

Air Blower/Turbogenerator 2 2 2 64 85 105 125 78 S0 101 112 124
Inverter & Control System 200 200 200 200 200 200 200 200 200 00 200 200
Desulfurizer, Ejector, Prereformer 25 25 » 21 21 21 21 20 20 20 19 19
Other Support Facilities 155 155 155 2 2 2m 2n 201 201 20 201 2

Total 683 689 648 764 734 806 829 958 997 107 me 1032

Cost of Electricity, Cent/kWh (a)

Capital Recovery (25% annualy} 2.07 2.07 2.07 230 2.3% 2.42 2.49 297 2.99 3.02 3.06 1o
Natural Gas ($4/MMBtu) 2.85 273 2.61 242 2.38 2.36 2.36 226 2.24 2.23 2.22 2.22
O&M 2.51 0.51 51 0.47 0.47 0.47 0.47 0.86 0.35 .85 .85 0.85

Total 542 5.31 5.19 518 5.20 525 5.22 5.08 6.09 6,11 6.14 6.18

{a) Based on 95% On-Stream Factor
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THIN-FILM FUEL CELLS
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ABSTRACT

Bilayers consisting of highly porous substrates and dense thin-films of zirconia, ceria, and
perovskite mixed conductors (SrZrOs, SrCeQ;, and LaSrCoFeOs) have been successfully
fabricated using colloida deposition techniques. The films are well bonded to the substrate, gas
tight, and exhibit little interfacial resistance. Performance of solid oxide fuel cells (SOFCs) based
on Y SZ electrolytes of less than 10 um have achieved power densities close to 2 watts/cm? at
800°C. Ceriabased SOFCs exhibited excellent electrochemical performance over the temperature
range of 600 to 800°C with peak power in excess of 650 mW/cm? at 750°C and close to 300
mW/cm? at 600°C. Bilayers of thin SrCeO; and L&y sSro.2C00sFey 20s (L SCF) suitable for gas
separation or membrane reactors have been fabricated as well as fuel cells based on proton
conducting SrZrO; films have also been fabricated and tested. The approach is generic and allows
deposition of avariety of thin ceramic films on porous substrates. The methodology is scaleable
and inexpensive, and should allow substantial cost-savings in the manufacture and operation of
electrochemical devicesin the intermediate temperature range of 500-800°C.

INTRODUCTION

lonic and mixed-conducting ceramic devices such as solid-oxide fuel cells, gas separation
membranes, and membrane reactors require a dense electrolyte and highly porous electrodes. The
motivation to fabricate thin film ceramic electrolytes derives from the benefits associated with
lowering of ohmic losses across ionic and mixed ionic-electronic conducting materials as
membrane thickness is reduced. When films are very thin (5-15um) the resistance of the
electrolyte at intermediate temperatures is aimost negligible, for example a~10um thick YSZ
electrolyte has been shown to have an iR drop of 0.025\Wem? at 800°C". This allows the
electrochemical device to operate at lower temperatures and higher thermodynamic efficiency
where less expensive materials may be used in device construction. The technical challenge
involves depositing pinhole and crack free dense layers of electrolyte 5 to 40 pum in thickness on
substrates of high porosity. The film must be well bonded to the substrate without excessive
infiltration into the electrode porosity and there must be minimal interface polarization.

Severa approaches to thin film fabrication have been reported including physical vapor
deposition techniques®?, tape calendaring’, sol-gel deposition®, sputtering® and in our group
colloidal deposition. Many of these approaches have allowed the fabrication of high quality films,
however, the high cost of capital equipment and/or operating costs for several of these



approaches presents a considerable barrier to their commercialization. In our laboratory we have
focused on the use of wet chemical techniques such as colloidal deposition wherein a fine powder
is dispersed in solution, deposited onto a green substrate, and fired such that the film fully
densifies and the substrate remains highly porous.

Colloidal deposition of dense electrolyte layers on porous substrates requires that the
materials are chemically compatible at the processing temperature and there must be adequate
thermal expansion match between the layers. It iscritical to develop a thorough understanding of
the sintering behavior of both film and substrate materials. Once compatible materials have been
selected, fabricating dense films of 5-40 nm is achieved by careful control of the sintering profile
(shrinkage vs. temperature) and the magnitude of the shrinkage of the materias. Thisis
accomplished by systematically modifying the sintering profiles of film and substrate through
control of particle size and morphology of green substrates. Poor understanding of these
parameters often leads to electrolyte films of low density (pinholes) or cracked films composed of
islands of high-density film. Even in cases where the shrinkage of film and substrate are
sufficiently close to generate dense electrolyte films, residual stresses can lead to highly distorted
films with significant curling. Importantly, the electrode substrate must be processed to yield
continuous porosity and a high surface area microstructure, without compromising the strength of
the bilayer.

At Lawrence Berkeley National Laboratory (LBNL) we have perfected the technique of
colloida deposition whereby high qudity films of awide variety of ionic and mixed ionic-
electronic conductors can be deposited onto porous electrode substrates. Sintering profiles of
films and substrates are matched to the extent that bilayers can be free sintered to a high degree of
flatness with no compressive load (or with minimal load). Using these techniques, we have
fabricated bilayers having dense electrolyte films of many e ectrolytes including yttria-stabilized
zirconia (YSZ)""®®, ceria'®, strontium cerate™, and LSCF. Colloidal deposition is aflexible
processin that awide variety of materials can be deposited as thin films with no (or minimal)
aterations to fabrication equipment. Further, only small amounts of material are needed for
bilayer fabrication making this approach suitable for novel or expensive conductors. Thin-film
solid oxide fuel cells (SOFCs) fabricated using these techniques have demonstrated exceptional
performance at reduced temperatures relative to conventional thick-film SOFCs.

EXPERIMENTAL

Porous Substrate: Yttria-stabilized zirconia (Y SZ) powders were obtained from Tosoh
Corporation and nickel oxide powders (NiO) from J.T. Baker Inc. Ceria powders, CeysGdy 2018
(CGO), were supplied by NexTech Materias, 720 Lakeview Plaza Blvd., Worthington, OH,
43085. The substrate mixture containing approximately 45 w/o electrolyte (Y SZ or CGO), 45
w/o NiO and a 10 w/o pore former (cornstarch) was attritor milled in acetone. The finely ground
mixture was then dried, re-ground using a mortar and pestle, and sieved to <100 pm. Samples
were weighed out and pressed in a 3.81 cm diameter steel die. The green disks were then heated
and held at the decomposition temperature of the pore former for 1 hour to ensure complete
burnout of the cornstarch. The green disks were then partially fired to a green body strong
enough to be handled for electrolyte deposition. Porous ceriaor Y SZ substrates were made in a
similar manner, without NiO additions.



Thin-film Electrolyte: Electrolyte powders were obtained commercialy (Y SZ from Tosoh
Corporation, CGO from NexTech Materials) or prepared by the glycine nitrate combustion
process'. Electrolyte powders were dispersed in isopropanol with an ultrasonic probe and
applied to the anode substrate. To avoid cracking of the thin film or warping of the substrate due
to the 2D confinement of the film during sintering, the shrinkage of the substrate was carefully
matched to that of the electrolyte. The electrolyte/electrode bilayer was fired at 1400-1500°C to
fully densify the eectrolyte film.

Cathode: Cathode powders of LaySro.4C00.9sNio0.03 (LSCN) and L&y gsSro1sMnOs (LSM)
powders were prepared by the glycine nitrate process using a glycine to nitrate ratio of 0.5. These
were mixed with the electrolyte material in approximately 50/50 weight percent ratio and applied
to a1 cm’ masked off area of the bilayer. The structure was then fired at 1000-1250°C.

Current Collectors: Platinum paste (Heraeus OS3) was applied to both anode and cathode and
fired to 950°C for 30 min. Platinum screens were then applied to the electrodes and bonded using
Pt paste; Pt wires were spot-welded to these screens.

Cell Test Rig: The thin-film cell was sealed to the end of an aumina tube with Aremco cement. A
type K thermocouple was fixed at the surface of the cathode current collector to obtain accurate
fuel cell temperatures as a function of furnace temperature and current density during fuel cell
operation. Hydrogen gas was saturated with water vapor at room temperature. Fuel cell
temperature was monitored and controlled remotely through software written at LBNL.

Electrical Measurements: A high current galvanostat/potentiostat (PAR 371) was controlled by
the use of an external voltage signal generated by software written in our lab using LabVIEW by
National Instruments. This software allows current to be incremented monotonically for defined
time increments as determined by the user. The program also automates current interrupt
measurements across a cell with or without reference electrodes. Typically, currents were
increased in 50 mA increments and the experiment was terminated when the cell potential

dropped below 0.1 volt. The current interrupt method was used to separate the ohmic losses
across the cell from other polarization losses. The interrupt current was typically greater than 750
mA/cm? and a minimum of two current interrupts were performed at each temperature.

RESULTS AND DISCUSSION

Thin Ceramic Films. Thin films of oxygen conductors (Y SZ), mixed conductors (CGO, LSCF),
and proton conductors (SrZrOs) were successfully fabricated on porous substrates. A SEM
micrograph of the fracture surface of a'Y SZ thin-film on a porous Ni-Y SZ substrate is shown in
Figure 1. Thesampleisat dight tilt so the top surface of the Y SZ film can be seen aong with the
edge of the film and a portion of the porous substrate. Since the electrolyte is cofired onto the
electrode, intimate bonding of electrode and e ectrolyte occurs leading to very low polarization of
the bilayer under current load™*. In Figure 2 the fracture surface of a CGO thin film on a porous
Ni-Ceria substrate is shown. Thin films of SrZro95Y 00503 and L&y sSro 2C0op sFey 2034 Were aso
successfully fabricated and the SEM micrographs of fracture surfaces of these films are shown in
Figures 3 and 4.




Cdll Performance: The performance of cells (porous substrate/electrolyte/ cathode) were
evaluated under current control using flowing H, + 3 volume percent H,O at the anode and static
air at the cathode. Figure 5 shows the open circuit voltage of three different electrolyte systems.
Figure 6 shows the current-voltage (i-V) curvesfor single cells of Y SZ tested at 800°C and of
CGO at 750°C. The performance of athin-film Ni-Y SZ/Y SZ/LSM-Y SZ fuel cell over the
intermediate temperature range of 650-800°C is shown in Figure 7. As can be seen from the
power density curves, the cell achieves a maximum power output of close to 2 watts/cm?® at 800
°C. The performance of thin-film cells having LSM-Y SZ cathodes is a strong function of
temperature, due to polarization of the air electrode at temperatures below 800 °C. Mechanica
integrity of Y SZ thin films has been demonstrated by fuel cell tests lasting 1000’ s of hours at
800°C. Thin-film ceria based fuel cells aso demonstrate excellent performance. In figure 8 the
observed power density for a Ni-CGO/CGO/LSCN-CGO thin-film fuel cell is shown as a function
of operating temperature. As can be seen from figure 8, thin-film ceria based cells achieve peak
power densities of over 650 mW/cm? at 750 °C and close to 300 mW/cm? at 600 °C.

Figure 9 shows the fracture surface of a SrZrqesY 00505 thin film fuel cell after testing. Though
the open circuit voltages (OCVs) were high the initia test performance of these proton
conductors has been poor and the large resistive loss is attributed to a reaction layer between the
electrolyte and cathode.

Voltage L osses: Due to the constraints of thin-film fuel cell geometry, only one reference
electrode can be used in electrochemical testing (Figure 10). The use of areference electrode
allows separation of voltage losses into contributions from the anode and electrolyte/cathode
components of the cell. For thin film cells tested in our laboratory at 800°C the ohmic resistance
across the entire thin-film cell measured by current interrupt is typically in the range of 0.05 to
0.20 Wem? dependent on the electrolyte. The cell resistance across afuel cell is shown in Figure
11. The exceptionaly low values for the area specific resistance (ASR) observed for thin-film fuel
cells aso highlights the impact of resistive interfaces in SOFCs due to interface instability and/or
poor electrode processing. For state-of-the-art planar SOFCs where the Y SZ electrolyte is about
200 pm in thickness, values of the ASR are typically in the range of 0.8 to 1 Wem?at 950°C.
Remarkably, at operating temperatures 150°C lower than for thick-film cells, thin-film fuel cells
exhibit almost an order of magnitude improvement in ASR. Notably, deterioration in the ASR for
thick-film cells of 0.05 to 0.2 Wem?would result in degradation of performance by 6 to 20%.
However, thisincrease in ASR for athin-film cell would effectively double the ASR and half the
thin-film cell performance. 1n other words, as the electrolyte thickness in a SOFC is reduced to
zero, ohmic losses across the electrolyte vanish, and interface/contact resistance and electrode
polarization limit cell performance. Clearly, to attain and maintain high levels of performance in
thin-film SOFCs, critical attention must be paid to electrode microstructure and processing in
order to prelude formation of resistive interfaces.

Improving Device Performance: At 800°C Y SZ thin film cells demonstrated excellent
performance, achieving power densities of 800 mW/cm? at 0.8 volts and exhibiting maximum
power densities of close to 2000 mW/cm?®. However, as can be seen in Figure 12, the ohmic drop
(as measured by current interrupt) across the cell increased rapidly below 800°C compared with




ceria electrolyte based cells. Improvement of the low temperature performance of Y SZ based
cells could be accomplished by replacing the LSM electrode with a cathode having better low
temperature oxygen reduction kinetics such as LSC. Inthis case, areaction barrier suchasal
pum layer of ceria might be necessary between the Y SZ and L SC to prevent the formation of a
resistive interface through chemical reaction. As can be seen from Figure 12, thin film ceria based
cells have very low resistive losses. Still, in order to attain power densities greater than 650
mW/cm? (at 750°C) it might be necessary to reduce voltage losses due to electronic conductivity
in the ceria electrolyte. This could be accomplished by either choosing a dopant composition that
reduces the electronic conductivity of the ceria electrolyte, or by depositing a very thin (<1 pm)
layer of Y SZ to block electronic transport.

Table 1 - Summary of Systems Investigated

THIN FILM SUBSTRATE CATHODE
YSZ* Y SZ-NiO* LSM-Y SZ*
LSCN-CGO

YSZ CeysGdy20,-NiO LSCN-CGO

C&oY 010, Ceo_gYo_loz-NiO LSM- CYO

Ceo_ngo_202* Ceo_ngo_202- NiO* LSCN-CGO*
CepoY010,-NiO LSCF-CGO

Cen.s59Mp.150,* Cep.g59Mp.150,-NiO* LSCN-CGO*
Cep.g55Mg 150>-NiO* LSM-CSO*

SrCeoY0.10s CepGdy0,-NiO

SrZro95Y 00503 C&)_85srno_1502'NiO LSCN-SrCeYO
YSZ-NiO LSM-SZrYO

Lay eSro2C0osFen.203 Cen.es9Mp.1502

LaSrGa;O; Y SZ-NiO with ceria barrier

(note: reacted with Ni) layer

* Denotes systems that exceeded 500 mwW/cm?

CONCLUSIONS

The broad application of bi-layer fabrication by colloidal techniques has been
demonstrated by making and testing severa ionic and mixed ionic-electronic ceramic thin film
devices. Systemsinvestigated are summarized in Table 1. Thin film SOFCs fabricated using
these technigues demonstrate excellent performance; Y SZ based cells have achieved maximum
power densities of close to 2000 mW/cm? at 800°C and CGO based cells have achieved power
densities above 650 mW/cm? at 750°C. Current interrupt techniques indicate that the majority of
the efficiency loss is due to ohmic losses associated with the cathode or cathode/electrolyte
interface resistance. The goal of improving fuel cell performance at lowered temperatures by
reducing the e ectrolyte thickness has been realized. Electrochemical characterization of the thin
film fuel cells has indicated that ohmic drop across the electrolyte layer is almost negligible.
Clearly, limitations to performance have been shifted from the el ectrolyte to interfacial and charge
transfer resistance as well as mass transfer polarization at high current densities. Improved
performance of thin film SOFCs, particularly at further reduced temperatures, will be



accomplished through systematic studies of alternative cathode materials and electrode
microstructures.
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I ntroduction

Solid oxide fuel cells (SOFCs) with high power density and efficiency are currently being
developed for avariety of mobile and stationary power applications. SOFCs are solid-state
devices consisting of two porous electrodes (anode and cathode) separated by an ionically
conducting electrolyte, typically stabilized zirconia. The electrode materials commonly used are
nickel/zirconia cermet for the anode and doped lanthanum manganite for the cathode. The fina
component is the interconnect which connects the individual cellsin series.

The interconnect, which provides the electrical pathway from the anode of one cell to the
cathode of the adjacent cell, must be chemically and physically stable in both reducing and
oxidizing environments. The interconnect material must be compatible with all other cell
components, must be electrically conducting, and have negligible ionic conductivity. In the
planar SOFC design, the interconnect is the load bearing component that supports the other cell
components, and must therefore also have adequate strength at high temperature. Only acceptor
substituted lanthanum chromites meet these severe environmental, thermal, and structural
requirements.

The fundamental material properties of lanthanum chromite under oxidizing conditions have
been measured and reported extensively [1,2]. However, there has been only limited
characterization of the mechanical properties of these materials [3-10]. The flexural strength has
been characterized, both at room temperature and high temperature under oxidizing conditions,
using 3 and 4 point sample geometries. In general, room temperature strength increased with
increasing acceptor content; the increase was attributed to an increase in sintered density [3].
The strength of both strontium and calcium substituted chromites was found to decrease with
increasing temperature [4,5].

Initial investigations into the dependence of the strength on reducing atmospheres have shown
mixed results. Milliken et al. [6] reported a 50% increase in bend strength of La,,.Sr,,.CrO,
samples after exposure to an oxygen partia pressure (P(O,)) of ~2 - 10* atm at 1000°C relative
to unexposed samples, whereas Montross et a [7] did not observe any improvement in strength
for similar compositions in areducing (H,) atmosphere. In addition, Montross reported that the



bend strength at 1000°C of La,.Sr,..CrO, and La,,.Sr,.CrO, in hydrogen was significantly less
than that in air, while La,,.Sr,..CrO, was relatively unaffected. Preliminary studies by Paulik and
Arsmtrong [11,12] have shown significant strength losses after annealing in low oxygen
environments, indicating the need for additional characterization and microstructural control in
the lanthanum chromites to ensure adequate long-term performance in fuel cell environments.

Objective

It was the objective of this study to provide an assessment of acceptor (both calcium and
strontium) substituted lanthanum chromite in terms of their mechanical behavior and
performance in application environments. Strength, toughness and elastic properties were
characterized as a function of acceptor concentration and temperature, over the range of oxygen
partial pressures.

Experimental Procedure

La, CaCrO, and La, Sr,CrO, powders (with acceptor concentrations varied from 0.15 to 0.3) used
in this study were synthesized using the glycine-nitrate combustion process (Praxair Specialty
Ceramics, Sesttle, WA), and then calcined in air at 1000°C for 1 hr. Due to the high surface
area and low packing density of the as-synthesized powder, a processing sequence involving
pressing, grinding of the pressed compact, sieving the ground powder through a 150-um size
screen, followed by afina consolidation (isostatic pressing at 276 MPa), was required to obtain
high green densities between 65 and 68% of theoretical. The green billets, » 34 x 34 x 64 mm in
Size, prepared in this manner were sintered in air between 1600 and 1690°C for 2 to 6 hr, and
then cooled slowly at 2°C/min to obtain dense crack-free samples. Selected billets were
machined into 3 x 4 x 45 mm size bars for flexural tests. Additionally, one billet of each
composition was sliced and polished into 10 mm thick square samples, with parallel top and
bottom surfaces, for modulus and indentation measurements. Sample densities were measured
using the Archimedes method with ethyl acohol.

Four point bend strengths were measured (Instron model 1125) with a crosshead speed of 0.5
mm/min using afully articulated fixture with a 20 mm inner and a 40 mm outer span. Flexural
strengths were measured in air at 25, 600, 800 and 1000°C. A minimum of ten samples
corresponding to each annealing treatment was tested. Samples were heated at approximately 20
to 25°C/min and allowed to equilibrate for 15 min prior to testing.

Selected flexure samples were annealed at 1000°C in a reducing environment for 2 hours, and
then tested at room temperature. Samples were first heated to 1000°C in air in a silicatube
furnace and allowed to equilibrate. The gas environment was then controlled with a buffered
CO/Ar/H, system metered using mass flow controllers. The use of this system allowed the
oxygen partial pressure to be accurately controlled from 10 to 10* atm. During cooling,
constant P(O,) was maintained to approximately 700°C.

Fracture toughness was eval uated by the indentation crack-measurement technique [3] for al the
La CaCrO, and La, Sr,CrO, compositions as a function of the annealing treatment. A 5-kg



indentation load (Zwick of America, Inc., E. Windsor, CT) with a 30-s residence time was used.
Five indentations and the associated radial cracks, corresponding to each experimental condition
were measured and averaged to determine the hardness and fracture toughness. Elastic moduli
required for the toughness cal cul ations were obtained on polished samples prior to indentation
by the sonic pulse technique [14].

Theinitial oxygen content of sintered samples was determined using an potentiometric
(oxidation-reduction) titration technique described elsewhere [15]. Samples were then annealed
at various oxygen partial pressuresfor 2 hours. After annealing, samples were reoxidized in a
thermogravimetric analyzer (TGA, Cahn Microbalance). The relative weight changes were
measured and corrected for buoyancy effects, and the oxygen content of the annealed samples
was determined using the initial oxygen content and the electroneutrality equation.

Scanning electron microscopy (SEM) was used to examine polished sections and fracture
surfaces of samples. The grain size was measured using standard stereological techniques
described by Underwood [16]. As-sintered and reduced samples were ground to <100 mesh size
powder using a mortar and pestle and analyzed by x-ray diffraction [Phillips XRG3100]. X-ray
spectra were collected from 15 to 75° 2q at 0.04° increments for 2 s using Cu-K, radiation.

Results
Microstructure

For convenience, calcium substituted lanthanum chromites will be designated by LCC, followed
by numerals referring to the amount of dopant added. For example, (La,.Ca,)CrO, is denoted as
LCC-20. The average sintered densities of both LSC and LCC samples are listed in Table 1.
The calcium doped lanthanum chromite (L CC) samples demonstrated increasing density with
increasing acceptor content similar to previously reported data by Chick et al. [17,18] for
strontium additions to lanthanum chromite. The addition of calcium to LaCrO, alows the
formation of atransient liquid phase, CaCrO,, above 1150°C, which enhances densification
[19,20], resulting in sintered microstructures with grain sizes ranging from 6 to 9 um. For the
strontium substituted lanthanum chromite (L SC) samples, densities and average grain sizes were
dlightly less than similarly doped L CCs, except for the composition with only 16% A-site
substitution, which developed a bimodal grain size distribution.

SEM examination of polished and thermally etched (1500°C) sections revealed small quantities
of agrain boundary phase in the LSC-20, LSC-24, LCC-20, LCC-25 and LCC-30 samples. Itis
useful to point out that the thermal etching treatment can cause some exsolution of dopant-rich
phases. However, itislikely that even the materials slow-cooled from the sintering temperature
are not single phase, since some second phase inclusions are observed in fracture surfaces of
samplestested in air at much lower temperatures (<<1000°C). Energy dispersive x-ray
spectroscopy (EDS) revealed calcium-rich phases in fractured surfaces of as-sintered LCC
samples, and strontium/lanthanum-rich phases in fractured surfaces of reduced (PO, = 10™° atm.,
100°C) LSC samples. From the polished (thermally etched) cross-sections, it was apparent that
L SC samples had more grain boundary phase than similarly doped L CC samples, especialy with
the higher acceptor contents. Minor phases, when present in the sintered samples, were below



detectable limits by X-ray diffraction. At room temperature, the diffraction patterns revealed
only the orthorhombic phase in as-sintered L CCs, and the rhombohedral phase in the LSCs.

Flexural Strength Behavior

Compositional Effects on Strength

The room temperature bend strengths of selected LCC and L SC compositions as a function of
acceptor content arelisted in Table I.  The room temperature strength of the LCC samples
increased with increasing calcium content. The density of LCC-15 was only «87% of
theoretical, so a significant strength improvement was realized by increasing the dopant level to
20% and attaining high sintered density (¢95%). Beyond the 25% Ca-dopant level, density and
strength did not change significantly. The overall observations on density variation with
composition shows good agreement with other studies [3]. With the Sr-doped compositions,
strength of the LSC-16 material was limited by the exaggerated grain growth that occurred as a
result of a nonuniform distribution of SrCrQO, that forms during sintering. Improved strengths
are obtained with higher amounts of dopants (LSC-25 and -30), which promotes liquid-phase
sintering and prevents discontinuous grain growth.

Table 1. Density, Grain Size and Flexural Strength of Acceptor-Substituted Lanthanum
Chromites

Composition % Theoretical Density Grain Size (mm) Strength (MPa, 25°C)
LCC-15 87.3 70+12 61.0+115
LCC-20 94.9 6.2+1.1 96.0+14.4
LCC-25 96.4 9.0+13 122.7 + 26.0
LCC-30 97.2 6.6+ 0.8 107.4+5.9
LSC-16 93.1 Bimodal: 48.6+10.8

29+04
46.7+17.2
LSC-20 91.6 3.7+0.8 75.7+ 8.3
LSC-24 91.2 4.1+0.7 65.6 + 9.6

Temperature Effects on Strength

Bend strengths for the LCC (-20, -25 and -30) as a function of temperature are shown in Figure
1. All LCC compositions showed a decrease in strength at 600°C relative to room temperature.
Thisisin good agreement with the strength variations recently observed by Montross et al [10]
for an LCC-20 material. According to Montross [10] the loss in strength at low temperatures
was attributed to a progressive decrease in “transformation-toughening” contributions with
increasing temperature, since the strength loss with temperature as well as an observed grinding-
induced phase transformation phenomenon were similar to the behavior of transformation-




toughened zirconia. Thisinterpretation of the strength behavior appears to need further
corroboration, since transformation-toughening does not appear to play any rolein the
chromites. The orthorhombic chromite phase at room temperature is the equilibrium phase,
unlike transformation-toughened zirconia where the high temperature tetragonal phase hasto be
retained metastably at room temperature for high toughness and strength. In the samples used in
this study, no grinding-induced transformation was noted - the phase composition of as-fired,
ground and polished surfaces of samples were identical.

A more likely explanation for the strength loss in LCCs with increasing temperatureis a
decrease in toughness or introduction of strength-controlling flaws due to the phase transition at
*300°C. Upon heating from room temperature, the LCC compositions undergo a phase
transition from orthorhombic to rhombohedral symmetry, similar to undoped LaCrO, [21,22].
The phase transformation is detectable by dilatometry, as shown in Figure 2, where dilatometric
traces for 20% acceptor-substituted chromites are compared to undoped LaCrO,. The measured
strength at 225°C isidentical to the room-temperature strength, but decreases significantly above
300°C. The significant decrease across a narrow temperature range at such low temperatures for
such an inherently refractory oxide (the lanthanum chromites were considered for high
temperature fiber reinforcement applications [23]) is most likely due to transformation-
weakening, where the phase transition at 250°-300°C results in a high temperature rhombohedral
phase with lower toughness or defects from the dimensional changes. With further increase in
temperature, from 500°C up to 1000°C, no significant change in strength were observed for the
L CC-20 and -25 compositions, but the strength of the LCC-30 continued to decrease steadily
with temperature. With the highest dopant level (LCC-30), residual calcium-rich second phases
can lead to lower strengths with increasing temperature, especially since the test temperatures
(800-1000°C) are asignificant fraction (>>0.5T, ) of the melting points of calcium chromate
phases [17-19] that form in this system. It iswell established that transient low-melting calcium
chromate phases form in the Ca-doped chromites [17,18, 20], and a complex series of reactions
control the final phase composition in sintered chromites [19, 20]. A-site dopant levels at 20-
25% are barely adequate for sintering, resulting in almost compl ete redissolution of the calcium-
rich phases into the grains during high temperature treatment [19], but additional dopant
amounts can lead to excess calcium chromate
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Figure 1. Flexura strength as afunction of temperature for Ca-substituted lanthanum
chromites

phases. Inspection of the fracture surfaces by SEM confirmed that all the LCC samples tested in
air failed by intergranular cracking. But the LCC-30 samples tested at 1000°C showed
significant non-linear deflection behavior with distinct curvature evident in the broken bars.
Thisisindicative of fracture being preceded by deformation due to low-melting residual second
phases at this dopant level.

Bend strengths for the LSCs (-16, -20 and -24) as a function of temperature are shown in Figure
2. The average four-point bend strengths are in range 50-80 MPa which are essentially
comparable to the 600 °C strengths reported by Sammes and Ratnargj [8] for LSC-20, after
taking into account their use of 3-point flexure geometry and a small loading span, which gives
higher strengths than the four-point geometry used in this study. The strength of the LSC
samples remained unchanged over the entire temperature range from room temperature to
1000°C. Unlike the LCCs, the rhombohedral phase in the LSCs are stable with increasing
temperature, resulting in a constant strength in the low temperature regime, with no inflection in
the thermal expansion. At higher temperatures, 600°C-1000°C, constant strength is maintained,
primarily because of low amounts of residual Sr-rich second phases at the 16-24% dopant level,
and possibly because second phases do not have a significant effect on fracture when material
densities are only 91-94% of theoretical. This strength retention with temperature for the LSCs
isin contrast with the results of Sammes and Ratnargj [8] who report a decrease in strength by
*30-40% from 600°C to 1000°C in samples with various compositions (L SC-10,-20 and -30) and
densities (#88%, *95% and 97% of theoretical). Intergranular phases play amajor rolein
controlling strength, and discrepancies in the measured strengths values can arise from the
differences in the amounts and composition of these second phases in the test samples at
temperature.



Environmental Effects on Strength

Figures 3 and 4 are plots of the room temperature strength as a function of P(O,) for the
annealed LCC and L SC samples, respectively. The results indicate that both acceptor content
and type affect
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Figure2. Flexural strength as a function of temperature for Sr-substituted lanthanum
chromites

the mechanical performance of the material under reducing conditions. With the LCC materials,
significant losses in strength were observed after annealing below a critical oxygen partial
pressure. The reduction in strength was most significant with the highest dopant level (LCC-
30). Furthermore, the loss in strength occurred at higher oxygen pressures with the higher
dopant levels. These environmental effects on the strength behavior are related to structural
changes in the chromite | attice (grains), which also results in significant changes in fracture
morphology. SEM micrographsin Figure 5 illustrate a transition in fracture mode, from
intergranular to transgranular fracture, that accompanies this decrease in strength observed upon
annealing at progressively lower oxygen pressures. It is apparent that the structural changes
caused by annealing at very low oxygen partial pressures lowers the cohesive strength of the
chromite lattice.

The environmental effects on strength behavior of LSCs (Figure 4) are qualitatively similar to
that of the LCCs, except much lower oxygen partial pressures are required to significantly affect
the retained strength. A dlight increase in strength is observed with decreasing oxygen pressure
in the annealing treatment, before strengths begin to decrease after very low oxygen heat-
treatments. Again, the materials with higher dopant levels begin to show strength losses after
annealing at higher oxygen pressures. The fracture surfacesillustrated in Figure 6 also indicate
that structural changes in the lattice upon annealing at low oxygen environments results in lower
grain strengths, i.e., cohesive strength in the chromite lattice is reduced, leading to transgranular



fracture. The theoretical cohesive strength of the lattice is controlled by the fracture energy and
the elastic modulus of the material [24], both of which can also undergo changes with annealing
at low oxygen pressures.

Fracture Toughness and Elastic Modulus

The variation in indentation fracture toughness with annealing treatment for LSC (LSC-24) and
an LCC (LCC-25) samples are shown in Figure 7. Prior to heat-treatment, the fracture
toughness of the as-sintered L SC sample was * 1.1 Mpasm, and the LCC material * 2.1 MPasm.
Similar to the flexural strength, the average toughness decreased significantly below a critical
oxygen pressure. The indentation cracks also showed, in general, more intergranular fracture
after high oxygen pressure treatments, and evidence of transgranular fracture after heat
treatments at very low
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Figure 3. Room-temperature strength of annealed Ca-substituted lanthanum chromites as a
function of the oxygen partial pressure used in the 1000°C heat-treatment



Strength {MPa)

100

A
o

-20 -18 -16 -14 -12 -10 -8 -6 -4 -2 0
Log P(O ,) (atm)

Figure4. Room-temperature strength of annealed Sr-substituted lanthanum chromites as a
function of the oxygen partial pressure used in the 1000°C heat-treatment

oxygen pressures, indicating that structural changes in the lattice also lowers the fracture surface
energy of the perovskite grains. This behavior showing decreased fracture toughness after heat
treatments at low oxygen pressures is similar to the fracture behavior observed in Y ,O, [25]
where K, was found to decrease by «30% after annealing at 1700°C for 2h in avacuum of « 13.3
kPa. For the reduced yttria material, the lower toughness was correlated to a high concentration
of oxygen vacancies, and reduced ionic character of the Y-O bond which lowers the bond
strength.



Figure5. SEM micrographs of fracture surfaces of annealed Ca-substituted lanthanum
chromite bar specimens. Samples annealed in (A) air, (B) 10™ atm. P(O,) and
(C) 10™ am. P(O,). Note the transition from intergranular to transgranular
fracture with decreasing oxygen partial pressures in the annealing treatment.

Figure 6. SEM micrographs of fracture surfaces of annealed Sr-substituted lanthanum
chromite bar specimens. Samples annealed in (A) air, (B) 10™ atm. P(O,) and



(C) 10" atm. P(O,). Note the transition from intergranular to transgranular
fracture with decreasing oxygen partia pressures in the annealing treatment.
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Figure 7. Indentation fracture toughness of annealed LSC-24 and LCC-25 samples as a
function of oxygen partial pressures used in the annealing treatment.

Discussion

The variations in strength, toughness and fracture morphology with these annealing treatments
arise from structural changes in the chromite lattice, which also affect the thermal expansion
behavior and dimensional stability of these materials [15,26]. It has been noted that doped
lanthanum chromite samples exhibited increasing expansion below a critical oxygen pressure,
with the onset of expansion occurring at a higher P(O,) for compositions with higher acceptor
content [26]. Similarly, the magnitude of the expansion after a specific annealing treatment was
greater in samples with higher acceptor contents.

In reducing environments at high temperatures, oxygen is lost from the chromite lattice,
resulting in the formation of oxygen vacancies, and reduction of Cr* to Cr* to provide charge
compensation. For LCC-30, the mole fraction of Cr* is reduced from 0.26 to 0.06 [26].
Armstrong et a [26] have argued that the lattice expansion (+1.3%) upon reduction is primarily
because of the change in ionic radius of Cr (O.55A to 0.62A) associated with the change in the
Cr oxidation state (4+ to 3+). The increased ionic size from the annealing treatment can also
potentially decrease the strength of the chemical binding, or the cohesive strength of the lattice.
Accurate prediction of fundamental strengths of these oxides awaits rigorous molecular
dynamics calculations, but to a rough approximation, the strength of chemical binding in smple
oxide structures can be assessed from the cationic field strengths computed at the oxygen sites of



the lattice [27]. A simple calculation of the coulombic force can be performed for the Cr-O
bond. The field strength is proportional to Z/R’ where Z is the cationic charge, and R is the
interatomic distance, r, + r.. Thefield strength in &/A” is 2.10 with Cr in the 4+ state, and 1.47
with Cr in the reduced 3+ state, using ionic radii values for a coordination number of 6 [28].
The significant difference in the estimated field strength between the different Cr oxidation
states for this simple case suggests that the cohesive strength of the more complex chromite

| attice could also change significantly when Cr* is reduced to Cr*" during annealing.

The decrease in strength and fracture toughness upon annealing in reducing atmospheres could
also depend on the distribution of oxygen vacanciesin the lattice. Strength and fracture
toughness as a function of the oxygen stoichiometry (number of oxygen ions per formula unit)
are plotted in Figures 8 and 9. The data for both unannealed and annealed samples are included
in the plots. The datain each plot fall into two groups, with the lower values corresponding to
the highly reduced samples. Since the reduced samples show predominantly transgranular
fracture, it is appears that oxygen vacancies in small (overall) concentrations can affect the crack
propagation characteristics through the lattice. The modulusis not changed significantly by the
annealing treatment, thus the ratio of fracture toughness to modulus is lowered by the formation
of oxygen vacancies. For other materials where thisratio is low, the fracture behavior is
believed to be controlled by the easy cleavage fracture along specific crystallographic planes of
the lattice [29]. Information concerning oxygen vacancy distribution could not be obtained by
X-ray diffraction, as no differencesin relative peak intensities were observed in X-ray spectra
corresponding to annealed and unannealed samples of the same composition. Further
characterization by electron microscopy and scattering techniques is required to determine
whether preferred fracture paths through the grains could arise from ordering of oxygen
vacancies in these chromites.
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Figure 8. Indentation fracture toughness of Ca-substituted lanthanum chromite as a function
of oxygen stoichiometry (y inLa_CaCrO,)



Conclusions

Strength behavior of acceptor-substituted lanthanum chromites depends on acceptor type and
amount. The flexura strength of Ca-substituted chromites decreases with temperature, even at
low temperatures, while Sr-doped chromites show no change in strength over a wide temperature
range. Annealing acceptor-substituted chromites at low oxygen partial pressures resultsin
significant decreases in strength, as aresult of structural changes to the | attice that accompany
the reduction of Cr* to Cr*"and formation of oxygen vacancies. In reduced chromites, cracks
preferentially propagate through grains. A lower fracture surface energy isinferred from the
decreased fracture toughness measured after the annealing treatment at low oxygen partial
pressures.
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Figure 9. Room-temperature strength of Ca-substituted lanthanum chromite as a function of
oxygen stoichiometry (y in La,_CaCrO,). The highly reduced samples with poor
mechanical integrity are shown separated from the samples with higher strengths
by the thick vertical line.
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INTRODUCTION

The aim ofthiswork is toincreasehe performance of the cathodesolid oxidefuel cells
(SOFCs) operating at 1000°C by decreasing the polarization resistameed.2 Q-cn? at
300 mA/cm3 . Decreased polarization resiseawill allow operation at higher current densities. This
work is in support of théVestinghouse tubular SOFC technology us¥f®Z electrolyte and
strontium doped lanthanum manganite (LSM) cathode.

THE PROBLEM

As a result ofvork performed last year at Argonne National Laboratory iafatmation
derived from the literature, the limitations at the cathode/electrolyte interface can be classified into
two main areas. First, thenic conductivity ofthe LSM cathodenaterial is lowwhich limits the
reactionzone to an arewgery close tathe interfacewhile the rest of the cathodaickness acts
essentially as current collector with channels for gas access. Second, the electronic conductivity in
YSZ is very lowwhich limitsthe reaction zone to areas that are the boundaries between LSM and
YSZ rather than the YSZ surface away from LSM at the interface.

APPROACH

Possible solutions to this problem being pursued are: 1) introducing an ionic conducting YSZ
phase in LSM to form porous two-phasmixture of LSM and YSZ; 2) applying a thin interlayer
between the electrolyte and the cathode whereirtteglayer has high ioni@and electronic
conductivity and high catalytic activity for reduction of O ; 3) increasing the ionic conductivity in the
LSM by suitable doping; and 4) increasing the electronic conductivity in the electrolyte by doping or
by depositing an appropriate mixed conducting layer on the YSZ before applying the cathode.

PROCEDURE

We obtained YSZ electrolyte discs of 200 um from Marketech Irttern@d. The appropriate
microstructure of the electrode to be studied was then created on top of the YSZ membrane so as to



form the working electrode. A reference electrode was also made the same way on the same side of
the disk asthe working electrode but separated from the working electrode by about 5 mm.
Similarly, a counter electrode and another reference@lectvere deposited on the other side of the

YSZ disc. The experimental arrangement is shown in Fig. 1.

orking electrode

Ref,,
YSZ electrolyte
Counter electrode 7 ™

Ref .

Reference electrode

Fig. 1. Electrode setup for polarization tests.

Polarization resistance of each electrode was measured against the corresponding reference
electrode using impedance spectroscopy. Overpotential measurements were performed as a function
of current density using a galvanostat, and the potential of the working and counter electrodes were
measured against each other and against the corresponding reference electrodes.

RESULTS

The effect of lowionic conductivity inLSM on the cathode polarization resistancg (R ) is
evident from Fig. 2, which shows a dense LSM disc bonded to a YSZ disc with a thin layer of LSM
appliedbetween théwo. These edges were sealed as shown with a glass-plus cement seal so that
gas access to any LSM/YSZ interface is blocked off. In this wdligadixygen from the air is forced
to diffuse through the dense LSM. The R from impedance spectroscopy in such a case was high, 11
kQ-cn?. A cathode with high oxide ion conductivity should decrease the polarization resistance.

dense Lg Sr, ,MnO; (~20Qum)
/I 2 layer glass/cement seal

YSZ Disc (200um)
Fig. 2. Configuration of dense LSM on YSZ with sealed edges.



In another experiment a YSZ disc was ion implanted with manganese ions to 0.1 um below
the surface. Upon heating up to 900°C, the polarizatisistance was found to be low, 0OG&n?.
Over time, this value increased as manganese ions diffused away from the surface of the YSZ into the
bulk. However, it showed that increasing the ionic conductivity of YSZ at the surface helps to spread
out the reaction zone and decreases polarization.

Based on the abousvo observations, compositions wedevised to increastne ionic
conductivity of the cathode by doping an LSM composition with Co andhdrgasing the
substitution of La by Sr. New materials like the cobalt-ferrite composition were also tried. The aim

here is to either replace the LSksklcode or use the new materials as a thin interlayer between LSM
and YSZ.

A cobalt-doped LSM composition, (& Sr,d Mgy Ge O (designated LSCM-2) sintered
at 1300°Cand tested last month showed good performance (R aroufdddd) as a cathode on
YSZ with no load. This was presumably due to increased ionic conductivity from the cobalt doping.
Further testing at different loads (current densities) showed good performance as well. Figure 3 is
a plot of overpotential versus current density after holding the sample at a 1000°C for a cumulative
48 hours with two temperature cycles where it was cooled to room temperature and heated back up
to 1000°C. The overpotential at 30mA/cn? was 39 mV, compared with typical 60 mV
overpotential for Westinghouse’s cathode at the same current density.

350

(La, ¢Sry 1) oMN, -CO, -0, 0N YSZ

300 .
T =1000°C Westinghouse

No. of Temperature Cycles =2 (60 mv)

250 4 No. of Hours at 1000° before measurement = 48 39 mV (ANL)

C

Overpotential,n +xiR(mMV)

0 50 100 150 200 250 300 350

Current Density (mA/cmz)

Fig. 3. Overpotential of LSCM-2 decreases with increasing |I.

Another cobalt-doped composition, fka ,$.,) MR €8 0 (LSCM-1), was tested both
with sintering at 1300°C and sintered in situleg operating temperature of 1000°C, (see Fig. 4).
The sintered composition exhibited a highgr R of about Q-84¢, while the in situ sintered sample
had an initial R 00.03Q-cn? without any load. This compares very well to a value of26cav

3.



for Westinghouse’s cathode at 300 mAfcm . The in situ composition started sintering with time at
1000°C, which caused an increase of the R fromitial value of 0.032-cn? to 0.1Q-cm? after 67

hr. Sintering this composition caused a decrea$ieeimctual area of contact between YSZ and
LSCM while increasinghe area of contact between LSQidrticles. This indicatethat cobalt-

doped LSM (LSCM) shows promise as an interlayer if it is made with a large contact area between
LSCM and YSZ that does not decrease with time under operating conditions.

0.40

(La0.858r0.15)0.9MnO.QSCOO.OZOS

0.35 o sintered at 1300°C

0.30 -
0.25 -
0.20

° 0.5 4

R Q-cm}

0.10 -

sintered in situ

0.05 -

0 10 20 30 40 50 60 70
Time (hrs)

Fig. 4. LSCM-1 shows good performance initially when sintered in situ.

It has been reported in the literature thanganites of praseodymium (PrMnO ) showed
higher performance than LaMgO . To utilize this fact, we synthesized praseodymium counterparts
of LSCM-1 and LSCM-2, by th&echinimethod, (Pygs 15 4o MR s CQ o, O, (PSCM-1) and
(Pry6SK 4)0sMN, L0, O, (PSCM-2). It is expected that the cobalt-doping in PSM also increases
ionic conductivity.

Figure 5 gives the performance of PSCM-1 for one electrode sintered at 1300°C and another
in situ. In this cas¢he 1300°C sintered compositiehibitedbetterperformance than the one
sintered in situ, and both cathodes showed a deterioration in performance with time at 1000°C. The
PSCM-2 also showed the same trend, but with a much steeper increase in R with time. Since both
compositions show theametrend, the deterioration iprobably due to change in cathode
composition with time, possibly by Co or Mn diffusion from PSCM to YSZ.
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Fig. 5. R, for PSCM-1 sharply increases with time after 40 hrs.

High ionic and electronic conductivity vgell known in Lg ; S, Cq, Fgs Q (LSCF) and
similar cdbaltite or cobalt-ferrite compositions. We previousiported data oisome LSCF
compositions where the LSCF composition watightly deficient on the A-site,
(Lay 6S1y..)0.0dC00 F€,50;. While this yielded very low R values of @Ben or even less initially,
the formation of an insulating Cofg O caused the R to increase to alnfsinf0in less than three
days. This time wereport results on stoichiometric LSCF with the composition
La, ¢Sr,,Cq,,Fe ;O,. The polarization resistance, R, for this LSllincreasesvith time, (see
Fig. 6), but at eslowerratethan before. Thehmic resistanceomponent through the electrolyte
plus cathode, if any, also rises. This indicates that the increase in R is accompanied by an increase
in resistance. The rate of increase in resistance indicates the formation of an insulating phase. Both
La,Zr,0O; and SrZrQ have been reported to form when LSCF electrode is used on a YSZ electrolyte
at 1000°C.

0.6
Lag ¢Sr 4C0q ,Feq §04/YSZ

0.5 1

0.3 1
0.2 4

0.1
RC

0.0 T T T T
0 20 40 60 80 100

Resistivity (Q-cm 3

Time (hrs)

Fig. 6. Both the R, and the resistance part of iR drop
increase with time for LSCF.



In order to decrease the interaction between YSZ and LSCF, an attempt was made to deposit
a thin (< 1 um) dense layer of Ge 3d,;O on YSZ, followed by the deposition of LSCF on top of
the ceria layer. The cerlayer made by us turnemut to be porous.Neverthelesstwo such
electrodes were tested with the following configurations: stoichiometric LSCF/porous CG1/YSZ and
LSCM-2/porous CG1/YSZ.

Results of cathode tests of batbnfigurations are shown in Fig. 7. The LSCF cathode
showed a higher initial R (0Q-cn?) than the previously tested LSCF/YSZ configurations and also
showed an increase in. R ®a33Q-cn? over 115 hr. However, the plot shows that theaRie
stabilized and, after 115 hr, is less than the USSE polarization resistance ofdcn¥ after 63 hr.
Therefore, a ceria interlayer did prevent significant reaction between LSCF and YSZ. Similarly, for
the LSCM-2 cathode with ceriaterlayer,the value of, wasnitially 0.47Q-cn?, which actually
decreased and stabilizeda#4Q-cn¥ after 115 hr. The reason for a decrease in R for LSCM-2
versus an increase for LSCHist known at thigime; however, itmay be linked talifferences in
thermal expansion coefficient between the cathode and the interlayer.

0.60

0.55
0.50 (Lag ¢Srg 4)0.o0MNg 9sC0 osO/Porous CG1/YSZ

o
0.45 A
__0

0.40

0.35

4
0.30 A
o 025
La, ¢S, 4C0, ,Feq §O4/porous CG1/YSZ
0.20 4

0.15

R Q-cm}

0.10
0.05

0.00 T T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100 110 120

Time (hrs)

Fig. 7. Stable but higher polarization resistances obtained with
an interlayer of porous ceria.

In order to improve the overall Rc value for LSCF/CG1/YSZ cathodes, a thin 0.5 pum dense
CG1 film was deposited by Prof. Harlan AndersothatUniversity of Missouri-Rolla on a YSZ disc
supplied by us. We theappliedthe LSCF cathode artdsted the @l as afunction of time. The
results of thigest(Fig. 8) show a lovinitial R, of 0.024Q-cn? whichthen decreasesightly and
monotonously to less than 0.0Q&n? over 72 hrs. This electrode again is a combination of steps
3 and 4 as outlined earlier.
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Fig. 8. Very low and stable R obtained with a thin dense interlayer of ceria.

We are also currently working on a composition that can be used directly as a cathode with
no interlayers. The goal here is to increase the ionic conductivity without decreasing the electronic
conductivity of LSM or its catalytic activity for oxygen reduction. In addition, the thermal expansion
coefficient will be matched to the YSZ electrolyte andiit not be reactive with YSZ. Initial results
show some promise with about a 112 mV polarization at 300 nfA/cm . Further work is in progress
to understand and improve this composition.

BENEFITS

Increased cathode performance or decreased cathode polarization resistamsle vall
operate at higher power density or with higher efficiency.

FUTURE WORK

1) Development of new compositions that can be used as cathodes without interlayers. These
materialswill be analyzedfor performance ovetime and as a function of compositional
changes. The aim here is to increase ionic conductivity substantially compared to LSM.

2) Continued development of Co othertransition metal-doped LSM. We will select a
promising material and develogathode with an interlayer microstructure of a two-phase
mixture of YSZ and doped LSM. It will be analyzed in terms of performance over time and
its thermal expansion coefficient will be measured.



3) Analysis of previously tested cathode/electrolyte and cathode/interlayer/electrolyte samples.
These samples will be analyzed for microstructural charactenstiosling porosity, interface
bonding, and interdiffusion of cations across the interface.
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Composite Ceria Electrolytes
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Over the past two years, NexTech Materials has been developing ceramic materials technology
for applications in solid oxide fuel cells and other electrochemical systems. This work has been
performed under a collaborative project funded by Ohio’s Edison Materials Technology Center
(EMTEC), and under three SBIR and STTR projects funded by the U.S. Department of Energy.
The focus of NexTech’s EMTEC project is the development of hydrothermal synthesis methods
for producing nano-scale and crystalline powders of useful ceramic electrolytes. In a recently
completed SBIR project, NexTech developed a new family of composite ceria-based ceramic
electrolyte compositions providing a superior combination of electrical and mechanical
properties. In arecent STTR project, NexTech collaborated with Lawrence Berkeley National
Laboratory to apply colloidal deposition techniques to the fabrication of thin-film ceria fuel
cells with excellent low-temperature SOFC performance. In an ongoing SBIR project, NexTech
is collaborating with Westinghouse on the development of a low-cost process for depositing
membrane films of yttria-stabilized zirconia onto lanthanum manganite air-electrode tubes.
This paper describes the materials technologies being developed in these four projects.

NexTech’s EMTEC Project

NexTech's EMTEC project was initiated in October of 1995 and runs through June of 1999.
The objective of this project is to develop innovative ceramic powder synthesis and fabrication
methods for the manufacture of oxygen-conducting ceramic membranes. Targeted applications
include solid oxide fuel cells, oxygen generation systems, and ceramic membrane reactors. Team
members are listed below:

NexTech Materiads - Westinghouse

University of Cincinnati - BP Chemicas

Argonne National Laboratory - Litton Life Support
Lawrence Berkeley National Laboratory - SOFCo

Pacific Northwest National Laboratory - Babcock & Wilcox
Sandia National Laboratories - Motorola

Institute of Gas Technology - Coulter Corporation
Eltron Research - Consolidated Natural Gas
Orton Ceramic Foundation - Columbia Gas
Superconductive Components, Inc. - Plastronic, Inc.

DAI Ceramics



NexTech is utilizing hydrothermal synthesis methods (see Figure 1) to produce zirconia and
ceria-based ceramic electrolytes. NexTech’s hydrothermal processis based on a coprecipitation
step (i.e., neutralization of aqueous acid solutions), followed by a mild hydrothermal treatment
(i.e., at temperatures less than 300°C and pressures less than 15 MPa). The process resultsin the
formation of an aqueous suspension of nano-scale (5-15 nm) crystallites with the cubic fluorite
structure typical of zirconia and ceria-based el ectrolyte materials. A TEM micrograph of a
hydrothermally produced powder of a (Cep.s0Gdo.20)O1.90 powder produced by this processis
shown in Figure 2. As-produced zirconia and ceria-based el ectrolyte powders have large surface
areas (>100 m%gram), consistent with their nano-scale crystal size. An advantage of the
hydrothermal process is the flexibility of product forms, such as dispersed agueous suspensions,
non-agueous suspensions, or dried nano-scale powder. The surface area can be controlled over a
wide range, either by modifying initial hydrothermal synthesis conditions, or by calcining dried
powders at modest temperatures (see Table 1).

In this project, NexTech is conducting process development and materials characterization,
evaluating sintering performance and electrical properties, and providing samples for evaluation
by participating team members and other collaborators. NexTech has shown that hydrothermally
derived zirconia and ceria-based powders can be sintered to high density at relatively low sintering
temperatures. For example, an SEM micrograph of a 98% dense gadolinium-doped ceria
ceramic, sintered at 1250°C, is shown in Figure 3.

Salts (Chlorides, Nitrates)
Coprecipitation Acids (HCI, HNOg)
Bases (NH,OH, NaOH)

Temperature: 100-350°C
Reaction Pressure: <15 MPa
Time: 5-60 Minutes

Filtration and Washing
Product Recovery Solvent Exchange
Dispersion or Drying

Aqueous Slurry Non-Aqueous Slurry

Nano-Scale Powder

Figure 1. NexTech’s Hydrothermal Powder Synthesis Process.
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Figure 2. TEM micrograph of a hydrothermally derived Gd-doped ceria powder.
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Table 1. Surface Area of Zirconia and Ceria Powders

BET Surface Area (m°/gram)

Calcination (Zrogs2Y0148)O1.026 | (Cep80Gdo20)0190 | (Ce0.85SM0.15)O1.925
as-produced 154 126 127
600°C, 4 hours 108 79
700°C, 4 hours 91 33 45
800°C, 4 hours 65 18 25
900°C, 4 hours 40 9.5 12
1000°C, 4 hours 14 4.4 5.0




Figure 3. SEM micrograph of a hydrothermally derived Gd-doped ceria ceramic, sintered
at 1250° C.

NexTech has completed a comprehensive set of two-lead electrical conductivity measurements on
hydrothermally derived ceria-based ceramics. Two-lead measurements cannot differentiate
between the contributions of electrolyte and electrode, and interfacia resistances. However, the
two-lead method does allow for relative comparisons regarding effects of material composition,
synthesis methods, and sintering conditions. For example, with platinum electrodes, a profound
effect of sintering temperature on two-lead conductivity was observed (see Figure 4). The
conductivity decreased as the sintering temperature was increased above 1300°C; this trend was
common to al of the hydrothermal ceria ceramics evaluated. These results suggest either highly
conductive grain boundaries in the fine-grained ceria ceramics sintered at low temperatures,
and/or dopant segregation at grain boundaries in coarser-grained ceria ceramics sintered at higher
temperatures. Additional microstructural characterization, in combination with ac impedance
spectroscopy, may be needed to clarify specific causes.

The two-lead method a so provides a means to compare the electrochemical performance of
different electrode materias, as shown for Gd-doped ceria ceramicsin Figure 5. Compared to
platinum and silver electrodes, the conductivity was almost doubled by using cermet electrodes
comprised of (La,Sr)(Co,Fe)O; and silver phases. Since identical ceramic samples were used, the
improvement can only be related to superior electrochemical performance of the cermet LSCF/AgQ
electrodes. However, additional work is needed to determine whether composition or
morphology of the electrode was responsible for the improvement.
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Thin-Film Ceria Fuel Cells

In this STTR project, NexTech Materials and Lawrence Berkeley National Laboratory (LBNL)
collaborated on the fabrication of thin-film ceriafuel cells and evaluation of their low-temperature
SOFC performance. Contract information is provided below:

Title: Thin-Film Ceria Fuel Cells with Low Operating Temperature
Sponsor: U.S. Department of Energy, Office of Transportation Technologies
Contract Number: DE-FG02-96ER86051

Period of Performance: 6/22/96 - 3/21/97

Contracting Officer: Dr. JoAnn Millikin (202-586-2480)

Subcontractor: Lawrence Berkeley National Laboratory

Principal Investigator: Dr. Scott L. Swartz (614-842-6606)

Several developers have shown that deposition of thin-film yttria-stabilized zirconia (Y SZ)
membranes on porous el ectrode (anode or cathode) supports is a feasible approach to reduce the
operating temperature of solid oxide fuel cells. However, even with thin-film Y SZ membranes,
the SOFC operating temperatures cannot be reduced to below 600°C, without substantial
degradation in performance and efficiency. The use of higher-conductivity electrolyte materias,
fabricated in thin-film configurations, is the most feasible approach for reducing SOFC operating
temperatures to below 600°C. It iswell known that ceria-based ceramic electrolytes have higher
conductivity than Y SZ, especially at temperatures below 600°C. A common problem with ceria
based electrolytes has been the onset of electronic conductivity at high temperatures, which
reduces efficiency of SOFC operation. However, at temperatures below about 600°C, electronic
conductivity of ceria-based electrolytesis negligible, so that SOFC performance is not degraded.
Thus, this STTR project was undertaken to evaluate ceria thin films as an approach for reducing
SOFC operating temperatures to 600°C and below. Successful development of the technology
demonstrated in this project will open up opportunities for SOFCs to compete as lower cost and
higher performance options to PEM-based fuel cells for future transportation applications.

The approach pursued in this project was based on the synergistic combination of NexTech’'s
hydrothermal synthesis process for preparing nano-scale ceria suspensions (as discussed above
and shown in Figure 1) and LBNL’s colloidal deposition method for fabricating thin-film fuel
cells. The colloidal deposition process, as shown in Figure 6, is an inexpensive approach for
fabricating bilayer electrolyte el ements comprised of an electrolyte film on a porous electrode
substrate. A colloidal suspension of the desired electrolyte materia isfirst prepared, and then cast
onto a highly porous electrode plate. A green electrolyte film is formed as the solvent evaporates
from the suspension, and then the bilayer is sintered so that the electrolyte film densifies fully and
the electrode substrate densifies partially. If the relative shrinkages and green densities of the two
layers are properly controlled, then the process results in a bilayer element comprised of a dense
electrolyte film (10-15 nm thick) on a porous and flat electrode substrate (200-300 nm thick).
This process was successfully applied to the fabrication of a (Cey.g0Gdo.20)01.60 (CGO) electrolyte
film on a porous NiO/CGO anode substrate. An SEM micrograph of a cross-section of a sintered
bilayer is presented in Figure 7, which clearly shows the pore-free nature of the CGO film.



(Ce,Gd)0,.x (nano-scale)
Prepare Suspension Isopropyl Alcohol
Attrition Milling

CGO + NiO
Prepare Anode Pore Former, Binder
Uniaxial Pressing, Tape Casting

Casting
Colloidal Deposition Spraying

Sintering

Thin-Film Electrolyte on Porous Anode

Figure 6. LBNL’s colloidal deposition process for fabricating thin-film fuel cells.

Figure 7. SEM micrograph of a cross-section of a bilayer element comprising a porous
NiO/CGO anode with a dense CGO electrolyte film.



After successful fabrication of sintered bilayers, fuel cell elements were completed by the
deposition of a (La,Sr)CoOs-based cathode. Fuel cell testing was conducted using H, and air as
fuel and oxidant, and the power density curves obtained are presented in Figure 8. To our
knowledge, the power densities achieved (~650 mW/cm? at 750°C) in the thin-film ceria cell
represent the highest ever reported for a ceria-based solid oxide fuel cell. The power density
achieved at 600°C (~270 mW/cm?) also represents one of the highest values reported for any type
of fuel cell operating at this temperature. These results are especially promising, given the limited
amount of optimization work directed at the anode microstructure and the cathode material.
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Figure 8. Power density versus current density curves at different temperatures for a
colloidally deposited thin-film ceria fuel cell.



Composite Ceria Electrolytes

In this recently completed SBIR project, NexTech Materials demonstrated a novel composite
materials approach for improving the performance of ceria-based ceramic electrolytes. The
objective of this project was to improve the oxygen ion transference number of ceria-based
electrolytes, through the controlled addition of a nano-dispersed insulating second phase.
Contract information is provided below:

Title: Composite Ceria Electrolytes for Solid Oxide Fuel Cells

Sponsor: U.S. Department of Energy, Federal Energy Technology Center
Contract Number: DE-FG02-96ER82236

Period of Performance: 8/13/96 - 3/6/97

Contracting Officer: William Cary Smith (304-285-4260)

Principal Investigator: Dr. Scott L. Swartz (614-842-6606)

Based on their relatively high oxygen ion conductivities, doped cerium oxide ceramic electrolytes
are potentia electrolyte materias for intermediate-temperature solid oxide fuel cell applications.
However, the utilization of single-phase ceria electrolytes in SOFCs has been limited by electronic
conductivity (which results in power loss) and by poor mechanical properties (which leads to
faillure of planar electrolyte elements). NexTech’s approach to solving these problems involved
the controlled addition of an insulating second phase to a nano-scale ceria powder, followed by
the preparation of a composite ceria ceramic electrolyte. Previous theoretical and experimental
work at Arizona State University suggested that the insulating second phase reduces electronic
conductivity by trapping electronic charge carriers within space charge regions at the interface
between the ceria and insulating grains. This program was conducted to evaluate this approach
for improving the oxygen ion transport properties of ceria-based electrolytes.

NexTech’'s hydrothermal synthesis process was used to prepare nano-scal e ceria-based powder,
which when sintered, provided the desired two-phase microstructure, as shown in Figure 9.
Sintered densities for all compositions were in excess of 95% theoretical, athough densities
exceeding 98% theoretical were obtained when the second phase content was less than 15 mol%,
as shown in Figure 10. Two-lead conductivity measurements determined that the second phase
addition reduced the conductivity, but this reduction was fairly small for second phase contents of
less than 20 mol %, as shown in Figure 11. Galvanic cell measurements were inconclusive, but
indicated an apparent improvement in oxygen ion transference number at pO, ~ 10% atm.
Additional measurements are needed to quantitatively determine the effect of the second phase on
oxygen ion transport in these composite ceria ceramics. Perhaps, the most beneficial effect of the
second phase addition was on the mechanical properties, as shown in Table 2. Compared to an
unmodified ceria ceramic, the second phase addition (11 mol%) led to a significant improvement
in hardness and a two-fold increase of fracture toughness, as shown below:

Fracture Toughness (Kc): 0.9® 1.8 MPam®®
Vickers Hardness (Hy): 780 ® 940 kg/m?
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Figure 9. Backscatter-mode SEM micrograph of composite ceria ceramic.
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Figure 10. Effect of second phase content on the sintered density of composite ceria
ceramic electrolytes.
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Figure 11. Effect of second phase content on the two-lead conductivity of composite ceria
ceramic electrolytes (platinum electrodes).

Nano-Scale YSZ Electrolytes

NexTech Materias recently initiated an SBIR program, in collaboration with Westinghouse, to
develop alow-coat electrolyte deposition process for the Westinghouse tubular SOFC, asa
replacement for electrochemical vapor deposition. The approach is based on NexTech's
hydrothermal synthesis process for making nano-scale Y SZ powders. Electrolyte films will be
deposited onto lanthanum strontium manganite (LSM) cathode tubes from colloidal Y SZ
suspensions, and then sintered to high density at low temperatures. With the low sintering
temperatures possible with hydrothermal Y SZ powders, adverse reactions between the Y SZ
electrolyte and the LSM cathode will be avoided. Contract information is provided below.

Title: Tubular SOFC with Deposited Nano-Scale YSZ Electrolyte
Sponsor: U.S. Department of Energy, Federa Energy Technology Center
Contract Number: DE-FG02-97ER82443

Period of Performance: 9/3/97 - 3/17/98

Contracting Officer: William Cary Smith (304-285-4260)
Collaborating Partner: Westinghouse

Principal Investigator: Dr. Scott L. Swartz (614-842-6606)
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Lanthanum Gallate as a New SOFC Electrolyte

John B. Goodenougiyoodenough@mail.utexas.edu, (512) 471-1646))
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Austin, TX 78712-1063

Abstract

The single-phase, cubic-perovskite region of the LAO -SrO-GaO -MgO phase diagram
has been determined from room-temperature and high-temperature x-ray diffraction. Two
impurity phases were identified, LaSrGaO and LaSrGa O . An essentially pure oxide-ion
conductivity of the oxygen-deficient perovskite phase was formed over the wide range
10% < Po, < 1 atm of oxygen partial pressures. The highest valueswére found for
La, ;S1, ,Ga) g3Mg, 170, g5 Witho = 0.17 S/cm and 0.08 S/cm at 8@0and 700C, respectively.

The oxide-ion conductivities remained stable over a week-long test. The Arrheniusqlt of

curved, dividing into two straight-line regions with different activation energies above and below

a critical temperature T* = 60C. This behavior is well-described by a model in which all the
oxygen vacancies are mobile at temperature T > T*, but they progressively condense into clusters
of ordered vacancies with decreasing temperature T < T*.

SEM microstructures of samples,ka ,$r ,Ga Mg,Q@s, , &@5< 0.30, were obtained
after thermal etching at 13%0 for 2 h. Smaller grain sizes were found in the two-phase regions.
The impurity LaSrGa © appearing for 0.8% < 0.10 is seen distributed over the grain
boundaries. The impurity LaSrGgO , existing in samples with 0y25 0.30, melts at 140@
and is in a molten state at the sintering temperature’C}i0Otherefore acts as a flux and appears
to drain away from the grain boundaries to form globular second-phase regions at grain-boundary
intersections. TEM micrographs show well-bonded grain-boundary interfaces where x-ray dif-
fraction shows a LaSrGgO second phase.

AC-impedance spectroscopy was used to investigate the grain-boundary contribution to
the DC resistance and the influence of impurities on this contribution. The impurity LaSrGa O in
samples 0.05 y < 0.10 contributed to a perfect or a depressed grain-boundary semicircle in the
complex-impedance plane. The depressed semicircle represents a constant-phase element (CPE)
indicative of an oxide-ion insulatoriz, the LaSrGa © impurity, at the grain boundary. This
grain-boundary semicircle vanishes if a hydrogen-containing atmosphere is applied, which indi-
cates good proton conduction across the impurity phase at the grain boundaries. In contrast, the
impurity LaSrGaQ seen in samples with 0£2% < 0.30 gives no grain-boundary contribution to
the impedance; in fact, the grain-boundary semicircle vanishes in these samples.

The performance of the optimized electrolytg d a,,Sr,&za Mg,.Q (LSGM)
in a SOFC was tested on single cells having a 500-pm-thick electrolyte membrane and a



La,Sr,CoQ, cathode. It was found that poor anode performance was due to a reactivity of the
NiO in the composite NiO-CgO or NiO-LSGM anodes with LSGM to form LaNiO at the anode-
electrolyte interface. To prevent this reaction, a thin Sm-doped CeO layer was introduced
between the electrolyte and the anode. Comparison of Sm:CeO /Sm:CeO + Ni and

Sm:CeQ + Ni anodes showed that introduction of the Sm;CeO interlayer gave an exchange-
current density four times larger. The peak power density of the interlayered thick-electrolyte cell
was 100 mW higher than a cell without the interlayer. The improvement was shown to be due to
a reduction of the anode overpotential. Comparison of the peak power density in this study with
that of a previous study, also with a 500-um-thick electrolyte, shows a factor of two improve-
mentsj.e., from 270 mW/crA to 550 mW/cm at 8UD. This excellent cell performance indi-

cates that an LSGM-based SOFC operating in the temperature rari@e<60 < 800C is a

realistic goal.

Electric Power Research Institute (EPRI)
Contract Number: W08062-08

Wate Bakker, COR

Two year total contract



Lanthanum Gallate as a New SOFC Electrolyte
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Keqin Huang (kghuang@mail.utexas.edu, (512) 471-3588)
Center for Materials Science & Engineering
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Executive Summary
With the identification of Sr- and Mg- doped LaGaQO, as a superior oxide-ion
electrolyte, the task of this grant was to optimize the composition and to evaluate its

suitability for use in a solid oxide fuel cell (SOFC).
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Fig. 1 Phase diagram of LaO,-SrO-GaQ,;-Mg0O system



A quaternary phase diagram for LaO, ;-5r0-GaO, -MgO was determined, Fig.
1; a single perovskite phase was found to be restricted to a narrow range of
compositions La, 5r.Ga, Mg O, 5., LaSrGa,0, and LaSrGaO, were identified as
impurity phases condensing out at the grain boundaries or the pores; excess MgO
precipitated in the grains. The system was also found to tolerate vacancies in the
La, Sr, -cation subarray, thereby allowing a greater Mg substitution. Calcining of
commercial “Mg carbonate” at 1000 °C for more than 3 hours was needed to obtain a

reliable MgO starting material.
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Fig. 2 (a) Arrhenius plots of conductivity for two typical compisitions compared
with other well-known oxide-ion conductor; (b) Separatlon into regions (1)
and {Il) at T

Electrical measurements showed only oxide-ion conduction, without
degradation in life tests, over the wide range of oxygen partial pressures existing in

fuel cell operation (1 < Po, £ 10 atm). Arrhenius plots, Fig. 2, of the oxide-ion

conductivity o, versus reciprocal absolute temperature T, In(6,T) vs 1/T,



distinguished two temperature regions: for T>T* = 600 °C, A=A, and E, = E,; for
T<T*, A=A, and E =E, in the expression

0.T = A exp(-E,/kT)

This behavior was interpreted with a model in which the oxygen vacancies are
disordered above T*, which makes E;=AH_, the motional enthalpy, whereas below
T* the vacancies become progressively trapped out at a vacancy-ordered condensate
by a trapping energy AH,, which makes E,=AH_+AH, and A,=A,exp(AH,/kT*). At 800
°C, the region of highest oxide-ion conductivity, 65> 0.14 5/cm, falls in the

compositional ranges 0.125 < x £0.25 and 0.125 £ y £ 0.25. The maximum oxide-ion
conductivities found at 800 °C, Fig. 3, 700 °C, and 600 °C were, respectively, 0.17, 0.08
and 0.03 S/cm for La, Sr,,Ga, Mg, 17O0: pas-
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Fig. 3 Isoconductivitly diagram of La1,,Sr,GawMg,OM_,,(,,y, at 800 °C



SEM microstructures of samples with x =0.20 showed precipitation of
La5rGa 0, over the grain boundaries for y < 0.10 and LaSrGaO, particles pinning the
grain boundary for y = 0.25; in addition, intragranular MgO precipitates were found
for y = 0.30. AC-impedance spectroscopy showed an important grain-boundary
contribution to the oxide-ion impedance for y < 0.10, but no grain-boundary
contribution for larger values of y. The LaSrGaO, phase is liquid at the sintering

temperature and promotes strong intergranular bonding.

Three soft-chemical routes for the synthesis of high-purity, ultra-
homogeneous La, 5r,Ga, Mg O, 5., powders were compared; the sol-gel process,
co-precipitation, and hydrothermal reaction. Powders produced by these routes
reduce the sintering temperature required for materials processing. The powders
obtained were characterized by x-ray diffraction, thermal analysis, transmission
electron microscopy, and fourier-transformed infrared spectroscopy in order to
elucidate the reaction mechanisms operating in each synthesis. The electrolyte could
be prepared as a single phase by both the sol-gel and the Pechini co-precipitation
methods, but not by hydrothermal treatment.

Chemical compatibility between the electrodes and the electrolyte were
investigated by monitoring with EDS the diffusion of cations across the interface
between them. Conventional cathodes were studied: porous La, Sr.MnQO, and films
of La, Sr CoO, ;. The former did not react with the electrolyte; the latter
interdiffused at higher temperature, but not appreciably at an operating temperature
of 800 °C. An electrode that conducts both oxide ions and electrons allows use of an
electrode film; an electrode that conducts only electrons must be made as a thick,
porous layer. La, S5r,MnO, has a thermal expansion compatible with the electrolyte,
but it only conducts electrons. La, ,Sr,CoO, ; conducts both electrons and oxide ions,
but it has an anomalously large thermal expansion. Nevertheless, we used La,
Sr,Co0,,; cathodes in our fuel-cell tests because of its excellent mixed electronic and

oxide-ion conduction.



Conventional anodes are formed from composites of NiQ with either the
electrolyte or Ce, S5m O, ;.. The reducing atmosphere at an anode reduces the NiO
to elemental Ni deposited on the walls of a porous structure. However, we found
that interdiffusion of Ni and Ga across the electrode-electrolyte interface introduces
at the interface metallic LaNiQ,, which blocks oxide-ion conduction. To circumvent
this problem, we introduced Ce, ,Sm O, ., which conducts both oxide ions and

electrons in a reducing atmosphere, as a thin buffer layer between the electrolyte and
a Ce,,5m O,,. + NiO anode.

Single fuel cells were constructed for testing. Introduction of the buffer layer

at the anode reduced significantly the anode overpotential and extended the life of

the cell, Table 1. With a 500-um-thick electrolyte, maximum power densities of 550

mW /cm? at 1.1A/cm? were obtained, Fig. 4. A life test showed a stable power output
for at least a period of 1500 hours under a loading current 250 mA/cm?® Reducing

the thickness of the electrolyte would greatly improve performance.

Table 1 Resistances {Q) at a frequency of 5Hz at 800 °C in the atmosphere of
wet hydrogen

anodes LSGM+NIO Sm-CeQy/ CeQ,+NIi0  Sm-Ce0,/Ca-

time (h) LSGM+NiO CeQ,+NIO
0 648 146 354 78
5 691 124 273 74
10 622 124 284 74
15 611 124 295 74
20 625 126 306 75

In conclusion, we have demonstrated that the La, Sr,Ga, Mg O, ...,

electrolyte promises to provide a SOFC operating at 800 °C with a thick-film (ca. 100

um) electrolyte, at 600 °C with a thin-film (ca. 10 um) electrolyte.

The fuel-cell tests reported were done in collaboration with Dr. Chris
Milliken, Dr. Ashok Khankar and Dr. S. Elangovan of Ceramatec, Inc.. We are

grateful for their valuable cooperation.
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e Optimal compositions in La,Sr,Ga;,Mg,04 4 5x.y)

system
~ ® Condensate of short-range order T < T* = 600°C

e Microstructures and ac impedance spectroscopy

® Introduction of anode layer



SAMPLE PREPARATION

e Intimate mixing of La,0,, SrCO,, Ga,0, and
MgO*

@ Pressed pellets fired overnight at 1250 °C

e Partially sintered pellets reground and ball-
milled

® 6-mm-diameter x 5-7 mm pellets fired 24 h at
1470 °C

* after calcining Mg carbonate for 4 h at 1000 °C



XRD Patterns of Dried and
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TGA /DTA Curves of
Commercial MgO
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Conductivity vs Temperature
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ION IC CON DUCTIVITY

U= gD/KT = (qDO/kT)exp( AG, /kT)
Go = cNQU, = (A/T)exp(-E. /KT)

Assume:
T > T, vacancies disorder
- By =Ey = AH,, c=c", A=A,
T<T", vacancies progressively trapped
In condensate
In(c/c*) = -(AH/KT)[1-(T/T*)]
<. By = E5 = AH +AH,, A=A exp(AH/KT*)
IN(As/A;) = AH/KT™* = (E,-E)/KT*




1, *(cond) = chemical potential of condensate
w,°(sol) = chemical potential of pure solid solution

© AG(T) = w,(s0l)-p,*(cond)

At equilibrium:
wy(cond) = W *(sol) = w,°(sol)+kTIn(c/c*)
Since AG(T") =0 |
In(c/c”) = -JAG(T)/KT - AG(T")/KT7]
= - AH,(1-T/T*)/KT
Note: T* = 599 £ 49 °C for all samples




- InA,/A; vs AH,
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INFLUENCE OF DOPING
METHOD

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

If method of doping, i. e., Sr for La vs Mg for
Ga, to obtain a given ¢* effects AH,, but not

~AH_ or T*, then:

commonforT>T"

In(c,T) vs (1/T) is {
divergesfor T < T*



MEYER-NELDER RULE
OBEYED T < T"'

W'th GOT
INA = aEa + b
Is found empirically. In our case with T < T*,
ool = Bexp(-E./kT)
01" = Bexp(-E,/KT*) = Aexp(-AH /KT*)
InB = ak, + b
with E, = AH,, + AH,, a = 1/kT*, b = InA-(AH_/KT*)




MOBILITY & DIFFUSIVITY

For
(So = C*"Nqug =2ec*ny/a =

(A/T)exp(-AH._/KT)

Woexp(AH /kT)=Aa’/2ec*T = eDy/KT

We measure AH_, A, lattice constant a, c” 1o obtain:

Sample ¢*
X y

0.15 0.15 0.05
0.15 0.20 0.06
0.20 0.15 0.06

lLo,X10°cm?/Vs

600
8.72
7.16
8.12

700 800 °C
26.3 953.9
22.9 49.2
23.8 48.7

Dg,x10-5cm?/s
600 700 800 °C
3.29 11.0 249
2.70 9.60 22.8
3.06 9.98 22.6



Isoconductivity Contours
at 800 °C (S/cm)
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Isoconductivity Contours
at 700 °C (S/cm)
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Isoconductivity Contours
at 600 °C (5/cm)
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Conductivity vs Po,
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Conductivity vs time
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Impedance Spectrum
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A Graphic Presentaion of CPE
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Single Fuel Cell Configuration
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Preliminary Life Test for
500 um LSGM Electrolyte
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With the addition of a doped ceria anode
buffer layer, the realization of a SOFC
based on an LSGM electrolyte operating
in the range 600°C< T,,< 800°C is a
realistic goal.
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1.0 INTRODUCTION

Materids research focused on solid oxide fuel cells (SOFC) is driven by the recognition that
processing and operating a lower temperatures would directly address many reliability problems.
Hence numerous research groups around the globe are in pursuit of aternate materials for al four
SOFC components with higher conductivities a lower temperatures, mixed-conducting cathodes,
novel synthesis techniques (for powders and thin films), controlled and stable microstructures, and
chemical, mechanical, and dectrica stability under the temperature/time/atmosphere conditions of
cofiring and operation.

In this portion of the research we are focusing on the microstructure ~ property relations in
solid oxide fuel cells (SOFC'’ s) to better understand the mechanisms involved in cdl performance.
The overdl am is to fabricate SOFC's with controlled microstructures utilizing LagxSryMnOs3
(LSM), yttria stabilized zirconia (Y SZ), and Ni-Y SZ composites as the cathode, electrolyte, and
anode, respectively. Ideally, the electrode materials would be tailored for an increased reaction rate
(grain size < 1 ym), be stable with time (> 10,000 h), have a therma expansion match to YSZ
(a~11 x 10-6/°C), show limited chemical interaction with the electrolyte, and show no degradation
in eectricd performance. This paper describes anodic studies, including starting powder
characteristics, dectricd conductivity and overpotentil measurements, and resultant
microstructures as a function of processing conditions (i.e. powder cacination temperature, and
annealing temperature) and composition.

2.0 OBJECTIVES

The University of Missouri-Rolla is in the last year of a 5 year research program with two
primary objectives: 1) developing LaCrOz-based interconnect powders which densify when in
contact with anode and cathode materials for solid oxide fuel cells (SOFC), and 2) developing high
performance cathodes, anodes and interfaces for use in planar SOFC's. The latter is the focus of
this paper. With regard to developing high performance materias for use in planar SOFC's, the
specific objectives of this research program over the last year have been to develop processing -
microstructure . property relations of the anode and its corresponding interfacial reactions.

Research sponsored by the U.S. Department of Energy’s Federal Energy Technology Center, under contract DE-FG21-93MC29224 with the
University of Missouri - Rolla, 222 McNutt Hall. Rolla, MO 65401, FAX: (573) 341-6934, Phone (573) 341-6129, huebner @umr.edu



3.0 Experimental Procedure

3.1 Apparatus Construction

The system constructed for measuring cell performance is a Kanthal-heated, three-zone, half-
shell furnace (1100°C). The self supporting electrolyte is mounted and sealed to two mullite tubes
using a ceramic adhesive/sealant, Aremco 503. This sedant is an alumina-based cement with a
working temperature up to 1650°C. For al studies, planar SOFC's were heated a ~ 2°C/min and
held at 1000°C until all characterization was completed. Samples could not be thermally cycled due
to the difference in therma expansion, 7.5 and 10.5 ppm/°C for the cement and Y SZ electrolyte,
respectively. Both mullite tubes were sealed to the ends of an outer silicatube of 63.5mm (2 1/2”)
OD by use of aluminum faceplates, silicone O-rings, and a Vacoa seal. Gas inlet and outlet ports
were drilled into the aluminum faceplates and sealed using Swagelock connectors. The outer end
of the mullite tubes were also sealed using stainless stedl faceplates and silicone O-rings. Pt and Ni
wires for cathode and anode sensing, respectively, were inserted into the alumina tubes to make
electrical connection to the YSZ electrolyte. Baffles made of sdi board were placed inside the
mullite tubes to help mixing of the gases and also acted as positioners for the alumina thermocouple
tubes to ensure proper electrical connection.

Both oxidant and fuel flow rates were controlled using Tylan Mode FC-260 mass flow
controllers. Air was used as the oxidant in the mgjority of experiments, with a flow rate of 200
scem. Pure oxygen was also used in some experiments and was delivered at a rate of 200 sccm.
A mixture of forming gas, FG, (90% N;, - 10% H;) and CO, was used as the fue and had
corresponding flow rates of 200 and 2 sccm, respectively. The FG-CO, mixture gave Nernst
potentials of 1.00 and 1.05 V with air and Oy, respectively. The FG-CO, mixture had a pO, equa

to 10-16:5 g 1000°C. Nitrogen was ddlivered into the silica to sweep away any oxidant or fuel
leaking out of the active region of the cell. In dl experiments air was introduced in the top tube,
fue to the bottom tube, and the sweep gas was fed to the bottom and exited the top.

3.2 Materials Selection, Preparation and Characterization

The purpose of this investigation was to study the influence of microstructure and
composition on the performance of anodes in single SOFCs. Commercidly available Y stabilized
ZrO, (Y SZ) powders were used in this study for the eectrolyte and as a mgjor constituent in the
anode. Anode [Y SZ-Ni1xMgyO (x = 0.0, 0.1)], compositions were synthesized by the glycine
nitrate method.

The commercially-available Y-doped ZrO, (Zirconia Sales of America Inc.) is a fully
stabilized (8 mole % Y ,03), co-precipitated powder. This particular powder was chosen because
of itslow cost, ~$70/kg, low 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 m2/g.

NiO, and Mg-doped NiO were synthesized using the glycine nitrate method with
Ni(NO3)2-xH20, MgCO,, glycine, and distilled water as the starting materials. The starting raw
materials were thermogravimetrically standardized to determine the cation concentration. Gentle
heating (>100°C) resulted in the evaporation of excess water, yielding a viscous liquid. Further
heating cause the precursor solution to ignite and resulted in the formation of a fine powder. The
powder was then calcined in MgO crucibles at temperatures ranging from 700°C - 1000°C for 4 h.



The resultant powder was vibratory milled dry for 4 h with ZrO, media. Powder crystalinity,
phase, and surface area were characterized using X-ray diffraction and BET techniques as a
function of calcination temperature.

A YSZ-NiO (45 vol % Ni) composition was also prepared in which both components were
combusted simultaneously using the glycine nitrate process. Starting raw materials were
Ni(NO3)2:xH20, Y(NO3)3-xH20, and a zirconium citrate complex. Resultant powders were
calcined and milled and the crystallinity and phase were characterized using X-ray diffraction as a
function of calcination temperature.

A totd of three different techniques were used to prepare powder mixtures with the goal of
producing different resultant microstructures including: 1) mixing Y SZ with Ni;-xMgxO (x=0.0,
0.1, 0.2) 2) mixing Y SZ with NiO followed by calcination at 1400°C for 4 hand 3) simultaneous
combustion of both components using the glycine nitrate technique.

3.3 Sngle Cdll Fabrication

The Y SZ electrolyte used in this investigation was self supporting (~ 200 um thick) and the
cathode and anode were applied via screen printing onto a pre-sintered dense electrolyte. A
flowchart describing the techniques used to fabricate single cellsis shown in Figure 1.

Electrolyte fabrication

Y SZ powders wereinitialy dried at 150°C to remove any physically bonded water and then
mixed with a commercialy available binder system from Ferro Corp, B73210. This pre-mixed
solution contains binder, plasticizer, solvents, and dispersants with a solids content of 18 wt%.
The binder, and solvents are polyvinyl butyral, and ethanol and toluene, respectively. The
proportion of Y SZ to B73210 by weight was approximately 50/50. A glass release agent, M1111,
and a surfactant, M1135, were added to the dip to facilitate remova of the dried tape from the
glass and to improve the dispersion behavior of the YSZ powder, respectively. The glass release
agent and surfactant were added at aratio of 1 and 2 wt % of the total organic content, B73210.
The dip was ball milled with ZrO, mediafor 24 - 48 h until the powder was well dispersed. The
rheological behavior of the YSZ dlip was measured using aHAAKE Viscotester Model VT 500.

The durry was tape cast using the doctor blade technique at a take-off height of ~250 um and
the resultant dried tapes were ~ 50-75 um. The tape was dried for a least 24 h prior to use to
ensure removal of al volatile species. Thefina proportion of powder to binder (total vol % solids
in the tape) was approximately 50/50. Dried tapes were inspected with a light table to discard any
defective regions. 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. The Pt, E1170 (Ferro

Corp.), isafritless, screen-printable paste with a solids content of 70 wt %. A stainlesssteel 325
mesh screen with an emulsion thickness of 0.1 mil was used. The Pt probe was screen printed to

the edge of the Y SZ tape for electrical connection. The tape was again dried for at least 24 h prior
to use to ensure removal of all volatile species from the Pt paste.

The tapes (six total) 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, Figure 2. The thermal processing
schedule for binder removal and densification of the Y SZ laminates was 0.5°C/min to 350°C, hold
for 1 h, 3°C /min up to 1450°C, hold for 2 h, and then cool at 3°C/min. Sintered YSZ dimensions
were 3.2cm and 200 um for the diameter and thickness, respectively. The sintered specimen
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Figure 1. Flowchart of the techniques Figure 2. Stacking and laminating green Y SZ tapes
used for fabricating single cells with a Pt probe in the center of the specimen.

underwent a shrinkage of ~25 % (x-y) during densification. The Pt voltage probe was centered
internally 100 um from either surface, and was ~ 5 um thick and 200 um wide.

Anode deposition

The anode powders were mixed with a commercid resin solution, BX018-16, from Ferro
Corp. The suspension was mixed using a three roll mill to prepare a well-dispersed paste for
screen printing. The wt% loading of powder to binder varied depending on the cacination
temperature and resultant surface area of the powder and was therefore performed on a trid and
error basis. In all instances the highest amount of powder was |oaded into the binder such that the
paste was still workable.

Anode compositions were screen printed onto dense Y SZ electrolytes and sintered at various
temperatures. Stainless stedl screens of 165 mesh, 3 mil emulsion thickness were used. Anode
compositions were sintered onto the electrolyte between 1300°C and 1500°C in 100°C increments
for al h hold, with a heating and cooling rates of 3°C/min. A primary god of this investigation
was to vary the grain size and porosity of electrode microstructures and the their impact on
electrode performance, therefore powders were calcined and sintered at various temperatures.
Anodes were porous, exhibited grain sizes on the order of 1um, and gave resultant dimensions of
0.635cm x 0.635cm and ~ 20pum thick. Fracture surfaces were characterized by a JEOL Scanning



Electron Microscope to examine resultant microstructures. All specimens were sputtered with
Pd/Au before analysis.

Mechanical Support and Electrical Connection

A Pt grid (0.2 mm linewidth and 0.2 mm spacing between lines) was screen printed on the
electrodes for cel performance experiments to act as a current collector but also to alow gas
diffusion to the electrode/el ectrolyte interface.

Tape cast and fired Y SZ rings (~ 350 um thick) were bonded to both sides of the electrolyte
using a ceramic adhesive, Aremco 516, Figure 3. The adhesive is a zirconia based cement which
allowed thermal cycling without delamination of the rings from the electrolytes. The rings acted as
both mechanical support for the electrolyte and for electrical connection. The mullite tubes used for
atmosphere control were cemented to the rings rather than the electrolyte so that no adhesive was in
the vicinity of the active region of the cell. The rings were designed with pads which were coated
with Pt paste to allow for electrical sensing. Pt wiresof 10 mil diameter were bonded from the Pt
grid to the Pt pads on the rings using Pt paste, this was done to both the anode and cathode side of
the electrolyte. Pt paste was also used to paint a conductive strip from the Pt voltage probe to a pad
on the ring for voltage sensing. There are two pads on the cathode side, one for eectrica
connection to the cathode and one for sensing the voltage probe, whereas only one pad was active
on the anode side. The cdl was sintered at 1200°C for 1 h to densify the Pt and achieve a good
bond between the Y SZ rings and electrolyte.

Y SZ Rings

Electrolyte

Pt pad for
Pt probe

CATHODE

Figure 3. Photograph of the Y SZ rings bonded to the electrolyte for mechanical support and electrical contact .




3.4 Electrical Characterization

Electrica characterization of single cells utilizing the internal Pt voltage probe was
investigated to simultaneoudy separate the |osses attributed to each component (anode, €l ectrolyte,
cathode) and their interfaces (cathode/el ectrolyte and anode/eectrolyte) during cell operation. Cell
performance studies were focused on the reaction kinetics a the interfaces whereas DC
conductivity measurements were performed to investigate the resistive losses of each component as
afunction of time, composition, and preparation condition.

Cdl Performance Studies

Electrochemicd (I-V) measurements were carried out using a five electrode configuration
which alowed for separation of anode and cathode overpotentials during operation, Figure 4.
Separate leads were used to carry the current and voltage of the cedll to remove the loss associated
with the lead wires and alow for a direct examination of the losses attributed to the cell
components. The third voltage lead was connected to the voltage probe and was used to monitor
the voltage drop between the probe and corresponding electrodes during operation. Pt wires were
used on the cathode side, four 20 mil wires for the current lead, and 10 mil wires for both the
voltage leads, cathode and interna Pt probe. Ni wires were used on the anode side, two 20 mil
wiresfor the current lead and a 10 mil wire for the voltage lead. Both voltage leads for the cathode
and anode were designed to mimic a spring for contact with the Pt grids.

[-V behavior and AC impedance spectroscopy were performed on both half cells and
complete cells. Thel-V behavior was measured using an Anatronics Current/V oltage Control Fuel
Cdl Testing Module, aKeithley 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.

After the cell was heated to 1000°C at ~ 2°C/min, air wasfirst fed to the cathode and then the
fuel was introduced to the anode. The fuel was delivered to the anode for at least thirty minutes

Cathode i
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N
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Probe

Ceramic Seal

N

Mullite Tube
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Y SZ Electrolyte

th@e Current
lead lead

Figure 4. Experimental set up used for measuring the electrochemical (1-V) behavior of single cells.




before electrical contact was made to ensure that the anode (Y SZ-NiO) was reduced to the cermet
(YSZ-Ni). It could also be determined at thistime if the eectrolyte was cracked or the sedant had
failled. The resistance between the voltage and current leads of each corresponding e ectrode was
measured before testing to ensure that each lead was still connected to the Pt grid and thus the
electrode.

After dl eectrical connections were made the first test was to measure the open circuit,
Nernst potential between the anode and cathode. The Nernst potential is very sensitive to the
chemical potential gradient and hence reveals whether a small hairline fracture had occurred. It was
often difficult to tdl this by monitoring the exit ball flow meters and were thus a better test for
fractures or leaks. Measurements were carried out from small voltages to larger onesin increments
of 25mV and in al cases steady state voltages and currents were measured. Stabilization times
were on the order of 2-3 min. The current, total cell voltage (V ¢gl1), Voltage drop from the Pt probe
to the cathode (V) and the anode (V) were dl simultaneously measured. At open circuit and &
any given voltage under load the total cell voltage was equal to the two half cell voltages.

4.0 RESULTSAND DIsSCuUSSION

The primary focus of this research was to reduce the sintering of the Ni particles,
increasing the number of reaction sites, which would result in a lower overpotential. Electrica
conductivity and n-j plots were monitored for a 24 h period to better understand the coarsening
between Ni particles. Conductivity experiments were used to revea how the Ni particles were
distributed throughout the cermet. Since the conductivity is controlled by the Ni, these
experiments help to determine if the Y SZ support structure was sufficient in reducing the tendency
of the Ni particlesto sinter. Electrochemical measurements, n-j, were not only used to determine
resultant overpotentials, but aso how the Ni-YSZ particle contacts were distributed in the
composite.

4.1 Resistive (IR) Contribution from the Anode

Four point DC conductivity experiments were performed on anode compositions to determine
the resistive loss associated with the anode during cell operation. Anode conductivities ranged
from ~ 3 - 800 S/cm which depended on the starting raw materials, the fabrication technique, and
the sintering temperature. Figure5isatypical V-I plot of an anode demonstrating ohmic behavior.
Knowing the dimensions of the anode as shown previously for the case of the cathode, area = 0.4
cm? and thickness = ~ 20 um, the resistance was calculated. In the worst case scenario, 0 = 3
S/cm, the resistance was 1.7 mQ resulting in avoltage drop of 0.7 mV at a current density of 1000
mA/cm2. Similar to the case for the cathode, the ohmic portion of the cathode is very small and
cannot be resolved from the total measured voltage. Therefore, the measured voltage as a function
of current density between the anode and the Pt voltage probe can be attributed to the resistive loss
with the electrolyte (100 pum thick) and the overpotential of the anode.

4.2 Effect of Vol % Ni

Compositions studied for this experiment ranged from 40-55 vol % Ni in increments of 5 vol
%. All sampleswere prepared from commercially available Y SZ and NiO powders synthesized by
the glycine nitrate process followed by calcined at 900°C. All samples were fabricated in the form
of oxides, sintered on the Y SZ electrolyte at 1400°C, and then reduced in situ. After the fuel was
introduced to the anode, the cell was allowed to stabilize for ~ 1-3 h before el ectrochemical
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Figure 5 Voltage-current behavior for atypical Ni-Y SZ cermet.

measurements were performed. Conductivity experiments were monitored in air, during reduction
of NiO to Ni, and under reducing conditions for 24 h.

The electrochemical response of the four compositionsis shown in Figure 6. The 40 and 45
vol % Ni samples show similar behavior, ~ 220 mV and 200 mV a 1000 mA/cm2, but the 50 and
55 vol % Ni compositions showed much higher overpotentials, ~ 280 and 370 mV a 1000
mA/cm2. After 24 h, the overpotentials of al compositions increased, Figure 7. The 40 and 45
vol % Ni samples still show similar behavior, ~ 270 mV a 1000 mA/cm2, and the 50 and 55 vol
% Ni compositions had overpotentials of ~ 370 and 470 mV a 1000 mA/cm2. The low vol % Ni
samples, 40 and 45, have the lowest overpotentials due to the larger Y SZ content in the cermet to
support the Ni particles. This would effectively reduce the amount of sintering between Ni
particles. For compositions with larger vol % Ni (i.e. 55 vol % Ni), less YSZ is available to
support the Ni and larger Ni particles would be expected. The resultant microstructures for the
four compositions after 24 h of operation are shown in Figures 8 and 9. It is difficult to see any
distinguishable difference for the three lowest Ni contents, 40, 45, and 50 %, although, the 55 %
composition does show adissimilarity. The Ni particles are larger and more easily distinguishable
from the Y SZ support.

The two end members, pure Y SZ and NiO, were aso examined to demonstrate the extent that
the pure Ni particles coarsen and to better understand the Ni-Y SZ microstructures. The YSZ and
NiO samples were prepared as pastes, screen printed, sintered on the Y SZ support a 1400°C, and
reduced at 1000°C for 24 h. The results are shown in Figure 10. The Ni particles have sintered
extensively with grain sizes of ~ 5um, and the Y SZ has formed a rigid structure for supporting the
Ni particles. Comparing Figure 10 with Figures 8 and 9, it has been illustrated the tremendous
importance of adding YSZ to the Ni to reduce the sintering between Ni particles. To further
demongtrate the large driving force for the Ni particles to densify, the same NiO powder was
compacted into a pellet and placed into afurnace at 1000°C under reducing conditions for 8 hours.
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Figure 8. Microstructures of 40 and 45 vol % Ni compositions sintered on the
Y SZ electrolyte at 1400°C.

Figure 9. Microstructures of 50 and 55 vol % Ni compositions sintered on the
Y SZ electrolyte at 1400°C.



Figure 10. Microstructures of Y SZ and Ni sintered on the Y SZ electrolyte at 1400°C.

The sample was cooled to room temperature under fuel, and the density was measured. Density
measurements revealed the specimen to have a density ~ 91 % of the theoretical, p nj = 8.9g/cc.

Electrical conductivity measurements were also performed on all four compositions for 24 h,
Figure 11. Since the samples contain various vol % Ni, a direct comparison cannot be made as to
how the Ni particles are distributed within the cermet, although, similar trends were observed. All
compositions had similar conductivitiesin the oxide form, ~ 3-5 S/cm. Upon exposure to the fuel,
alargeincrease in the conductivity occurred, within 5 minutes, then rapidly decreased within ~ 3
hoursto a steady state value. The large increase in the conductivity is caused by the reduction of
NiO to Ni metal. The very sharp decrease in conductivity is due to the rapid sintering between Ni
particles, and the continued slow decrease in the conductivity (after ~ 3 h) can be attributed to
further sintering of the Ni particles.

4.3 Effect of NiO Sarting Raw Materials

Three different NiO sources were used in this study to examine the effect of Ni particle size
and preparation conditions on the anodic overpotential. All anodes contained 45 vol % Ni, and
were fired onto the YSZ electrolyte at 1400°C. The first NiO powder was synthesized by the
glycine nitrate process and calcined at 900°C as described previously. The remaining two sources
were commercially available powders with different primary particle sizes. The first powder had a
reported particle size of -325 mesh (< 45 pum) and the second powder was spray dried with a
primary particle size lessthan 10 um.

Then-j plotsfor the three different particle sizes initially and after 24 h are shown in Figure
12. The results of the powder prepared by the glycine nitrate process are the same as reported
previously, Figure 7. The -325 mesh powder initidly has an overpotential of ~ 250 mV a 600
mA/cm? but increases to ~ 370 mV after 24 h. The spray dried powder has arelatively stable
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overpotential but is extremely high, ~450 mV at 600 mA/cm2. Examination of the microstructures
after 24 h of operation, Figures 13 and 14, reveds large, distinguishable Ni particles for both
commercia powders. This can explain the large overpotentialsin that the number of reaction sites
(Ni-Y SZ contacts) has drastically decreased due to the large Ni particle size. The microstructure of
the spray dried powder resembles spray dried granules which eventually reduce to Ni spheres.

The conductivity for the three powders aso correlates well with the electrochemical results as
shown in Figure 15. The conductivity of the spray dried powder was relatively stable upon
reduction but was extremely low, comparable to the NiO-YSZ composite (~ 3 S/cm). This
suggests that the Ni particles have rapidly become large and separated from one another decreasing
the number of Ni-Ni contacts. The -325 mesh powder initially had a higher conductivity (~ 200
S/cm) but quickly decrease to values comparable to the spray dried powder. This also suggest that
the Ni particles have coarsened and reduced the number of Ni-Ni contacts throughout the cermet.
For both commercial powders, the Ni-Ni and Ni-Y SZ particle contacts has decreased causing the
conductivity to be extremely low and the overpotential to be high.

4.4 Effect of Pre-calcination of Powders

The influence of calcining NiO and YSZ together a high temperatures (1400°C) before
depositing the composition onto the YSZ was next investigated. This approach was examined to
provide a more stable anode structure by allowing the YSZ and NiO powders to further densify
during calcination. The powders were then milled, deposited onto the YSZ electrolyte, and
sintered at 1400°C. The composition studied was 50 vol % Ni, the n-j results are shown in Figure
16. For comparison, a 50 vol % Ni composition prepared by the conventiona technique
(described previoudy with no pre-cacination of NiO and YSZ) is aso illustrated. Both the
precalcined and conventionally prepared samples have the same starting raw materials, commercia
YSZ and NiO prepared by the glycine nitrate process. The pre-calcined powders resulted in a
lower and more stable overpotentia (~ 240 mV at 1000 mA/cm<) than the conventionally prepared
composition (~ 380 mV at 1000 mA/cm?) after 24 h. The lower and more stable overpotentia is
believed to be caused by a more rigid and stronger YSZ structure due to the high temperature
calcination of the YSZ and NiO. The pre-calcination treatment allows more densification to occur
between Y SZ particles because the anode is normally constrained to sinter by the Y SZ eectrolyte
during annealing. Therefore, the pre-calcination treatment is more effective than the conventional
preparation technique in preventing the Ni from coarsening during operation. The pre-calcined and
conventionally prepared anode microstructures after 24 h of operation are shown in Figure 17.
The precalcined anode resulted in larger grains (~ 1-2 um) and a coarser microstructure than the
conventionally prepared anode due to the high temperature calcination treatment.

4.5 Effect of Annealing Temperature on the Anodic Overpotential

The temperature at which the anode was sintering on the Y SZ electrolyte was investigated to
increase the stability of the anode over a24 h period. Two composition prepared by two different
techniques were examined. The first composition contained 50 vol % Ni and the powders were
pre-calcined a 1400°C. The second anode was a 45 vol % Ni composition prepared by the
conventional technique. Both composition were fired on the eectrolyte a 1300, 1400, and
1500°C.

45.1 Pre-cacined Powders (50 vol % Ni)

The dectrochemica behavior of the pre-calcined 50 vol % Ni composition fired on the
electrolyte a 1300, 1400, and 1500°C is shown in Figure 18. Both the initia results and those
after 24 h of operation areillustrated. The 1500° firing shows the best stability and lowest



Figure 13. Microstructures of 45 vol% Ni compositions prepared with different
NiO sources and sintered on the Y SZ electrolyte at 1400°C.
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Figure 14. Microstructures of 45 vol% Ni compositions prepared with two different
commercial NiO sources and sintered on the Y SZ electrolyte at 1400°C.
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Figure 17. Microstructures of 50 vol % Ni compositions prepared by different
techniques, NiO and Y SZ calcined together at 1400°C and by the
conventional technique, and sintered on the Y SZ electrolyte at 1400°C.
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overpotential after 24 h (~ 220 mV at 1000 mA/cm?). The anode densified at 1400°C also showed
alow overpotential but slightly increased with time (~ 240 mV a 1000 mA/cm2). The sample
sintered a 1300°C had the highest overpotentia and was unstable within the 24 h period (~ 400
mV a 400 mA/cm? after 24 h). The improved dectrochemical response with higher sintering
temperatures is due to the improved sintering of YSZ particles, a more rigid YSZ support will
further inhibit the Ni particles from coarsening. The densfication of the YSZ support a high
temperatures (1300-1500°C) should provide a stable backbone and is not expected to change under
fuel cell conditions (pO2 ~ 10-17, 1000°C).

The conductivity and microstructures after 24 h of operation are shown in Figures 19 and 20,
respectively. The conductivity results correlate well with the eectrochemicd response, both
suggesting that the sintering between Ni particles has been reduced with higher annealing
temperatures. For higher sintering temperature, there should be better Ni-Ni particle contact
resulting in more paths for conduction to occur. The microstructures also suggest that the lower
firing temperature has alessrigid structure (the grains appear to be smaller and not as well bonded
to one another) than the progressively higher annealing temperatures.

4.5.2 Conventiona preparation (45 vol % Ni)

The eectrochemical behavior of the conventionally prepared 45 vol % Ni composition
sintered on the electrolyte at 1300, 1400, and 1500°C is shown in Figure 21. Both the initial and
24 hresults areillustrated. The 1500° firing has the best 24 h stability and lowest overpotential (~
190 mV a 1000 mA/cm?). The composition densified at 1400 also showed a low initid
overpotential but increased substantialy in 24 h (~ 270 mV at 1000 mA/cm2). Samples sintered a
1300°C were stable but had high overpotentials (~ 300 mV a 1000 mA/cm2). The improved
electrochemical response with higher sintering temperatures can aso be attributed to the improved
densification between Y SZ particles as described in the previous section.

The conductivity and microstructures after 24 h of operation are shown in Figures 22 and 23.
The conductivity results al'so correlate well with the electrochemical response, both suggesting that
the sintering between Ni particles has been reduced with higher densification temperatures. This
results in better Ni-Ni particle contact throughout the cermet, and therefore more paths for
conduction. The microstructures also suggest that the higher annealing temperature has a more
rigid structure (the grains are larger, ~ 1-2 um, and bonded well to one another) than the
progressively lower annealing temperatures.

Higher annealing temperatures (1500°C) have demonstrated that an improved stability, lower
overpotentials, and higher conductivities can be achieved for both the pre-cacined and
conventional prepared anodes. A direct comparison cannot be made between the two techniques
because the anodes contain different Ni contents. Although, the above results do suggest that a
lower vol % Ni (40-45) for the pre-calcined technique should be explored. This could reduce the
overpotentia and improve the stability at lower annealing temperatures (1400°C).

5.0 MAJOR ACHIEVEMENTS DURING THE PAST YEAR

Anode Studies:

¢ YSZ anodes prepared with lower Ni volume fractions (40 & 45%) resulted in lower
overpotentials and improved stability.

¢  Higher sintering temperatures effectively lowered the overpotential and increased the in-plane
conductivity. Due to constrained sintering between the anode and the Y SZ e ectrolyte, higher
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Figure 20. Microstructures of 50 vol % Ni compositions pre-calcined at 1400°C
and sintered on the Y SZ electrolyte at various temperatures.
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Figure 23 Microstructures of 45 vol % Ni compositions prepared by the conventional
technique and sintered on the Y SZ electrolyte at various temperatures.

sintering temperatures allowed more densification in the z-direction, resulting in arigid YSZ
structure to support Ni particles

¢ By decreasing the densification between Ni grains, there are more paths for conduction (more
Ni-Ni contacts throughout the structure and higher conductivities) and alarger number of Ni-
Y SZ contacts (lower overpotentials).

¢  The45vol% Ni composition co-fired with the electrolyte had the lowest initial overpotential
of any cermet with asimilar composition.

6.0 FUTURE ACTIVITIES

With respect to the major thrusts of this program:

+ Fabricate additiona single cells with controlled microstructures of the anode by co-synthesis
of the Y SZ and NiO; incorporate interfacial modifications to improve the catalytic activity.

+ Gain a better understanding of the mechanisms involved in improving cell performance via
electrochemical and impedance techniques.
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Introduction and Objective

Planar SOFC technology development at SOFCo, a McDermott Technology
Inc./Ceramatec partnership, has the primary objective of demonstrating compact, high
efficiency power generation systems with multi-fuel capability meeting commercial
performance goals. Current programs synergistically address this goal through an
internally funded program focusing on stack development and system integration for
pipeline natural gas (PNG) operation, a DARPA sponsored program to demonstrate
logistic fuel operation, and a program to develop cell and stack technology for low
temperature operation supported by EPRI.

Recent advances made in planar SOFC stack performance and endurance enabled
SOFCo to successfully demonstrate several small scale integrated systems using pipeline
natural gas fuel. These advances have enabled verification of system concepts at tall stack
scale (more than 60 cells, 4”x4”) with commercial level endurance. The system concept
using the patented CPn® design, thermally integrates the stack, air preheater, and the
reformer by co-locating these components. This platform provides the flexibility to
accommaodate stacks based on advanced thin film cells currently under development.
Multiple system tests enabled development and demonstration of continual
improvements at the system level. The design and fabrication of a logistic fuel reformer
has been completed in a parallel activity. Process integration of a one kW CPn® system
with the logistic fuel reformer has been planned for the third quarter of this year.



Approach

With the recognition of the system costs and endurance benefits from lower
operating temperatures, developmental efforts have been focused in three key areas:

stack technology development - advancement of low temperature
(SOFCo) electrode technology through materials
and process improvement
construction and testing of short stacks
system verification of tall stacks in the
environment of an integrated natural
gas reformer and air recuperator

new materials development - development and optimization of new
(EPRI) electrolyte materials

fuel processor development - development and integration of logistic
(DARPA) fuel reformation technology

Optimum fuel cell technology development is based on the requirements of
integrated power systems, rather than considering only isolated individual cell and stack
components and plant equipment. SOFCo developments including the CPn® design and
logistics fueled generator are being developed with this system based approach.

The SOFCo CPn® concept evolved through recognition of the impact of balance
of plant (BOP) on the economy and efficiency of the total system. The design optimizes
the total system and maximizes the efficiency of the system while simultaneously
reducing the number of high temperature components peripheral to the stack. The CPn®
module consists of a multistack arrangement that allows multistage oxidation of the fuel.
Efficiency is enhanced by effective thermal coupling of the stacks with fuel and air
processes. The CPn® power system comprises planar SOFC stacks, fuel processor
components and the BOP equipment.

The most salient CPn® design feature is the Thermally Integrated SOFC Module,
which houses the fuel cell stacks, an air heat exchanger, reforming catalyst, and a spent
fuel burner. Air, used as the fuel cell oxidant and coolant, is preheated by heat exchange
with the stack air exhaust and delivered to the SOFC stacks. This heat exchanger is
incorporated into the wall of the module housing. The fuel processing system is coupled
to the stacks within the thermal enclosure accomplishing internal reformation of
hydrocarbon fuels. Thermal integration of key process streams within the module
provides optimum system performance in a compact, reliable power system.



The key to achieving a low-cost, reliable system is the iterative design and
manufacturing development of primary components from a systems perspective, rather
than independently developing components separately then combining them into a
system. The SOFCo CPn® power system has been successfully demonstrated in a 1.4
kW and several multi-100 W modules.

Results

Cell/Stack Development

Early developmental activities focused on establishing stable cell operation at
1000 °C. Performance degradation of less than 0.5% per 1,000 hours has been
demonstrated for over 46,000 hours of operation (Figure 1). Electrode improvements
have established stable stack performance at 850-900°C. The long term performance of
5-cell stacks using the improved low temperature electrodes is shown in Figure 2. Further
advances have yielded stacks with demonstrated 800° C operation at an area specific
resistance of under 1 ohm.cm? (>250 m\W/cm? peak power density) using 180 micron
zirconia electrolyte (Figure 3). Stack performance greater than 95% of single cell
performance is now typical.

Single cells have been tested with high sulfur containing fuels (H, with 500 ppm
H,S). Stable cell operation during 150 hours of H,S exposure (Figure 4) has been shown.
Less than a 30 mV loss was registered while operating on the H,S containing fuel.

Several integrated system level verifications using pipeline natural gas fuel have
been completed. The stack module typically consisted of 60 cells of 4”x4” size. An
integrated PNG fuel processor and air preheater were key elements of the system test.
The primary objectives of these tests were to establish the stability of stack performance
and various sub-systems for multi-100 hours, and to provide experimental verification of
system thermal models.

Key Results from these tests are summarized below:

Theoretical open circuit voltage using both humidified hydrogen and reformed natural
gas for a 62 cell stack over four thermal cycles to room temperature.

Verification of model predicted system performance (stack performance and thermal
distribution).

Performance stability over 250 hours of operation using PNG fuel (Figure 5).
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Low Temperature Electrolyte Development

In the area of low temperature electrolyte materials, two classes of materials were
evaluated: doped ceria and lanthanum gallate. Both single cells and stacks were fabricated
and tested. Although the ceria electrolyte is known to exhibit electronic shorting under
fuel cell operating conditions, exceptional performance stability was observed. A ceria
electrolyte single cell was operated for 15,000 hours with negligible performance
degradation (Figure 6). Performance models incorporating experimental data show stack
efficiencies of 45% could be achieved using natural gas fuel. The ability of these cells to
operate at temperatures of 600 - 700°C provides an opportunity for lower BOP costs. A
lanthanum gallate electrolyte stack (5x5 cm, 5 cells) operating at 750°C has shown very
low degradation over the initial 3,000 hours of operation (Figure 7).

Logistic Fuel Processor Development

SOFCo, through sponsorship from DARPA and the U.S. Army, is working on a
three-phase, four-year program to demonstrate a mobile electric power fuel cell generator
operating on logistic fuel. The program aim is to integrate planar solid oxide fuel cells
with a JP-8 fuel processor into a compact generator module. This integration of fuel
processing equipment for reforming high sulfur (0.3% by weight) logistic fuel, with SOFC
stacks into a compact hardware configuration will represent a significant advance in the
state-of-the-art in SOFC system technology.
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The U.S. Army Lightweight Multipurpose Shelter (LMS) was selected as a target
application for this project (Figure 8). The LMS generator is housed within a small
tunnel, measuring approximately 29" x 25" x 84", near the front of the shelter. The LMS
selection was based on the Army's interest in an efficient and quiet power supply to
replace the current diesel generator, and the suitable match between the LMS power
requirement and the 10 KW demonstration size for the current program.

During June 1996 (Phase 2 in the program) SOFCo demonstrated a 10 kWe partial
oxidation (POx) fuel processor in combination with a 100 W solid oxide fuel cell stack
(Figure 9). This was the first successful demonstration of a planar SOFC stack operating
on JP-8 fuel !

The Phase 2 fuel atmospheric pressure processor used partial oxidation (POXx) to
reform the JP-8 into a hydrogen-rich synthesis gas (syngas) for use in the fuel cells.
While a100 hour demonstration of the fuel cell/fuel processor system was achieved,
further development in the areas of maintenance, portability, and efficiency was planned
for Phase 3 before overall system physical integration could begin.

The Phase 3 fuel processor objectives focus on reducing maintenance, improving
fuel conversion efficiency, and demonstrating a soot management system compatible with
MEP mobility requirements. A new, proprietary POXx reactor design is key to achieving
these goals. The new design, which is based on proven gasification experience, will
accommodate the temperatures and gas residence times required for efficient, long-term
operation. In addition, efforts to prevent or minimize coke and soot formation rely on
detailed analysis of the reactant mixing and synthesis gas handling. A key challenge is to
demonstrate suitable performance in the system which is 1/200th the scale of industrial
units.

Proprietary numerical models for the primary partial oxidation reactions were
used, together with existing industrial gasifier design and performance correlations to
evaluate various POx reactor designs. The POx reaction numerical models include zero,
one, and two-dimensional flow representations with quasi-global kinetic modeling. In
particular, two-dimensional models, which include full reaction kinetics were used to
predict reactor flow patterns, mixing performance, gas residence times, temperature fields
and gas composition. The models were benchmarked with data from the Phase 2 fuel
processor and then validated using industrial reactor data.

To validate and confirm multi-dimensional numerical models, physical flow
visualization tests were conducted. Plexiglas models based on candidate reactor and flow
nozzle designs were tested. Air flow rates were adjusted to match stream momentum.

' “Status of SOFCo Planar SOFC Technology Development”, R. Privette, M. Perna, K. Kneidel, J.
Hartvigsen, S. Elangovan, A. Khandkar, 1996 Fuel Cell Seminar, Orlando, Fla, Nov. 17-20, 1996.



Figure 9. Phase 2 breadboard system arrangement



Smoke particles, illuminated in a two-dimensional laser sheet, were used to evaluate
mixing patterns. Figure 10 shows smoke being injected into a model reactor to investigate
potential short circuiting of the reactor which could result in unreacted fuel in the product
syngas. This approach of combining physical and numerical modeling allowed several
different design configurations to be evaluated and optimized.

The Phase 3 fuel processing train has been physically unintegrated to allow
optimization of the fuel conversion performance through independent control of operating
parameters. The fuel processing train is shown in Figure 11. Included are separate
components which accomplish fuel and water vaporization, air preheating, JP-8 partial
oxidation, synthesis gas cooling, soot filtering, desulfurization, and reheating. The
system is designed to operate over a wide range of temperatures (to 3000 °F) and
residence times. It is predicted to achieve a 75% cold gas efficiency?. This is significantly
higher than the 50-55% conversion level achieved in Phase 2.

Physical and thermal re-integration of the fuel processor will follow subsystem
optimization. This integration, including the fuel cell heat and steam byproducts is
expected to provide substantial size and weight savings necessary to meet the aggressive
constraints of the Army LMS application and will benefit the overall system efficiency.

In addition to increased efficiency and reduced maintenance, another important
functional requirement for the Phase 3 fuel processor is the ability to operate with a soot
filtering system compatible with the MEP mobility requirements. In the Phase 3
demonstration, an automated system using two parallel soot filters will be used. This will
allow continuous on-line soot filtering by cycling between the filters. Cleaning of the off-
line filter will be accomplished by injecting air to oxidize the collected soot. The new
system requires less space than the soot filter system used during Phase 2.

The feasibility of oxidizing the soot to clean the filter was evaluated with a 1/3rd
scale bench test. A sintered metal filter was installed within a vessel and positioned in a
furnace to control temperature. Soot collected during Phase 2 testing was first fluidized in
a nitrogen stream and applied to the outside surface of the filter. After soot application, a
low flow-rate of air was directed through the filter to oxidize the soot. Analysis of the
exhaust gas composition (CO and CO, ) was used to monitor rate of soot oxidation.

Encouraging results were obtained from the soot filter cleaning tests as shown in
Figure 12. These tests demonstrated the ability to clean the sintered metal filter on-line
and achieve a clean condition (as determined by pressure drop). The time required to
oxidize the soot was determined by monitoring the oxygen concentration in the product
gas. Repeated cycles of soot filtering and soot oxidation demonstrated the ability to
return to a repeatable filter pressure drop. These results indicate that there will not be a

2 Cold gas efficiency = Higher heating value of (H, + CO) products/ Higher heating value of feedstock
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gradual increase in pressure drop across the filter from repeated cleaning cycles over the
hundreds of hours of fuel processor operation.

System installation is nearing completion in the test facility at the McDermott
Technology, Inc. Alliance Research Center in Alliance, Ohio. Fuel cell system
demonstration is planned for late September, 1997. Following successful demonstration
of the breadboard logistics fueled solid oxide fuel cell system, efforts are planned to
address physical integration and transient operation.

Future Activities

In addition to the EPRI and DARPA/U.S. Army sponsored work, SOFCo also
has several initiatives aimed at the commercial development of planar, solid oxide fuel cell
technology. The Distributed Power Initiative (DPI) is currently developing a 2 kW
natural gas fueled Technology Demonstration Unit (TDU). This TDU will be the first
complete integration of a thermally self-sustaining planar SOFC system including the
reformer, storage, inverter, controller and heat recovery components. A subsequent 10
kW TDU is also being designed and will be constructed in 1998.

The DPI’s ultimate goal is to make use of both previous and current research to
develop a commercial system for an initial market entry sized from 10kW-50kW. Field
demonstration units will be built for specific high-value applications in an effort to
penetrate the commercial market in those areas where higher priced initial units can be



introduced at a premium. Although specific to the market segment in which the units will
be introduced, much of the work associated with the DPI is aimed at both standardizing
component design and manufacturing. In addition, an aggressive manufacturing cost
reduction program also accompanies the DPI wherein high rate/high volume manufacturing
techniques are being developed in an effort to reach cost targets derived from market
based demand and performance parameters.

Acknowledgment

This work is sponsored, in part, by the Electric Power Research Institute, the
U.S. Army Research Office, DARPA, and SOFCo. The content of the information does
not necessarily reflect the position or the policy of the U.S. Government, and no official
endorsement should be inferred.



Planar SOFC Integrated System
Technology Development

Fuel Cells ‘97 Review Meeting
August 27, 1997
Morgantown, West Virginia

Work Supported by
EPRI
DARPA
SOFCo

Clean Enerpy for the Worfd




Outline

“ Development Scope Overview
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Stack Technology: Long Term Stability
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Low Temperature Stack Technology

®Approach to temperature reduction
®clectrode/interconnect optimization

® conventional 180um YSZ

estackable thin film YSZ
eceria
®lanthanum gallate



Temperature reduction:
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System Technology Development

Mobile Electric Power
€DOD Logistic Fuel Operation
®POx Fuel Processing
®Process Integration (Breadboard Test)
®Physical Integration



DARPA/Army Logistic Fuel Program




LSOt Co—
SOFC Mobile Electric Power

Four-year program sponsored by DARPA and
U.S. Army Research Office

Application
€10 kWe mobile generator for Army Lightweight
Multipurpose Shelter
Key project elements
& Compact, lightweight system for mobile applications
& JP-8 fuel processor development
& Power system integration withi SOFCs
& Demonstration of multi-k\WW SOEC power system



SOECo

Phase 2 System Demonstration

400 hr operation of
compact 10 kW,
partial oxidation JP-8
fuel processor

Demonstrated
Integrated system of
SOFC stack operating
on JP-8
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Phase 3 Intermediate Demonstration

Integrated breadboard system demonstrating
prototype-ready subsystem development

1 kWe SOFC Stacks
®Fuel Utilization >50%

10 kWe JP-8 Fuel Processor
% /5% fuel conversion to H, ,CO based on HHV
®Uninterrupted operation for 100+ hrs
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Logistics fuel processor

Features.

o Efficient fuel conversion
e Low maintenance

« Compact syngas filter

Unintegrated to

allow performance
optimization through
Independent subsystem
control
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Dependence on time, temperature
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Regenerable soot filter

« Automated system for on-line
soot filtering

» Reproducible filter regeneration
(oxidation) demonstrated

Soot Filter Pressure Drop Results
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SOFCo
Reactor design for enhanced mixing

Numerical and physical flow modeling
were used to evaluate design options.




SOFECo
Hardware installation

« System demonstration planned
for September, 1997

e Future workscope will
address hardware integration
and performance mapping




Technology Demonstration Unit (TDU)

= Technical Objectives

® integrated package
® 2kW stack output
® pipeline natural gas input
® thermally self sustaining
® electrically self sustaining
® AC output

o WaslE Neat output
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Tape-Calendered SOFC Stack Development

Nguyen Q. Minh (nguyen.minh@alliedsignal.com; 310-512-3515)
Brandon Chung (chungb@alliedsignal.com; 310-512-3999)
Kurt Montgomery (kurt.montgomery@alliedsignal.com; 310-512-1557)
AlliedSignal Aerospace Equipment Systems
2525 West 190th Street
Torrance, CA 90504-6099

Abstract

Recent SOFC stack development efforts at AlliedSignal have been focused on
demonstrating operation and performance at reduced temperatures (600 @).880cost-
effective process based on tape calendering has abeen developed for making reduced-temperature
thin-electrolyte cells, and a stack design concept for this application has been evaluated. Use of
thin-electrolyte cells reduces stack internal resistances, thus permitting efficient operation at lower
temperatures. The proposed stack design incorporates thin-electrolyte cells with metallic
interconnect assemblies (made from thin foils) to form a compact, lighweight structure. SOFC
stacks based on this design have demonstrated excellent performance and high power densities.

To date, tape-calendered SOFC stacks of up to ten-cell height and 200-cm footprint area
have been fabricated. Stacks of various sizes have been tested and have shown excellent
performance at reduced temperatures. For example, the power output of a two-cell stack (25-cm
footprint area) is about 26 W at 80CG with hydrogen fuel and air oxidant (power density of
670 mW/cnm ). A five-cell stack (100-éfootprint area) produces about 270 W at 8Q0
(600 mW/cn Jand 170 W at 700C (375 mW/cm ). High stack power densities (1.03 kW/kg
and 0.90 kW/L at 800C) have been demonstrated.

This paper discusses the development status of the tape-calendering process and the
fabrication and operation of tape-calendered stacks at reduced temperatures.



Fuel Cells ‘97 Review Meeting

FETC, Morgantown, WV
August 26-28, 1997



Tape Calendered SOFC Stack Development

e Approach
— Reduced - Temperature Operation
— Tape Calendering for Cell Fabrication
— Stack Design
 Low Cost
 High Performance
e Light Weight and Compactness
 Funding
— GRI (Dr. Kevin Krist)

— DARPA (Drs. Larry Dubois, Robert Rosenfeld, Robert
Nowak)

M-12281.ppt



Reduced-Temperature SOFCs

Operating Temperature of 600° - 800°C

Conventional Materials with Thin YSZ
Electrolytes

Key Advantages

— Wider Material Choice
— Increased Cell Life

— Reduced Fuel Cell Cost
— Improved Reliability

M-11295.ppt



Stack Configuration
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Design Features

Thin-Film Electrolytes to Permit Efficient
Operation at Reduced Temperatures

Lightweight Metallic Structures to Achieve
High Power Densities

Low-Cost Materials and Fabrication
Processes
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Stack Assembly Processes

Interconnect
Assembl
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Thin-Electrolyte SOFC
Fabrication Sequence

Tape Forming Forming Rolling

O Thin Electrolyte
m. i ’___ Electrolyte " Bilayer Bilayer . on Anode Layer
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Thin Electrolyte Cell

LaMnO; Zro, NiO/ZrO,
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Performance Curves of Five-Cell Stack
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Performance Curves of Five-Cell Stack
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Technological Issues

Performance Losses in Stacking
Sealing

Thermal Cycling

Life

11299.ppt



Summary

« Reduced-Temperature Operation
Demonstrated (e.g., 5-Cell Stack,
100-cm2 Footprint. 270 W at 800°C)

 Excellent Stack Performance
Achieved at Reduced Temperatures
(e.g., 600 mW/cm? at 800°C)

e Several Issues to Be Addressed
(Performance Losses in Stacking,
Sealing, Thermal Cycling, Life)
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Solid Oxide Fuel Cells (SOFCs) for the Direct Oxidation of Methane

Raymond J. Gorte (gorte@seas.upenn.edu; 215-898-4439)
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Department of Chemical Engineering
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Department of Materials Science and Engineering
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Introduction

This newly funded project is merging the optimization of yttria-stabilized zirconia
(YSZ)-based mixed-conducting electrodes with the development of anodes for the direct
oxidation of methane. A mixed-conducting YSZ-based electrode has a number of
advantages; these include enhanced mechanical and chemical compatibility with the
YSZ electrolyte, an increased charge-transfer reaction area resulting in a lower electrode
overpotential, and greater tolerances to gas impurities (e. g. sulfur in fuel gases)

Direct oxidation of methane in SOFCs avoids the equilibrium limitations of the
steam-reforming reaction for low-temperature operation and the necessity of having a
separate steam-reforming reactor. Our ultimate goal in merging developments from
these two areas of research is to develop reduced-temperature SOFCs which are robust,
inexpensive to fabricate, and can be operated at 600 to 800+C.

Problems

The work involving mixed-conducting YSZ-based electrodes is at a more
advanced stage than the direct-oxidation work. We have demonstrated that the
overpotential losses of YSZ-based electrodes can be lower than the electrodes currently
used in SOFCs, and that a YSZ-electrolyte cell with YSZ-doped electrodes can exhibit
attractive current and power densities. We are now determining the best dopants for
optimum cell power densities at reduced temperatures, and are minimizing interfacial
resistances and overpotential losses in thin-film YSZ cells having YSZ-based electrodes
containing the optimum dopants. We are also collaborating to develop an attractive
anode for the direct oxidation of methane.

A key limitation for the direct oxidation of methane, particularly at temperatures
below 800<C, is the relatively low reactivity of methane. This is the reason essentially all
SOFC designs require that methane first be converted to hydrogen through steam
reforming. The question is why can’t one carry out the oxidation of methane directly?
The rates required in a fuel cell are not extremely high. For a current density of 1
Amp/cnt, a porous anode with only 1 ém of catalytic surface area per cm of planar fuel
cell (very low for a porous catalyst) would require a turnover frequency of less than 10, a
reasonable value for oxidation catalysts.



To answer the question posed above, one needs to consider what is actually
occurring at the anode in conventional SOFCs and consider the likely reasons why most
attempts at direct oxidation of methane have failed. First, while the Ni-zirconia cermet
commonly used at the anode is sometimes referred to as an “electrocatalyst”, there is no
evidence that it performs this function. The Ni really acts only as a steam reforming
catalyst and current carrier. The H formed by steam reforming is so reactive that it can
probably be oxidized on the YSZ surface at the typical temperatures used in SOFCs.
There is considerable evidence from the literature that oxygen anions from the YSZ
electrolyte never migrate to the anode surface when metal catalysts are used. Oxygen
anions can diffuse from YSZ to mixed-conducting oxides, such as ceria and bismuth (1);
and some success has been achieved for the direct oxidation of methane using these
materials. However, no known oxide has achieved acceptable rates.

Previous Results

Mixed-Conducting YSZ-Based Electrodes

In the cathodic environment (air) of a SOFC, the best dopant to produce a YSZ-
based electrode is one which provides the highest p-type electronic conductivity with no
significant degradation of the oxygen-ion conductivity. We have successfully
synthesized mixed-conducting YSZ-based cathodes by dissolving terbia (TbO1.75) into
YSZ. The Y8ZTb20 (YSZ containing 8 mole % yttria and 20 mole % terbia) and
Y8ZTb30 solid solutions have excellent mixed (oxygen-ion and p-type electronic)-
conductivities (2, 3). Fig. 1 shows that the overpotentials of six mixed-conducting
Y8ZTh30 and Y8ZTb20 cathodes (having different preparation methods and thicknesses)
are smaller than those of the similarly prepared platinum and the currently used
La0.85Sr0.15Mn0O3 (LSM) cathodes (4, 5). This is believed due to the increased charge-
transfer-reaction area for the mixed-conducting Y8ZTb cathodes.

We have also dissolved titania in Y8SZ and Y12SZ to obtain a YSZ-based anode.
(6,7). The n-type electronic conductivity of YZTi becomes significant when the oxygen
pressure is below ~ 10 atm due to the presence of btth Ti  &hd Ti cations and the
associated electron hoping between them in these very low oxygen-pressure
environments (7, 8). The n-type electronic conductivity of titanium-doped YSZ
increases with decreasing oxygen pressure and with increasing titania concentration and
temperature (7, 8). Because typical oxygen pressures at the fuel-gas anode in a SOFC
vary from 10" to 1G° atm, a YSZ-based anode containing titanium cations should have
excellent mixed (oxygen-ion and n-type electronic) conductivity. Fig. 2 shows that the
Y8/ZTi20 and Y12ZTi20 anodes have much lower overpotentials than those of a Ni/YSZ
cermet anode (4, 7).
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Fig. 1 Comparison of the overpotentials of the
Y8ZTb20 and Y8ZTh30 cathodes with Pt and
Lap.g85Srg.15Mn0O3 cathodes in air.

Fig. 2 Comparison of the overpotentials of the
Y8ZTil10, Y8ZTi20, Y12ZTi10, and Y12ZTi20 anodes
with that of a Ni(30 vol%)/Y8SZ cermet anode at
2x10-18 atm PO2

The cell voltage variation with current density for two Y8ZTb/Y8SZ /Y8ZTi or Y12ZTi cells
(4, 7) are shown in Figs. 3 and 4. The improved cell performance shown in Fig. 4 over that shown in
Fig. 3 is consistent with the Y12ZTi20 anode overpotentials being lower than those of the Y8ZTi20
anode (as shown in Fig. 2). This research has resulted in two patents (9, 10).
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Fig. 3 Single oxide cell performance at 915°C
for the cell: Air, Y8ZTb20/Y8SZ /Y8ZTi20,
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Fig. 4 Cell performance of the single oxide cell: Air,
Y8ZTb20/Y8SZ /Y12ZTi20



The power densities of these cells are not yet comparable to the largest ones reported for
thin film (~ 5 -10 mm) YSZ cells, principally because the thickness of our YSZ
electrolyte was much larger (~ 1,500 mm). However, our results for single-cells with
mixed-conducting YSZ-based electrodes demonstrate that these electrodes can be
attractive competitors in the next generation SOFCs. For example, we estimate that the
power density of our mixed-conducting YSZ-based electrode cell at 800-C with a thin-
film YSZ-electtolyte thickness of 10 mm can be as high as ~ 2.6 W/cm ), depending on
the thickness and morphology of the electrodes. In obtaining this maximum number, we
have assumed that the major cell losses are ohmic ones, which is justified by the lower
electrode overpotentiah] losses illustrated in Figs. 1 and 2. Furthermore, our YSZ-
based electrode overpotentials at higher current densities can be reduced by optimizing
dopant compositions and morphology. We are also working collaboratively in the
develop of new anodes for the direct oxidation of methane.

Anodes for the Direct Oxidation of Methane

Automotive, emissions-control catalysts have the properties one is looking for in
a SOFC anode. Automotive catalysts contain as much as 40 wt % ceria, with a very
small amount of precious metals like Pt, Pd and Rh. The ceria plays the role of oxygen-
storage component, a critical component for maintaining the oxygen stoichiometry in the
exhaust. To achieve the oxygen-exchange rates needed in automotive applications, ceria
must be in intimate contact with the precious metal and it seems clear that oxygen
transport between the ceria and the precious metal plays a fundamental part in oxygen
storage. For example, in our own work in this area, we have shown that small Rh
particles supported on ceria films appear to be oxidized by the ceria in vacuum at
temperatures close to room temperature (11). These ideas have obvious application to
anode design in SOFCs. High catalytic activity for oxidation of methane in a SOFC
anode is not useful if one cannot provide oxygen to the catalyst surface, but the materials
used in automotive catalysis provide both high catalytic activities and high oxygen
transfer capabilities.

We have used anodes consisting of samaria-doped ceria (SDC), of varying
thickness (ie. varying catalytic surface area), with and without Rh added as a dopant (12).
The current carrier in our test cells was a Au mesh attached directly to the YSZ
electrolyte. Two key features of this cell are noteworthy. First, the catalytic and current
carrying functions in our test cell were separate. Au was used to carry current in our
studies simply because of its inert catalytic properties. Second, by placing the current
carrier next to the electrolyte, electronic and ionic resistances in the anode due to
changing the thickness of the catalyst should not strongly affect the performance.

The results obtained using hydrogen as a fuel were largely independent of either
anode thickness or presence of the metal at 800°C. The current-voltage characteristics
were essentially identical on all four cells tested, even when the thickness of the SDC
was increased by a factor of 10, whether or not Rh was added as a dopant. Because the
electrolyte in our cells was relatively thick (1.7 mm) it appears that the performance was
completely limited by oxygen-ion conductivity in the YSZ. The same was not true when
dry methane was used as a fuel. First, increasing the thickness (surface area) of the SDC
by a factor of 10 had the effect of increasing the open-circuit voltage from ~0.2 volts to
0.9 volts, as well as increasing the maximum current density from 2 mA/cm to ~10



mA/cn?. Both performance measures were less than that obtained using hydrogen as a
fuel, where the maximum current density was greater than 30 MA/cm . More interesting,
when Rh was added to the anodes by impregnation of Rh(NO ), the performance of the
cells changed dramatically. Independent of the SDC thickness, the maximum current
density and power generation increased to the level found using hydrogen as a fuel.

The above results demonstrate several points but also raise several questions. For
the SDC anodes without Rh, it appears that catalytic activities of the anode limited the
performance of the cell. With the addition of Rh as a dopant, however, it appears that the
performance was no longer limited by the anode. Clearly, further work is needed to
determine the point at which anode catalytic properties will limit performance. The
results do, however, prove that direct oxidation of methane is feasible with optimized
anodes.

Future Work

Future work will be focussed towards optimising mixed-conducting YSZ-based
electrodes and developing anodes for the direct oxidation of metameepts from
both areas will be incorporated in developing SOFCs for the direct oxidation of methane.
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ABSTRACT

Conversion of chemical energy of combustion of a fuel into electrical energy by fuel cells
continues to be an important thrust area of energy conversion technology. Among these, fuel
cells using either molten salt (MCFC) or solid oxide (SOFC) electrolytes are of particular
interest because operation at higher temperatures allows for the use of natural gas as a fuel.
High temperature fuel cells, however, are subject to materials-related problems such as
corrosion which increase with temperature. In addition, the Nernst potential also decreases
with increasing temperature. These two factors suggest that lowering of the operation
temperature is preferred. However, higher operating temperatures are desirable for interna
reforming as well as to minimize losses at electrolyte/electrode interfaces. Based on these
considerations, atemperature range between ~600 and ~800°C is considered optimum. The
focus of the present work has been on the development of solid oxide fuel cells made of thin
electrolyte films supported on arelatively thick anode.

Anode-supported single cells of approximately 3 cm diameter with anode thickness of ~0.75
mm (750 um), Y SZ electrolyte thickness of ~10 pm, and LSM + Y SZ cathode thickness of ~50
um were fabricated. The cell fabrication procedure consists of depositing athin film of YSZ by
dip-coating on a powder compact of a mixture of nickel oxide and YSZ. Densification was
achieved at atemperature below 1400°C. Single cells were tested between 650 and 800°C with
humidified hydrogen asthe fuel and air asthe oxidant. Maximum power density at 800°C was
» 1.8 W/cm? (area specific resistance ~0.15 Wem?) and that at 650°C was » 0.8 W/cm? (area
specific resistance ~0.34 Wem?). The area specific resistance of the cells obeyed Arrhenius-
type behavior with an activation energy of 50 kJmol. The observed behavior is in accord with
the theoretical analysis of cell performance which takes into account transport of gaseous
species through the porous el ectrodes.

For stack testing, square-shaped cells of dimensions 5 cm x 5 cm x ~2-3 mm were made. Four
cell stacks with metallic interconnects were tested at 800°C. The interconnect was configured



from a commercia aloy foil of 5 mil thickness. The interconnect was subjected to surface
treatments to improve its performance. No glass seal was used. The edges of the metalic
interconnects serve as sealing gaskets. Manifolds were made of commercia aloys. The
manifolds are spring-loaded against the stack with electrically insulating gaskets. The absence
of asealing glass allows one to disassemble the stack and reuse the same cells. Often, the same
cells were used more than ten times. Also, the presence of alarge amount of nickel in the anode
renders the cells highly thermal shock-resistant. For example, a cell could be cooled from
800°C to room temperature within a few minutes. The typical repeat unit (anode-€lectrolyte-
cathode-interconnect) area specific resistance was measured to be~0.5 Wem2. The cells used in
this preliminary work were of athickness much greater than the most optimum. Current efforts
are directed towards lowering the thickness down to “1.5 mm.

Funded by Electric Power Research Institute (EPRI), Gas Research Institute (GRI), and the
State of Utah.

[. INTRODUCTION

Fuel cells for direct conversion of chemica energy of a fuel into electrical energy is an
important thrust area of energy conversion technology [1-7]. Among these, fuel cells using
either molten salt or solid oxide el ectrolytes operate at high temperatures which alows for the
use of natura gas as afuel unlike low temperature PEM fuel cells which must use hydrogen.
High temperature fuel cells, however, are not without drawbacks, the foremost being
materials-related problems such as corrosion and/or oxidation. From the standpoint of direct
utilization of natural gas as a fuel, there are two conflicting considerations. (1) Higher
operating temperatures are preferred for internal reforming as well as for minimization of
electrolyte/electrode interfacial losses, and (2) Lower operating temperatures are preferred for
attaining a higher thermodynamic efficiency in addition to minimizing corrosion/degradation-
related problems. Based on these factors, a temperature range between ~600 and ~800°C is
considered to be optimum for high temperature fuel cells.

Much work has been reported on solid oxide fuel cells (SOFCs) over the past two decades.
The commonly used solid electrolyte in SOFCs is yttria-stabilized zirconia (Y SZ) which
exhibits excellent stability and remains essentially a pure ionic conductor even in a reducing
environment. At agiven temperature, ionic conductivity of Y SZ islower than that of bismuth
oxide or ceriawhich necessitates higher operating temperatures. Recently, however, there has
been considerable effort devoted towards developing SOFCs for operation at temperatures
lower than 800°C. If Y SZ isused as the electrolyte, it isimperative that its thickness be made
as small as possible. A thickness on the order of 10 um is considered reasonable. Thin YSZ
films, however, are not strong enough to be self-supporting and must be supported on either a
porous anode or a cathode. In such cells, the ohmic contribution to the cell resistance can be
made small. However, it is necessary that gas transport through the porous electrodes does not
significantly add to the overall cell resistance. Thus, in electrode-supported cells, the electrode
structure is an important design parameter.

The design of ahigh performance SOFC requires careful attention to the following parameters:
(1) Ohmic contribution of the electrolyte and the electrodes, (2) Charge transfer or activation
polarization, and (3) Mass transport through porous el ectrodes or concentration polarization. In
SOFCs employing a thick electrolyte (typically > 150 um) as the supporting member, the
ohmic contribution is usually a significant part of the overall cell resistance. In addition, the
activation overpotential may also be substantial. By contrast, in €l ectrode-supported (either an
anode or a cathode as the supporting structure) cells, a thin electrolyte (~10 to 30 um) is



deposited directly on a porous electrode. Thick porous electrodes additionally lower the
activation overpotential or charge transfer resistance [9-11]. However, concentration
polarizationcan be significant due to resistance to gas transport through porous electrodes.
Thus, electrodes must be designed to minimize both activation as well as concentration
polarizations through an analysis of chargetransfer processesat electrode/electrolyteinterfaces
and transport of gases through porous electrodes. Such a design strategy was used in the
present work for developing cells which are sufficiently thick to ensure excellent strength and
durability, while still retaining high performance that can be achieved with thin, fragile cells.
Excellent performance at the cell level is anecessary requirement for realizing high performance
at the stack level, but by no meansis sufficient. I ssues regarding the type of interconnect used,
interconnect properties concerning oxidation, and stacking strategy are equally important. In
this work, efforts were also directed towards developing planar stacks using metallic
interconnects.

1. EXPERIMENTAL PROCEDURE

Cell Fabrication: NiO and 8 mol.% yttria-stabilized zirconia (Y SZ) powders obtained from
commercial sources were mixed in desired proportionsin ethanol for 24 hours. For single cell
tests, discs of ~32 mm in diameter were die-pressed in a uniaxial press followed by isostatic
pressing at pressures up to 200 MPa. For stack tests, square plates of dimensions 6 cm x 6 cm
were pressed. Discs and plates were coated using aslurry of Y SZ in ethanol, and later sintered
inair at 1400°C for 1 hour. LSM powder of stoichiometry Lag gSro, oM nO, 3-d) Was prepared
by calcining a mixture of LapO3, SrCO3, and MnOo in air at 1000°C. T%e calcined LSM
powder was subsequently ball-milled. A mixture containing LSM and Y SZ powders in equal
amounts (by weight) was made and mixed with an organic liquid to form a paste. The paste
was applied over the sintered discs (on the dense Y SZ layer). The discs were then heated to
400°C to burn out volatiles. This procedure was repeated until alayer of 50 to 70 pm thickness
was formed. The discs were later heated to 1250°C for 1 hour. This thermal treatment was
adequate to ensure the formation of agood bond between the porous LSM + Y SZ cathode and
the underlying dense Y SZ layer, but not so severe as to form highly resistive pyrochlore phase,
LapZro07. After electrochemical tests, the cells were fractured and examined under a scanning
electron microscope. Selected samples of anodes were made with two types of Y SZ powders,
one containing 3 mol.% Y 203 (tetragonal zirconia, TZP) and the other containing 8 mol.%
Y203 (cubiczirconia). The objective was to determine flexural strength. Since the cellsin the
present work are anode-supported, it is important to ensure that the anode exhibits adequate
strength. Samples containing varying amounts of NiO and zirconia were fabricated by
conventional die-pressing, pressureless sintering in air followed by reduction in a hydrogen
atmosphere at 800°C. Flexural strength was measured in four point bending.

Single Cell Testing: The single cell test stand consists of two aluminatubesin between which a
cell can be secured. For single cell testing, disc-shaped cells were used. Silver meshes were
used as current collectors which were pressed against the cathode and the anode with a thin
layer of platinum resinate in between to ensure agood bond between the silver meshes and the
electrodes. The cell was secured in two inconel bushings with an electrically insulating gasket.
Silver current leads were affixed to the two silver meshes. The cell was placed inside afurnace.
The test stand was designed in such away that the seals (gaskets) were always under a spring
loading with springs outside the furnace. Thus, no glass seal was necessary. This permitted
repeated heating/cooling of the cells and retesting. Hydrogen as a fuel was bubbled through
water maintained at atemperature ~33°C and air was circulated past the cathode. Temperature at
the cell was varied between 650 and 800°C. Reduction of NiO into Ni was accomplished in-
situ. Cell performance was measured using an electronic load.




Stack Testing: Several four cell stacks were assembled using metallic (superalloy) interconnect.
Typical procedure for stack assembly and testing was as follows. End plates, which served as
current collectors, were also made of a superaloy. The diameter of the current collector rods
was 1.27 cm. Three voltage probes were introduced, one each attached to an interconnect. The
stack was secured inside a metallic manifold with inert, insulating gaskets as edge seals. In
order to improve the sealing, the stack was spring-loaded wherein the springs were outside the
hot zone of the furnace. Stack was tested at 800°C with humidified hydrogen asthe fuel and air
as the oxidant. Reduction of NiO to Ni was achieved in-situ. The active area of the stack was
estimated to be between 75 and 80 cm?2.

1. RESULTS AND DISCUSSION

M echanical Properties of the Anode: In order that the cells can be handled without breakage,
assembled in a stack, and survive during operation, it is imperative that at least one of the
components comprising the cell, i.e., cathode, anode, or electrolyte must be of a sufficient
thickness. The preferred choices include either the cathode as a support or the anode as a
support, but not the electrolyte since the ohmic contribution is substantial, especially with Y SZ
as the electrolyte and at temperatures below about 950°C. Figure #1 shows the results of
strength vs. nickel content of zirconia+ nickel bar-shaped samples made with 3 mol.% Y 203-
doped ZrO» (TZP) and 8 mol.% Y >0O3-doped ZrO, powder. The numbers in parentheses
indicate the porosity. Note that the strength of Ni + TZP is considerably higher than that of Ni
+ YSZ. Also, it is observed that the strength of Ni + TZP decreases with increasing Ni content
while that of Ni + YSZ increases over the range studied. The possible reason is that the
intrinsic strength of Ni may be greater than that of YSZ but less than that of TZP. A few
samples of LSM with 25% porosity were also tested for strength. Strength of LSM  was
measured to be about ~50 MPa. Note that the strength of Ni + zirconiais considerably greater
than that of LSM. Since the ionic conductivity of Y SZ is greater than that of TZP, and that Y SZ
is not sensitive to low temperature strength degradation, unlike TZP, in the present work
anodes were made of Ni + YSZ.

Issues Concerning Delamination: From the standpoint of mismatch of thermal expansion
stresses, it would appear the choice should be LSM as the support structure. This is because
the coefficient of thermal expansion of YSZ is better matched with LSM instead of Ni +
zirconia. Fortunately, YSZ has a lower coefficient of thermal expansion compared to Ni +
zirconia. Thus, the YSZ film at room temperature is under compression and thus should not
crack. It can, however, delaminate. The tendency for delamination is a function of UDa DT,
where Da is the difference in coefficients of thermal expansion and DT is the temperature
differential from the temperature at which stresses are zero (stress relief temperature) and the
test temperature, and the thickness of the film. It can be shown that the thinner the film, the less
likely it isto delaminate [8,9]. In addition, at the operating temperature UDa DTU is rather small.
Propensity for delamination can be assessed via a schematic shown in Figure #2. Since the
cathode is highly porous, its effect on the delamination calculations can be ignored in a first
order calculation. It can be shown that delamination due to thermal stresses can occur provided

[8,9],
_ 3 ngm(l_ n12)
(@,- a,)(T, - T,)=DaDT 1/—tE1 (1)

where a, and a, arethermal expansion coefficients of the Ni + YSZ anode and YSZ film,
respectively, T, isthe temperature above which stress relief by creep can readily occur, T, is
room temperature (for delamination at room temperature) or service temperature (for
delamination at service temperature), g,,, istheinterfacial fracture energy, n, is the Poisson's




ratio of YSZ (film), E isthe Young's modulus of YSZ, and t is the YSZ film thickness.

Alternatively, Y SZ films of athickness smaller than acritical thickness, t,, , given by
¢ ngm(l' nZ) (2)
Y R Vi =y
E,(Da) (DT)

will not delaminate. The preceding assumes that the thickness of the Ni + Y SZ anode is much

greater than that of the YSZ film, i.e. d >>t . Based on the known values of thermal expansion
coefficients, elastic properties of nickel and zirconia, and an assumed interfacial energy of 20

Jm2, it is etimated that t, is at least on the order of 30 to 40 pum for volume fractions of

nickel and Y SZ in the anodes of the present work. Thus, as long as the Y SZ film thickness is
smaller than 30 to 40 um, delamination is not expected at room temperature. In the present
work, typical thickness of the Y SZ film was 10 to 15 um. No delamination has been observed,
in accord with calculations.

Issues Concerning Electrode Thickness: Effective Charge Transfer Resistance: Both electrodes
in the present work consisted of a mixture of an electrocatalyst (Ni for the anode, LSM for the
cathode) and Y SZ. It is known that composite electrodes exhibit lower overpotentials [10-12].
The presence of YSZ in addition to the electrocatalyst increases the three phase boundary
(TPB) length, provides parallel path for oxygen ions and thereby spreads the reaction zone into
the electrodes. Recent work has shown that the effective charge transfer resistance can be given
in terms of the various parameters of the electrodes[12]. Figure #3 shows a schematic of a cell
in which porous composite electrodes are shown separated by a dense YSZ electrolyte

membrane. The effective charge transfer resistance, I{ﬂ is given as a function of electrode
thickness, h, by [12]

B
R = : i S 3
®14p O 2 Fipeil @ b
E—zh_(l- f )Be a +8—2h:a91- ea~+fB
&1+be 2 o d1+be 2g © P
where
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It can beshownthatash® ¥ ,the R isgiven by [12]
BR,
—_— 5
R » S (5)

Equation (3) showsthat the I{” depends upon a number of parameters including the electrode
thickness, h, in acomplicated manner. However, the asymptotic limit given by equation (5) as
h® ¥ hasasmple appearance. It is seen that I{ﬁ exhibits an inverse square root dependence
on the ionic conductivity, s,, of the electrolyte (YSZ) part of the electrolyte, square root
dependence on the intrinsic charge transfer resistance, R,, and square root dependence on the

microstructural parameter, B, of the electrode. Calculations show that typically the asymptotic
limit isreached in about 30 to 100 um of thickness, h. Calculations further show that for an

electrode of h » 50 pm, with an R, » 2.4 Wen®, it is possible to achieve K" values on the

order of 0.1 Wen¥?, i.e., over twenty times reduction in charge transfer resistance. These
considerations were used in the design of electrodes.



Issues Concerning Electrode Thickness: Concentration Polarization: Mass transport of gaseous
species through the electrodes was carefully analyzed in order to achieve the desired porosity
and electrode morphology. These considerations were important in designing electrodes to
minimize concentration polarization.

Single Cell Testing: Typical thicknesses of cathode, electrolyte, and anode were respectively
~50 pm, ~10 um, and ~750 pm. The anode porosity was measured to be 38 vol.%. Cathode
porosity was not measured on this cell but was estimated to be about 30 vol.% based on
measurements made on thicker LSM + Y SZ cathodes made separately. Figure #4(a) shows the
results on one of the cells in which the voltage is plotted vs. current density at four
temperatures; 650, 700, 750, and 800°C. The short circuit current density at 800°C was in
excess of 5.5 A/lcm? and that at 650°C was in excess of 3 A/cm?2. The voltage vs. current
density trace exhibits an initial concave-up curvature followed by an approximately linear
behavior, followed by a convex-up curvature at higher current densities. This trend was
particularly more pronounced at higher temperatures. Slopes of linear regions of the voltage vs.
current density plots were estimated at the four temperatures. This slope yields effectively the

area specific cell resistance, R, predominantly the ohmic contribution. The R, should
contain at a minimum the area specific resistance of the electrolyte, r t, where r, which is

£ 10 . o . . .
g: —Z, is the electrolyte resistivity and t is the electrolyte thickness. Table 1 gives the
experimentally measured conductivity of aY SZ disc of 2 mm thickness at the four temperatures
at which the cell performance was measured. Also given in the tableisthe estimated electrolyte

contribution to the R,,, aswell asthe measured (minimum) R, from linear parts of the voltage

vs. current density plots. R,, would also be expected to contain the ohmic part of the
activation overpotential or the charge transfer resistance in addition to the ohmic part of the
concentration polarization. The inset shows a plot of In(Ry, /T) vs. 1/ T, where T is the

temperature in K, from the slope of which, an activation energy, Q. of "50 kJmol. is

measured. The difference between R, and rt is approximately the contribution of charge
transfer and concentration polarization. This is also listed in Table 1. It is seen that
(Rai = Ryceroye) OVEr arange of temperatures from 700 to 800°C is between "0.04 and 0.07

Wem?, showing that the combined contribution of activation and concentration polarizationsis
typically less than the ohmic contribution. At 650°C, the estimated (R, - Ryeroye) 1S ONlY

about 0.007 Wen?. We believe such a low value simply reflects an error due to possible
differences between the actual ohmic contribution in the cell and that estimated based on
measurements of conductivity made on athick pellet. The ionic conductivity of the thin film
Y SZ inthe actua cell may have been higher than the thick disc due to some differences in the
microstructure, e.g. the grain size or differences in the grain boundary structure/chemistry.
Nevertheless, the results show that in the anode-supported cells made in the present work, the
combined contribution of activation and concentration polarizations has been substantially
lowered compared to some of the work reported on electrolyte-supported cells.

Figure #4(b) shows the corresponding plots of power density vs. current density at various
temperatures. The maximum power density measured at 800°C was ~1.8 W/cm?2 and that

measured at 650°C was ~0.82 W/cm?2. It is seen that power density vs. current density plot
becomes increasingly nonsymmetric with increasing temperature. This behavior is consistent
with calculations based on transport of gaseous species through porous el ectrodes.



In order to assess the thermal shock behavior of anode-supported cells, the following
experiments were performed. Some of the cells of dimensions~5 cm x ~5 cm and ~2-3 mm in
thickness, that had been heat treated in hydrogen to convert NiO into Ni, were heated in an
inert atmosphere to 800°C (to prevent the oxidation of Ni). Then, while still hot, the cells were
removed from the furnace and placed on a ceramic plate at room temperature. The cells did not
crack and the Y SZ electrolyte did not debond indicating that the thermal shock resistance of
these anode-supported cells is excellent.

Stack results: Stack testing was conducted at 800°C using cells of typical dimensions ~5 cm x
~5 cm x ~2-3 mm. Each stack tested had four cells separated by metallic interconnects. The
Interconnect was subjected to surface treatments to minimize the effects of oxidation. The best
interconnect material explored to date exhibits an area specific resistance of ~0.08 Wem? after
5,000 hours at 800°C. Performance is expected to be better at a lower temperature such as
650°C. Voltage probes were introduced between each repeat unit. No glass was used; the
edges of the interconnects themselves served as seals. Manifolds were made of a metallic alloy
which were attached using electrically insulating inorganic gaskets.

Figure #5 shows voltage vs. current for the four repeat units of the stack. Note that the repest
unit area specific resistance, including the interconnect, is as low as ~0.49 Wem?. Figure #6
shows a plot of the total power vs. current. The maximum power measured was ~33 watts.
The thickness of the repeat unit was about 3 mm. This transates into a volumetric power
density of 1.1 kW/liter (excluding manifolding) at 800°C. The cells used were not the most
advanced ones incorporating recent improvements in electrode design. It is anticipated that with
further improvementsin cell fabrication procedures and interconnect, significantly higher stack
performance should be possible. Figure #7 shows stack performance history of our work.

SUMMARY

Anode-supported single cellswith Y SZ asthe electrolyte and LSM + Y SZ as the cathode were
fabricated and tested. Maximum power densities as high 1.8 W/cm? at 800°C and 0.82 W/cm?
at 650°C were measured with humidified hydrogen as the fuel and air asthe oxidant. At 800°C,
the lowest area specific resistance measured was ~0.13 Wem? in the ohmic regime. The design
of the electrode involved attention to both charge transfer processes at electrolyte/electrode
interfaces as well as gas transport through porous electrodes. Four cell stacks using square
cells of dimensions 5 cm x 5 cm were assembled and tested using metallic interconnects.
Critical issues concerning the metallic interconnect involved oxidation resistance of the alloys
and the e ectronic conductivity of the oxide scale. Four cell stacks tested exhibited area specific
repeat unit as low as 0.5 Wem? at 800°C. The cells tested were not the highest performing
cells. Even with these cells of intermediate level performance, stack power of 33 watts was
measured which trandates into ~1.1 kW/liter at 800°C.
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Table1
Temperature|  Electrolyte Calculated Measured Rai - Ruearoiye
C) Resistivity, Riecrayie =it Ra (Contributions
r (Werr?) (Wem?) from activation and
(\Wem) concentration
polarizations)
650 248 0.248 0.255 0.007
700 147 0.147 0.189 0.042
750 91 0.091 0.151 0.06
800 61 0.061 0.130 0.069




400
= (20.6 %)
o
= 300
|
= 24.7 %)
[@)]
C
o
2 5004 (28.8 %
[@)]
= (28.9 %
© 0, .
om

100 - . - . .

30 40 50 60

Vol% (Ni/Solid)

(Poronsitv in Parenthesis)

O Ni-YSz

¢ Ni-3Y TZP

Figure #1: Flexura strength measured on Ni + 8 mol.% Y 2Os-doped ZrO» (YSZ) and Ni + 3
mol. % Y >03-doped ZrO, (TZP) as a function of vol.% Ni. The porosity is given in
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Figure #2: A schematic showing an anode-supported cell. Since the LSM + Y SZ cathode is
porous, its Y oung's modulus is rather small. Thus, calculations of stresses to assess potential

for delamination was based on Y SZ film thickness aone.
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Figure :#4 Voltage and power density vs. current density plots on a single cell at various
temperatures. The maximum power densities at 650 and 800°C measured were ~0.82 and ~1.8
W/cm2 with humidified hydrogen asthe fuel and air as the oxidant. Cell dimensions: Cathode
thickness » 50 um, electrolyte thickness » 10 pm, and the anode thickness » 750 um (0.75
mm). Inset in (8) shows an Arrhenius plot of the cell resistance (determined from the linear part
of the voltage vs. current density traces) as a function of temperature. The overall cell
resistance obeys an Arrhenius behavior with an activation energy, Q » 50 kJ/mol.



Resistance Resistance

(B-1): 0.0289 ohms (1-2): 0.0252 ohms

1.0 1.1
S S
) )
g g
o o
> >

0.5 - T 0.6 , ' .

(0] 10 20 (0] 10 20
Current (A) Current (A)
Resistance
(2-3): 0.0244 ohms

- S
< g
(0]
g £
° >
>

0.6 . ; . 0.4 : :

0 10 20 0 10 20
Current (A) Current (A)

Figure #5. Voltage vs. current traces for the repeat units of a four cell stack tested at 800°C
with humidified hydrogen as the fuel and air as the oxidant. Area per cell was ~20 cm2. The
area specific resistance for (1-2) and (2-3) repeat units were » 0.5 Wem?. Slightly higher
values for the bottom current collector and cell #1 (B-1) and top current collector and cell #3
(T-3) are due to somewhat poorer contact between the cell and the current collectors. The above
shows that the cell to cell contact (through the metallic interconnect) is quite good.
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Abstract

The main aim of this project has been to achieve solid oxide fuel cells (SOFCs) that can
provide high power densities at relatively low temperatures; i.e., down to@G00lower. In
order to achieve this, we have developed thin YSZ and YSZ/YDC electrolyte SOFCs and have
used interfacial layers to reduce interfacial resistances.

The interfacial resistance of Ni;Y,0O -stabilized ZrO (Ni-YSZ) anodes have been reduced
by inserting mixed-conducting layers of T#@oped YSZ (YZT) or ¥ Q -doped CeO (YDC)
between the Ni-YSZ and YSZ electrolytes.

The effects of interlayer type, thickness, and YSZ surface condition on the interfacial
resistance were investigated using Impedance Spectroscopy at temperatures ranging from 600 to
750°C and three differenct Ps{H ). Two arcs, denoted as high frequency arc (HFA) and low
frequency arc (LFA), were normally found in the impedance spectra. The HFA, which has been
associated with the charge transfer process, was reduced by the addition of either interlayer.

The decrease in the size of HFA apparently results from the large reaction area within the
porous interlayers. The LFA, which is believed to be associated with mass transport processes,
decreased with increasing YSZ surface roughness, but increased with increasing interlayer
thickness. The LFA was associated with a thermally activated process with an activation energy
of = 0.45 eV for Ni-YSZ/YDC, and 0.72 eV for Ni-YSZ/YZT. Under 97 percentH +H O,
the lowest interfacial resistances of Ni-YSZ with a.@rbthick YDC interfacial layer were 0.13
Q-cn? at 750°C and 0.2%-cm? at 600°C.

SOFCs with electrolytes that provide high open-circuit voltage (OCV) and low ohmic loss
down to 550°C are described. The electrolytes were bi-layers consisting of antaiéck Y-
doped ceria (YDC) layer with a 1. to L&n thick Y-doped zirconia (YSZ) layer on the fuel side.
The cathode/supports wereda & MO -YSZ. The anodes consisted of thin YDC and Ni-
YSZ layers. The YDC/YSZ electrolyte SOFCs yielded 85 to 98 percent of the theoretical OCV,
compared with=50 percent for YDC electrolyte SOFCs. The cathode overpotential, which



was a main factor limiting SOFC power density, was lower for YDC/YSZ than YSZ electrolytes.
The maximum power density at 60C, 210 mW/crh , is higher than previously reported SOFCs.

SOFC power densities typically drop rapidly as the operating temperature is decreased,
because of electrolyte ohmic losses and/or electrode overpotentials. In this paper, we describe
fuel cells utilizing 8«m-thick yttria-stabilized zirconia (YSZ) electrolytes to provide low ohmic
loss. Adding thin porous yttria-doped ceria (YDC) layers on either side of the YSZ yielded much
reduced interfacial resistances at both the LSM cathodes and Ni-YSZ anodes. The cells provide
higher power densities than previously reported at below 9@.g., 300 and 480 mW/ém at
600 and 650C, respectively (measured in 97 % H + 3 % H O and air), and also provide high
power densities at higher temperatures, e.g., 760 mW/cm &(C750
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Introduction

SOFC power density is reduced at low temperatures due to:
- electrode overpotentials and/or
- electrolyte ohmic losses

Improve low-T performance using Yttria Doped Ceria (YDC)
Low electrolyte loss using thin YSZ-YDC electrolytes

Low overpotentials obtained by using:

- LSM/YDC cathode interface and

- Ni-YSZ/YDC anode interface

Can low-T SOFCs internally reform hydrocarbons?

- demonstrate low-T SOFC operation on 97% methane

- no C deposition



Experimental

e LSM cathodes by pressing and sintering
* Reactive sputtering from metal targets:
- dense YSZ and YDC electrolyte layers using DC
substrate bias
- porous YDC interfacial layers and Ni-YSZ anodes
o Standard single-cell tests and impedance spectroscopy
- T =550 -800°C
- cathode: air
- anode: 97% H, + 3% H,0O
97%CH, + 3% H,O



Decrease electrolyte resistance
using YSZ-YDC bi-layer

Thin anode-side YSZ layer:
e protects YDC from reduction
e blocks electron current flow

Anode YSZ YDC Cathode

<

P(OZ) cathode

P(OZ) anode .
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YZT Thickness Effect

97% H, +H,0 @ 750°C
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YDC Thickness Effect on Ni-YSZ anode
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Voltage (V)
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Cell Resistance
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Oxygen Surface Exchange Coefficient
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Loss Analysis for 600 and 800°C

1.2

1.0 |
0.8 |

0.6 |
04 | "

Voltage (V)

0.2

' N T A N A O O O O
0.00.0....O..S....l..o....l..S....Z.O

1.2 ¢

1.0
0.8 |
0.6 |

Voltage(V)

04 |
0.2 |

0.0
0.0 0.5 1.0 1.5 2.0

Current Density (A/cn?)




Voltage (V)

Cell: Ni-YSZ/ YDC/ YSZ /YDC/ LSM
Fuel: 97% CH, + 3% H,0O /I Oxidant; Air

1.2 | 0.40
__—A\\\K —
. P AN —0.35
1. _ N
R4 — AN 7
\-..:AM P b —4 0.30
O 8 -; O. M — \ -
Bliwla \
: u. “ - o _Bo— oo \ -1 025
* o ﬁ/ Ly adl \‘l \ >
R =2 \ \ 7
0.6 [ % “i7 i AN \A —1 0.20
. . N \ .
o R \ \ —40.15
04| 7 .2 ° \ \ -
é—'r._a-’ eoo\ .. a \A\ \\
-z .°\ . \ \ —+ 0.10
02|~ Y ' \C a T
s X " \ , —10.05
P 0
; 550 °C -\ 600°C 650 C 4
oo b—4———t 1= 1 o I 13 1 1 11 looo

00 02 04 06 08 10 12 14 16 18 20

Current Density (A/lcm2)

Power Denstiy (W/cm?)



Anode Performance with Hydrogen and Methane

Gases: 97% Hydrogen + 3% Steam

97% Methane + 3% Steam

-0.6
. T=600°C Ni-YSZ/YDC/YSZ
& 0.4 |
E
= CH,
~—r o © o 0 o o
N . ° (o] o o o .
§ 0.2 | ooc)o 0000000
. 00000 000000 .
H2 o
0.0 I . S TN [ S T N S R —
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Re Z (W-cm?)



Conclusions

Low-T electrolyte resistance reduced using YSZ-YDC
bi-layers.

On the anode side, YDC enhances anode performance via
mixed conductivity and/or increased redox reaction rate.

On the cathode side, the YDC apparently provided a
higher oxygen surface exchange coefficient.

Low-T SOFC performance:

- 600°C 300 mW/cm?

- 700°C 630 mW/cm?

- 800°C 870 mW/cm?

Good single-cell performance without carbon deposition
with methane fuel
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ODbjective

e T0 Understand.:

e What performance is required for a SOFC to
compete

e How stack performance affects the Cost of
Electricity (COE)

e What are reasonable research goals

TDA

Research



Stack Parameters Affecting COE

e Area-Specific Resistance
e Stack cost
e Optimum power density/electrical efficiency

e Excess Air Ratio
e BOP costs
e Parasitic power

TDA

Research



Area-Specific Resistance Determines Optimum
Power Density, Stack Cost, BOP Cost, and

Base Case:

Efficiency: 50%

Stack Cost: $500/m2
BOP: $667/kW

CRF: 0.25/yr

Gas Cost: $4.00/MMBtu

y
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Area-Specific Resistance Determines Optimum
Power Density, Stack Cost, BOP Cost, and
Electrical Efficiency

ASR =0.2Wcm2
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COE As a Function of Area-Specific
Resistance
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Excess Air Affects Preheater and Compressor

Cost of Electricity (¢/kWh)

Capital Costs and Energy Efficiency
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Goal

e Fuel Cell with ASR = 0.2 Wcm?
e Cathode: 0.07 Wcm?
e Electrolyte: 0.06 Wcm?
e Anode: 0.07 Wcm?

TDA

Research



Electrolyte

e How Thin Is Thin Enough?
e As a function of operating temperature

TDA

Research



Conductivity (S cm-1)

Electrolyte Conductivity vs Temperature
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Thickness (microns)

Required Electrolyte Thickness as a Function of Temperature
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Electrodes
Mass Transfer Limitations

e ASR Budget = 0.01 Wcm?

e Allowable Cathode Thickness =400 nm
Allowable Anode Thickness = 2000 nm

TDA

Research



Electrodes

Electrical Resistance = 0.01 Wem?

Minimum Thickness Required to Control Lateral Resistance
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Electrode Thickness Requirements

Electrical Mass

Conduction Transfer
Anode 3-30 mm < » 2200 mMm
Cathode 6-60 Mm < » 400 mm

TDA

Research



Electrode Performance

e Dominated By Electrocatalytic
Performance

e Overall Modeling Such As This Does NOT
Provide Guidance

TDA

Research



Conclusions

e Performance Budgets Can Provide Useful
Guides for Setting R&D Goals

e Stack Performance Affects Overall Cost

By Controlling:
e Electrical (ASR and excess air) efficiency

e Stack cost
e BOP cost

e Several Methods Are Available to Prevent
YSZ Electrolyte Conductivity From Being
Rate Limiting at 700-800°C

e Mass Transfer and Ohmic Resistance
Rarely Limit ASR in a Planar Cell TDA

Research
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| nt roducti on

The commercialization efforts for solid-oxide fuel cel

(SOFC) systens are beginning to enphasize cost reduction in
order to conpete nore effectively with other power generating
nmet hods. Several aspects of the SOFC stack have attracted
particular attention for cost reduction efforts, with

el ectrol yte deposition being one area of focus. Currently,
SOFC el ectrol ytes are processed using a range of nethods,

i ncludi ng tape casting nethods, slurry/sol-gel, and

el ectrochem cal vapor deposition (EVD). O these nethods,
tape casting is reportedly the nost econom cal while EVD has
hi gher costs. Atnospheric- plasma spray (APS) is likely to
offer a cost conpetitive alternative to tape casting, but
thin and dense el ectrolyte | ayers cannot be produced readily
wi th conventional equiprent. Small-particle plasnma spray
(SPPS) is a nodified APS process which allows the deposition
of thin and dense coatings by thermal spray.

oj ecti ve

The objective of this project is to denonstrate the
feasibility of depositing yttria-stabilized zirconia (YSZ)
el ectrolytes onto | anthanum stronti um nmanganite (LSM, and
ot her test substrates. This includes characterizing the
ef fect of process paraneters and YSZ powder size on cell
performance and el ectrol yte norphol ogy. The goals of this
effort are to denonstrate reliable deposition of dense and
crack-free YSZ el ectrolytes on LSM by SPPS and to eval uate
t he performance of these electrolytes on both planar and

t ubul ar cat hodes

Appr oach

The initial tasks of the programwere to denonstrate a
preheat cycle which would all ow deposition of YSZ onto LSM



and screening of the deposition paraneters using Hastelloy C
substrates. Once process paraneters are devel oped on the

pl anar substrates, the process will be transferred to tubul ar
substrates provided by Wstinghouse. Modification of the
process paraneters i s expected when the process is
transferred to the tubul ar substrates, and devel oprent a
sanples will be provided to Wstinghouse for eval uation.

SPPS Technol ogy

SPPS t echnol ogy all ows the use of very fine ( 0.2 mcron or

| arger) discrete powders. SPPS consists of both powder
injection and feed technology, and is currently in the final
phases of the patent process. SPPS can be retrofitted to any
conmer ci al plasma spray gun. Through the use of fine powders,
SPPS has produced dense (>98% yttria-stabilized zirconia
(YSZ) coatings as thin as 5 mcron for use in el ectrochem ca
sensors. An initial denonstration of SPPS for SOFC
fabrication successfully produced SOFC tri-layers for

el ectrochem cal testing which resulted in an open circuit

vol tage approxi mately 80% of the theoretical val ue.

Results

In previous efforts to docunent the characteristics of SPPS
for thick (25 mcron to 100 mcron) filns, deposition rates
of up to 5.5 pounds per hour of 5 micron A,O; and a
deposition efficiency of approximately 65% were neasur ed.

For this effort, coating thicknesses of 15 to 20 m cron were
targeted and tests perfornmed to characterize the process for
producing thin filnms. Producing thinner filnms requires a

sl ower powder feed rate and the use of finer powder. Using
the 3 mcron YSZ, coating rates between 0.13 to 0.60

m crons/ pass were studi ed.

For initial screening of deposition paraneters, disk
substrates approximately 1.5 cmin dianmeter were used.
Hastel |l oy C substrates were sel ected solely because of their
ready availability. LSM substrates were prepared by
uniaxially pressing and then sintering. Two substrate
heaters were evaluated for the LSM substrate; one with a
maxi mum t enper at ure of 850°C while the other was capabl e of
1200°C. Disks of LSMwere heated to a sel ected tenperature,
and then the thermal gun was cycl ed across the face of the
sanpl e at the expected deposition conditions. After
exposure, the disks were visually inspected for danage.
Preheat tenperatures above 900°C were found to be suitable,
and the substrate holder is being nodified for this

t enper at ure regi ne.



Using the Hastelloy C substrates, a basic set of plasma spray
paranmeters were investigated in the first phase of
experinments. Initial coatings were deposited on thernal
shock resistant 26% porous Hastel |l oy substrates. The
substrates were cl eaned by sequential inmrersion in acetone
and i sopropanol in an ultrasonic bath. The back of the
substrates were exposed to Argon during the coating process
to reduce oxidation. YSZ coatings were deposited by a robot
control |l ed plasma spray system (Pl asnma Techni k A-3000S).

Ei ght nole % YSZ powder (Advanced Technol ogy Powders) with a
3.0 mcron particle size was used in all experinments. The
spray di stance was kept constant at 5 cmand the substrate
was preheated with five passes of the plasma gun. The pl asma
power, hydrogen flow rate, powder feed rate, injector
paraneters, and plasma gun traverse speed were sel ectively
vari ed.

Coatings deposited at the | owest plasma power (36.5 kW
showed no indication of unnelted particles in the

m crostructures and a low fraction of porosity. Increased

pl asma power (45.5 kW, however, produced coatings with finer
porosity. Modifying the injector paraneters significantly
reduced the coating porosity and increased the deposition
rate twofold. The powder feed rates and hydrogen flow rates
examned in this study did not significantly influence the
coati ng nor phol ogy. However, high plasnma power with | ow
powder feed rates yielded coatings with excellent conformal
coverage as the nolten splat was able to spread over the
porous substrate surface. Slowing the gun traverse speed from
350 m's to 245 mm's, and, thereby, the plasna residence
time, created both |ateral and |ongitudinal cracks in the
coatings while only slightly increasing the deposition rate.
In addition, a greater anount of substrate oxidation
occurred.

Scanni ng el ectron m croscopy (SEM was performed on polished
cross sections of the sanples. Very little difference in the
m crostructure of the YSZ coatings was observed, with all of
t he coatings show ng evidence of grain pullout and small
anounts of porosity. The YSZ coatings adhered well to the
Hast el | oy substrates and no del am nati on was observed.

| nspecti on of the coatings reveal ed good thickness uniformty
and no evidence of intergranul ar cracking was observed at the
magni fi cati ons used (2 kX). Wth the Hastell oy substrate
serving as an anode, silver paste cathodes were attached to
sanples with promsing cell mcrostructures and the open
circuit voltage evaluated at 750°C with air and 3% H, - 97% Ar
at the respective electrodes. Cell tests sanples were
fabricated by first depositing a YSZ coating at | ow powder
feed rate to obtain good surface conformal coverage, and then
building up the YSZ | ayer at higher powder feed rates. SEM
showed the coatings to be approximately 50 mcrons thick with



a high visible density. These cells displayed an open circuit
vol tage of 80%t heoreti cal

Appl i cation

In addition to SOFC el ectrol yte fabrication, SPPS is al so
bei ng eval uated for the formati on of advanced thernal barrier
coatings within the AGISR program the replacenent of hard
chrone plating for corrosion protection in Naval applications
(DARPA), and ot her menbrane applications. The very high bond
strength achieved with SPPS, 10 KSI with 220 or 400 grit
surface preparation, coupled with the ability to produce thin
and dense coatings is also creating opportunities for
dielectric, wear, and netallization.

Future Activities

In the next nonths, further devel opnent of the SPPS process
will be done with a strong enphasis on the LSM substrat es.
Process inprovenment will be based on a desi gn-of -experinents
approach on the flat substrates. This process inprovenent
effort will drive the final design of a |lathe systemfor
processi ng tubul ar LSM substrates for process denonstrati on.
W will also continue a parallel effort on the devel opnent of
spray pyrolysis as an alternative el ectrol yte deposition
process for YSZ.
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INTRODUCTION

In the current technology, molten carbonate fuel cells (MCFCs) employ a lithium-potassium
carbonate mixture. The mixturasually 62m/o Li,CO, and 38 m/o, K GO (abbreviated as
62/38 Li/K), melts below about 58C and, when mixed with lithium aluminate, serves as both the
electrolyte and gasketing for the cell and cell stack. Electrolyte segregation has been reported [1] to
occur within both the cell and stack. In theell, the segregationncreasesthe potassium
concentration near the cathode #mtls to increaseththodesolubility and performancdecline.

In the stack, the high potential difference on the gaskets causes electrolyte segregation, which in turn
leads to severe performance decline of the end cells.

Argonne National Laboratory is developing molten carbonate electrolyte compositions which
have minimal segregation in the individual fuel cell and cell stack under an electric field. The Li/Na
carbonate electrolyte is receiving increased interest [2-5] by MCFC developers as a replacement for
Li/K electrolyte. Our approach is to characteriazBNa carbonate mixtures in terms tfeir
segregation properties in an elecfréd and, if necessary, tmodify the observed segregation by
adding Ba and Ca carbonates.

Results of gasket strip (20 \ggreening studies, agell asthosefrom cell tests, vill be
discussed. We found that MCFC performance is linkethéononsegregating property of the
electrolyte. Cation distribution from segregation tests was generally linear and could be expressed
as a segregation factor. A reduction in electrolyte segregation factor reduced cell polarization
proportionally. The reduced cell polarization exceeds improvements that coatttibeted to
increased electrolyte conductivity.

OBJECTIVE

We are identifying nonsegregating Li/Na carbonate electrolyte compositions because others
have shown [2-5] that the Li/Na electrolytes show promise in extending the operating life of MCFC.
We correlated cefperformance with electrolyte segregation behaviour furtherobjective is to



overcome problems related to electrolyte segregating and thus improve MCFC performance. A
guaternary electrolyte BaCaNaLi shows promise for further improved MCFC life/performance and
for reducing temperature sensitivity of Li/Na carbonate electrolyte.

APPROACH

We use a carbonate-wetted LIAIO strip test to screen prospective electrolyte compositions
for cation segregation and electrolyte migrationheéithe two cations have equahobilities (the
ChemlaEffec), an electrolyte is considered nonsegregating and electrolyte migration should be
minimized. As more convincing evidence of electrolyte performance, we test them in 2€€liem
at 320 mA/cm .

PROJECT DESCRIPTION

We screened electrolyte compositions for segregating behavior by using 12-cm-long strips,
wetted with carbonate and exposed to 5- to 20-V potential gradients. These conditions simulate the
gasketing strip of aexternally manifolded MCFC. laur case, strips of carbonate-wettgdlO,
(Cyprus-Foote) were made from cold-pressed powders (150 MPa). The strip was purged with a 1:2
0O,:CQ, gas mixture (500 ml/min) at 655. After 72 h at 20 V, the potential distribution in the strip
reached eqlibrium. The strips were quenched under load and Etamined by metallography.
These strips were sectioned for cliehanalysis by inductivelgoupled plasma/atomemission
spectroscopy (ICP/AES). From the ICP/AES results, cation ratios and electrolyte fill in each of the
sections were calculated. The variation in cation composition vs. strip length was linear; therefore,
these deviations were represented as a single cation separation value, or "segregation factor,” given
in terms of (m/o)/cm. When the ICP/AES results of electrolyte segregation were correlated to the
Li/Na carbonate composition, it was found that the nonsegregating range was 65-75 m/o Li.
Surprisingly,the eutectic 52/48 Li/Na carbonate displays the greatest cation segregation. Even the
Na-rich side of the eutectic composition, 40/60 Li/Na carbonate, exhibits lower cation segregation
than does the eutectic.

Exploratory workwith the quaternary Li/Na/Ca/Ba carbonate showed a suppression of
melting point due toequilimolar addition oBa/Ca to Li/Na electrolyte. Electrolyte compositions
containing 2-10 m/o Ba/Ca additions were also evaluated for cation segregation.

Bench-scale (100-cin ) MCF@stsusing off-eutectic Li/Na electrolyteshowincreased
performance at 16A/cn?, ascompared with théaseline cell containinthe Li/Na eutectic
composition. Increases in electrolyte lithium content from 52/48 to 71.5/28.5 Li/Na improved the cell
potential by 75 mV. Cell tests were completed with six Li/Na electrolyte compositions: 40/60, 52/48,
60/40, 67/33, 71.5/28.nd 75/25(in m/o). The results show a strong correlation between
nonsegregating characteristics and improved cell performance. Nonetheless, these cell tests indicate
that electrolytes in the composition range of 65-75 m/o Li improve cell performance over the 52/48
Li/Na eutectic that is commonly used.



Cell area-specific impedances, a combination of IR losses and electrode polarization, for the
Li/Na electrolyte celitests show a strong correlatianith the segregation factdrom the strip
screening tests. This correlation suggests that the nonsegregating property of the carbonate and the
composition of the carbonate at the electrodes play a significant role in the MCFC performance.

The recent literature has provided comparisons of Li/K aitblcarbonates for performance
and life. Generally, the findings favor the Li/Na carbonate [6], but an apparent drawback is its greater
temperature sensitivity [7].

We have identified a range of quaternary electrolyte compositions, Li/Na/Ca/Ba carbonates,
which should yield general improvement of MCFC operation and performance. These improvements
include highcurrent-density operation (250-3®@A/cn?), reduced temperaturgensitivity, and
anticipated extended life.Transfer of this technology to commercial developeils ad its
adaptation.

RESULTS

The Strip "Gasket" Test

As previously described, we screen electrolyte composifionsionsegregatiorusing
carbonate-wetted strips, which are submitted to 5 to 20 V potential gradients. After 72 h at 20V, the
potential distribution in the strip has reached equilibrium. The strips were quenched under load and
laterexamined by metallography. These strips were sectioned for chemical analysis by inductively-
coupled atomiemissionspectroscopy (ICP/AES). Here, Zgmplesvere removed from several
regions along the 12-cm strip length. From the ICP/AES results, cation ratios and electrolyte fill in
each of the spots were calculated.

Based on theublished Lj CQ -Na CQ phase diagram, aleose the 52/48 m/bi/Na
eutectic composition aslmselinefor the study. Figure 1 shows the ICP/AES resultsaofiples
taken atspecified positions othe strips. The 52/48 Ni/Na results are compared with those of the
67/33 Li/Na composition. The variation in cation composition vs. strip length was linear; therefore,
these deviations were represented as a single cation separation value or segregation factor given in
terms of (m/o)/cm.

The ICP/AES results are presented in a plot of electrolyte segregation factor vs. Ca/Ba
carbonate composition (see Fig. 2). The plot shows that the nonsegregating range is 67-75 m/o Li.
Surprisingly, the eutectic 52/48 m/o Li/Na carbonate displays the greatest cation segregation. Even
on the Na-richside ofthe eutectic composition, 40/@0/Na carbonateexhibits lower cation
segregation than does the eutectic.

The trend in electrolyte fill vs. composition is analogous to that dfelgte segregation. The
greatest change occurs with the euteliida carbonatewhich alsodisplaysthe greatest cation
segregation. We found that Li/Na carbonate electrolyte migration tem@sd the cathode. This
migration pattern is the opposite of what is fowrsihg Li/K carbonates [8]. Indeed, post-test
examinations of bench-scale Li/Na cell tests have shown flooded cathodes.

3.



The quaternary BaCaNalLi carbonates (5% and 3%) were also examined in strip tests. Cation
composition vs position in the test strips is presented in Fig. 3. For both compositions, a small degree
of cation segregation is apparent, with Ba/Ca concentration increasing at the positive end of the strip.
The 3% BaCaNalLiis very close to a nonsegregating electrolyte with approximately 90% of the strip
consisting of the starting BaCaNaLi composition.

Bench-scale Cell Tests

Bench-scale 10 x 10-cm MCFC tests were assembled with standard Ni anodes (6% Cr) and
Ni cathodes. The electrolyte tiles were formed by hot-pressing. The anode wet seal was aluminized
with aluminum foil. Six Li/Na compositions and five BaCaNaLi compositions in m/o (10,5,4,3, and 2
Ba/Ca) were tested. All cells were operated for at least 500 h &C6%0 investigate the electrolyte
segregation phenomenon, the cells were operated at least 320°mA/cm for at least 1/2 h at the end of
the life test. Theellswererapidly quenched téix compositional gradients. Metallographic and
chemical analysisvere used to determine composition and amount of carbon#te iIMCFC
components.

Performancelata of theébench-scaléests were used to compare the performance of Li/Na
electrolyte compositions. &@a on celimpedance, cell voltage, electrode performance at various
utilizations and currentlensity operations were collected as a functiontiofe at 1 atm with
laboratory standard oxidant (air + 28% CO ) and humidified fuel (80%H # CO ).

Figure 4 shows the polarizatidrehavior of 6 MCFC celtestsusing Li/Na electrolyte
compositions. These tests were conduet#tl fuel and oxidant utilizations 060% and 40%,
respectively, at 320 mA/dm and 6%D. Cell area-specific impedances, a combination of IR losses
and electrode polarization, for Li/Na electrolyte cell tests are shown in Fig. 5. The cell tests displayed
improved performance athe electrolyte composition approached the nonsegregating range.
Compared to the baseline 52/48 carbonate composition, MCFC voltage increased about 100 mV at
160 mA/cni for the off-eutectic Li/Na carbonate electrolyte compositions, 65-75 mgl%.Li CO .

High current densityoperation inLi/K carbonatecells leads to early cell shing [9].
Electrolyte segregation phenomena or electrolyte freezing presents problems for high current-density
operation. The 71.5/28.5 Li/Na composition exhibited a cell potential of 0.76 V at 320 HA/cm , but
this appears to be the uppeit of improved cell performance due to higher Li content electrolytes.

The cell performance of the 75/25 Li/Na electrolyte composition (0.71 V at 320 rhA/cm ), although
still much improved compared to the 52/48 LiNa, is lower than thieof 1.5/28.5 Li/Na electrolyte

cell. Nonetheless, these ctdkts suggeslectrolytes in the composition range of 65-75 m/o Li
improve cell performance over the 52/48 Li/Na eutectic that is commonly used.

We find an apparent correlation between improved MCFC performance and nonsegregating
electrolyte compositions. The polarization behavior of 6 MCFCtestsusing Li/Na electrolyte
compositions is taken from Fig. 5. These tests are conducted with fuel and oxidant utilizations of 60%
and 40%, respectively, at 320 mAfcm and 850 As in Fig. 3, these deviations were represented
as a single cation separation value or segregation factor, given in terms of (m/o)/cm. Cell area-specific
impedances, a combination of IR losses and electrode polarization, for Li/Na electrolyte cell tests are
now correlated with a segregation factor from the strip screening tests (see Fig. 6). This correlation

4.



suggests that the composition of thébomate at the electrodes plays a significant role in the MCFC
performance. @ly aminor portion of the reduced cell polarization can be attributaddeased
electrolyte conductivity that is associated with the increased Li CO content of the nonsegregating
Li/Na composition. Post-tesexamination of MCFC cetests il investigate this observation in
support of our continued electrolyte development work.

APPLICATION

The quaternary carbonate electrolyte Ba/Ca/Na/Li combines a nonsegregating property with
a reducedmeltingpoint. Differential thermal analysi@©©TA) shows a 100C lower melting point
for the BaCaNali electrolytes (490) than the Li/Na carbonate eutectic.

The results of 10 x 10-cm MCHestwith quaternary BaCaNaLi carbonate electrolytes
showed a prospect for reduced temperature operationFiglhesecells displayed stable cell
potentials for more than 1000 h at 160 mAIqB0/40 % fuel/oxidant utilization). Cell performance
and polarization curves were taken under conditsimgar tothose of the 52/48 Li/Na carbonate
cell. The five cells were operated over a temperature range of 580-®@@stablish performance
vs. temperature characteristics. Although not shown, the baseline 52/48 Li/Na and 10% BaCaNalL.i
have very similatemperature characteristics. At 581 the 3%BaCaNaLi carbonateett had a
stable voltage 75 myreater than that of tHeseline52/48 Li/Na. At 550C, the 2% BaCaNalLi
carbonate cell exhibits a 25 mV improvement. Unlike sontbeéarlier quaternary BaCaNalLi
carbonate electrolytes, both 2% and ®#CaNaLi could beoperated at 32@nA/cn?. The
quaternary 3% BaCaNaLi carbonate electrolytes shows promise for impreNesfability at
320 mA/cntand a 50-75C lower operating temperature.

FUTURE WORK

Future work will concentrate ofife testing of bench-scale MCF@s a selected range of
guaternary electrolyte compositions. We will continue ouestigation of the carbonate composition
at the electode/electrolyte interface with postoperative analyse primary focus will be to develop
MCFCs with advanced quaternary compositions to learn how they affect MCFC performance. The
next step in our advanced electrolyte development is to provide the physical properties to assist with
the MCFC design (i.e, wettingroperties for proper electrode microstructdexelopment). To
facilitate DOE-contractor adaptation otir electrolyte, we arenodifying our MCFC testing to
accommodatéape-cast componentddaving comparable MCF@sts wvill aid us in addressing
specific application details.
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Fig. 2. Segregation factors versus composition for a
range of Li/Na carbonate electrolytes
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BaCaNaLi (m/o 5/5/38/52 carbonate) electrolyte.
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200 kW B Anaerobi ¢ D gester System
ABSTRACT

Mre than 90%of the wastewater treatnent plants (WVFs) in the Lhited Sates generate
anaerobic digester gas (ADQ as a by-product of their operation. ADGis a mxture of gases,

nai nly nethane (generally 609% and carbon dioxide. Wen ADGis rel eased uncontusted, it
cotributes signficantly to the greenhouse ef fect, as nethane traps 10 to 20 tines nore heat than
carbon dioxide does. Therefore, excess ADGis typically flared in flane tovers. However, flairg
isonly apatia soution, since ADG contustion generates photoreactive ozone precursors such as
nitric oxides (NX) and vol atile organic conpounds (MJD). As aresut, WVFs are regul ated as
stationary sources of air pollution under the Gean Ar Act. WV situated in heavily urbani zed
areas in severe ozone non-conpli ance areas such as Southeastern New York Sate and emtting in
excess of 25 tons/year of N and MOC are designated and regul ated as naj or sources. This
designation requires instalation of extensive contra and nenitoring technol ogies. The Authority
serves at least 14 WUPs in New York Gty and Wstchester Gunty that fal intothis category.

Fue cdls (F&) provide ef fective so utions to these problens by ef ficiently generating premum
quality electricity and nuch-needed heat while consuning ADG and emitting orders-of - nagni t ude
smal ler anmounts of NX and MOC  Additional ly, integration of F& wth an inexpensive or free
renevabl e fuel resource such as ADGcould be a naj or step in reducing FOPP el ectricity costs and
expedi ting conmercialization of FCtechnol ogy.

My of the Auhoritys WVP custoners coul d be equi pped wth multiple FC power plants

(FOPPs) wth a capacity of approxinately 200 kWat each site. Tatd production patetid is
estinated at between 5 and 10 MV K3 have a potentia to generate val uabl e emission credits,
assure conpl i ance wth present and future Gean Ar Act requirenents, and substantially reduce air
pol lution fromWNVP flares in Southeastern New York Sate. This would be an inportant service
to vastevater treatnent custoners, reducing their operating costs and regul atory burdens. The FC
programwoul d al so benefit New York Sate industries, since New York conpani es woul d

nanuf acture at | east 29%o0f the equi pnent.



Inits first FCprgect, the Athority is janng farces wth Viéstchester Gunty to install a FOFP at
the Yonkers Joint Wastewater Treatnent Hant. The US Departnent of Energy (U5 DB the
New York Sate Energy Research and Devel opnent Authority and the Hectric Power Research
Institute have hel ped the Athority to deve op ad finance the prgect, wichis the first instdlation
o itskindetiodly. The project recei ved the $200,000 grant # DB F&1- 96ME33354 fromthe
WS DE dimate Change Fuel Gell Program admni stered by Mbrgant own Energy Technol ogy
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Introduction

Proton-exchange membrane fuel cells (PEMFCs) are of interest for many
applications including transportation, commercial vehicles, residential and commercial
power generation, emergency power supply, and small portable power supplies. In some
cases, commercial utility can be realized by supplying hydrogen to the PEMFC stacks
from a cylinder of compressed gas. However, for many applications, economic feasibility
depends on the successful development of a practical and low-cost fuel processor.
Despite extensive efforts to develop partial oxidation (POX) and autothermal reforming
for this application (Kumar et al, 1996; and Recupero et al, 1996), these fuel processing
methods have not proven to be entirely satisfactory and a new approach is needed.

Northwest Power Systems (NPS) is developing a family of versatile fuel
processors based on a novel design that combines steam reforming with hydrogen
purification. The resulting integrated fuel processor promises to be affordable, highly
compact, and lightweight. Moreover, the NPS fuel processor offers advantages over
alternative conventional processes including POX, autothermal reforming, and steam
reforming.

Objective

The goal of this program is to design, build, and test a prototype fuel processor
that meets the following requirements:

capable of recovering 70% to 80% of the available hydrogen;
good load-following characteristics;

capable of delivering hydrogen containing <10 ppm CO; and
low cost.

NP



Furthermore, it is preferable that the fuel processor be compact in size and
lightweight. High-purity product hydrogen from the fuel processor (>99% pure) will
allow the fuel cell stack to deliver the highest possible power density for a given set of
operating conditions (Inbody et al, 1996).

Approach

To achieve these goals, NPS has completed the design of an integrated fuel
processor that combines steam reforming, heat production, and hydrogen purification into
a single device. The key features of the integrated fuel processor are shown in Figure 1.
High-pressure steam reforming, rather than POX or autothermal reforming, is used for the
production of hydrogen from a feedstock for the following reasons:

1. hydrogen yields are significantly greater;

2. hydrogen purification is more readily accomplished since POX and autothermal
reforming are relatively low pressure operations that result in significant dilution of
the product hydrogen by nitrogen (from air); and

3. overall energy efficiencies typically are highest for steam reforming.

Hydrogen Depleted
Reformate

Hydrogen
Purifier

Internal
Combustor Steam
Reformer

Exhaust

Figure 1. Cut away view of the NPS integrated fuel processor.



Steam reforming is conducted at elevated pressures (about 100 psig to 250 psig)
using commercial catalysts and temperatures in the range ©f 300 C°to 600 C. The
reformate stream is purified using a two-stage purifier that also operates within the same
temperature range, allowing direct integration of the reformer and purifier without the
need for intermediate heat exchange. The first stage of the purifier performs a bulk
separation of hydrogen from reformate and consists of a hydrogen-permeable metal
membrane. The second stage of the purifier serves to reduce the CO,and CO content of
the hydrogen to very low levels. Thus, the product hydrogen is >99% pure and contains
<10 ppm CO and <50 ppm GO .

A unique feature of the NPS integrated fuel processor is that the two-stage
hydrogen purifier is minimized in size and cost by limiting hydrogen recovery to only 70%
to 80% of the hydrogen generated by steam reforming. The balance of the hydrogen,
along with other byproduct gases and unreacted feedstock, is then conveniently used as a
gaseous fuel to provide the required heat for (a) vaporizing the liquid feedstock and water,
(b) heating the vaporized feedstock to the reforming temperature, and (c) providing heat
to the catalytic reforming bed to satisfy the steam-reforming reaction enthalpy. This
approach eliminates the requirement for an external burner fired with unreacted feedstock.
The net result is high overall conversion to hydrogen at a reduced cost.

Results

The technical feasibility of this integrated fuel processor has been demonstrated at
the bench scale by generating 2.5 L/min of product hydrogen. The product hydrogen was
>99% pure and contained no detectable CO and CO (<2 ppm CO and <2 pgnedO
the limits of detection). With this bench-scale prototype fuel processor we have
demonstrated overall energy efficiencies (using methanol/water mix as the feedstock) of
70% to 75% (HHV). Efforts are presently underway to scale up the fuel processor to
deliver 50 L/min product hydrogen, sufficient for a nominal 5 kW PEMFC stack.

It has been necessary to iterate the design of the combustor and hydrogen purifier
as part of the scale-up effort. In particular, the design of the combustor has been
improved with respect to heat transfer and low pressure drop. The previous generation of
combustor utilized a long tube arranged as a spiral and placed within the catalytic
reforming bed. However, this design suffered from moderately high pressure drop and
large (about 100 C to 200 C) temperature gradients. We now favor a new design as
shown in Figure 1 in which a combustion chamber vaporizes and superheats the feedstock
and then exhausts through one or more straight tubes that pass through the reforming
catalyst bed.

The two-stage hydrogen purifier is currently being designed as a compact brazed-
plate module. Previously we were utilizing a tubular design, but this proved to be too
bulky.



Steam reforming must be conducted at pressure to provide the driving force
necessary for hydrogen separation using the first stage (membrane) of the purifier. Figure
2 shows the relationship between the reforming pressure and the required membrane area.
Since the membrane is composed of an alloy of palladium, it is important to minimize
membrane area to achieve acceptable costs.

There is reduced benefit to operating the reforming reactions at pressure much
greater than about 250 psig, and the parasitic power load for pumping the liquid feedstock
to this pressure is insignificant. Therefore, this is the target operating pressure for the fuel
processor. Fortunately, nearly all commercial feedstocks are available as liquids, including
methanol, ethanol, propane, gasoline, diesel, and jet fuel. The only commonly used
feedstock that is not readily available as a liquid is natural gas. So, for natural gas the
optimum reforming pressure is likely to be much less than 250 psig, perhaps about 100
psig, although an optimized system design for natural gas has not been completed.
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Figure 2. Required area of palladium-alloy membrane as a function of the reforming
pressure and operating temperature. Basis: 65% hydrogen in reformate, 75% hydrogen
recovery, product hydrogen at ambient pressure.

Applications and Benefits

Obviously, it is important to evaluate more than just the technical merits of a
potential fuel processor for use in PEMFC systems--the economics of the fuel processor
must also be compared and contrasted to the economics of other fuel processor options.
More to the point, the economics of the entire fuel cell system should be evaluated to
determine the impact of the choice of fuel processor on the capital and operating costs to



the end user. In this type of analysis the NPS integrated fuel processor shows significantly
lower capital and operating costs in comparison to other conventional fuel processing
methods. For example, Table I qualitatively compares and contrasts the NPS integrated
fuel processor and a typical POX reactor using methanol as the feedstock (similar results
are obtained when this evaluation is conducted using propane, ethanol, or other feedstocks
in place of methanol).

Table I. Characteristics affecting the economics of the NPS integrated fuel processor and
a typical POX reactor, both operating on methanol.

Characteristic NPS Integrated Fuel POX Reactor
Processor
Process Steam Reforming Partial Oxidation in Air

H, Concentration in
Reformate

65% to 75%

30% to 35%

Subsequent Purification
Operations

None Required

Low Temperature WG
Selective CO Oxidation

81

Product H Purity >99% 40%
Moles H, Produced/Mole 3 2
Methanol Consumed

H, Recovery >70% 100%
H, Utilization 98% 60%

The primary difference between the operation of the NPS integrated fuel processor
and the operation of a POX reactor is in the purity of hydrogen produced by each method.
As shown in Table I, the purity of hydrogen produced by the NPS fuel processor is very
high, whereas the POX reactor cannot deliver high purity hydrogen. The low cost of the
POX reactor, an often stated advantage, is offset by the requirement of subsequent
purification steps (WGS reactor and selective oxidation) and heat exchangers. The
requirement for these subsequent operations also makes the POX reactor considerably
larger, heavier, and more complex than the NPS fuel processor.

An improvement to POX is autothermal reforming, in which a reforming catalyst is
placed within the reactor and supplemental water is injected to achieve slightly higher
hydrogen concentrations in the product stream. However, while this approach raises the
hydrogen content from about 40% to 50% (Kumar et al, 1996), it has the disadvantage of
increasing the cost and complexity of the system by requiring the addition of a catalyst bed
and water injection.



Another significant economic advantage of the NPS integrated fuel processor is
that it has a high yield of hydrogen per unit of feedstock consumed. This results from the
use of water as the oxidant--water contains chemically bound hydrogen that is released as
product hydrogen during the steam reforming process.

Now, turning our attention to the integration of these two fuel processing methods
into a standard PEMFC system rated to deliver nominally 5 kW, we see another
economically significant difference between the two approaches. Specifically, the low
purity hydrogen delivered by the POX reactor yields (a) relatively low power output from
the PEMFC stack, and (b) low utilization of the hydrogen fed to the stack. The low
power output from the fuel cell stack is caused by both the low hydrogen partial pressure
(given a fixed total anode gas pressure) and mass transfer resistance that appears as
hydrogen is consumed at the anode. Since the hydrogen partial pressure continues to
decrease as hydrogen is consumed, and mass transfer resistance continues to increase, the
net result is relatively low hydrogen utilization. This problem is manifested in the form of
an increased system cost (since the fuel cell stack must be increased in size in the case of
POX) and increased feedstock utilization rate. These results are summarized in Table II.

The analysis in Table Il leads us to conclude that the NPS fuel processor will lead
to lower overall operating costs due to a higher energy efficiency, which in turn results
from higher purity of hydrogen delivered to the PEMFC stack. However, it is also
expected, based on this analysis, that the capital cost of a PEMFC system using the NPS
integrated fuel processor will be less than that for a system using POX or related fuel
processing methods. The difference in capital cost is most directly attributed to the
difference in PEMFC stack gross power rating (i.e., stack size). For this analysis, the
estimated cost for the system assumes the cost of the stack and all supporting hardware
(excluding fuel processor) is $1,500/kW. The NPS fuel processor is projected to cost
$400/kW, and the POX reactor with subsequent WGS reactor, selective oxidizer, and heat
exchanger, is estimated to cost about $550/kW.

Future Activities

Activities are currently in progress to scale up the integrated fuel processor to 5
kW. A prototype 5 kW fuel processor is anticipated by the end of the year. Since the
integrated fuel processor can utilize a range of different feedstocks in addition to
methanol, NPS is also directing a portion of its effort at producing hydrogen from propane
and other selected feedstocks with the goal of demonstrating, during 1998, a family of fuel
processors operating on a range of feedstocks.



Table Il. Performance and economic comparison of two 5 kW (net) PEMFC systems
based on the NPS fuel processor and a POX reactor, assuming methanol is the feedstock.

Parameter NPS Integrated Fuel POX Reactor
Processor
PEMFC Gross Power 5.85 kW 7.25 kW
Parasitic Load (Total) about 17% about 16%
H, Utilization 98% 60%
Feedstock Efficiency (@ 0.128 Gal. Methanol/kW,| 0.219 Gal. Methanol/k\v
0.6V/cell) (Gross) (Gross)
Feedstock Consumption 0.75 Gal. Methanol/Hr. 1.6 Gal. Methanol/Hr.
Rate (5 kW Net)
System Cost (Est.) $11,000 $15,000
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ABSIRACT

Technology and research results of single fuel cells (SFC) on the basis of
BaCe  /Nd 0,3 (BCN) electrolyte with the 78 % Ni + 22 % BCN anode and La, Sr, ,MnO,
cathode, and also of experimental FC stack, assembled from six SFC, are stated.

INTRODUCTION

Development and perfection of high efficient and low emission energy sources on
the basis of fuel cells, realizing a principle of direct electrochemical transforma-
tion of hydrocarbon natural fuel to electricity, is a dominant scientific and tech-
nical problem in power generation and has primary practical application.

Operation experience of power plants on the basis of various FC types (alka-
line, phosphoric acid, molten carbonate) alongside with advantages demonstrates
technical shortcomings, main of which is the presence of liquid components in FC
systems. Therefore solid electrolytes on the basis of complex oxide compositions of
rare earth metals have the doubtless prospect.

High efficient SOFC-based energy sources are possible, if SOFC materials with
opportunities of fast ion transport, low power barriers for transition through
“gas-electrolyte” interface and sufficient operational reliability could be developed. Alongside with
common materials, such as stabilized zirconium dioxide (YSZ), alternative materials on the basis of
cerates and , first of all, barium cerates (BC) are of significant interest for the researchers. The possi-
bility of essential decrease of BC-based fuel cell operation temperature has predetermined outburst of
interest to the development of SOFC with new electrolyte.

The work performed at the Russian Federal Nuclear Center under the contract
with EPRI is devoted to the research and development of a fuel cell on a basis of BaCe,,Nd, 0O, d.

The fragment of this work, covering SFC research, made under the scheme:
78%Ni + 22 % BCN / BaCe ,Nd, 0, 6/ La, Sr, ,MnO,, and also characterization of experimental FC

0,17 3-
stack, assembled from six SFC is reported.



TECHNOLOGY AND TECHNIQUE OF SFC RESEARCHES

The electrolyte membranes were made from powders of barium carbonate (BaCO,),
cerium dioxide (CeO,) and one and a half neodymium oxide (NdO, ). The weighed compo-
nents were mixed and rubbed with ethyl alchogol, and then drled at 150-200°C during
2 hours. To synthesize preliminary perovskite structure the obtained mixture was
calcined in two steps at temperatures 900 and 1200 °C during 1 hour in platinum crucibles. Powder
was dry milled after each calcination.

Then a powder was entered at hashing into 10 % solution of polyvinyl butyral in ethyl alcohol
with dibutyl phthalate, solvent was removed and received paste was progressively rolled to reach
required thickness. Membrane samples were cut out from green rolled sheets, which after initial
annealing (500 °C) were sintered in air at 1490-1500°C during 2 hours. Thickness of received mem-
branes was 0,5 mm.

Anodic paste consisting of 78% Ni + 22% BCN (19-23 mg/cm?) was put on one side
of a membrane and it was fired to electrolyte in air at 1350°C for 2 hours, and
cathodic paste consisting of La, Sr, ,MnO, (76-94 mg/cm?) was put on the other side and
fired at 1250°C for 2 hours.

Then SFC was placed in a measuring unit and reduction of nickel oxide to metal
on anodic coating was fulfiled. Characteristics were investigated at supply of
humidified hydrogen to anode (consumption 5 I/hr), and humidified air - to cathode
(consumption 24 I/hr).

RESULTSOFSFCRESEARCH

Voltage-current SFC characteristics in a temperature range 700-900°C are given
in Fig.1 and have linear nature. The calculated ion transport numbers (t) vary from
0,9 at 900 °C to 0,94 at 700 °C. Current density at U = 700 mV and temperature
800 °C lays in the range 50-55 mA/cm?.

SFC power as a function of current density is given in Fig.2. It can be seen, that I-P curves pass
through a maximum. The maximum power increases with temperature growth and makes up
63-65 mW/cm? at 900 °C.

SFC ohmic losses at different temperatures are given in Fig.3.

It was not possible to measure anodic polarization with satisfactory accuracy.
But we established, that maximum values of anodic overvoltage did not exceed 30mV.
The main contribution to SFC polarization losses is due to cathodic overvoltage
(Fig.4).

Researches of BCN electrolyte serviceability in various fuel mixes , containing
20, 30, 40 vol. % CO, in fuel cell: H, + HO + CO,, Pt/BCN/Pt, air , were also carried
out. In this case we used BaCe  Nd, O, 6 membrane 1 mm thick. Porous platinum was used
as electrodes. Working area of SFC was 1,54 cm?. SFC total power as a function of fuel
composition at 600-800 °C is represented in Fig.5. SFC electrical characteristics at
long-term operation with pure humidified hydrogen, and with fuel mix, containing
20% CO, after 130 minutes of work, are shown in Fig.6.

The researches testify, that BCN-electrolyte with platinum electrodes keeps long-term service-
ability in pure humidified hydrogen, but the CO, presence in fuel mix leads to irreversible deterioration
of its electrochemical properties in a short interval of time. It result in a complex cell degradation:
formation of barium carbonate in “electrolyte-electrode” interface, change of electrolyte structure,
elamination of electrode coating.

Study of SFC electrical characteristics stability in time was carried out at temperature 905+6°C
under the scheme: H, + H O, Ni + BCN/BCN/MLS, air. The resistance of an external load was
chosen so that SFC gave out the maximum power. The electrical SFC characteristics (Fig.7) demon-
strate stable work during 106 hours.



EXPERIMENTAL SFC STACK AND ITS CHARACTERISTICS

The doubtless interest in FC researches is the study of not only SFC behavior,
but also, as the general purpose - research of SFC set, assembled in stack.

For realization of such researches the round BCN plates 26 mm in diameter and
1 mm thick were made by pressing (Fig.8). Electrodes (anode: 78 % Ni + 22% BCN,
cathode: La  Sr  ,MnO,) were put on and fired to plates surfaces. Platinum current
collectors were fired by means of current-conducting glass to cathodic and anodic
surfaces. SFC stack is a series of alternating anodic and cathodic gas cavities,
separated by solid electrolyte. Channels for gas input and output are located
perpendicularly to each other. SFC number in a stack is 6 pieces (Fig.9).

The SOFC stack is located in the ceramic frame with covers fixed in ceramic
casing, in which supply of fuel and oxidizing gases to stack and removal from it are
made (Fig.10).

The metal casing with SOFC stack is placed in the central part of electrical
heater of the experimental block, the space between the stack frame and heater is
filled with heat insulation (Fig.11, 12).

The researches were carried out with H, + 2,5 volume % H,O as a fuel (consumption 4 1/hour)
and with air as an oxidant (consumption 40 l/hour).

The individual characteristics of SFCs assembled in stack are represented in
Fig.13, 14. Characteristics of FC stack are shown in Fig.15, 16.

Characteristics of FC stack, consisting of six connected in parallel SFC
(total area 18,8 cm?) at temperature 650 °C were received as follows:

open circuit voltage E= 0,866 V, maximum current I = 0,418 A,
current density J = 22,2 mA/cm® at U = 0,44 V,
maximum power P = 0,184 W, power density - 9,8 mW/cm’.

CONAXNON

Carried out researches of fabrication technologies and characteristics of FC
on the basis of BCN-ceramics (BaCeO,gNdO‘IO}é) allowed to obtain additional scientific
data, which testify the possibility of wusing investigated compositions in medium
temperature solid oxide fuel cells with protonic conductivity, taking into account
limited CO, content in a fuel gas.
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Fig. 9. Fuel cell stack Fig. 10. Experimental stack design:
1 - SOFC stack, 2 - ceramic frame,
3 - heater frame, 4 - air,
5 - hydrogen, 6 - anode gas outlet,
7 - cathode gas outlet

Fig. 11. Casing assembled with SOFC stack Fig. 12. Experimental stack
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Results of FETC Pre-Workshop Survey
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This survey was prepared to focus discussion at the Fuel Cell Advanced Research and
Technology Development (AR&TD) Workshop, to be held on August 28, 1997, in conjunction
with the 1997 Fuel Cell Program Review Meeting, August 26-28, 1997, at the Federal Energy
Technology Center (FETC) facilities in Morgantown, West Virginia.

The survey included separate sections for molten carbonate and solid oxide fuel cells and
was sent to 40 representatives of the fuel-cell community as selected by the project managers of
fuel cell cooperative agreements at FETC.

Twenty-one responses were received: 17 responses to the molten carbonate section and
15 responses to the solid oxide section (many individuals responded to both sections). The
number associated with each research topic below indicates the average priority assigned the
research topic, according to the following scale:

Low Priority 4= =¥ High Priority
T 2. C TR 4. 5

Each topic area in the survey also provided the opportunity for respondents to suggest
other research topics and to offer comments. All the respondent-suggested research topics and
comments are listed below in the appropriate topic area. The responses were anonymous, but
respondents indicated their relationship to the fuel-cell program. The tally of these relationships
may be found at the end of each section.

A. Molten Carbonate Fuel Cells (MCFCs)

1.0 Electrodes (Anode and Cathode) Average
Priority
1.1  Develop new electrode materials . . . . ... 2.88
1.2 Reduce contact reSistanCe . . . . ... ...ttt 4.18
1.3 Increase POWer density . . . . ..ottt 4.19
1.4 IMProve endUranCe . . . . ... ..ttt e 4.25

1.5 Understand physical properties and reaction mechanisms. . ............... 2.25



1.6  Additional suggested topics related to electrodes:
- Improve cathode strength (3 responses)
- Mechanical strength
- Reduce anode creep
- Creep-resistant cathode
- No new electrode materials are necessary. We need to understand how their mean
pore sizes affect the carbonate inventory, etc.
- Internal reforming kinetics and relationship to electrolyte contact
- 1.1, 1.2, and 1.5 connected with improved S tolerance; low cost important!

2.0 Electrolyte Average
Priority
2.1 Develop alternative electrolytes . . . . ... .. 3.73
2.2 Improve understanding of migration phenomena . ......................4.06
2.3 IMpProve reactiVity. . . ... ..o 3.00
2.4  Lower/higher operating temperatures . . .. ... 3.47
2.5  Understand physical properties and reaction mechanisms. . ............... 2.93

2.6  Additional suggested topics related to electrolytes:

- Understand wetting of oxide surface by carbonate and means to minimize
(2 responses)

- Wetting of electrolyte on various materials (wetting angle)

- How wetting and contact angles change with time and gas composition/gas
conversions

- Improve understanding of electrolyte role in high voltage dielectric breakdown

- Lower ohmic losses

- Understand and reduce migration

- Alternate support materials

Note: a number of responses indicated that 2.2 above should include segregation in addition to

migration.
3.0 Separator Plate/Wet Seal Average
Priority

3.1 Develop improved aluminization methods to reduce cost

and/or improve enduranCe. . . . ...t 3.19
3.2  Develop alternatives to aluminizedcoating . . . . .............. ... ... .. 3.44
3.3 Develop new separator plate materials . . . . ............. ... ... .. . ... 3.31
3.4 Develop new high-temperature wet-proofing materials. . . . ................ 3.38

3.5  Additional suggested topics related to the separator plate or wet seal:
- Reduce cost of nickel-clad SS
- Develop a low-cost nickel-clad bipolar plate/anode current collector



4.0 Other Average

4.1

4.2
4.3
4.4

Priority
Develop new processes to reduce manufacturingcost . . ................. 4.06
What is the most important fuel cell system component for cost reduction?
- Balance of plant (2 responses)
- Inverter
- System piping
- Separator/Bipolar plate (6 responses)
- Current collector (2 responses; one added “takes up space/produces no power”)
- Reducing number of SS layers and the contact IR
Develop standards for accelerated testing. . .. .......... ... . ... 3.12
Develop procedures for non-destructive testing. . . . .................... 2.88
Additional suggested topics for MCFC Advanced Research:
- Higher cross-pressure tolerance in electrolyte, wet seals, and manifold
- Develop means to minimize electrolyte migration and loss from MCFC
- Understand mechanism of phase transformation and particle growth of matrix
- Approach to fuel processing: external vs. internal; ability to use multiple fuels
- Protection of anode current collector with nickel
- Distributed manifold and other advanced stack configurations
- Impacts of cycling temperatures

Comments:

Once stack durability and reliability are ensured (doing this should be a high priority) then
reducing the decay rate by reducing SS layers becomes important economically. This will
require component design and perhaps material changes.

Stack life and cost are the critical issues!

The primary relationships of the MCFC respondents to the DOE Fuel Cell Program are:

Fuel Cell Developers

AR&TD Researchers

Fuel cell component supplier

Other sponsor of fuel cell research

Other: One retired developer/funder and three consultants for sponsors
or developers

AR PEFP WO



1.0

1.1
1.2
1.3
1.4
1.5

2.0

2.1
2.2
2.3
2.4
2.5

3.0

3.1
3.2
3.3
3.4

4.0

4.1
4.2
4.3

Solid Oxide Fuel Cells (SOFCs)

Cathode (Air Electrode) Average
Priority
Cathode-electrolyte interface characteristics. . . . ....................... 4.14
Mechanical and electrochemical properties of cathade . . ................. 3.00
Alternative cathode materials . . ... ... ... . 2.86
Lower cost cathode fabrication. . . ......... ... ... . . . . 3.73

Additional suggested topics related to the cathode:
- New electrodes for low-temperature electrolytes

Anode (Fuel Electrode) Average
Priority
Sulfurtolerance of anode . . ... .. . . 3.38
Mechanical and electrochemical propertiesofanode. . .. ................. 3.15
Alternative anode materials. . . ... .. 2.85
Lower cost anode fabrication . . . .......... ... . . 3.64

Additional suggested topics related to the anode:

- New low-temperature anodes; interfacial phenomena for low temperature cells

- Anode/electrolyte interface

Electrolyte Average
Priority
Mechanical and electrochemical stability of electrolyte. . .. ................ 2.85
Alternative electrolyte materials . . ............. .. i i 3.29
Lower cost/alternative electrolyte fabrication methods. . .................. 4.07

Additional suggested topics related to the electrolyte:
- Low temperature electrolytes (2 responses)

Interconnects and Seals Average
Priority

Mechanical and electrochemical stability of interconnect . . ................ 4.21

Ceramic and/orceramicmetalseals. . . . ........... ... ... .. ... ... ... 4.60

Additional suggested topics related to interconnects and seals:
- Metallic interconnects
- If planar, approach to separator plates



5.0

5.1
5.2

5.3
5.4
5.5
5.6
5.7
5.8
5.9

Other Average
Priority

System scale-up. . .. ... 4.33

Develop materials to operate in an alternate temperaturerange. . . ......... 4.14

What temperature range?

- 500 to 600°C

- 500 to 750°C

- 500 to 800°C (2 responses)

- 600 to 700°C

- 700°C

- 700 to 800°C

- less than 800C

- about 800°C

- planar: 800°C; 1,000°C for tubular

What is the most critical component that requires development for operation at these

temperatures?

- Anode

- Cathode (3 responses)

- Electrodes (2 responses)

- Electrolyte (2 responses)

- Interconnect (3 responses)

- Cathode/Electrolyte Interface

Develop standards for accelerated testing. . .. .......... ... ... ... ... 3.08

Develop procedures for non-destructive testing. . .. .................... 3.31

Develop operational controls for load following. . . ...................... 2.62

Evaluate the effects of pressurization. . . .......... ... ... ... ... ... ..... 3.62

Investigate internal fuel reforming (natural gas and other fuels). . . .......... 3.36

Develop lower cost cell fabrication and assembly methods . . .. ............ 4.50

Additional suggested topics for SOFC Advanced Research:

- SOFC Applications

Comments:

The U.S. needs a second generation SOFC Program. The Westinghouse technology is

being commercialized.
The question on SOFC depends critically on configuration; i.e., tubular vs. planar.

The primary relationships of the SOFC respondents to the DOE Fuel Cell Program are:

Fuel Cell Developers
AR&TD Researchers
Other sponsors of fuel cell research

ADNWO

Other: all four provide support or consulting services for sponsors or developers



EPRI Assessment of Fuel Cell R&D Needs

Daniel M. Rastler
(415-855-2521; Fax: 415-855-8501; E-mail: drastler@epri.com)
Electric Power Research Institute
3412 Hillview Avenue, P.O. Box 10412
Palo Alto, CA 94303

PAFC Needs

° Higher stack power density to reduce cost.

° Added electrolyte inventory or reduced electrolyte loss to ensure long cell stack life.
° Continued reduction in separator plate costs.

° Advanced water treatment system.

° Improved cooling system reliability.

MCFC Needs

e  Alternative separator plate material to eliminate corrosion and reduce cost.
° Eliminate electrolyte migration in external manifold MCFC design.

° Creep resistant electrodes.

° Alternative electrolytes may reduce corrosion.

° Eliminate or simplify aluminization.

° Eliminate or simplify nickel coating.



SOFC Needs

Establish a major DOE-supported planar SOFC program.

Develop techniques to scale-up SOFC cells to larger sizes to reduce costs.
Sulfur tolerant anodes.

Improved conductivity metal interconnectors.

Improved seals for metal interconnectors.

Improved seals for external manifolds.

System development.

Improved, reduced temperature electrolytes.

PEM Fuel Cells

Lower cost membrane.

Higher temperature membrane (250 - 369.

Improve membrane tolerance to diffusion of methanol.
CO tolerant anode catalyst.

Improved membrane water tolerance to dry out.
Improved fuel processing systems.

Inexpensive separator plates.



GRI Basic Solid Oxide Fuel Cell Research

Kevin Krist
(773-399-8211; Fax: 773-399-8170; E-mail: kkrist@gri.org)
Gas Research Institute
8600 W. Bryn Mawr Avenue
Chicago, IL 60631

Objective: Total system cost , $600/kW
Phase | (1990-1996)

. Planar single cells, operating at <8GD

Phase 11 (1997-2000)

. Reliable, high performance planar stacks, operating at <800
. Tubular SOFC Improvements
Budget

(Thousands of dollars)
1990 $300
1991 $300
1992 $300
1993 $650
1994 $650
1995 $650
1996 $600
1997 $1,000
1998 $1,000
1999 $1,000

2000 $1,000



Summary

Reduced-Temperature, Planar SOFCs

. Technically Challenging, Longer-Term Option

. Potential for <$700/kW Capital Cost

. High Power Density, Small Size

. Good Manufacturability

Tubular SOFCs

. Ready for Commercialization in about 3 Years

. Seal-Less Design, Tolerance to Thermal Stress
. Recent Technical Progress

. Operability in High-Efficiency, Pressurized SOFC/Turbine Cycles



The DOE Fuel-Cell AR&TD Program

Mark C. Williams (E-mail: mwilli@fetc.doe.gov)
Federal Energy Technology Center
P.O. Box 880, 3610 Collins Ferry Avenue
Morgantown, WV 26505

Role of DOE Fuel-Cell AR&TD
. To Support Major Fuel Cell Developers

- New Materials
- New Manufacturing Processes

. To Identify Breakthroughs That Lead to New Technologies
. To Verify R&D Claims
. To Maintain a Broad U.S. Technology Support Base

- Equipment
- Personnel

AR&TD Issues
Declining R&D Funding by Government and Industry

Shrinkage of Number of Universities Conducting Research in Some Fuel Cell
Areas in Some Countries

Lack of Forums for Communicating Results to Industry
Short Time Horizon for Research Results

Lack of Fuel-Cell Research Associations in Some Countries



Some AR&TD Funding Mechanisms
. Direct Contract to a Funding Agency
. University Coal Research
. Subcontract to DOE Developer
. SBIRs

. Consortia

Fuel Cell R&D Areas for Consortia, Pre-Commercial R&D

Advanced New Manufacturing Processes That Reduce Environmental
and Cost Problems

Advanced Materials That Promise Better Properties and Performance

Solid Oxide Fuel Cells: Developmental Issues
. Lower Cost Materials and Manufacturing Processes
. Sealing in Planar Designs
. Gas Pre-Heating

. Material Corrosion: Changes in Composition, Porosity,
Density, Phase, etc., Over Time

. More Compatible Materials for Interconnect, etc.
. Lower Temperature Materials
. Thinner Components

. Thermal Cycling



Carbonate Fuel Cells: Technical Issues

. Life and Endurance Testing
. Thermal Cycling
. Lower Cost Aluminization

. Higher Power Density

Compositions/Fabrication Processes

FY 1997 Agency Funding

Develop Environmentally Friendly, Low-Cost

Improved Stability: Corrosion and Electrolyte Loss

($ millions)

PEM SOFC MCFC PAFC
DOE, FE -- 13.0 37.0 --
DOE, EE 21.0 -- -- -
DOD, ES -- - - 8.0
DARPA 3.0 1.0 2.0 --
GRI -- 1.0 -- --
EPRI -- 1.0 -- --
DOT 2.5 -- -- 2.5
Total 26.5 16.0 39.0 10.5




Fuel Cell Opportunities in the Division of Materials Sciences,
Office of Basic Energy Sciences, U.S. Department of Energy

Richard D. Kelley
(301-903-3426; Fax: 301-903-9513; E-mail: Richard.Kelley@oer.doe.gov)
U.S. Department of Energy
19901 Germantown Road, Germantown, MD 20874-1290

Outline

l. Budget

. Areas of Research
- Fuel Cells

1. Opportunities

- Where to get more information

Office of Basic Energy Sciences

Examples of Areas of Research that Underpin the Mission

* Analytical chemistry

* Atomic, Molecular, and Optical Physics

* Batteries and Fuel Cells

* Bioenergetics

* Biomaterials and Biocatalysis
* Catalysis

* Chemical Kinetics

* Chemical Physics

* Ceramics

* Combustion Dynamics

* Condensed Matter Physics

* Corrosion

* Earth Structure

* Electrochemistry

* Fermentation Microbiology

* Geophysics and Geochemistry
* Heavy Element Chemistry

* Instrumentation Development
* Intermetallic Alloys

* Magnetism and Magnetic Materials
* Materials Physics and Chemistry
* Metals Forming

* Materials Welding and Joining
* Metallurgy

* Mineral Reactions

* Organometallic Chemistry

* Photochemistry

* Photosynthetic Mechanisms

* Plant and Microbial Sciences
* Plant Genomics

* Polymer Science

* Process Engineering

* Radiation Effects

* Robotics and Control Systems
* Rock Deformation

* Rock-Fluid Dynamics

* Separations Science

* Solar Energy Conversion

* Solid Dynamics

* Solid State Physics and Chemistry
* Structural Characterization

* Superconductivity

* Surface Science

* Synthesis and Processing Science
* Thermophysical Properties



Office of Basic Energy Sciences
Examples of PIs Currently Supported by BES in Fundamental Research Areas That
Underpin Electrochemical Technologies

Bates (ORNL) Ross (LBNL) Tuller (MIT)
Angell (ASM) McBreen (BNL) Fultz (Cal Tech)
Licht (Clark) Smyrl (Minn) Halley (Minn)
MacDonald (Penn State) Maroni, Nagy, Melendres (ANL)

Ocko (BNL)

Opportunities

More Information WwWw

Search DOE Energy Research

Click BES

Request for Proposals

PAIR

Partnership for Academic-Industry Research
Preproposal Deadline October 1, 1997

E-mail: Richard.Kelley@oer.doe.gov

Abstracts of all National Lab, University, Industry Projects



Office of Basic Energy Sciences

Associate Director
Patricia M. Dehmer

Deputy Associate Director

Iran L. Thomas

Hobert Astheimer
Research Coordinator

Materials Sciences

Iran L. Thomas
Director

Chemical Sciences

Robert Marianelli
Director

Engineering &
Geosciences

Iran L. Thomas
Acting Director

Energy Biosciences

Gregory Dilworth
Director

-} _} 1 1 1 | “"J= IEE

FY 1997
Budget Appropriation
$649,675

Chemical Sciences
$171,870

Facilities Total
5232550

$60,740

FACILITIES $111 130

RESEARCH Engineering and
Geosciences

541,250

Energy
/ Biosciences
o $28,185
: "_ .- e Capital Equipment
ni s $45,695

$171.810
Fﬁﬂll.l'l'_iEE

e $160,250 -
"‘f. , L HEEEAH?’H Construction, AIP & GPP

Materials Sciences $30,615

$332,060
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DARPA Advanced Energy Technologies

Robert Nowak
(Phone: 703-696-7491; Fax: 703-696-3999; E-mail: rnowak@darpa.mil)
DARPA/DSO
3704 North Fairfax Drive
Arlington, VA 22203-1714

Portable Power — Opportunities

* Batteries: significant improvements over existing systems;
>> 2X Specific Energy/Power

* Fuel Cells, Direct Methanol

Methanol Crossover

Cathode Catalyst Activity and Methanol Tolerance
Anode Catalyst Activity

Membrance Electrode Assembly Processing

* Fuel Cells, Alternative Fuel Options and Concepts
* TPV and AMTEC

Low Cost and Efficient PV Cells

Efficient TPV Cavity Designs

Compact AMTEC Designs

Efficient Fuel Combustion at Low Flow Rates
High Temperature Heat Recuperation



Mobile Electric Power — Opportunities
Fuel Reforming

Size

Efficiency

Sulfur Removal and/or Tolerance
Hydrogen Purity

Fuel Cell Integration

Customize for the Military

System Size and Weight

System Efficiency

Environmental Isues:
shock, vibration, temperature, altitude, salt spray,
dust, etc.

Signature:
acoustic, thermal, etc.

Operation and Maintenance
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BBAy Advanced Energy Technologies

F\___'____'

Defense Sciences Office

Power for the Military

Mobile Electric Power Portable Power Energy Harvesting
2 -100 kW 50 -500 W <5W

Micro - Internetted Unattended
Ground Sensu

~1!!

* Silent Watch e Battery Replacement ¢ Ground Sensors
* Field Power Stations * Micro-Climate Cooling * Micro - Robots
» Battery Charging



Mobile Electric Power 2 - 100 kW
Fuel Reformer Demonstrations

Defense Sciences Office

‘ 100 kW PAFC I
T '; I. |

- 14 KW Tested

- 100 kW Fabrication | pie

. Georg;atown U. Bus

20 kW PEMFC I

Bank

Load |,

iy
| oD

Fuuel

Water

Vaporizer ’

a4

Fuel injection

[

ﬁ Hydrogen

H2
Separator

Ralfinate

@Eumprcsrsur

Depleted Air
CO02 and 502

=

‘ 10 kW SOFC I

Multipurpose Shelter

Fuel Cell



System Mass vs. Mission Duration U
Mobile Electric Power - 10 kW (Logistics Fuel) s

Defense Sciences Office

1000
g 900 Quiet Diesel
©
> = 800
ST
=R .
5 00 _x Future Diesel
@ 600 -
c 2 -
S 2 500 ——
£ £ 400 — __. —~+ Planar SOFC
D - -
D300 b =T
P 200 T

100
0 1 T I |
0 25 50 75 100

Mission Duration - Hours



2288y Energy Conversion vs. Energy Storage

Defense Sciences Office

Energy Density of Selected Fuels
and Batteries

—

Batteries _ Fuel: Energy Density
Diesel Fuel/Jet Fuel 12,000 Wh/kg
Methanol 5,000
High Explosive 1,000

Fuel Cell, TPV, AMTEC

System Mass (or Volume or Cost)

Fuel Battery:
.......................................................... Primary Battery (est. max.) 500
Stack Rechargeable (est. max.) 200
.. | > Li/SO, Battery (primary) 176
Mission Duration Alkaline Battery (primary) 80
(Energy Use Requirements) Nickel-Cadmium (secondary) 40

Driving Force: Substantially decreased size, weight, and cost with
improved safety and environmental compliance — Increased force
mobility




Portable Power
50-500wW
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System Mass vs. Mission Duration

e Portable Power - 500 W

BA-5590 Batteries

12 // — IC Engine
10 / - " - . TPV LogiStiCS
— ———
S—- T .. AMTEC, Fuel
8 e Planar SOFC

- — o PEM - Hydrogen (10%)

—
/// PEM - Methanol
-

/ T T T T T T T T T ! 5000 W-hr of
0

System Mass - Kilograms
o N = N

BA-5590 Batteries
1 2 3 4 5 6 7 8 9 10 would weigh 29 Kg

Mission Duration - Hours




MIT Micro Turbine Generator
Performance Comparison

Defense Sciences Office

i Turbogen*® BA-5590 (LiSO,) Battery

Power Output 50 W
Energy Content 175 W hr
Weight 50 ¢
Volume 50 cc
Specific Energy 3500 W hr/kg
Energy Density 3 W hr/cc

* Effort lead by MIT; all values include fuel

50 W
175 W hr
1100 g
880 cc

175 W hr/kg
0.2 W hr/cc 2




The Portable Power Burden for
10 kW-hr of Electrical Energy

Defense Sciences Office

2002 2010
15 Kg 4 Kg

Microturbines

Batteries
DMFC

(BA-5590 Equivalent)




U.S. Department of Agriculture
Small Business Innovation Research Program

Charles F. Cleland and Ruth Lange
(Phone: 202-401-4002; Fax: 202-401-6070; E-mail: ccleland@reeusda.gov)
Room 328, Aerospace Center
901 D Street, S.W., Stop 2243
Washington, DC 20250-2243

Features of USDA SBIR Program

. Award Grants only; awards based on scientific/technical merit; ideas investigator-initiated.
. Nine broad topic areas.
. Funds allocated to topic areas in proportion to number of proposals received.

. Phase | Grants: 6 months at $65,000. Phase Il Grants: 2 years at $250,000.

. Proposals reviewed by confidential peer review using outside experts from non-profit
organizations.

. All applicants receive verbatim copies of reviews.
. Follow-on funding commitment strongly encouraged.
Topic Areas

Forests and Related Resources
Plant Production and Protection
Animal Production and Protection
Air, Water, and Soils
Food Science and Nutrition
Rural and Community Development
Aquaculture
Industrial Applications
Marketing and Trade



Rural and Community Development

1. New Agricultural Enterprises
2. Transportation
3. Education

4. Health Care
5. Information Services

6. Telecommunications

Marketing and Trade
1. Development of Marketing Systems

2. Development of Innovative Real-Time/Near-Time
Information Systems

3. Assessments and Specification of Marketing Opportunities

Example of Winning Proposal

Ms. Marcia Smith, Columbia Cascade, Inc., Reston, VA
International Trade Assistance for Rural Areas Using Expert System Technology



History of USDA SBIR Funding

FY  Budget (x 1¢) Phase | Phase Il
90 411 32/314 13/17
91 4.89 36/296 16/22
92 5.63 44/346 19/30
93 7.02 53/380 23/35
94 7.17 60/443 22/36
95 9.29 72/445 27/41
96 9.10 63/428 33/60
97 11.40 72/401 29/47

Geographical Distribution of USDA SBIR Winners, FY 83-FY 97

California West Northeast North Central South
CA-117 WA-43 MA-52 MN-31 FL-23
OR-40 PA-38 MI-31 TX-23
CO-29 NY-31 OH-20 VA-21
AZ-20 NJ-19 WI-16 NC-19
ID-19 MD-15 IL-15 TN-9
HI-18 CT-14 ND-13 LA-9
MT-12 DC-6 NE-11 GA-8
uUT-10 VT-6 SD-10 OK-6
NM-10 NH-4 IA-9 MS-5
AK-6 WV-1 IN-9 AR-3
WY-4 RI-0 KS-9 SC-3
NV-0 ME-0 MO-8 AL-2
DE-0O KY-1
VI-1
117 211 186 182 133
(14.1%) (25.5%) (22.4%) (22.0%) (16.0%)




Solicitation/Proposal Schedule, FY 1998
1. Solicitation released on 6/1/97
2. Proposal due date of 9/4/97
3. Panels meet in January and February of 1998
4, Decisions made by 3/1/98
5. Phase | Grant Period is from 5/15/98 to 11/30/98

6. Phase Il Application Deadline is 2/12/98

Internet Sites of Interest
SBA http://www.sbaonline.sba.gov
USDA http://www.usda.gov
USDA/SBIR http://www.reeusda.gov/sbir/sbir.ntm

CRIS http://cristel.nal.usda.gov:8080

Commercialization Results

Year No. Awards Positive Impact Percent Sales Percent
1988 14 10 71 8 57
1999 13 9 69 5 38
1990 13 9 69 6 46
1991 16 12 75 10 63
1992 19 14 74 12 63
1993 23 21 91 13 57
1994 22 20 91 13 59

Total 120 95 79 67 56




=

Distribution of Sales for Phase Il Awardees, FY 1988 - 1994

Range Number
< $10,000 3
$10,000-99,999 7
$100,000-499,999 14
$500,000-999,999 4
> $1 million 7

University Involvement in USDA SBIR

Strongly encouraged.

University faculty can serve as consultants or can receive a subcontract (in both cases,
limited to no more than 1/3 of Phase | award or 1/2 of Phase Il award) and continue to
work full-time at university.

University faculty can serve as principal investigator on the grant, if they reduce
employment at the university to 49 percent for duration of grant, and if the SBIR research
is performed some place other than their research lab.

It is usually not acceptable for university faculty to serve as consultants and have all the
research done in their lab.



USDA SBIR Review Process for Phase |
There is a different review panel for each topic area.
An outstanding research scientist is selected as topic manager for each review panel.
Proposals undergo initial screening and then are assigned to the appropriate topic area.
Each proposal is sent to six ad-hoc reviewers who mail in written reviews.
Each proposal is reviewed by two members of the review panel.

Based on both the panel and ad-hoc reviews and the panel discussion, each proposal is
ranked and the top ranked ones are recommended for award.

The SBIR program follows the panel recommendations very closely, and allocates funds
to each topic area in proportion to the number of proposals submitted.

Those proposals recommended for funding undergo an administrative review prior to the
grant being awarded.

A panel summary plus verbatim copies of the reviews, minus the score and name of the
reviewer, are sent to the principal investigator for all proposals, funded or not.

USDA SBIR Review Process for Phase Il

Each proposal is sent to six to eight ad-hoc reviewers who are experts on some aspect of
the proposal.

The ad-hoc reviews for all proposals in a given topic area are sent to the topic manager
who provides a rank order for the proposals, based on his/her reading of the ad-hoc
reviews and of the proposals.

The rankings from each topic manager are presented to an internal panel consisting of
program managers from the National Research Institute. Based on their reading of the
proposals, the ad-hoc reviews and justifications from the topic managers for their

rankings, the panel establishes the final rank order for the proposals in each topic area.

The SBIR program uses these rankings to determine which proposals should be funded
and at what dollar level. Other factors that are considered at this point include follow-on
funding agreements and prior success in commercializing technologies developed SBIR
support.



10.

11.

Evaluation Criteria

Scientific/technical merit.

Degree to which Phase | objectives were met and feasibility demonstrated (Phase Il only).

Importance of problem to American agriculture or rural development.
Probability of commercial success.

Adequacy of research objectives.

Adequacy of research plan.

Qualifications of Principal Investigator and other key personnel.
Adequacy of facilities.

Qualifications of consultants.

Letters from consultants indicating their willingness to work on project are included as
part of the proposal.

Adequacy of bibliographies for the Principal Investigator, other key personnel, and
consultants.

Elements Common to Successful Proposals
1.  Well written, succinct, and logical.
2. Thorough literature review.
3.  Addresses important problem.
4. Innovative approach.
5.  Well designed and detailed experimental plan.

6. If successful, would have good commercial potential.



10.

11.

12.

13.

14.

15.

Common Proposal Criticisms
Poorly written and presented.
Principal Investigator lacks necessary technical expertise.
Insufficient literature review.
Insufficient technical information.
Cannot be completed in 6 months.
Inadequate bibliographical information.
Lacks letters from consultants.
Research already done by others.
Too vague and unfocused.
Failure to indicate where project would go in Phase II.
Poor commercialization potential.
Doubtful economic prospects.
Inadequate detail in experimental plan.
Too much research done at university.

Need to engage consultants to add expertise in area where Principal Investigator is
deficient.



|dentification of Breakout Topics, and
Initiation of Breakout Group Discussions

A. Session on MCFC-Stack AR&TD Issues
Facilitator: Julianne Klara (FETC)
Scribe: Diane Hooie(FETC)

Summary

Fourteen people were present in this session, representing manufacturers, research and
development institutions, and consultants. All attendees, including the facilitator and scribe, were
engineers. In addition, eight were foreign visitors.

The format of the session consisted of a brainstorming session and then the nominal group
technique was used to prioritize the issues. This technique involves each participant voting for
the his/her top three issues, and three points are assigned for the top issue, two points for the
second, and one for the third. The votes are then tallied, with the most votes going to the issues
that should have the highest priority.

Cell conversion efficiencyvas identified as the most important issue. This involves the
reduction of polarization losses as well as improved heat removal from the cells. The second
priority identified wasseparator plate materialsCorrosion needs to be reduced as well as
improved active area and wet seals needs to be developed. The third key item identified was
improvement of the electrolyteThis includes reduction of several key mechanisms: creep,
evaporation, migration, segregation, ionic degradation, and nickel oxide solubility.

The focus of this session were those advanced research and development issues related
only to the molten carbonate stack. However, in the process of developing the key issue list,
other issues were identified. At the request of the participants, these were also prioritized using
the same technique. The top issues include improved robustness of the stack, commercial
availability of components and materials, seal integrity, and thermal cycle ability.

Discussion

Participants identified five key areas that need improvement for the fuel cell stack. They
then identified specific stack issues that would improve those areas. These were further divided
into advanced research and development needs or product development/improvement needs that
would probably not be addressed through an AR&TD program. The stack issues were then
ranked according to the highest priority. These are shown below.



Code

‘D1

‘D2

‘D3

‘R1

‘P1

‘P2
‘P3
‘P4

‘N1

Advanced Research and Technology
Development Issues

Durability

Separator plate materials
- Reduce corrosion
- Improve active area/wet seals

Electrolyte (match to operating conditions)

- Reduce creep

- Reduce evaporation

- Reduce migration (definitely not a problem for
internally manifolded, externally manifolded
reported it is also not a problem)

- Reduce segregation (gradation of two ion spec

- Reduce NiO solubility

Lack of methodology for accelerated long-term tes|
Reliability

No AR&TD issues identified.
Robustness

Negative Cells operation
- Examine effect on other cells
- Understand mechanism

Cost and Performance

Cell conversion efficiency
- Reduce polarization
- Improve heat removal/thermal management

Improve volumetric density (Wft )
Improve footprint (W/ft )
Develop thinner cells

Looking Toward the Future

Develop new and innovative ideas. Future genera

es)

ng

tion.




These were ranked in the following table. Note that “thinner cells” received no votes and was not
ranked.

AR&TD lIssues by Priority

Rank Issue Total
Points

1 P1 - Cell conversion efficiency 33

2 D1 - Separator plate materials 18

3 D2 - Electrolyte (match to operating conditions) 16

4 D3 - Lack of methodology for accelerated long-term testing 6

4 P2 - Improve volumetric density (W¥ft ) 6

6 P3 - Improve footprint (W/t ) 6

7 N1 - Develop new and innovative ideas. Future generation. 2

8 P4 - Negative cells operation 1




Non-AR&TD Issues

Code
Durability

‘D4 Seal integrity

‘D5 Reuse/recycle materials and components
‘D6 Repairableness
‘D7 Stability of reforming catalysts

‘D8 Thermal cycle ability

Reliability

‘R2 Defect-free manufacturing repeatability
Robustness

‘R3 Ability to operate under off-design conditions

Cost and Performance

‘Cl Improve manufacturing processes and assembly

‘C2 Commercially available components and materials
‘C3 Design simplification

‘C4 Compact/portable system/develop other applications

Looking Toward the Future

Nothing included in this topic.

These were ranked in the following table. For these issues, there was little difference in most of
the topic areas. However, “stability of reforming catalysts” received no votes and was not
ranked.



Non-AR&TD Issues by Priority

Rank Issue Total
Points

1 R3 - Ability to operate under off-design conditions 10
1 C2 - Improve manufacturing processes and assembly 1P
3 D8 - Thermal cycle ability 7
3 D4 - Seal integrity 7
5 D5 - Reuse/recycle materials and components 6
6 D6 - Repairability 5
6 R2 - Defect-free manufacturing repeatability 5
6 C3 - Design simplification 5
9 C1 - Improve manufacturing processes and assembly 3
10 C4 - Compact/portable system/develop other applications 2

B. Session on SOFC-Stack AR&TD Issues
Facilitator: Janice Murphy(FETC)
Scribe: William Cary Smith(FETC)

Summary

A group of manufacturers, developers, researchers, and industry personnel gathered to
discuss the specific research needs for solid oxide fuel cell advanced research and technology
development. The group identified 13 specific areas of interest. Each participant then voted for
the two most critical issues from their viewpoint. These votes were tabulated and are shown in
the following table.



Specific Needs for SOFC AR&TD

Area Votes Cast
1 | Seals for planar in short term, and tubular in long term 4
2 | Low-cost fabrication including thin films for electrolyte and interconnect 11
3 | Stack development for low-temperature planar material 6
4 | Interconnect issues, stability, material selection (metallic/ceramic) 3
5 | Hydrocarbon operation of low-temperature fuel cells 4
6 | Thin film technologies with low cost 0
7 | New materials to enhance chemical capabilities 0
8 | Availability needs (when will they be ready?) 0
9 | Funding on development scale for planar 9
10 | Balance between power density and efficiency (optimize life cycle cogsts; 0
area of specific resistance)
11 | Reliability/maintenance/endurance from utility standpoint 4
12 | Thermal cycling (tubular and especially planar) 0
13 | De-emphasize multi-function fuel cells (modular design for low cost) 1
Discussion

600 to 800°C range. This should include system integrations of existing technology, modeling
component and complete power systems, hydrocarbon operation results, and critical data base

The top three categoridew-cost fabrication, funding, and stack development at low
temperature were topics discussed in more detail.

There was general agreement that there needed to be more work conducted in electrolyte

and interconnect fabrication emphasizing low fabrication costs.

The group would like to see DOE funding increased for intermediate temperature planar
t be done. Other
nt was explored and

fuel cells. However, the group did not have a plan on how this migh
sources of funding were not suggested. An alternative of recoupme
the majority (11 to 1) of those voting favored this approach.

The third priority was the development of stacks for low temperatures in the

development.




C. Session on Other Fuel Cell Technologies and Applications
Facilitator: Daniel Rastler(EPRI)
Scribe: Damon Benedic{FETC)

Summary

About 13 people attended this breakout session, representing manufacturers, developers,
researchers, and government. The discussion primarily related to Proton Exchange Membranes
(PEMSs), including PEM applications, R&D needs, and approach to meet these R&D needs.
Specific suggestions included:

PEM Applications:

Portable Power (about 200 kW)

Small Stationary Power (2 -1,000 kW)
Transportation

Auxiliary Power Units (2 -60 kW)
Emergency Applications

Biomass, Industrial, or Rural Utilization

PEM R&D Needs:

. Fuels Logistics
. Fuel Processing
. Fuel Cell Concerns, including

- effects of sulfur and trace organics
- operation at higher temperatures
- new catalysts

. Hydrogen Storage

PEM R&D Approaches:

. Define Needs and Problems

Present the Needs and Problems to Other Disciplines (e.g., at conferences, etc.)
Good Front-End Coordination Utilizing Consortia via the ATS Experience
Develop Transition Plan

Identify High-Value Market Entry

Other fuel cell applications that were discussed included utilization of biomass gas and
logistic fuels, regenerative systems, and hybrid systems.



D. Fuel Cell Balance-of-Plant Session
Facilitator: John Wimer(FETC)
Scribe: Kevin Krist(GRI)

Attendees

Around 15 people attended the session, including but not limited to representatives from
fuel cell and turbine manufacturers, public utilities, research organizations, architecture-
engineering firms, and government agencies. An attendance list was distributed and taken up by
the session organizer.

Objective: To assemble and prioritize advanced research and technology development
(AR&TD) ideas for the fuel cell balance-of-plant (BOP).

Agenda: (1 hour session)
Introduction (5 minutes)
Brainstorm ideas (20 minutes)
Discuss pros and cons of each idea (20 minutes)
Prioritize ideas (10 minutes)

Brainstorming

During brainstorming, the following areas, listed in no particular order, were suggested for
AR&TD work on the fuel cell BOP. It was noted that, depending on the definition of AR&TD,
some of these areas may not be appropriate for AR&TD.

A. Power Conditioning
1. cost effective inverters
2. voltage stabilizers
3. transformers
B. Fuel Processing
1. reformer (with and without shift)

2. multi-fuel capability

C. Cleanup of Fuel, Air and Water
1. sulfur removal

D. Siting Requirements
1. climate proofing for marine environments (salt ingestion)
2. siting codes and standards, e.g., indoor/outdoor operation, operation in enclosed
spaces



Q.

Controls

Sensors
1. long-term (8,000 - 10,000 hours) stability of sensors and transmitters

Steam Turbines

Turbomachinery, e.g., Gas Turbines

Modular Packaging

Standardization

BOP Economics

1. identify cost reduction opportunities by benchmarking BOPs of competing power

technologies

System Integration/Modeling
1. combinations of different fuel cells, e.g., high and low temperature cells

Insulation (thermal/electrical)
1. highly effective, low cost

Heat Exchangers
1. options to eliminate

Systems Development for New Applications and Market Studies

1. develop BOP for small capacity FC systems

2. mobilization, including motion sensitivity and high shock capability
3. provisions for cogeneration

4. potable water

Cost Reduction for Installation and Operation and Maintenance
1. make the BOP user friendly

Designs for Different Load Profiles, e.g., Peak, Intermediate, Base

Prioritization of AR&TD Areas for the Fuel Cell BOP

The 17 areas listed above, lettered A-Q, were prioritized using a multi-voting technique.

Each attendee had three “votes” to distribute as he or she wished among the 17 areas, including
assigning multiple votes to a single area. The results of the prioritization are shown in the
following table.



Priority AR&TD Area for Fuel Cell BOP Votes
Received
1 Fuel Processing 7
1 Power Conditioning 7
3 Siting Requirements 5
4 Insulation 4
4 System Integration/Modeling 4
4 Turbomachinery 4
7 Cleanup of Fuel, Air, and Water 2
7 Systems Development for New Applications and Market Studlies 2
9 Cost Reduction for Installation and Operation and Maintenarjce 1
9 Modular Packaging
10 BOP Economics 0
10 Controls 0
10 Designs for Different Load Profiles 0
10 Sensors
10 Standardization
10 Steam Turbines 0
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Mark Williams

Product Manager

U.S. Department of Energy
Federal Energy Technology Center
MS-DO1 P.O. Box 880
Morgantown, WV 26507-0880
(304) 285-4747

(304) 285-4292 fax
mwilli@fetc.doe.gov

Diane Hooie

Project Manager

U.S. Department of Energy
Federal Energy Technology Center
MS-D0é6 P.O. Box 880
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(304) 285-4469 fax
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Jeff Marqusee

Director ESTCP
Environmental Security

U.S. Department of Defense
3400 Defense, Pentagon
Washington, DC 30201-3400
(703) 614-3090

(703) 693-2659 fax
marqusj@acq.osd.mil

CumaTe CHANGE FueL CeLL PROGRAM

New Program Boosts Fuel Cell Industry

Project Benefits

Fuel cells are similar to batteries in that they both produce a DC current by using
an electrochemical process. Two electrodes, an anode and a cathode, are
separated by an electrolyte.

Like batteries, fuel cells are combined into groups, called stacks, to obtain a usable
voltage and power output.

Unlike batteries, fuel cells do not “run down” because they receive their fuel source
from outside the cells. Instead, they convert the energy from a hydrogen-rich fuel
directly into electricity. They will continue to operate as long as they are supplied
with fuel and air.

Fuel cells emit almost none of the sulfur and nitrogen compounds released by con-
ventional generating methods, and can utilize a wide variety of hydrogen-rich
fuels: natural gas, coal-derived gas, landfill gas, biogas, or alcohols.

Three types of fuel cells are targeted for stationary power generation:

Phosphoric Acid Fuel Cells (PAFC) are the most mature commercially available fuel
cell technology. They operate at about 200°C (400°F), and their electrical
efficiency can exceed 40 percent (LHV). With the use of by-product heat, total
efficiency can reach 80 percent.

Molten Carbonate Fuel Cells (MCFC) are now being tested in full-scale
demonstration plants. They offer higher fuelto-electricity efficiencies (approaching
60 percent LHV), and operate at higher temperatures (about 650°C, or 1200°F).
When the by-product heat is used, total efficiencies can approach 85 percent.

Solid Oxide Fuel Cells (SOFC) are currently being tested in a 100-kilowatt plant.
They offer the stability and reliability of all-solid-state ceramic construction. Their
high-temperature operation (up to 1000°C, or 1800°F) allows more flexibility in
the choice of fuels. Like MCFC, SOFC approach 60 percent electrical efficiency
LHV, and 85 percent total efficiency.

Cost Profile
(Dollars in Millions)
FY95 FY96 FY97 FY98 FY99
Department
of Defense* $8.4 - - - -
P secter — $4.1 $21.2 $8.7 $0.9
* Appropriated Funding
Key Milestones
FY95 FY96 FY97 FY98 FY99 FYOO FYO1
ding So atio Operation Testing
Funding
authorized | Solicitation
completed Acceptance testing
completed Operations
testing
completed
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CumATE CHANGE FuEeL CeLL PROGRAM

New Program Boosts Fuel Cell Industry

Project Description

PRIMARY PROGRAM PARTNER

U.S. Department of Defense
Washington, D.C.

TOTAL ESTIMATED COST
$43,373,000

COST SHARING
DoD $8,400,000

Grantees $34,973,000

Fuel cells have emerged in the last decade as one of the most promising new tech-
nologies for meeting the Nation’s energy needs well into the 21st century. Unlike

power plants that use conventional technologies, fuel cell plants that generate elec-
tricity and usable heat can be built in a wide range of sizes—from 200-kilowatt

units suitable for powering commercial buildings, to 100-megawatt plants that can
add baseload capacity to utility power plants.

The Climate Change Fuel Cell Program is a joint effort of the U.S. Departments of

Defense (DoD) and Energy (DOE) that was authorized by Congress in the fiscal year
1995 Defense appropriations bill. The DOE Federal Energy Technology Center (FETC)
is implementing and managing the program, providing financial assistance to buyers
of fuel cells who are energy-service providers, utilities, or end users.

Fuel cells offer extremely high efficiency in the production of electricity, yet very

low pollutant emissions. The objectives of the Program are to reduce greenhouse
emissions, accelerate fuel cell commercialization, and satisfy DoD goals for the

environment and U.S. economy.

Congress authorized additional funding for fiscal years 1996 and 1997 through
the Defense appropriations bill. It is expected an additional $14 million will be
awarded through this program.

Program Goal

SFETL

WE SOLVE NATIONAL ENERGY
AND ENVIRONMENTAL PROBLEMS

Thirty-three awards were made to utility, end user, and energy service providers
for utility, commercial, or industrial use of fuel cells in the U.S. and abroad. Most
of the projects are for 200-kilowatt fuel-cell installations, but several are for 400-,
600-, or 800-kilowatt operations. All grantees are purchasing fuel cells from the
ONSI Corporation of South Windsor, Connecticut. ONSI is the marketing sub-
sidiary of International Fuel Cells.

The 33 grantees are purchasing a total of 42 ONSI 200-kilowatt units, to be used
as single units or multiple arrays of the 200-kilowatt module.

The program is a key element of the Federal Administration’s Climate Change Action
Plan, which is an effort to curb emissions of greenhouse gases in part through the
development of environmentally clean energy technologies. The intent of the program
is to satisfy DoD goals for the environment, readiness, and economy through activities
that would stimulate end-user applications. This would stimulate a major expansion
of fuel-cell manufacturing capability in the U.S. and, in turn, bring mass-produced
fuel cells into a cost range that is competitive with more traditional sources.

Since fuel cells generate electricity electrochemically, rather than mechanically, they
are more efficient over a wider load factor and can cut greenhouse gases by over
50 percent.




ProGRrAM FACTS

TYPE OF APPLICANT

Utility = 12
End User = 10
Energy Service = 7

Mixed (End User + Utility
or Utility + Electric) = 4

TYPE OF USE
Utility = 6
Industrial = 8

Commercial = 18
Mixed (Utility/Commercial) = 1

ACCEPTANCE TEST
1996 = 5
1997 = 24
1998 = 4
Fuer Ceus IN THE U.S. :
AND ABROAD .

SPOKANE, WA
SACRAMENTO, CA
PittsBUrRG, CA

Mesa, AZ

FORrT RICHARDSON

Anchorage
DoD Sites

® © © 0 0 0 0 06 © 0 0 © 0 © 0 © © 0 © 0 0o 0 0 0 0 o P o 0 o o

EuroPE )
(4) DoD Sites

' ¢

SYRACUSE, NY
WINTHROP, MA
BRAINTREE, MA
HArtroRD, CT
FARMINGTON, CT
Yonkers, NY (2)
STATEN IsLAND, NY
Murry Hit, NJ

VARBERG, SWEDEN
HamurG, GERMANY
SAARBRUCKEN, GERMANY
HALLe, GERMANY
NUERNBERG, GERMANY
ORANIENBURG, GERMANY

YOKOHAMA, JAPAN
FucHu-SHi (Tokyo), JapaN

WHAT IS A FUEL CELL?

Fuel cells produce direct current (DC) power
from hydrogen-rich fuel gas and air

that flow over two cell electrodes.
The principal by-products

are water, carbon dioxide,
and heat.

WATER
COy

SPECIFIC USES:
Heating District Building/Network
Hotel
Laboratory/Processing Plant
Manufacturer
Medical Facility
Military Housing/Facility
Office Building
University/School
Wastewater Treatment

UNIQUE FEATURES:
Transportable (1)
Premium Power (2)
Anaerobic Digester (2)
Anaerobic Gas (1)
Propane (1)

Landfill Gas (1)
Hydrogen Fueled (1)

HEAT

DC POWER

WHY CHOOSE THE ONSI FUEL CELL?

The ONSI PC25™ is a phosphoric acid fuel (PAFC). PAFC technology
is already a commercial reality. ONSI’s 200-kW modular unit was
first installed in 1992 and since then, over 100 units have been sold
worldwide.




PROJECT

facts

DEPARTMENT OF ENERGY
OFFICE OF FOSsIL ENERGY

FEDERAL ENERGY TECHNOLOGY CENTER

PRIMARY PROJECT PARTNER

Energy Research Corporation
Danbury, CT

MAIN SITES
Santa Clara, CA

(Demonstration)

Torrington, CT
(Manufacturing)

TOTAL ESTIMATED COST
Product Design Improvement
$139,214,992

Santa Clara Demonstration
$53,388,290

COST SHARING
Product Design Improvement
DOE $99,571,776
Non-DOE $39,643,216
Santa Clara Demonstration
DOE $28,608,748
Non-DOE $24,779,542
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Project Description

ADVANCED CLEAN/EFFICIENT

POWER SYStems

PS023.0897M

DeVELOPING THE SECOND-GENERATION FUEL CELL —
THE ENERGY RESEARCH PROJECT

The Energy Research Corp-
oration (ERC) in Danbury,
Connecticut, is one of the
Nation’s principal developers
of stationary fuel cell power
plants — a technology that
is among the cleanest and
most efficient available for
the 21st century.

Sharing costs with the
Department of Energy’s
Office of Fossil Energy, ERC
demonstrated a carbonate
fuel cell power system at the
Santa Clara, California. This power plant operated on pipeline natural gas in a grid-
connected mode for 4,000 hours, delivering 2,500 MWh of energy to the City of Santa
Clara grid, a record for a firstof-a-kind MW size fuel cell power plant. The project
was jointly funded by FETC and the SCDP (EPRI, NRECA, City of Santa Clara Electrical
Department and six utilities from California and Arizona: City of Los Angeles Department
of Water and Power, City of Vernon Light and Power Department, National Rural
Electric Cooperative Association, Sacramento Municipal District, and Southern
California Edison Company). Equipped with the Santa Clara experience, ERC is
currently defining the commercial system design. ERC plans to soon implement a
second demonstration of this power plant which is expected to deliver similar power
levels in a plant one-tenth the size. This 2 MW second demonstration is a key milestone
in the commercial entry of second-generation fuel cell technology.

Carbonate fuel cells offer higher fuelto-electricity efficiencies than the fuel cell systems
now being marketed, and they are also expected to have much lower capital costs.
Quiet and virtually pollution-free, they are scheduled to become commercially available
by the year 2002. The commercial system is expected to consist of 375-kilowatt stacks,
with four stacks per module. Initially, the cells will be fueled by natural gas; later, as
the technology advances, fuel sources could be expanded to include gas made from
coal or biomass.

ERC has constructed a manufacturing facility in Torrington, Connecticut, to fabricate
full-size stacks for design verification and demonstration units. The current capacity
of this facility of 17 MW/yr is being expanded to 50 MW/yr to manufacture early
market products. The company received an endorsement from the American Public
Power Association and the Electric Power Research Institute, and a buyers’ group
has been actively collaborating with ERC to provide user input.

ERC has also joined forces with Fluor Daniel, Inc., a leading international supplier
of services to the power industry, and MTU (Germany), an affiliate of Daimler Benz
to explore worldwide opportunities.




CONTACT POINTS

Bernard Baker
Energy Research Corp.
3 Great Pasture Road
Danbury, CT 06813
(203) 792-1460

Mark Williams
Product Manager
U.S. Department of Energy

Federal Energy Technology Center

MS-DO1 P.O. Box 880

Morgantown, WV 26507-0880

(304) 285-4747
(304) 285-4292 fax
mwilli@fetc.doe.gov

Project Partners

ELecTRIC POWER RESEARCH INSTITUTE

Palo Alto, CA

NATIONAL RURAL ELECTRIC
COOPERATIVE ASSOCIATION
Washington, DC

THE CiTY OF SANTA CLARA
THE SACRAMENTO MUNICIPAL
Utiuty DistricT
Sacramento, CA

SOUTHERN CALIFORNIA EDISON
Rosemead, CA

THE LOS ANGELES
DEPARTMENT OF WATER
AND POWER

Los Angeles, CA

THE City OF VERNON, CA
Vernon, CA

Development Partners

FueL CELL ENGINEERING
Danbury,CT

FueL CeLL MANUFACTURING
CORPORATION
Torrington, CT

FLuor DANIEL, INC.
Irvine, CA

JAcoBS APPLIED TECHNOLOGY
Orangeburg, SC

MoTERN-UND TURBINEN-UNION (MTU)

Munich, Germany

FueL CeLL COMMERCIALIZATION GROUP

Washington, DC

SANTA CLARA DEMONSTRATION PROJECT

Santa Clara, CA

DeVELOPING THE SECOND-GENERATION FUEL CELL —
THE ENERGY RESEARCH PROJECT

Program Goals

Fuel cell technology is modular and lends itself well to dispersed power generation.
Fuel cells could be sited at electrical substations or at the point of end use, such as
a hospital or shopping mall. ERC’s carbonate fuel cell system features a unique
Direct Fuel Cell concept, which eliminates auxiliary equipment and simplifies the
power system.

ERC's Santa Clara power unit will be the technological forerunner of the company’s
commercial product line. This demonstration, coupled with the company’s continued
product development and commercial system demonstrations, will maintain the
United States’ position as world leader in advanced fuel cell technology.

The program goals are to commercialize the tubular SOFC by 2002. Commer-
cialization of the technology supports DOE goals for emissions reduction and
energy security.

Project Benefits

Fuel cells have emerged as one of the most promising new power-generation
technologies for the 215t century. Endorsed by President Clinton’s Climate Change
Action Plan, fuel cells are an environmentally clean, quiet, and highly efficient
method for generating electricity and heat from natural gas and, potentially,
other fuels.

Carbonate fuel cell technology is increasingly attractive because it offers several
advantages over conventional power plants, as well as today’s market-entry
(phosphoric acid) fuel cell systems:

* Fuelto-electricity efficiencies can exceed 60%, well above the 33% to 35%
efficiencies of today’s conventional power plants and the 40% to 45%
efficiencies of phosphoric acid systems; when the waste heat is utilized, total
thermal efficiencies can approach 85%.

® Higher operating temperatures (approximately 650°C compared with 200°C
for first-generation systems) make the molten carbonate fuel cell a better
candidate for combined-cycle applications (where exhaust heat is used in
a steam cycle fo generate additional electricity).

* The projected cost of the technology is competitive.

® The technology exceeds all current and envisioned environmental regulations,
producing water and carbon dioxide as the only emissions (the amount of carbon
dioxide released per unit of electricity is considerably less than current power-
generating technologies, because of the higher efficiencies).




PROJECT

facts

DEPARTMENT OF ENERGY
OFFICE OF FOSsIL ENERGY

FEDERAL ENERGY TECHNOLOGY CENTER

PRIMARY PROJECT PARTNER

M-C Power Corporation
Burr Ridge, IL

MAIN SITES
San Diego, CA

(Demonstration)

Burr Ridge, IL
(Manufacturing)

TOTAL ESTIMATED COST
Product Design Improvement
$104,216,627

San Diego Demonstration
$29,326,821

COST SHARING
Product Design Improvement
DOE $70,861,366
Non-DOE $33,355,261
San Diego Demonstration
DOE $16,571,222
Non-DOE $12,755,599
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Project Description

ADVANCED CLEAN/EFFICIENT

POWER Systems

PS024.0897M

DeVELOPING THE SECOND-GENERATION FUEL CELL —
THE M-C Power PROJECT

The M-C Power Corp-
oration, headquartered
in Burr Ridge, lllinois,
has tested the prototype
of the next generation
of fuel cell technology
in San Diego, Californiq,
and is now in a 5-year
development effort
(1994-1999) to improve
the design and reduce
costs for the first market-
entry units.

Molten carbonate fuel
cells operate at higher
temperatures (in excess of 200°F) than firstgeneration phosphoric acid systems (which
run at about 400°F). Higher operating temperatures increase power-generating
efficiencies and correspondingly decrease emissions of carbon dioxide, a greenhouse
gas. A molten carbonate fuel cell operates at nearly twice the efficiency of a coal
combustion plant, reducing carbon dioxide emissions by nearly 50%.

The unit installed in San Diego, at the Miramar Naval Air Station, generated 250
kilowatts of electricity. Also, heat produced by the fuel cell was used in adjacent
buildings at the site. This cogeneration approach raises overall efficiencies to nearly
85% — meaning that 85% of the energy value of the fuel is used.

Because fuel cells produce electricity and heat by an electrochemical process — like
a battery — they emit virtually none of the sulfur and nitrogen pollutants associated
with combustion processes.

Prior to the San Diego test, M-C Power tested its configuration in four 11-square-foot
stacks, the largest size to be fabricated to date. In the 250-kilowatt stack, 250 of these
full-size cells are assembled into a compact module.

The first project began in September 1990, and the latest in December 1994. The total
effort is expected to end in December 2000.

The first unit was installed in Brea, California, and was operated in 1995. The second
unit was operated at Miramar Naval Air Station in San Diege in 1997. This unit
operated for 2,350 hours and delivered 158 megawatts per hour of direct current
ouptut and 296,500 pounds of 110 psig steam to the base.

This program consists of three separate projects. The first is a $60.5 million contract,
which includes $18.1 million from M-C Power. The second is for $30.8 million,
including $14.2 million from M-C Power. The third is a $104 million product develop-
ment and improvement project, with $33 million from M-C Power.




CONTACT POINTS
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M-C Power Corp.
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Project Partners

SAN DIEGO GAS AND ELECTRIC
San Diego, CA

GAS RESEARCH INSTITUTE
Chicago, IL

BECHTEL CORPORATION
San Francisco, CA

STEWART AND STEVENSON
Houston, TX

ELECTRIC POWER RESEARCH INSTITUTE
Palo Alto, CA

SOUTHERN CALIFORNIA GAS
Los Angeles, CA

INSTITUTE OF GAS TECHNOLOGY
Mt. Prospect, IL

DEVELOPING THE SECOND-GENERATION FueL CELL —
THe M-C Power PRrOJECT

Program Goals

The M-C Power demonstration in San Diego provided valuable experience in
installing and operating a molten carbonate fuel cell in a commercial cogeneration
application. Fuel cell modules comparable in size to those installed at the demonstra-
tion site will be linked together for larger power plant applications. The demonstration,
coupled with the company’s continued product development, will keep the United
States the world’s leader in advanced fuel cell technology.

The program goals are to commercialize the tubular MCFC by 2002. Com-
mercialization of the technology supports DOE goals for emissions reduction and
energy security.

Project Benefits

Fuel cells have emerged as one of the most promising new power-generating
technologies.

Endorsed by President Clinton’s Climate Change Action Plan, fuel cells are an
environmentally clean, quiet, and highly efficient method for generating electricity
and heat from natural gas and potentially other fuels.

Molten carbonate fuel cell technology is becoming increasingly attractive because
it offers several advantages over today’s market-entry (phosphoric acid) fuel cell
systems:

* Fuelto-electricity efficiencies can exceed 55%, well above the 33%-35% efficien-
cies of today’s conventional power plants and the 40% to 45% efficiencies of
phosphoric acid systems; when the waste heat is utilized, total thermal efficien-
cies can approach 35%.

® The higher operating temperatures (approximately 1,200°F, compared with
400°F for firstgeneration systems) make the molten carbonate fuel cell a better
candidate for combined-cycle applications (where exhaust heat is used in a
steam cycle to generate additional electricity).

® The technology is expected to be much lower in capital cost, approaching
$1,200 per installed kilowatt, or less than today’s conventional coal-fired
power technology.

® The technology exceeds all current and envisioned environmental regulations,
producing water and CO, as the only emissions (the amount of CO, released
per unit of electricity is considerably less than current power-generating tech-
nologies because of the higher efficiencies).
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PHosPHORIC AciD FueL CeL. COMMERCIALIZATION

Project Description

The ONSI Corporation of the U.S. is the only manufacturer of commercial phosphoric
acid fuel cell (PAFC) units in the world. This company has the capability to produce
200 PC25™ units per year in its facility using robotics manufacturing and automated
assembly techniques. The PC25™ converts 1900 SCF per hour of natural gas into
PRIMARY PROJECT PARTNERS 200 kW of grid-connected or grid-independent premium power and up to 750,000

ONSSI Corporation Btu/hr of useful thermal energy at up to 250°F.
South Windsor, CT

Program Goals
Gas Research Institute

More than 400 PC25 fuel cell power plants have been ordered from ONSI as

Chicago, IL of May 1997. Eighty-two units are now operational at sites in the United States,
Electric Power Research Europe, and Asia.

Institute

Palo Alto, CA Eight units have operated more than 30,000 hours with the first unit expected to

surpass the 40,000 cell stack design life in late 1997. The longest continuous
operation record has
been set, and then
surpassed by two units
operating in the Tokyo
Gas Company service
territory. The first
company record of
9,477 hours was set
in September 1996.
This was followed by
a second Tokyo Gas
Company unit which
operated for 9,500
hours before being
shut down for an
inspection required by
Japanese regulations.

The fleet continues to show an impressive availability, above 95%. The latest PC25™
design, the Model C, has entered service world-wide. Twenty-five Model C units are
operating on three continents as of May 1997, and the world-wide fleet has now
operated for a total of 1,450,000 power plant operating hours.

ONSI continues to focus on PC25™ manufacturing cost reduction, with lower costs
expected as higher production volumes are achieved.

DOE’s Office of Fossil Energy was instrumental in supporting the development of
’ PAFC stack and system technology.

Continued efforts include a cooperative government/private sector partnership at no

additional cost to the government.

WE SOLVE NATIONAL ENERGY
AND ENVIRONMENTAL PROBLEMS




CONTACT POINTS

Frederick L. Whitaker
ONS] Corporation
South Windsor, CT
(860) 727-2222

Mark C. Williams
Product Manager
U.S. Department of Energy

Federal Energy Technology Center

MS-DO1 P.O. Box 880

Morgantown, WV 26507-0880

(304) 285-4747
(304) 285-4292 fax
mwilli@fetc.doe.gov

Michael P. Whelan
Gas Research Institute
Chicago, IL

(312) 399-8170

John O'Sullivan
Electric Power Research
Institute

Palo Alto, CA

(415) 855-2292

PHosPHORIC AciD FUEL CeL. COMMERCIALIZATION

Project Benefits

The PC25 demonstrates the technical viability and environmental cleanliness of fuel
cell technology. These fuel cells have been sited, permitted, installed, started,
operated, and maintained in a real world environment. The fleet continues to
demonstrate reliable, safe operation in a variety of climates, applications, and
service scenarios. Ambient temperatures range from sub-zero plus 100%F. The table
on the overleaf shows the results from PC25 operation by U.S. owners. A significant
premium power market is emerging for the PC25, in which the fuel cell’s stable, and
quality electric output is providing energy service to critical loads in commercial
buildings. PC25s have been installed as back-up generators, as well as the primary
source of supply for dedicated loads, replacing conventional uninterruptable power
supplies. Other units are demonstrating the fuel flexibility of fuel cell power plants by
operating on biomass fuels from landfills and anaerobic digester plants. The success
of the PC25 is best illustrated by two recent awards:

® 1995 Cogeneration Project of the Year (Brooklyn Union, NY Installation) by the
Cogeneration and Competitive Power Institute.

* 1994 Efficient Building Award for Energy and the Environment (Kaiser Permanente
Medical Center Installation) by Energy User News.

Major North American PC25 Owners’ Findings

Category Result Comment

Target Installation $50,000 to $100,000 Simple and short interconnects

Cost

Permitting Nothing unusual Units have AGA approval/seal,
some stafes have blanket EPA
permits

Electrical Grid Connected and/or Widely accepted by electric

Interfaces Grid Independent parallel utility

PC25C annual maintenance
ONSI or other contractors
available for maintenance

Over 2000 hours between
major maintenance
demonstrated

Maintenance

Estimate 95+% with local
parts and service PC25C
expected to be 95+% raw

Availability PC25A = 88.7% raw
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PRIMARY PROJECT PARTNER

Westinghouse Electric
Corporation
Pittsburgh, PA

MAIN SITES

Westinghouse Science
and Technology Center
Pittsburgh, PA

COST
$173,800,000

COST SHARING
DOE $89,300,000
Non-DOE $83,700,000

SFETC
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AND ENVIRONMENTAL PROBLEMS

ADVANCED CLEAN/EFFICIENT

POWER Systems

PS025.0897M

DeveLoPING THE Souip Oxipe FueL CeLL

Project Description

Westinghouse Electric Corporation is developing the tubular ceramic-based solid
oxide fuel cell — potentially one of the simplest, cleanest, most efficient, and most
versatile technologies on the power generation horizon. Westinghouse is widely
recognized as the world leader in this promising new fechnology.

The $173-million effort — 48% of the funding is coming from the private sector —
is a six-year development project aimed at moving this 215t century technology
up to the threshold of commercial use.

Like a battery, the solid oxide fuel cell generates power electrochemically avoiding
the air pollutants and efficiency losses associated with combustion processes. Unlike
batteries fuel cells operate continuously, generating power as long as natural gas,
clean-coal-derived gas, or other hydrocarbon fuels are supplied. The solid electrolyte
allows for the simplest of fuel cell plant designs, and requires no external fuel
reforming.

The solid oxide concept uses ceramics, which allows the cells to operate at higher
temperatures than other fuel cells, producing more energy per unit of fuel and far less
carbon dioxide (a greenhouse gas). The high exhaust temperature and pressurization
potential of the Westinghouse design make it particularly suited for multiple combined
cycles and high efficiencies.

Westinghouse’s configuration is a tube made up of multiple ceramic layers bonded
together. Multiple tubes link to form power modules; modules link to form generators
or larger power plants.

The development effort culminated in tests of two 25-kilowatt generators, and the
building of a 100-kilowatt generator. The megawatt-class plant will incorporate as
many as 5,000 individual solid oxide fuel cells. The modules will be tested at utility
and industrial sites.




CONTACT POINTS
Stephen Veyo

Westinghouse Electric
Corporation

Pittsburgh, PA 15235-5098
(412) 256-1901

(412) 256-2002 fax

veyo.s.e@wec.com

Mark Williams

Product Manager

U.S. Department of Energy
Federal Energy Technology Center
MS-DO1 P.O. Box 880
Morgantown, WV 26507-0880
(304) 285-4747

(304) 285-4292 fax
mwilli@fetc.doe.gov

Project Partners

SOUTHERN CALIFORNIA EDISON
Los Angeles, CA

ELECTRIC POWER RESEARCH
INSTITUTE
Palo Alto, CA

DeveLorPING THE Soup Oxipe Fuer CELL

Program Goals

The clean environmental performance of solid oxide fuel cells makes them especially

well-suited for areas with strict air-quality requirements. Future units could cogenerate
electricity and steam for hospitals, shopping malls, and large residential or commer-
cial complexes. Both urban centers and remote sites (for example, those with relatively

low-cost fuel sources such as coal-bed methane operations) could be candidates for
solid oxide fuel cells.

Commercialization of the Westinghouse solid oxide fuel cell could offer a new
approach to generating power in the United States and worldwide. It could create
a new solid state manufacturing industry, employing skilled workers to design and
fabricate power technologies for tomorrow’s energy needs.

Project Benefits

The solid oxide fuel cell is one of the cleanest, most efficient power-generating
technologies now being developed.

Capable of using either natural gas or cleaned coal gas, it emits no sulfur pollutants
and as much as 60% to 65% less carbon dioxide (a greenhouse gas) than a con-
ventional coal-burning plant.

It is also one of the most efficient means for generating electricity and usable heat.
As a simple cycle power generator, it can convert more than 55% of the energy
in its fuel source to electricity (conventional coal plants, for example, operate

at efficiencies of only 33% to 35%). When the high-quality waste heat from the
electrochemical process is used, overall efficiencies could reach 85%. When
utilized with a gas turbine in a comined power system, efficiencies over 70%
can be achieved.

Because they involve no liquid or moving parts, solid oxide modules are expected
to operate reliably for many years. A unit that can generate 2 megawatts

of electricity, enough for a small substation, can fit on less than one-tenth of an
acre. Thus it can be placed close to power needs, avoiding long transmission lines.

With a simple adjustment of air and fuel flows — much as a gas pedal is used in
a car — a solid oxide fuel cell can easily follow changing demands for electricity,
boosting output when necessary, then cycling down when demand is low.

The all-solid-state composition of these fuel cells promises to bring to the electric
power sector the mass-production processes that have reduced costs in the
electronics industry.
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Westinghouse Electric
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and Technology Center
Pittsburgh, PA

Southern California Edison
Los Angeles, CA

Environmental Protection
Agency

Forte Meade, MD

Ontario Hydro

Ontario Canada

ADVANCED CLEAN/EFFICIENT
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PS026.0897M

Soup Oxipe FueL CeLL PrROJECT
GENERATING TOMORROW'S ELECTRICITY CLEANLY

Project Description

Westinghouse Electric Corporation is developing the tubular ceramic-based oxide
fuel cell, which are one of the simplest, cleanest, most efficient, and most versatile
technologies on the power-generation horizon. Westinghouse is widely recognized
as the world leader in this promising new fechnology.

The $200-million effort — 59% of the funding is coming from the private sector —
is a 5-year development project aimed at moving this 21st century technology up to
the threshold of commercial use.

Like a battery, the solid oxide fuel cell generates power electrochemically, avoiding
the air pollutants and efficiency losses associated with combustion processes. Unlike
batteries, fuel cells operate continuously, generating power as long as natural gas,
clean coal-derived gas, or other hydrocarbon fuels as supplied. The solid electrolyte
allows for the simplest of fuel cell plant designs, and requires no external fuel
reforming.

The solid oxide concept uses ceramics, which allows the cells to operate at higher
temperatures than other fuel cells, producing more energy per unit of fuel and far less
carbon dioxide (a greenhouse gas). The high exhaust temperature and pressurization
potential of the Westinghouse design make it particularly suited for multiple combined
cycles and high efficiencies.

Westinghouse’s configuration is a tube made up of multiple ceramic layers bonded
together. Multiple tubes link to form power modules; modules link to form small

cost generators or submodules for larger power plants.
$202,550,978 The development effort will culminate in tests of a 250-kilowatt fuel cell-micro turbine
combined cycle power plant, a 800-kilowatt fuel cellturbine combined cycle power
COST SHARING plant, a 1,300 kilowatt fuel cellturbine combined cycle power plant, and a 2500-
DOE $82,903,796 kilowatt fuel cellturbine combined cycle power plant. These modules will be tested

at utility and industrial sites.

Non-DOE  $119,647,182

SFETC

WE SOLVE NATIONAL ENERGY
AND ENVIRONMENTAL PROBLEMS




Soup Oxipe FueL CeLL ProJECT
GENERATING ToMORROW's ELECTRICITY CLEANLY

Program Goals

Commercialization of the Westinghouse concept — the only fuel cell type in which
American technology clearly leads the world — could offer a new approach to
generating power in the United States and worldwide. It could create a new solid
state manufacturing industry, employing skilled workers to design and fabricate
power technologies for tomorrow’s energy needs.

CONTACT POINTS
Stephen Veyo

Westinghouse Electric
Corporation

Pittsburgh, PA 15235-5098
(412) 256-1901

(412) 256-2002 fax

veyo.s.e@wec.com

Mark Williams

Product Manager

U.S. Department of Energy
Federal Energy Technology Center
MS-DO1 P.O. Box 880
Morgantown, WV 26507-0880
(304) 285-4747

(304) 285-4292 fax
mwilli@fetc.doe.gov

The program goals are to commercialize the tubular SOFC by 2002. Commercializa-
tion of the technology supports DOE goals for emissions reduction and energy security.

Project Benefits

The solid oxide fuel cell is one of the cleanest, most-efficient power-generating
technologies now being developed.

Capable of using either natural gas or clean coal gas, it emits no sulfur pollutants
and as much as 60%-65% less carbon dioxide (a greenhouse gas) than a conven-
tional coal-burning plant.

It is also one of the most efficient means for generating electricity and usable heat.
As simply cycle power generator, it can convert more than 55% of the energy in its
fuel source to electricity (conventional coal plants, for example, operate at efficien-
cies of 33%-35%). When the quality waste heat from the electrochemical process
is used, overall efficiencies could reach 85%. When utilized with a gas turbine

in a combined power system, efficiencies over 70% can be achieved.

Because they involve no liquid or moving parts, solid oxide modules are expected
to operate reliably for many years. A unit that can generate 2 megawatts of
electricity, enough for a small substation, can fit on under one-tenth of an acre,
allowing it to be placed closed to power needs, avoiding long transmission lines.

With a simple adjustment of air and fuel flows — much as a gas pedal is used in
a car — a solid oxide fuel cell can easily follow changing demands for electricity,
boosting output when necessary, then cycling down when demand is low.

The all-solid-state composition of these fuel cells promises to bring to the electric
power sector the mass-production processes that have reduced the costs in the
electronics industry.

The clean environmental performance of solid oxide fuel cells make them especially
well-suited for areas with strict air quality requirements. Future units could cogenerate
electricity and steam for hospitals, shopping malls, and large residential or com-
mercial complexes. Both urban centers and remote sites (for example, those with
relatively low-cost fuel sources such as coal-bed methane operations) could be
candidates for solid oxide fuel cells.
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