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Status of the U . S .  Fuel Cell Program 

Dr. Mark C. .Williams 
Fuel Cells Product Manager 
U. S. Department of Energy 

Morgantown Energy Technology Center 
Morgantown, WV 26505 

ABSTRACT 

The U.S. Department of Energy (DOE) is sponsoring major 
programs to develop high efficiency fuel cell technologies 
to produce electric power from natural gas and other hydrogen 
sources. Fuel cell systems offer attractive potential for future 
electric power generation and are expected to have worldwide 
markets. 
extremely low environmental emissions. As modular units for 
distributed power generation, fuel cells are expected to be 
particularly beneficial where their by-product, heat, can be 
effectively used in cogeneration applications. Advanced fuel 
cell power systems fueled with natural gas are expected to be 
commercially available after the turn of the century. 

They offer ultra-high energy conversion efficiency and 

INTRODUCTION 

The United States will not be able to produce and use 
hydrocarbon fuels to their full potential--efficiently, 
affordably, and with environmental responsibility--unless new 
technology is developed and deployed. 

The economic slowdown in the 1 9 8 0 ' s  reduced the need for new 
electric power plants. Few large plants are being built today. 
With the economy growing again, the U.S. will require new 
electric power generating capacity early in the next century. 
The next generation of power plants, however, will have to meet 
new environmental standards, while still producing affordable 
electricity. Traditional technology cannot meet the more strin- 
gent standards and keep energy costs down and the economy 
growing. 

The pace of technology development is critical. We can keep 
our domestic economy growing and stay ahead of our inteknational 
competitors, only if new technology is ready in time to meet 
critical market "windows. I' 

In the U.S., the Federal Government is often the only 
significant investor who can assume the risk of a longer-term 
investment, where returns may be as many as 20 years into the 
future--the time it takes for a new technology to move from idea 
to reality. Government can provide the critical catalyst that 
stimulates the private sector to look beyond immediate financial 
benefits and in;est in higher-risk technologies that can maintain 
our Nation's competitive edge. Industry participation also 



assures L a t  the technology in which the Government invests has a 
real benefit in the market. 

FUEL CELLS PROGRAM 

Fuel cell systems offer the potential for ultra-high 
efficiency energy conversion and the enhancement of the quality 
of our environment. Because of this, DOE is sponsoring the 
development of fuel cells for stationary power generation. The 
DOE works closely with the private sector in the development and 
demonstration of this advanced energy conversion technology. 

- 
The focus of the U.S. Fuel Cell Program is on 

commercialization from the outset. Most work is performed by 
industrial teams which will ultimately commercialize the 
technologies, and they are generally directly responsible for any 
work which supports initial demonstration and commercialization. 
Some generic R&D is performed by universities, national 
laboratories, and others. 

The Fuel Cell Program is a market-driven program which has 
over 40 percent cost-sharing implemented by the U.S. DOE 
Morgantown Energy Technology Center (METC). The fuel cell 
developers enjoy the support of user groups with over 75 utility 
and other end-user members. In addition, DOE cooperates with the 
Gas Research Institute (GRI) and the Electric Power Research 
Institute (EPRI) to fully and efficiently leverage funding for 
the U . S .  Fuel Cell Program. 

Because of the Federal investment in the 1 9 8 0 ' s  and early 
1 9 9 0 ' ~ ~  first-generation fuel cells are now crossing the 
commercial threshold. Initially, Phosphoric Acid Fuel Cell's 
(PAFC) were the primary focus, and these units, operating on 
natural gas, are now in the initial stage of commercialization. 
In the last 5 years, focus has shifted to the advanced fuel cell 
types, including molten carbonate fuel cells (MCFC) and solid 
oxide fuel cells (SOFC). These systems offer higher 
efficiencies, the potential for lower capital cost, and because 
of higher operating temperatures, are more suitable for cogenera- 
tion. 

The Fuel Cell Program objectives are to develop and 
demonstrate cost effective fuel cell power generation, which can 
initially be commercialized using natural gas fuel by the year 
2000. Figure 1 shows the major program activities. 



FUEL CELL TECHNOLOGY 

Fuel cells generate electr,icity and heat using an 
electrochemical process similar to a battery. 
continuously produce power, as long as a fuel, such as natural 
gas; and an oxidant, air are supplied to the system. Because it 
is an electrochemical device, the electrical generation 
efficiency from the use of the fuel can be much higher than that 
of conventional power plants. Present early market systems are 
achieving over 45 percent lower heating value (LHV) cycle 
efficiency. 
55 percent and eventually 70 percent (LHV) cycle efficiencies. 

A fuel cell will 

The next generation systems are expected to achieve 

As shown in Table 1, several different types of fuel cells 
are being developed for stationary power applications. 
electrolyte controls the operating temperature of the cells, 
which in turn determines the materials of construction. 
Phosphoric acid fuel cells (PAFC's) are now becoming commercially 
available, while molten carbonate fuel cells (MCFC's) and solid 
oxide fuel cells (SOFC's) promise even higher efficiencies for 
the future (1). 

The 

Table 1. Types of Fuel Cells 

Characteristic PAFC MCFC SOFC 

Phosphoric Lithium Stabiliz 
Acid Carbonate/ ed 

Potassium Zirconia 
Carbonate 

1200OF 1800OF 

Electrolyte 

Operating 
Temperature 

Electrical 
Conversion 
Efficiency (LHV) 

Materials 

4OOOF 

45-50% 

Carbon 
Platinum 

50-65% 50-60% 

Nickel Ceramic 
Stainless Steel 

A basic fuel cell (Figure 2) consists of two electdodes, 
with the anode and cathode separated by an electrolyte. Fuel 
cell types are characterized by their electrolyte. For example, 
PAFC's utilize a phosphoric acid electrolyte in a matrix between 
anode and cathode electrodes. To produce a useable quantity of 
electric power, individual cells are assembled into a vertical 
"stack" of repeating components which are electrically 
interconnected. A fuel cell power plant (Figure 3) consists of 
the stack or power section integrated with a fuel processor and a 
power conditioner to convert the power from direct current to 
alternating current. 



The fuel cell is inherently modular. Constructed as 
an assembly of individual cells, stacks ranging from 100- to 250- 
kilowatt (kW) form a modular building block. Depending on the 
generating capacity required, 10 to 20 stacks can be grouped with 
a fuel processor and a power conditioner to create a 1- to 2-  
(MW) power plant. Larger plants will use a larger number of 
stacks. In high growth areas or remote sites, modular power 
plants located near the demand can offset the cost of right-of- 
way access and transmission lines. 

Another attractive feature of fuel cell power plants is 
their use at sites where cogeneration is possible. High-grade 
heat or steam is available for industrial and commercial 
applications. Industrial drying, prisons, hotels, hospitals, and 
central heating and air conditioning are examples. 

PAFC STATUS 

DOE and GRI, beginning in the late 1970s, supported an 
on-site effort that included an R&D program and a manufacturing 
and field test program with International Fuel Cells (IFC). The 
program resulted in the production and testing of over fifty, 
40-kW, on-site cogeneration power plants distributed to sites 
throughout the U.S. and Japan. This program was successfully 
completed in 1986 and formed the technology base for the current 
200-kW, on-site work. 

The METC DOE-sponsored PAFC development work at IFC was 
completed in 1992. ONSI Corporation located in South Windsor 
Connecticut, has been actively involved in the development and 
marketing of on-site PAFC systems and has a 40 MW/year 
manufacturing facility. In their PAFC commercialization, the 
ONSI Corporation, a subsidiary of International Fuel Cells (IFC), 
is offering a complete packaged phosphoric acid power plant for 
$3000/kW. Named PC25, over 50, 200-kW units are in operation in 
the U.S. and around the world. Operating experience has been 
excellent with availabilities of over 90 percent. 

Although PAFC technology is the most mature of the fuel cell 
types being developed under DOE sponsorship, and cell and stack 
performance exhibited by all designs is close to acceptable for 
early commercial operation, cost remains as an issue. qower 
plant costs must be reduced to be competitive with other advanced 
technologies. A current goal is to reduce these costs to less 
than $1500-2000 per kW. An operating life of over 40,000 hours 
is expected and may not be an issue. In fact, 70,000 hours of 
life is now thought to be attainable. IFC is currently developing 
1-MW class units based on a five-stack design and developing the 
PC25C which is lower in size and cost. 

DOE METC is now cooperating with the Department of Defense 
in supporting the demonstration of the PAFC at customer sites. 
This activity is attempting to stimulate PC25 sales until the new 
PAFC fuel cell industry is self-sustaining. 



MCFC STATUS 

Overall system efficiencies of 50 to 60 percent are forecast 
for natural-gas and coal-gasification MCFC power plants. The 
MCFC, like other fuel cells and unlike turbines and diesels, 
offers high efficiency at small size and at part-load. Further- 
more, an MCFC power plant can operate on coal or natural, refin- 
ery, or process gas. MCFC stack designs incorporate either 
internal or external fuel and oxidant manifolding and either 
internal or external reforming. All MCFC designs include flat 
cell components in the cell package (i.e., anode, matrix to hold 
carbonate, cathode, current collector, and separator plate). 

Figure 4 illustrates the structure of an MCFC stack. Con- 
ductive, bipolar separator plates connect the individual cells in 
a stack both structurally and electrically. The bipolar separ- 
ator plate is made of stainless steel, and each plate physically 
separates the fuel-gas stream of one cell from the oxidant-gas 
stream of the adjacent cell. One side of each separator plate 
channels a fuel stream so that it flows over a porous anode, 
while the flip side channels an oxidant stream over a porous 
cathode. Each bipolar separator plate also collects current, 
thus electrically connecting adjacent cells of a stack in series. 
Electrons are conducted from the anode through the bipolar separ- 
ator plate and into the cathode of the adjacent cell. There they 
react with the oxidant-gas stream and form carbonate ions. The 
carbonate ions diffuse through the electrolyte and into the 
anode, where they react with the fuel-gas stream, releasing elec- 
trons into the anode. Electrons are conducted in this manner 
through all the cells, thus establishing direct current (DC) 
through the stack. An external circuit connects a load between 
the two end plates of the stack, completing the circuit. 

At least two MCFC developers, Energy Research Corporation 
(ERC) and M-C Power (MCP), have conceptual designs of efficient 
integrated MCFC power plants. Operating conditions for these 
MCFCs are projected to be in the range of 150 to 250 amperes per 
square foot (ft2) (160-270 milliamperes per square meter [M21) , at 
0.60 to 0.80 volts, with 50- to 85-percent fuel utilization (2). 

The goal of the MCFC program is to develop and commercialize 
low-cost, packaged, simple, and modular fuel-cell systems. DOE 
is accelerating the drive for private-sector commercialization of 
multi-fuel, MCFC power plants. 

ERC is developing an externally manifolded, externally 
reforming MCFC, ,and has constructed a 2 to 5 MW per year MCFC 
manufacturing plant. ERC has constructed a 100-kW test facility 
in Danbury, Connecticut, and has scaled up to a 6-ft2 (0.56 M2) 
area stack. They have tested a 4-ft2 (0.37 M2), 75-kW, 234-cell 
stack for 500 hours at their facility in Danbury and also at the 
Pacific Gas and Electric, San Ramon, California, facility. ERC 
has also tested three 6-ft2 (0.56 M2), 123-kW, 244-cell stacks in 
Danbury . 



lv man MCP As developing an interna folded, externally 
reforming XCFC, and has constructed-a 3-MW per year MCFC manu- 
facturing plant. MCP has constructed a 250-kW acceptance test 
facility in Burr Ridge, Illinois, and has scaled up to an 11.4- 
ft2 (1.06 M2) full area stack. They have tested several subsc- 
ale-area stacks, including a 1-ft2 (0.09 M2), 7-kW, 70-cell 
stack. MCP has also tested three, 20-kW full-area stacks for 
over 1,000 hours. 

DOE is also funding Product Development Tests (PDTs) 
concurrently with system development at ERC and MCP. A 
successful demonstration track record will enhance support for 
MCFC technology from utilities and other end-users in the distri- 
buted, repowering, American Public Power Association, industrial, 
and commercial markets. 

The initial MCFC PDTs will be in California in 1995. ERC 
will conduct a 2-MW PDT in Santa Clara, California, funded by the 
Santa Clara Demonstration Group, the Electric Power Research 
Institute, and DOE. MCP will conduct a 250-kW PDT in San Diego, 
California, funded by DOE, the Gas Research Institute, and San 
Diego Gas and Electric at the Miramar Naval Air Station. 

DOE METC recently competed a Product Design and Improvement 
(PDI) activity to resolve technology, system, and network issues. 
The objective of this work is to aim current MCFC stack develop- 
ment toward the development of a packaged, commercializable MCFC 
product. The PRDA will bring a multi-fueled, integrated, simple, 
low-cost, modular, market-responsive MCFC power plant to the 
marketplace. 
cialization plan to manufacture and package, demonstrate, and ag- 
gressively market MCFC power plants. The PDI PRDA will culminate 
in the manufacture and construction of high-performance, low- 
cost, 500-  to 2,000-kW MCFC power-plant module(s). 

The development program will be based on a commer- 

Under the PDI PRDA ERC and its two subsidiaries, Fuel Cell 
Engineering Corporation and Fuel Cell Manufacturing Corporation, 
have been awarded a 5-year, private-sector, cost-shared program 
for product improvement and verification, with an emphasis on 
multi-fueled, integrated, simple, low-cost, modular, and market- 
responsive MCFC power-plant development in the 2-MW-size range. 

ERC will be developing an internal reforming MCFC system 
that eliminates the external reformer equipment and associated 
heat exchangers used in other fuel-cell systems. This system is 
therefore simple and has inherently high efficiency. An effi- 
ciency goal of 55 percent (based on a lower heating value of 
fuel) for a natural-gas plant appears achievable. Based on input 
from both municipal- and investor-owned utilities, the initial 
target for market penetration will be 2-MW natural-gas power 
plants for baseload and dispersed generation applications. 

MCP will join with Bechtel Corporation of San Francisco, 
California; Stewart & Stevenson Services of Houston, Texas; and 



the Institute of Gas Technology of Chicago, Illinois, as a new 
company called IMHEXQ. Under the PDI PRDA, this team has also 
been awarded a 5-year; private-sector, cost-shared program for 
product improvement. The primary objective of the MCP effort is 
to establish, by 1998, the commercial readiness of MW-class 
IMHEX@ MCFC power plants for distributed generation and 
cogeneration applications. 

The program focus is cost reduction and verification of 
product durability, reliability, and performance. Achieving cost 
reduction goals will require advanced stack technologies that 
simplify design and fabrication, and BOP designs that are driven 
by equipment improvements and integration opportunities. 
Achievement of these goals will be verified through the design, 
construction, and operation by 1997 of a high-performance, low- 
emissions, natural-gas-fueled, nominal 1-MW IMHEXB fuel-cell 
power plant. Southern California Edison Company of Rosemead, 
California, will host the 1-MW IMHEXB MCFC power plant demon- 
stration. This power plant is the initial market-entry product 
prototype, and utilizes pressurized operation and a 
reformer/catalytic combustor that is thermally integrated but 
independent of the stack assembly. 

SOFC STATUS 

Some general characteristics appear to be shared by many of 
the SOFC technologies being developed. While there is 
variability in materials being used for various components, the 
SOFC is an oxygen-ion conducting, solid-state device composed of 
a nickel-zirconia cermet anode, yittria-stabilized zirconia 
electrolyte, a strontium-doped lanthanum manganite cathode, and a 
doped lanthanum chromite interconnect (1). The solid-state 
electrolyte of yittria-stabilized zirconia oxide is characterized 
by ionic conduction. The solid-state character of the SOFC 
electrolyte means there are few constraints on design. There is 
no problem of electrolyte containment, alce, the flexibility and 
the wide variety of designs or forms being pursued. 

The flexible SOFC may be operated over a wide range of 
temperatures. The theoretical thermodynamic efficiency 
(73 percent based on the hydrogen oxidation reaction at 927 OC) 
is slightly lower for the SOFC than for the MCFC and the PAFC. 
However, the overall efficiencies of SOFC systems are mdre than 
the PAFC and certainly rival those of MCFC system 
configurations. 

Power densities for SOFC's are promising. Power densities 
of 0.91 watts per square centimeter (more than 800 watts per 
square foot) on hydrogen at 1000 OC have been reported for 
SOFC's. Higher densities appear possible. The high-power 
density with-thin-layered components could make the SOFC an 
attractive power plant alternative. However, packaging and cost 
reduction will be required to make the SOFC promise a reality. 



The high-temperature (lOOO°C) SOFC can provide greater fuel 
flexibility than lower temperature fuel cells, since the 
reforming reaction is favored at higher temperatures. Reforming 
heat requirements with low-temperature fuel cells, such as the 
PEM fuel cell, can actually lower overall system efficiency. 
Reforming is an important system consideration which will remain 
important in the absence of a hydrogen economy. In addition, a 
higher quality heat produced by the high-temperature SOFC’s 
results in better bottoming cycle performance in some system 
configurations. 

The characteristics of the SOFC need to be fully exploited 
in system configurations as development proceeds. In an 
integrated commercialization activity, it is at the discretion of 
SOFC development teams and manufacturers how to advertise and 
exploit SOFC technology advantages. 

While all SOFC share the same general characteristics, the 
unit designs or forms being developed offer advantages and 
disadvantages from various perspectives. There are many SOFC 
designs being developed, some of which are quite similar. Many 
companies and organizations have publicly announced that they are 
pursuing the technology. Other companies, which shall not be 
named, are pursuing the technology privately. 

The funding for the SOFC development and commercialization 
effort is provided by a variety of sources, including DOE, 
Department of Transportation, the Advanced Research Projects 
Agency of the Department of Defense, the EPRI, GRI, and private 
industry as well. DOE METC cooperates closely with both EPRI and 
GRI in coordinating the U.S. SOFC program. Currently, METC 
supports one SOFC developer, Westinghouse Electric. 

Westinghouse Electric is the acknowledged world-leader in 
SOFC technology. The Westinghouse Electric tubular configuration 
is shown in Figure 5. Several completely packaged and self- 
contained generators, up to nominal 25-kilowatt size, have been 
manufactured and tested by Westinghouse Electric. A pre-pilot 
manufacturing facility currently produces the cells (tubes), 
bundles, and generators. The length of the tubes has been 
scaled-up to a nominal 2 meters in length. The porous air- 
support tube has recently been eliminated. The cell is now 
supported by the air electrode. The Westinghouse E1ect;ic 
technology has been validated to a far greater extent than any 
other SOFC technology. Multiple tube tests have been 
successfully conducted for more than 50,000 hours with less than 
1 percent per 1000 hours degradation. Pressurized operation of 
the tubular SOFC has recently been demonstrated at Ontario-Hydro. 
Testing of 25-kilowatt systems at Southern California Edison and 
in Japan is expected to continue through 1996. A 100-kilowatt 
generator test, at a to-be-determined location, is also planned 
for the 1995-1996 timeframe. Westinghouse Electric, a large, 
integrated corporation, has a well-developed development, 
demonstration, and commercialization program (3,4,5). 



DOE METC is not currently funding a planar SOFC developer. 
Several planar designs are under development. Organizations 
developing plannas designs include the Institute of Gas 
Technology (IGT), Ceramatec, Ztek, Technology Management 
Incorporated, and Allied Signal Aerospace Corporation. These 
developers hold strong patent positions on cell designs, which is 
essential for low-cost manufacturing. 
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