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THE U.S. DEPARTMENT OF ENERGY (DOE) OFFICE OF FOSSIL EN-
ERGY, THROUGH THE NATIONAL ENERGY TECHNOLOGY LABORATORY

(NETL), IS TAKING THE LEAD IN FORGING GOVERNMENT/INDUSTRY

PARTNERSHIPS TO DEVELOP A PORTFOLIO OF NEW POWER SYSTEMS

THAT WILL FOREVER CHANGE THE WAY ENERGY IS VIEWED.  FUEL CELL

AND NOVEL GENERATION SYSTEMS ARE BEING PURSUED THAT ARE COM-
PACT AND QUIET AND OFFER UNSURPASSED EFFICIENCIES AND ENVI-
RONMENTAL PERFORMANCE.  THESE CHARACTERISTICS ALLOW THEM

TO BE STRATEGICALLY PLACED ALMOST ANYWHERE, INCLUDING CUS-
TOMER SITES, IN WHAT IS CALLED DISTRIBUTED GENERATION (DG).

DG IS BECOMING AN ESSENTIAL OPTION AS OUR NATION ENTERS A
NEW ENERGY ERA MARKED BY UTILITY RESTRUCTURING, THE DIGITAL

REVOLUTION, ESCALATING ENVIRONMENTAL CONCERNS, AND THREATS

TO OUR ENERGY SECURITY.  CURRENTLY AVAILABLE TECHNOLOGY LIM-
ITS DG TO NICHE APPLICATIONS.  NETL�S PORTFOLIO OF TECHNOLO-
GIES WILL ENABLE APPLICATION OF DG IN MAINSTREAM MARKETS.
ONE PRIMARY BARRIER REMAINS IN THE PATH TO COMMERCIALIZATION

� COST.  TO REMOVE THAT BARRIER, NETL HAS STRUCTURED UNIQUE

ALLIANCES TO MOBILIZE THE NATION�S SCIENTIFIC COMMUNITY AND

GOVERNMENT AND INDUSTRY RESOURCES.
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As the 21st century unfolds, changing mar-
ket forces, energy security issues, and evolving
technologies herald a new age in electricity pro-
duction � distributed generation (DG).  Much
like the shift from mainframe to personal com-
puters, DG places power at the customer site,
tailors the power to specific needs, and places
control in the hands of the customer.

Driving forces for DG are many.  The digital
revolution requires ever increasing amounts of
electric capacity at installation rates and levels
of reliability and power quality that are beyond
traditional central power system capabilities.  The
nation�s transmission and distribution (T&D) grid
is already overburdened, and the time and cost
for upgrades or capacity additions to keep pace
with demand at present are prohibitive.  The tran-
sition to utility restructuring along with regula-
tory uncertainty are making power producers
averse to the major financial exposure associ-
ated with central power plant construction.  Our
economy is threatened by overdependence on
unstable foreign sources of energy and terrorist
attack.  Energy security countermeasures require
efficient use of domestic resources and reduced
vulnerability of our electric delivery infrastruc-
ture to terrorist attack.  Environmental criteria
demand near-zero emissions and ultra-high effi-
ciency from new electric generating capacity.

Technologies that hold the promise for en-
abling widespread application of DG and ad-
dressing expressed market and energy security
issues are poised to become a commercial real-
ity.  The Department of Energy�s (DOE) Office
of Fossil Energy, through the National Energy
Technology Laboratory (NETL), has put in place
a multi-component program to effect that com-
mercialization.  These components are Fuel Cell
Systems, Innovative Systems Concepts, Vision

21 Hybrids, Novel Generation Concepts, and
Advanced Research.  The power systems targeted
for future research are solid oxide fuel cells
(SOFC), fuel cell/turbine (FC/T) hybrids that in-
tegrate SOFCs and gas turbines, and a novel gen-
eration technology called the Ramgen Turbine.

This portfolio of technologies has the poten-
tial to revolutionize the energy industry.  The fuel
cell-based systems offer virtually pollution-free
performance at unsurpassed efficiencies on a
range of domestic fuels.  Together with compact
modular construction and quiet operation, these
fuel cell-based systems can be installed almost
anywhere and match specific power demands.
Ramgen Turbines apply rocket engine science
to significantly advance gas turbine performance
and enable operation on low-energy-density
waste-derived fuels.

Presented here is an overview of NETL�s ef-
forts to make DG a readily available energy op-
tion.  Included is a look at the technologies, the
challenges that must be overcome to achieve mar-
ket entry, and the strategies for overcoming the
challenges.

INTRODUCTION
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STRATEGIC PERSPECTIVE

NETL�s DG
program focuses
on stationary fuel
cell-based power
systems that can
meet market entry
criteria envi-
sioned in the next
decade.  Environ-
mental hurdles
for new capacity
are certain to be
essentially zero
pollutant emis-
sions and ultra-
high efficiency, as
evidenced by pro-
posed regulations
and the
President�s Cli-
mate Change and

Clear Skies initiatives.  These environmental
characteristics are inherent in fuel cell systems.
The primary market hurdle is cost, and here the
challenge is significant.  Current fuel cell capital
costs range upwards of $4,000/kilowatt (kW).  To
ensure entry into mainstream markets will require
an estimated $400/kW.  If this can be accom-
plished, DG transcends niche market status and
becomes a preferred option in a broad range of
energy applications, strengthening energy secu-
rity and reliability.

DOE has established the following program
strategic performance goal for NETL�s fuel cell
R&D portfolio:

! By 2010, increase the robustness of distrib-
uted generation and thereby lower vulner-
ability of the electricity grid by introducing
prototypes of: a) modular fuel cells with 10-

fold cost reduction ($400/kW) with 40�50%
efficiency; and b) fuel cell-turbine hybrids
with 60�70% efficiency adaptable for coal
gas.

SOFC compositions and inherent power den-
sities suggest that they hold the greatest promise
for meeting cost targets; and SOFCs are compat-
ible with natural gas, transportation fuels, and
coal-, biomass-, and waste-derived synthesis gas.
As a result, SOFCs are the focus of NETL fuel
cell development efforts under the Solid State
Energy Conversion Alliance (SECA).  Also,
SOFCs offer the highest fuel cell operating tem-
peratures and can sustain moderate pressures,
making them ideal for synergistic integration with
gas turbines into FC/T hybrids.  NETL FC/T hy-
brid efforts are concentrated on using SOFCs
emerging from SECA.  Achieving the 2010 goal
in turn supports the following overarching Of-
fice of Fossil Energy Coal & Power Systems goal,
which is Vision 21:

! By 2015, provide zero-emission plants (in-
cluding carbon) that are fuel-flexible, and
capable of multi-product output and efficien-
cies over 60% with coal and 75% with natu-
ral gas.

By virtue of the goals established, the SECA
SOFCs and FC/T hybrids will play a central role
in the President�s vision of a new hydrogen
economy, and will support the President�s Cli-
mate Change and Clear Skies initiatives.  These
systems are considered key enabling technolo-
gies for FutureGen � a DOE demonstration of
advanced power systems that emit zero emis-
sions, double today�s electric generating effi-
ciency, coproduce hydrogen, and capture and
sequester carbon dioxide (CO2).
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TECHNOLOGY ROADMAP FOR DISTRIBUTED GENERATION SYSTEMS

DYNAMIC CONTROL AND COMPONENT INTEGRATION deals primarily with developing the in-
strumentation, physical controls, and control logic to effectively operate FC/T hybrids.

TURBINE INTEGRATION involves developing turbine systems compatible with fuel cells in
FC/Ts, which entails meeting fuel cell flow and pressure requirements.

SECA�S goal is the development of a $400/kW SOFC module, with early prototypes
becoming available around 2005 to 2006.

HYBRIDS WITH SECA UNITS embody the development of a natural gas-based FC/T hybrid.

IGCC COAL-FUELED SECA-BASED HYBRIDS are the integration of FC/Ts into large coal-
fueled integrated gasification combined-cycle (IGCC) central power plants, with the fo-
cus on providing FC/Ts for FutureGen.
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Achieving the goals set for NETL�s DG pro-
gram will result in the following national
benefits:

ENVIRONMENTAL

! A bridge to a pollution-free, hydrogen
economy is provided by operating cleanly
and efficiently today on abundant hydrogen-
rich fossil fuels, and by offering even better
performance in the future on pure hydrogen.

! Environmental concerns associated with fos-
sil fuel use are eliminated by producing neg-
ligible pollutant emissions; and by providing
ultra-high, stand-alone efficiency and further
efficiency gains through avoidance of T&D
grid line losses and use of high-quality waste
heat.  The DG systems comply with all
known pollution regulations and have the
potential to double power generation effi-
ciency in many applications, which halves
CO2 emissions.  High-quality heat on-site can
be used for heating, air conditioning, and
other processes.

ENERGY SECURITY

! Energy security is strengthened by enabling
use of a variety of low-cost domestic energy
resources, by reducing fuel use through ma-
jor efficiency gains, and by reducing elec-
tricity delivery infrastructure vulnerability to
terrorist attack.  The DG systems are fuel
flexible, capable of operating on natural gas,
transportation fuels, and synthesis gas de-
rived from coal, biomass, or wastes.  Ultra-
high efficiency is inherent in these systems
and they can be strategically dispersed any-
where because of their compactness and
quiet, environmentally benign operation.

ENERGY RELIABILITY

! Reliability of energy supply is ensured by
enabling rapid deployment where needed
(without long delays associated with build-
ing large central plants), by providing on-
site, grid-independent service, and by
consistently meeting power quality needs.
The compact, quiet, essentially zero-emis-
sion DG systems can be readily installed al-
most anywhere, without protracted
permitting.  On-site power eliminates service
disruptions caused by grid damage or adjust-
ments to overloads, and provides the power
quality needed in many industrial applica-
tions dependent upon sensitive electronic in-
strumentation and controls.  Power quality
shortfalls and service disruptions currently
cost industry billions of dollars a year.

ECONOMIC

! Utility restructuring is assisted by providing
more power choices for residences and busi-
nesses.

! U.S. industry is positioned to export highly
cost-competitive DG commodities in a rap-
idly growing international energy market, the
largest portion of which has modest or non-
existent T&D grids.

NATIONAL BENEFITS

4
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DISTRIBUTED GENERATION APPLICATIONS

STAND ALONE DG is used where
T&D grid service is not an op-
tion. Examples are lighthouses
and other remote stations, aux-
iliary power units for emergency
services or military applications,
and manufacturing facilities us-
ing delicate electronics.

STANDBY POWER is used where
electric service interruption ei-
ther impacts public health and
safety or causes irreparable
economic loss.  Examples are
hospitals, water pumping sta-
tions, and computer chip manu-
facturing facilities.

PEAK SHAVING is the use of on-
site power during relatively
high-cost peak periods of uti lity
power generation to reduce
cost and alleviate grid conges-
tion.  Examples are office build-
ings, schools, and hotels.

COMBINED HEAT AND POWER is the
application of waste heat en-
ergy derived from an on-site
power source to power heating-
ventilation-and-air conditioning
(HVAC), or provide process
heat.  Examples are large com-
mercial buildings and process
industries.

GRID SUPPORT is the strategic
placement of power where the
grid has problems sustaining
power delivery due to the length
or configuration of the T&D grid.
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ADDRESSING MARKET NEEDS

Affordable, reliable, and secure electricity
supplies underpin and integrate our nation�s
economy.  Changing market forces and security
issues threaten to disrupt this supply.  DG holds
the promise for removing the threat, but technol-
ogy development is required to field the needed
DG systems.

ELECTRICITY NEEDS.  Electricity is central to
our nation�s economy.  With the advent of the
digital revolution in the 1990s, electricity has ac-
counted for more than 80% of the total growth
in U.S. energy demand.  To keep pace with elec-
tricity demand and plant retirements, DOE�s En-
ergy Information Administration estimates that
428 gigawatts (GW) of new U.S. generating ca-
pacity will be needed by 2025.  In this time frame,
demand for electricity is expected to increase by
approximately 55% while plant retirements from
our aging generation fleet, averaging 39.5 years
of service, are projected to be 82 GW.

MARKET STATUS.  After a lull through much
of the 1990s, electric generation capacity rap-

idly expanded from 1999 to 2002 to backfill need
sparked by the digital revolution.  The Energy
Information Administration (EIA) estimates that
during this period power producers installed 72
GW of natural gas-fired turbine combined-cycle
units, 66 GW of simple-cycle natural gas-fired
turbines, 5 GW of wind power, and 1 GW of coal-
fired capacity.

 A pause in capacity additions marked the
onset of 2003.  Power producers are now pon-
dering the options for dealing with future demand
under significantly different market conditions.
Cost as always is the overriding consideration.
Continuing to build central power plants may no
longer be the preferred cost option.  Large cen-
tral plants require major outlays, lengthy engi-
neering-procurement-construction (EPC)
periods, and adequate T&D grid capacity for de-
livery.  Power producers are averse to the finan-
cial exposure associated with these actions.
Adding to the investment risk is regulatory un-
certainty, and the uncertainty surrounding deregu-
lation of retail electric power generation and the
ensuing utility restructuring and associated com-
petitive environment.

Utility restructuring creates a new market,
providing flexibility for customers to choose their
energy provider and method of delivery.  Under
utility restructuring, many of the institutional bar-
riers to adopting DG are removed.  Power pro-
ducers rather than customers shoulder
investments in new capacity.  The uncertainty
lies in the policies each state applies to utility
restructuring.  According to EIA, as of the end
of 2002, 17 states and the District of Columbia
had operating, competitive retail electricity mar-
kets.  Texas and Virginia had opened their mar-
kets to competition, and Oregon restarted its
restructuring process.  Five states with restruc-

Restructuring Active

Restructuring Delayed

Restructuring Suspended

Restructuring Not Active

 1502 1502

STATUS OF STATE ELECTRIC INDUSTRY
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turing legislation on the books (Montana, Ne-
vada, New Mexico, Oklahoma, and Arkansas)
have delayed opening competitive retail markets.
California�s competitive retail market was sus-
pended throughout 2002.

Moreover, the state of much of the nation�s
T&D grid represents a major issue for those con-
templating large central plant capacity additions.
The nation�s T&D grid is largely strained to ca-
pacity in dealing with existing demands.  Large
capital costs, low return on investment, regula-
tory complexity and public opposition have com-
bined to block major T&D grid upgrades and
expansion.  Construction costs average an esti-
mated $1.5 million per mile, and it typically takes
28 years to recover those costs.  Maintaining
T&D grids is also expensive.  One utility com-
pany estimates that it spends $1.50 to deliver
power for every $1.00 spent for production.
Power transmission also incurs electricity losses;
the EIA estimates that approximately 9% of the
power produced at central power plants is lost in
delivery.

The need for rapid response to market needs
is another consideration.  The digital revolution
introduced a whole new set of criteria for the
speed with which new capacity must come on-
line.

Locating power generating units at or near
customer sites in DG applications is an obvious
option to consider.  T&D costs and line losses
are avoided and process heat may be used to boost
efficiency in CHP applications.  As of 2002, the
World Alliance for Decentralized Energy
(WADE) estimated that DG accounts for 6% of
U.S. electricity generation and 7% worldwide,
with central power accounting for the balance.
Growth beyond that portion of the generation ca-
pacity will in all likelihood require systems with
significantly better environmental and operating
performance than current DG systems.  Diesel
engines dominate DG in the <10 MW range and

simple-cycle gas turbines prevail in the >10 MW
range.  Diesels offer electric generation efficien-
cies up to 40% and simple-cycle natural gas tur-
bine efficiencies are typically 30%.  Considering
the fuels involved, these efficiencies translate to
high operating costs; and environmental perfor-
mance is marginal.  Also, noise levels and size
make them difficult to intimately integrate into
many potential on-site applications.

ENVIRONMENTAL CONSIDERATIONS.  In supply-
ing electricity for the future, it is clear that there
is little or no room for additional pollutant emis-
sions; and, CO2 emissions, which are linked to
global climate change,  must be minimal.  Regu-
latory actions (proposed and enacted) establish
emission caps that barely allow for continued op-
eration of existing plants.  Concerns over global
climate change and energy security serve as
strong drivers for new systems to incorporate ul-
tra-high efficiency.  The environmental perfor-
mance bar is raised even more for DG systems,
which must operate anywhere, including highly
sensitive environments.

RELIABILITY AND POWER QUALITY IMPLICA-
TIONS.  Reliability of electricity delivery and
power quality have increased economic and se-
curity implications.  The dependence on com-
puter networks and electronic equipment has
grown so great that even momentary outages can
result in widespread disruption ranging from the
mere inconvenience of a frozen cursor to multi-
million dollar losses caused by damaging sensi-
tive and extremely expensive equipment.  Power
quality, or distortions of the alternating current
wave delivering the power, has similar effect.
These are brought on by changing the demand
placed on the generation and transmission sys-
tem, or by external influences such as lightning
strikes or downed power lines.  With the advent
of microprocessor-based equipment, even a  one-
sixteenth of a second interruption in power can
cause many devices to malfunction.  On an an-
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nual basis, this means that electricity must be
available 99.9999999% of the time; that is, it
must have what is called 9-nines reliability.  Elec-
tric utilities traditionally have assured reliability
to 4-nines, or 99.99% of the time.  A Business
Week study suggests that power failures nation-
ally cost more than $50 billion a year in lost pro-
ductivity.

ENERGY SECURITY IMPLICATIONS.  As our na-
tion enters an age of ongoing terrorist threats, it
is imperative that our emergency response capa-
bility be enhanced and our vital electricity infra-
structure be maintained.  Moreover, energy
independence becomes increasingly important as
instability escalates in energy-producing
regions of the world.

IMPORTANCE OF ADVANCED DG SYSTEMS.  The
portfolio of fuel cell-based and novel generation
technologies being developed have the potential
to:  (1) provide future electric power needs; (2)
meet reliability and power quality requirements;
(3) ensure energy security; and (4) eliminate en-
vironmental concerns over energy use.  These
systems are characterized by compact, high-en-
ergy-density power modules that offer near-zero
emissions, ultra-high efficiency, fuel flexibility
and mainstream market entry costs.

Power Quality Reliability Microprocessor-Based 
System Requirements

voltage

frequency

99.9999999%+ =

Compared to a central systems approach,
such DG systems require relatively small capi-
tal investments, short EPC schedules, and no
T&D grid upgrades or additions.  DG mod-
ules can be installed rapidly to match specific
incremental increases in power demand, ei-
ther independent of the grid or to support the
grid.  Off-site modular construction and pol-
lution-free performance contribute to abbre-
viated EPC schedules.  Such applications are
not subject to grid-induced interruptions in ser-
vice or distortions of delivered power.  DG
systems can be used as auxiliary power units

for emergency response teams; and they are not
vulnerable to attacks on the T&D grid.  The DG
systems being developed by NETL are designed
to operate on a range of fuels including natural
gas, transportation fuels, and coal- and waste-
derived gases.  Essentially zero-emissions per-
formance and ultra-high efficiency make these
DG systems an integral part of achieving envi-
ronmental initiatives and responding to regula-
tory actions.

CHALLENGES.  Significant technical chal-
lenges must be overcome to bring the envisioned
DG systems into commercial reality.  Key among
them are reducing cost and achieving true syner-
gistic integration of fuel cells and turbines.  Re-
ducing cost opens the door to mainstream
markets.  Achieving FC/T synergy represents a
quantum leap in efficiency to levels yet
unreached by any of the fossil fuel technologies.
The following sections provide an overview of
NETL�s DG system development efforts and a
glimpse into the future.
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use any hydrocarbon material as fuel.  In order
to use solid hydrocarbons (including coal), a simi-
lar process called gasification is used, along with
a cleanup step to remove contaminants from the
gas.

In practice, the electrodes and electrolytes,
which constitute a cell, are sandwiched between
plates that serve to direct fuel and oxidants, and
to electrically connect the cells into stacks.  These
stacks are then electrically connected to meet
practical power demands.  The DC, or direct cur-
rent, electricity produced is usually converted to
alternating current, or AC electricity, typically
used in homes, businesses, and commerce.

Fuel cells are categorized (or �named�) by
their electrolyte.  Five classes of fuel cells are
generally considered.  They are alkaline or AFCs,
phosphoric acid or PAFCs, polymer proton ex-
change membranes or PEMs, molten carbonate
or MCFCs, and solid oxide or SOFCs. With suc-
cessful completion of MCFC development un-
der NETL�s Fuel Cell System DG program
component, SOFCs are now the current focus of
NETL development efforts.

SOLID OXIDE FUEL CELL

FUEL CELL SYSTEMS � BACKGROUND

Fuel cells are like a continuously fueled
battery, converting chemical energy directly
into electricity.  Hydrogen-rich fuel is directed
to an anode; and an oxidant, usually air, is di-
rected to a cathode.  Both anode and cathode
are porous, electrically conducting electrodes
that are placed on either side of a non-con-
ducting electrolyte material.  The chemical
affinity of hydrogen for oxygen causes ion-
ization of one or the other to occur, depend-
ing on the materials used.  And, the chemical
affinity causes the electrically charged ions
to pass from one electrode to the other through
the electrolyte.  The porosity of the electrodes
allows transport of the hydrogen, oxygen, and
ions.  The electrolyte selectively permits ions
to move through the material and react with
the gas on the other side.  Electrons build up
on the anode, producing an electrical poten-
tial called voltage.  Connecting a device across
the electrodes causes these electrons to flow
like water down a hill, actuating the device.

For solid oxide fuel cells, as depicted in
the diagram, carbon monoxide (CO), as well
as hydrogen, serve as process fuels.  This fea-
ture gives  SOFCs advantage over
many other fuel cells that are poi-
soned by CO � a major fuel pro-
cessing component.

The by-products of the elec-
trochemical conversion are heat,
carbon dioxide, and water.  The
high-quality heat from emerging
fuel cells is used to free hydrogen
and produce CO from a wide
range of hydrocarbon fuels in a
fuel processing step. Application
of heat and steam, in the presence
of a catalyst, enables fuel cells to
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FUEL CELL SYSTEMS �
�SECOND GENERATION� SYSTEMS

MCFCS

In 2003, installation of a 250-kW commer-
cial MCFC in downtown Los Angeles success-
fully culminated a 27-year DOE partnership with
FuelCell Energy to develop a �second genera-
tion� advanced, high-temperature fuel cell.

The MCFC uses nickel catalyst electrodes
in lieu of far more expensive precious metals,
such as platinum in the lower temperature PEM
and PAFC.  MCFC operating temperatures of 650
°C support internal reforming and effective CHP
application, both of which enhance
efficiency.

The MCFC electrolyte is a mixture of mol-
ten alkali metal carbonates, which are contained
within a ceramic matrix.  In operation, oxygen
and carbon dioxide supplied at the cathode are
incorporated into, and transported across the elec-
trolyte as carbonate ions.  The carbonate ions re-

act with either hydrogen or carbon monoxide
fuel at the anode.  This is another important
advantage over current low-temperature fuel
cells, which cannot tolerate carbon monoxide.

Fuel Cell Energy�s MCFC technology
evolved from the first experimental test unit,
which generated one watt, to the 250,000-watt
commercial offering � the Direct FuelCell®

Power Plant or DFC 300A.  In 2003, the Cali-
fornia Energy Commission certified the DFC
300A for grid interconnection under the state�s
�Rule 21" that specifies standard requirements
for DG applications.

With the conclusion of MCFC develop-
ment, crosscutting research will be carried out
under this program component.  The research
will support further advancements in fuel cell
system development and testing in a variety
of areas.

SOFCS

In a parallel effort, Siemens
Westinghouse pioneered the development
of a �second generation� SOFC.  This ef-
fort led to the production of the first com-
mercial SOFC units, which employ a
tubular construction.  The potential dem-
onstrated by these early SOFC units
spurred the current DOE research designed
to further SOFC technology, because the
technology holds the greatest promise for
achieving $400/kW capital costs.

FUELCELL ENERGY MOLTEN CARBONATE FUEL CELL
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INNOVATIVE SYSTEMS CONCEPTS � SECA

In the 1960s, NASA leveraged the inherent
efficiency and reliability of fuel cells to open new
frontiers in space.  Likewise, today, NETL is en-
gaged in a mission to open new frontiers in ter-
restrial power generation by making fuel cells
affordable.

Cost is the one remaining barrier that must be
overcome for fuel cells to reach their full potential.
A recent convergence of technological know-how
and market forces now makes it feasible to ef-
fectively address this cost issue.  Emerging SOFC
technology and remarkable advances in solid
state manufacturing provide the technical tools.
Utility restructuring and increasing demand for
clean, reliable power provide the market pull.

The SOFC cost reduction potential lies in
their high power-density potential and solid-state
composition.  High power density drives down
material usage, which is the major fuel cell cost
component.  Solid-state composition enables le-
veraging of advanced mass production manufac-
turing techniques emerging from the
semiconductor industry.  Also, high SOFC oper-
ating temperatures support effective fuel process-
ing and thermal efficiencies of 85 percent in CHP
applications,  and make SOFCs desirable in hy-
brid applications where the fuel cell serves as
the turbine combustor.  Moreover, SOFCs toler-
ate and use the carbon monoxide constituent of
synthesis gas.

SECA — TARGETING $400/KW SOFC TECHNOLOGY BY 2010

Industry Teams
" Competitively selected to develop proposed

SOFC technology concept
" Have ready access to markets
" Understand end-user specifications
" Coordinate with manufacturing
" Supply input to shape Core Technology

Program

Core Technology Program
" Provides problem-solving R&D
" Consists of universities, R&D companies,

and National Laboratories
" Focuses on fuel processing, manufacturing,

controls and diagnostics, power electronics,
modeling and simulation, and materials R&D

Federal Government
" Leverages federal R&D investments

across multiple agencies
" Encourages broad national perspective

to SOFC technology development
beyond company-specific interests

" Integrates and manages Industry Team
projects with Core Technology Program



12

The challenge to achieving mainstream mar-
ket penetration is significant.  Fuel cell costs must
be brought down from thousands of dollars per
kilowatt to $400 per kilowatt.  This will require
merging our nation�s scientific, engineering, and
manufacturing communities for a common cause.

The Solid State Energy Conversion Alliance,
SECA, has been forged to bring about that
merger.

SECA is employing four basic strategies to
achieve cost objectives:

! A �mass customization� approach to resolve
the market entry dilemma of initial costs be-
ing too high to sell in volume, while needing
high-volume production to reduce costs;

! Integrating government, industry, and scien-
tific resources; and leveraging their respec-
tive skills by placing them in appropriate
roles;

! A common �Core Technology� R&D pro-
gram that reduces redundancy by making
results available to all selected �Industry
Teams� developing SOFC hardware; and

! Intellectual property provisions that enhance
technology transfer by enabling all �Indus-
try Teams� to benefit from scientific break-
throughs in the �Core Technology� program.

Under SECA, NETL establishes perfor-
mance-based criteria for the program and com-
petitively selects Industry Teams that show the
greatest promise for producing SOFCs that meet
the criteria.  Industry Teams carry out the hard-
ware development, factor in market entry crite-
ria, input manufacturing knowledge, and identify
longer-term research needed to overcome criti-
cal technical barriers.  NETL assesses the indus-
try research needs, develops research topics, and
competitively selects those in the scientific com-
munity best able to address the needs.  Selected
universities, R&D companies, and National
Laboratories constitute the Core Technology pro-
gram.  Results of the Core Technology program

are made available to all Indus-
try Teams.  Any intellectual
property arising from the re-
search is made available on a
non-exclusive license, which al-
lows Industry Teams to collabo-
rate with researchers on what
can be breakthrough technology.

To achieve cost targets, mul-
tiple Industry Teams are en-
gaged in developing 3-10 kW
SOFC modules that can be mass
produced and aggregated like
batteries, to meet a broad range

SECA PROCESS
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SECA INDUSTRY TEAM PROJECTS

As of 2003, six industry teams have been se-
lected to carry out a phased program approach
and form the foundation for a competitive com-
mercial industry.  These teams were selected on
the basis of technology promise and the diver-
sity they bring in terms of technical approach,
market focus and market access, and unique tech-
nical skills.  The adjacent table lists the six teams
and delineates the technical approach, manufac-
turing method, and markets targeted.  All teams
are on track to demonstrate prototype, pre-com-

of applications.  This �mass customization� ap-
proach leverages the economies of high-volume
mass production and requires reaching a full
spectrum of large markets, such as residential-
commercial-industrial power, auxiliary power for
mobile applications, telecommunications, battery
replacement, and similar and specialized appli-
cations for the military.  Producing a common
module for these vast markets will create the re-
quirement for high volume needed to reduce costs.
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mercial modules in 2005 under Phase 1 of a three-
phased effort.  Subsequent phases will entail the
engineering, testing, and design refinements req-
uisite to producing commercial modules in 2010.

The Core Technology program began in ear-
nest in 2002 with nineteen contractors being se-
lected to address six thrust areas: materials,
manufacturing, fuel processing, modeling and
simulation, power electronics, and controls and
diagnostics.  The structure and provisions in place
reduce costs by avoiding all six teams engaging
in separate fundamental research programs and
ensure that only major issues are addressed.

The figure below shows an estimated cost
breakdown for a 5-kW SECA system meeting
the $400/kW goal.  The predominance of research
is in stack design, which impacts all other ele-
ments.

TECHNICAL CHALLENGES

The technical challenges facing SECA are
significant.  However, recent development efforts
leading to the first commercial SOFC offerings
suggest that significant cost reduction is possible.

The following summarizes the major tech-
nical challenges:

! Development of low-cost materials that work
cohesively as temperatures range from am-
bient to as high as 1,000 ºC while providing
low electrical and ion transport resistance;

! Effective integration of fuel processing and
stack operation to optimize thermal manage-
ment; and

! Development of efficient, low-cost  mass
production manufacturing techniques, which
require tailoring new solid-state fabrication
procedures to specific fuel designs.

COST BREAKDOWN FOR $400/KW FUEL CELL

$119.1/kW$36 2/kW$36.2/kW
$17/kW

$40.7/kWW

$8.8/kW

$118.4/kW
$31.7/kW

Stack

Reformer & 
Desulfurizer

Fuel & Air Supply

Insulation

Controls & Power
Electronics   

Piping

Labor, Indirects 
Depreciation
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FUEL CELL/TURBINE HYBRIDS

To reach the ultimate performance goals es-
tablished by Vision 21, additional leaps in effi-
ciency are needed beyond those available through
even the most advanced technologies.  Today,
SOFCs and advanced gas turbine systems vie for
the efficiency title.  In exploring means of reach-
ing higher efficiency plateaus, researchers found
synergy in linking high-temperature fuel cells and
gas turbines.  In effect, the fuel cell serves as the
gas turbine combustor and the turbine provides
air under pressure to the fuel cell while both pro-
duce power.  The resulting 60�70% efficiency is
roughly 10 percentage points greater than
either stand-alone component.

There are at least two basic FC/T con-
cepts from which actual advanced systems
will derive � direct and indirect.  In the
direct FC/T, the fuel cell delivers the heat
energy directly to the hot gas path section of
the gas turbine.  A recuperator transfers re-
sidual heat from the turbine to incoming fuel
and air from the turbine compressor.  Other
concepts being explored may eliminate the
need for a recuperator.

 In the indirect FC/T, the recuperator
transfers fuel cell heat energy to the com-
pressed air supply, which in turn drives the
turbine.  The expanded air is supplied to
the fuel cell.  The indirect operating mode
decouples the turbine compressor pressure
and fuel cell operating pressure, which in-
creases flexibility in turbine selection.

FC/T hybrids represent a superior power
module option for gasification-based systems.
Gasification extends the range of fuels that can
be used by the hybrid, converting solid feed-
stocks, such as coal, biomass, and wastes to a
usable synthesis gas.  By performing the reform-
ing function, the gasifier enables the fuel cell por-
tion of the hybrid to operate at the highest
possible efficiency.

INDIRECT FUEL CELL/TURBINE HYBRIDS

DIRECT FUEL CELL/TURBINE HYBRIDS
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Hybrid System

Turbine

SECA Fuel Cell

FC/T PROGRAM FOCUS

NETL�s FC/T hybrids development efforts
are focused on integrating low-cost SECA
SOFCs with turbines.  These turbines, which of-
fer capacities far above emerging microturbine
capacities, are not only going to be compatible
with FC/T hybrid applications, but will provide
high, simple-cycle efficiency.  High simple-cycle
efficiency supports hybrid efficiency goals and
provides the market pull needed for development.
Turbine development for the FC/T will take place
under NETL�s Turbines program.

TECHNICAL CHALLENGES

The technical challenges associated with de-
veloping a truly synergistic FC/T hybrid prima-
rily reside in achieving compatible operating
characteristics between the fuel cell and turbine
and controlling the FC/T under dynamic operat-
ing conditions.

Existing gas turbine compressor pressures
and air flows are not compatible with any of the
high-temperature fuel cells considered for FC/T
hybrids.  Conventional gas turbines in size ranges
sought for FC/Ts produce air pressures too high
for the fuel cells to endure, and the air flows are

too low to support efficient system performance.
The fuel cells tolerate only moderate pressures
at best.  High air flow is needed to provide high
mass flow for the hot gas path power section of
the gas turbine.  This air flow offsets relatively
low firing temperatures produced by fuel cells
in meeting power generation targets.  Modified
turbines are needed that provide effective bal-
ance-of-plant support for candidate SOFCs.

Under dynamic operating conditions, such
as start-up, shutdown, and load following, con-
trol issues arise because the coupled compo-
nents have significantly different operating
characteristics and response times.  The issue
is best illustrated by a sudden loss-of-load situ-
ation.  Upon loss of load, the fuel cell almost
instantaneously stops reacting the hydrogen be-
cause electrons are not available to support elec-
trochemical conversion.  Although reacting in
fractions of a second, the fuel shut-off control
is much slower than the cessation of hydrogen
conversion.  This can result in a significant hy-
drogen buildup and uncontrolled, damaging
combustion upon contact with air from the tur-
bine.  The turbine continues to run on the re-
sidual thermal energy from the fuel cell, and air
shut-off controls suffer the same time lag as fuel
controls.  Control logic and the physical sen-
sors and controls must be developed to handle

the full range of operating conditions in
a fail-safe manner.

To address these challenges, DOE
is leveraging FC/T hybrid demonstra-
tions using first-generation SOFCs and
MCFCs with off-the-shelf
microturbines to provide data needed to
address key integration and system con-
trol issues.  Also, General Electric is ex-
ploring FC/T hybrid integration issues
at small scale using their SECA SOFC
design.

SECA FC/T HYBRID SYSTEM
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A novel generation technology promising
breakthrough cost and performance for small heat
engines is the Ramgen Turbine.  At the heart of
the system is a novel compressor (Rampressor�)
that adapts aerospace ramjet technology to sta-
tionary power generation.  Ramjets use super-
sonic shock waves, in lieu of direct mechanical
means, to rapidly and efficiently compress the
large volumes of air needed for high-energy com-
bustion.  In the Ramgen power generation tech-
nology under development, supersonic shock
waves are produced by the interaction of raised
sections on the rim of a disk moving at super-
sonic speeds and a stationary engine case.  The
raised sections are shaped to most effectively
impart the shock waves, much like the station-
ary nose in a ramjet.

The advantage of the Rampressor� lies in
eliminating aerodynamic losses generated by
conventional rotating airfoil profiles.  Conven-
tional turbine compressors rely on hundreds of
turbine and stator blades to axially compress in-
coming air through flow turning (50% of the en-
ergy) and direct action of the turbine blades on
the air.  The leading edges of hundreds of tur-
bine and stator blades produce large viscous drag
losses.  The Rampressor� does not use flow
turning and has few leading edges.

The Ramgen Turbine uses Rampressor� ad-
vanced low-NOx combustion, employing trapped
vortex combustion (TVC) principles, and a con-
ventional hot gas path turbine power section.  Ef-
ficiency gains of 10% or more over conventional
gas turbines are possible, owing primarily to the
Rampressor�.  For smaller units, the efficiency
gain can be far greater because the Rampressor�
can generate high compression ratios even at the
smaller sizes, while conventional gas turbines

NOVEL GENERATION CONCEPTS � RAMGEN TURBINE

cannot.  TVC is projected to reduce NOx emis-
sions to 5 parts per million.

It is estimated that a 300-kW Ramgen Tur-
bine can operate at nearly 40% efficiency in a
simple-cycle mode.  Comparably sized commer-
cial gas turbine units have simple-cycle efficien-
cies of approximately 28%.  Moreover, the
Ramgen Turbine offers inherent cost and main-
tenance advantages by replacing hundreds of
blades in a multi-stage axial compressor with a
single-piece machined disk.

The performance advantages offered by
Ramgen Turbines, particularly in the small size
range, combine with compactness of the unit and
low cost to make it an ideal candidate for DG. A
400-kW Ramgen Turbine is one-third the length
and one-half the height of a conventional turbine
of comparable capacity, and the projected $300/
kW manufacturing cost makes it highly cost com-
petitive. Moreover, Ramgen Turbines offer the
advantage of being able to operate on dilute fu-
els like landfill gas, coalbed methane, and coal-
and waste-derived synthesis gas.



18

ADVANCED RESEARCH

Research is being conducted to develop a
fundamental understanding of processes that
limit the performance of the high-temperature
electrochemical systems that drive advanced fuel
cells.  This research is designed to both solve
fundamental crosscutting issues facing fuel cell
developers and identify new, highly innovative
electrochemical technology concepts.

For example, researchers are investigating in-
efficiencies in electrode reactions.  These reactions
critically affect the performance of high-tempera-
ture fuel cells.  By building an understanding of
electrode reactions, needed improvements can be
made in electrocatalytic activity, selectivity, and
stability of electrode materials.

Another challenge being addressed is devel-
opment of sensors to directly measure key pa-
rameters in the harsh chemical and physical

environment of high-temperature electrochemi-
cal systems.  Such sensors can significantly en-
hance fuel cell system operational efficiency.
New technologies are being investigated to mea-
sure temperatures up to 1,000 °C, pressures up
to 500 pounds per square inch, and levels of oxy-
gen, carbon monoxide, hydrogen, hydrogen dis-
ulfide, ammonia, water, and hydrocarbons.

An example of a new concept being explored
is a �reversible� SOFC.  The concept involves
production of hydrogen from water using elec-
tricity from the grid in non-peak periods and us-
ing the stored hydrogen to produce electricity in
peak electricity use periods.  This leverages the
efficient electrolysis inherent in the high-tem-
perature SOFCs.  Research focuses on develop-
ing the materials and systems tolerant of the
high-temperature oxidizing environment.

PNNL’S ION ACCELERATOR, WHERE COLLABORATORS STUDY MECHANISMS OF OXIDATION OF

NOVEL ELECTRICAL INTERCONNECT MATERIALS



THE ADVENT OF DG TECHNOLOGY ENVISIONED IN THIS DOCUMENT

WILL BRING CLOSURE TO ENVIRONMENTAL ISSUES USHERED IN BY TECH-
NOLOGIES SPAWNING THE INDUSTRIAL REVOLUTION OVER 240 YEARS

AGO.  ENVIRONMENTAL, INFRASTRUCTURE, AND FINANCIAL RESTRAINTS

ON EXPANDING ELECTRIC GENERATION CAPACITY WILL BE BROKEN,
FREEING OUR ECONOMY TO REACH ITS FULL POTENTIAL.  ENERGY

SECURITY WILL BE SIGNIFICANTLY STRENGTHENED.  PRODUCTIVITY IN
THE WORKPLACE WILL NO LONGER BE THREATENED BY DISRUPTIONS

IN ELECTRIC SERVICE OR POOR POWER QUALITY.  AND, THE UNITED

STATES WILL BE A WORLD LEADER IN DG TECHNOLOGY, REALIZING

ECONOMIC GAIN FROM EXPORTS BUT ALSO BOOSTING THE STANDARD

OF LIVING AND THE ECONOMIES OF DEVELOPING COUNTRIES, WHICH

HAVE THE MOST TO GAIN FROM DG TECHNOLOGY.
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