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INTRODUCTION

“This new [hybrid]
technology has the potential
to alter the landscape of
tomorrow’s power industry.
It offers a preview of the
day when more of our
electricity will be generated
by super-clean, high-
efficiency power units sited
near the consumer ...
strengthening the security
and reliability of our power
supply....”

Secretary of Energy

March 2002

Hybrid power systems hold
promise for a future where energy
production and use threaten nei-
ther the environment nor our
economy. Research to date shows
that emerging high thermal output
fuel cell technology combines syn-
ergistically with gas turbine heat
engines to produce hybrids that far
exceed the cost and performance
potential of either component alone.
The Hybrid Power Systems pro-
gram presents a plan for develop-
ing fuel cells/turbines (FC/T)
hybrids, and explores the develop-
ment potential of emerging inno-
vative hybrid concepts. Innovative
hybrid concepts are those that show
promise for further enhancing
power generation cost and perfor-
mance or expanding capabilities.
The FC/T program presented in
this document is based on prior
research, as well as workshops at-
tended by the scientific community
and power industry representa-
tives.  The program is designed to
fully develop the FC/T hybrid po-
tential and to realize the benefits
by surmounting technical and mar-
ket entry hurdles. Innovative hy-
brid concepts being explored go
beyond fuel cell/heat engine hy-
brids to include fuel cell/fuel cell

hybrids that can produce both elec-
tricity and hydrogen — a possible
bridge to a hydrogen economy.

As the 21st century unfolds, the
nation faces potential shortages in
electricity generation, a strained
electricity transmission and distri-
bution (T&D) grid, growing envi-
ronmental concerns associated
with energy production, and in-
creasing dependence on foreign oil.
As reflected in the National En-
ergy Policy and the U.S. Depart-
ment of Energy (DOE) Strategic
Plan, the President is seeking to
ensure secure, reliable, affordable,
and clean electricity generation
and fuels for our nation’s future.
This goal requires the technologi-
cal means to meet our nation’s en-
ergy and environmental demands
with primary reliance on abundant
domestic resources, and to strate-
gically place power sources.

To meet the challenge, the DOE
Office of Fossil Energy is devel-
oping a new generation of central
and distributed generation power
plants. This development ulti-
mately will lead to essentially
zero-emission power plants (Zero
Emission Systems) offering ultra-
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Emission  Systems) offering ultra-
high efficiency, fuel and product
flexibility, and ease of carbon cap-
ture for sequestration.  These Zero
Emission Systems will provide:
(1) competitive cost, (2) electric
power generation efficiency nearly
double that of today’s plants, (3)
virtually pollution-free perfor-
mance, (4) operation on abundant
domestic fuels, (5) coproduction
of electricity and clean fuels or
chemicals, and (6) carbon dioxide
emissions in a form that is readily
captured for recycle or sequestra-
tion.  These attributes, in turn, al-
low such plants to be strategically
located, further enhancing energy
security and reliability by allevi-
ating congestion on the T&D grid
and reducing infrastructure vulner-
ability.

Hybrid power systems offer a
path to achieving  Zero Emission
Systems  and a distributed genera-
tion capability.  These hybrid
power systems leverage the in-
herently  benign environmental
characteristics and high fuel-to-
electricity efficiency of emerging
solid oxide and molten carbonate
fuel cells, and squeeze out addi-
tional energy through synergistic
integration.  Hybrids can operate

on a variety of fuels, including
natural gas, coal, biomass, and
other hydrocarbon resources; and
hybrids can be placed where
needed with essentially no envi-
ronmental impact.

While the body of evidence
gathered over the past five years
strongly supports the performance
potential of hybrids, significant
technical challenges remain, re-
quiring mobilization and merging
of the nation’s scientific and en-
gineering communities.  The
structure to merge the talents of in-
dustry and the research commu-
nity are in place through DOE’s
Fuel Cells and Turbines  programs,
which embody the research and
development (R&D) needed to in-
tegrate the individual power com-
ponents of the hybrid power
systems.  The risks and potential
payoff warrant a federal role in
pursuing hybrid development.  By
leveraging government, industry,
and scientific resources through
effective partnerships, hybrids can
soon put the nation on a path to-
ward eliminating environmental
concerns associated with the use of
our abundant domestic resources,
and ensuring low energy costs req-
uisite to a strong economy.
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PROGRAM VISION

Zero Emissions Systems

• Pollution-free

• 75% efficiency on
natural gas

• 60% efficiency on coal

• Coproduction of
chemicals and clean
fuels (including
hydrogen)

• Sequestration ready

By 2015, commercially viable,
cost-competitive hybrid power sys-
tems will be ready for deployment
in a range of sizes for mainstream
distributed generation, aggregated
customer, and central power sta-
tion applications.  These hybrid
power systems will offer electri-
cal efficiencies nearly double
those of today’s technologies and
virtually pollution-free perfor-
mance, operating with emissions
orders of magnitude less than cur-
rent standards.  Hybrid power sys-
tems also provide fuel flexibility,
operating on natural gas, coal, bio-
mass, and wastes. Greenhouse gas
issues are addressed through high
efficiency, production of seques-
tration-ready carbon dioxide, and
the capability to use biomass.

Hybrid and high-quality electric
power systems provide high qual-
ity, reliable power in off-grid ap-
plications and introduce options
for a hydrogen-based economy.
Fuel cell/fuel cell hybrid power
systems configured with energy
storage and management devices
generate hydrogen and quality elec-
tric power, and provide a framework
for ahydrogen-based economy.

Ultimately, wide spread appli-
cation of hybrid power systems
forever changes the way the nation
views energy, by eliminating en-
vironmental concerns associated
with energy production and use,
and by ensuring secure, reliable,
and affordable energy delivery.
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BENEFITS

Successful development of hy-
brid power systems benefits the
nation by:

Offering virtually pollution-free
performance through the use of
a fuel cell rather than combus-
tion to synergistically power an
integrated heat engine or fuel
cell component(s);

Providing the only known tech-
nology option to nearly double
coal- and natural gas-based elec-
tric power generation efficiencies
in both the distributed genera-
tion (kilowatts to several mega-
watts) size range, and central
power generation (tens to hun-
dreds of megawatts) size range,
essentially halving CO2 emis-
sions and concentrating the CO2
emissions to enable capture and
sequestration;

Affording the flexibility to op-
erate on natural gas, gasoline,
diesel fuel, alcohol fuels, and
synthesis gas derived from coal,
biomass, and industrial and mu-
nicipal wastes;

Positioning U.S. industry to ex-
port a premium power genera-
tion commodity in a burgeoning
world energy market, address-
ing both central power and dis-
tributed generation needs in
developing countries that face
the greatest energy growth and
have modest or nonexistent
T&D grids;

Providing a bridge to a hydro-
gen economy by using hydrogen
to produce power efficiently and
by offering the potential to pro-
duce hydrogen, as well as elec-
tricity, from abundant domestic
resources;

Strengthening energy security by
enabling operation on low-cost
domestic resources, reducing
consumption of premium fuels
through major efficiency gains,
and reducing infrastructure vul-
nerability through distributed
generation applications; and

Strengthening energy supply
reliability by alleviating strain
on the T&D grid, providing the
performance characteristics and
modular construction conducive
to rapid deployment, and afford-
ing on-site distributed genera-
tion options conducive to tight
power quality control and en-
hanced efficiency by avoiding
line losses and using process
heat.
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HYBRID POWER SYSTEMS

F IGURE 1.  COMPARISON OF FUEL-T O-ELECTRICITY EFFICIENCIES

The heart of hybrid power sys-
tems is the high-temperature fuel
cell.  High-temperature fuel cells
are the products of years of devel-
opment through partnerships be-
tween DOE, industry, and the
research community.  Emerging
from the development are com-
mercially ready solid oxide fuel
cells (SOFC) and molten carbon-
ate fuel cells (MCFC).

The high thermal output of
SOFCs and MCFCs make possible
the hybrid cycle, where the com-
bined performance potential of the
power components far surpasses
that of individual components
alone.  Coproduction of electric-
ity and hydrogen also are achiev-

able.  As shown in Figure 1, hy-
brids have the potential for fuel-
to-electricity efficiencies of 75%
or more, far exceeding that of other
known high-performance natural
gas-based power systems. And,
hybrids produce near-zero emis-
sions, which is characteristic of the
fuel cell.  The high efficiency re-
sults in relatively low emissions of
the greenhouse gas, carbon diox-
ide. Emissions of nitrogen oxides
are negligible.

Cost reduction, efficiency, and
pollution-free performance were
the major factors driving develop-
ment of the MCFC and SOFC.
Over the past five years, capital
costs have been halved for some
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of the key SOFC and MCFC sub-
systems.  These subsystem accom-
plishments put them on a track to
potentially bring capital costs
down to $1,500–2,000/kW at high
production rates, within the next
few years.  SOFC and MCFC sys-
tems realized efficiency gains over
existing technology, raising effi-
ciency from 42% to 55%.  Perfor-
mance enhancements supporting
both capital and operating cost re-
duction include: (1) increased fuel-
to-electricity efficiency; (2) more
tolerance of fuels used; (3) oper-
ating temperatures sufficient for
supporting fuel “reforming” (pro-
cessing to free the hydrogen for
fuel cell use); (4) high-volume pro-
duction; and (5) high-value pro-
cess heat sufficient for leveraging
thermal efficiency in combined
heat and power and combined
cycle applications.

Current fuel cell development
efforts are focused on bringing fuel
cell costs down to $400/kW — a
cost that would enable fuel cells to
find applications in a large variety
of power markets.  This effort is
being undertaken by the DOE Na-
tional Energy Technology Labora-
tory (NETL) Fuel Cell program’s
Solid State Energy Conversion Al-
liance (SECA).  SECA leverages
previous work on the SOFC with
the objective of developing a next-
generation, mass produced, 3-kW
to 10-kW SOFC module that can
be combined like batteries to meet
a broad range of applications.  This
“mass customization” approach
resolves the dilemma of initial
costs being high, because limited
markets don’t warrant mass pro-

duction.  Increasing power density
and reducing material and fabri-
cation costs of the SOFC are key
technical developments requisite
to meeting cost targets.

A number of hybrid cycles of-
fering synergistic operation are
possible and being explored.
These include hybrid combina-
tions of fuel cell/turbine, fuel cell/
fuel cell, fuel cell/reciprocating
engine, and fuel cells with other
heat engines.  The focus of present

efforts is in developing the fuel
cell/turbine hybrid because the
technology database and compo-
nents are the most mature.  Sup-
porting this development is the
Turbines program. A major thrust
in the Turbines program is to le-
verage current gas turbine technol-
ogy and advancements, and to
develop the design modifications
needed for optimum turbine syn-
ergy when integrated with a high-
temperature fuel cell.

Generic planar SOFC configuration
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F IGURE 2.  DIRECT-F IRED FUEL CELL/TURBINE HYBRID

In the near to mid-term, fuels
used with the hybrids will be natu-
ral gas and transportation fuels,
and sizes will be up to several
megawatts, which are capable of
supporting distributed generation
applications.  In the longer term,
the hybrids will be linked to gas-
ification technologies capable of
converting coal, biomass, and
solid waste feedstocks  to clean
synthesis gas.  These gasification-
linked hybrids will support central
power applications.

HYBRID CONCEPTS

Several hybrid concepts are de-
scribed here in simple form to pro-
vide some understanding of the
synergy offered and the basic rela-
tionships of components, as a back-
drop for the ensuing discussion.

FUEL CELL/TURBINE HYBRID

The fuel cell/turbine (FC/T) hy-
brid, which currently is receiving
the greatest attention, combines a
high-temperature fuel cell and a
gas turbine in one of two basic
operating modes — direct or indi-
rect.  In the direct mode, shown in
Figure 2, the fuel cell serves as
the combustor for the gas turbine.
Residual fuel in the already high-
temperature fuel cell exhaust
mixes with the residual oxygen in
an exothermic oxidation reaction
to further raise the temperature —
a temperature below the thermal
NOx formation temperature.  Both
the fuel cell and the gas turbine
generate electricity, and the gas
turbine provides some balance-of-
plant functions for the fuel cell,
such as supplying air under pres-
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Containment

Vessel

FIGURE 3.  INDIRECT-FIRED FUEL CELL/TURBINE HYBRID

FIGURE 4.  ADVANCED COAL-FUELED ENERGY PLANT
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sure and preheating the fuel and
air in a heat exchanger called a
recuperator.  In the indirect mode,
shown in Figure 3, the recuperator
(in this case a high-temperature
heat exchanger) transfers fuel cell
exhaust energy to the compressed
air supply, which in turn drives the
turbine.  The expanded air is sup-
plied to the fuel cell.  The indirect
mode uncouples the turbine com-
pressor pressure and fuel cell op-
erating pressure, which increases
flexibility in turbine selection.

The schematic of an advanced
coal-fueled energy plant in Figure
4 shows that FC/T hybrids repre-
sent a superior power module op-
tion for gasification-based systems.
Gasification extends the range of
fuels that can be used by the hy-
brid, converting solid fuels (such
as coal) and wastes to a syngas
(primarily composed of hydrogen
and carbon monoxide), which is
compatible with high-temperature

fuel cells.  These gasification sys-
tems can be configured with either
direct or indirect FC/T hybrid
technology.  By performing the
reforming function, the gasifier
enables the fuel cell portion of the
hybrid to operate at the highest
possible efficiency.

INNOVATIVE HYBRID

CONCEPTS

Hybrid concepts beyond FC/T
systems are being evaluated that
show promise for effective syner-
gistic integration. Among these are
hybrids combining a high thermal
output fuel cell with other heat
engines such as reciprocating en-
gines, which function in much the
same manner as FC/T hybrids.
Another concept of particular in-
terest is a fuel cell/fuel cell (FC/
FC) hybrid. The FC/FC hybrid ap-
pears to perform well in both
power generation and hydrogen
coproduction modes.
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ADDRESSING MARKET NEEDS

While hybrids clearly offer su-
perior efficiency and environmen-
tal performance, realization of these
inherent benefits can occur only if
market entry cost and performance
criteria are met.  Recognizing this
reality, the Hybrid Power Systems
program continually assesses the
electric power market as it is to-
day and is forecast for the future
to assure that the program is fo-
cused on market needs consistent
with a federal role. The market
entry criteria are continually fac-
tored into the performance objec-
tives driving the R&D.

ELECTRICITY DEMAND

The U.S. DOE Energy Informa-
tion Administration (EIA) esti-
mates that 374 gigawatts (GW) of
added capacity are needed through
2020 to meet new electricity de-
mand and accommodate plant re-
tirements.  Moreover, EIA predicts
that over the period 2003 to 2020,
between 0.5 GW and 1.0 GW of
domestic distributed generation
(DG) capacity will be added per
year just to avoid T&D congestion.
Avoiding T&D through DG not
only relieves congestion, but rep-
resents a significant cost saving
because T&D costs are typically
26% of the cost of electricity, or
on average $0.02 per kilowatt-hour.

A confluence of utility restruc-
turing, the combination of grow-
ing electricity demand and an
already burdened T&D grid, and
a mandate for reliability and qual-

ity electric power have created a
major domestic DG market —
power generation at or near a user
site.  Utility restructuring has
opened the market for relatively
small, modular, usually natural
gas-fueled power systems.  Gas
turbines and reciprocating engines
currently dominate the DG mar-
ket, with fuel cells finding niche
applications where superior per-
formance and quiet operation are
primary requirements.  Currently,
cost is limiting fuel cell penetra-
tion into mainstream markets.
SECA is addressing the cost fac-
tor by developing an advanced
SOFC.  Integration of the SOFC
with a gas turbine into a FC/T hy-
brid has the potential to further
enhance economics, and therefore,
market penetration.

A recent market study suggests
that, by 2005, FC/T hybrids could
capture over 8 GW of the domestic
DG market share currently pro-
jected for gas turbines, reciprocat-
ing engines, and stand-alone fuel
cells.  In the longer term, a FC/T
hybrid market share of 60–90 GW
is estimated, with a successful
R&D effort building first on avail-
able technology, and progressing
toward more intensive activities to
optimize hybrids.  The 8-GW mar-
ket share is based on R&D effec-
tively modifying existing fuel cell
and turbine technology, and de-
veloping hybrid power systems
having 63–70% efficiency and in-
stalled costs of $1,060–1,620/kW.
The 60-GW market share is based
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TABLE 1. FC/T HYBRID INSTALLED COST TARGETS, PERFORMANCE, CAPACITY,
AND PROJECTED MARKET SHARE

Source:  “Fuel Cell Hybrids:  Market Assessment and Early Adapter Study,” prepared by Resource
Dynamics Corporation for the U.S. Department of Energy, National Energy Technology
Laboratory.  October 2001.

0.3 MW
Output

1.5 MW
Output

25 MW
Output

40 MW
Output

Installed Cost $/kW (Efficiency%) Market Share

1,620 (63%)

1,070 (70%)

780 (70%)

1,400 (66%)

940 (71%)

700 (71%)

1,090 (70%)

660 (74%)

570 (74%)

1,060 (70%)

630 (74%)

560 (74%)

2005

2010+

2015+

8 GW

60 GW

90 GW

Year

on R&D achieving efficiencies of
70–74% and, more importantly,
reducing installed costs to $630–
1,070/kW.  The 90-GW market
share is based on reducing installed
costs to $560–780/kW for a FC/T
hybrid system.  A recent analysis
showed that incremental increases
in efficiency beyond the inherently
high efficiency of hybrids influ-
ence market share far less than
installation cost.  Table 1 summa-
rizes cost and performance values
used in the market analysis as a
function of hybrid capacity, along
with the potential market share.

In the market study, the size of
the market and the size of the ap-
propriate system are based, in
large part, on a concept that ag-
gregates customers who can take
advantage of shared installation
and capital costs to counter histori-

cally high prices for grid-based
electricity and associated service
interruptions.  Local distribution
costs for servicing aggregated mar-
kets were factored into the analy-
sis. While there is some market
potential in the 300-kW to 1.5-
MW size range, the primary mar-
ket appears to be in the 15-MW to
40-MW range, particularly in the
post-2010 timeframe.

While hybrids will find initial
application in the DG market, they
must ultimately be integrated into
coal-based, 100+ megawatt central
power generation systems to fully
realize their efficiency and envi-
ronmental performance potential.
Largely due to DOE/industry
R&D partnerships, coal-, residual
oil-, and petroleum coke-based
integrated gasification combined-
cycle (IGCC) technology is begin-

ning to penetrate the baseload
power generation market, with ef-
ficiencies of 40% and capital costs
of $1,200–1,300/kW.  By 2008,
ongoing R&D under the DOE
Gasification Technologies program
is expected to provide the impetus
for IGCC to become the baseload
power technology of choice by
increasing efficiency to 52% and
reducing capital costs to less than
$1,000/kW.  Parallel FC/T hybrids
R&D is needed to further enhance
IGCC performance, culminating
in a 60% efficient coal-fired plant
by 2015.

Globally, the demand for elec-
tricity is expected to double in the
next 20 years, with the bulk of that
demand coming from developing
nations whose electric power in-
frastructure is modest or nonexist-
ent.  The market for distributed
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power generation, which requires
no T&D infrastructure, is expected
to be quite large in remote areas.
This market represents a major
opportunity for U.S. manufactur-
ers, suppliers, and developers of
hybrid power systems.  Moreover,
there is a continuing worldwide
need for natural gas- and coal-
based central power generation
systems that can allay concerns
over pollutant emissions and glo-
bal climate change associated with
fossil fuel use.

ENERGY SECURITY AND

RELIABILITY

Reliability in electric power
supply has become a paramount is-
sue for power providers and con-
sumers as electricity underpins
and integrates the entire U.S.
economy.  No one can deny the role
electricity plays in day-to-day life.
Since 1990, electricity accounts for
more than 80% of total U.S. en-
ergy demand growth.  Computers,
the Internet, fiber optics, and wire-
less communications — just some
of the technologies underlying the
digital economy — will transform
electricity use in the new millen-
nium.  Advances will include web-
connected household appliances,
“smart” houses, recyclable cell
phones, advanced automated
manufacturing, self-diagnosing
and self-repairing equipment, and
real-time, off-site process control.
And all of these advances, at one
time or another, will tap into the
nation’s electric power system.

The issue, however, is broader
than just the increase in electric-
ity demand created by the digital

economy.  The new importance
attached to the quality of power
and the economic costs associated
with interruptions is a testament
to the impact of the new economy
in terms of demands placed on the
electric power industry.  The de-
pendence on computer networks
has grown so great that even mo-
mentary outages can result in
widespread disruptions ranging
from the mere inconvenience of a
frozen cursor to multi-million dol-
lar losses caused by damage to
sensitive and hugely expensive
equipment.  One study suggests
that power failures nationally cost
more than $50 billion a year in lost
productivity.  This pervasive de-
pendence on electricity means that
a disruption in the system can eas-
ily ripple through the economy.
Yet, investment in new T&D ca-
pacity has not kept pace with
growth in demand and changes in
the electric power industry. And,
siting concerns for new fossil-fu-
eled electricity generation perpetu-
ate the geographic mismatch
between where electricity is gen-
erated and where it is needed.

The superior environmental per-
formance of hybrids can remove
siting constraints and allow them
to be strategically located to alle-
viate strain on the T&D grid.  Hy-
brids also can be used in on-site
applications for further power ser-
vice insurance, and for enhanced
efficiency through avoidance of
line losses and use of residual heat.
Strategically dispersed power not
only reduces the vulnerability of
the T&D grid to functional break-
down, but to unanticipated disrup-

tions.  Also, hybrids have the po-
tential to reduce United States’ de-
pendence on politically unstable
countries for oil supplies — cur-
rent imports are over 50% and are
projected to rise to 62% by 2020.
Hybrids operate on low-cost do-
mestic fuels, reduce use of pre-
mium fuels such as natural gas
through extremely high efficiency,
and provide a pathway to a hydro-
gen economy by operating on hy-
drogen, and having the potential
to produce hydrogen.
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PROGRAM STRUCTURE

The Hybrid Power Systems pro-
gram is carried out by the NETL
Strategic Center for Natural Gas
under the auspices of the DOE
Office of Fossil Energy.  NETL is
providing the appropriate federal
role of mobilizing and merging
government, industry, and scien-
tific resources to achieve difficult
technical and cost goals clearly in
the public interest and validated
through public process.

The NETL will competitively
select and forge cost-shared part-
nerships with industry teams seek-
ing to develop hybrid power
systems.  These teams will include
members who will take the end
product into the marketplace and
provide needed market entry cri-
teria.  Through a separate process,
NETL will tap into an existing
structure of supporting technology
programs engaging universities,
national laboratories, and other
research organizations to ad-
dress cross-cutting R&D needs
identified by the industry
teams.  These existing support-
ing technology programs in-
clude those already underway
in the Fuel Cells, Turbines,
Gasification, and Advanced
Research & Technology Devel-
opment (AR&TD) programs.
NETL, as program manager
and coordinator, will commu-
nicate identified R&D needs to
existing supporting technology
programs to take advantage of
ongoing efforts.  Technology
needs unique to hybrid power

systems that remain unresolved
through existing programs will be
addressed through competitively
solicited, selected, and awarded
research contracts.

The Fuel Cells and the Turbines
programs support the R&D needed
to integrate the individual hybrid
components.  Hybrid activities
within these product lines identify
integration issues and develop the
hardware needed to achieve opti-
mum synergy between fuel cells
and heat engines.  The fuel cells,
turbines, and hybrid products
emerging from these efforts are de-
signed for stand-alone operation on
natural gas and transportation fuels.

A third ongoing development
pathway, the Gasification Tech-
nologies product line, provides the
means to enable fuel cells, heat en-
gines, and hybrids to operate on

coal and other solid fuels.   The
Gasification Technologies pro-
gram will provide efficient gasifi-
ers to convert solid fuels, such as
coal, into synthesis gas (syngas),
which is primarily hydrogen and
carbon monoxide.  This program
also will provide gas separation
and cleanup technologies to re-
duce gasification costs and condi-
tion syngas for hybrid use.  The
Fuel Cells and Turbines programs
provide continuing input to the
Gasification Technologies program
to ensure product compatibility.

The AR&TD program supports
all three power systems programs
in development of instrumentation
and controls needed to achieve in-
tegration of the major power com-
ponents.  Each component must
sense and adjust to changes in out-
puts from the other components,
such as gas composition, flow rate,

pressure, and tem-
perature to truly per-
form in a synergistic
manner.

Figure 5 shows
how hybrid product
development draws
upon other programs
and integrates hy-
brids activities to ef-
fectively carry out the
requisite R&D.

FIGURE 5.  HYBRID POWER SYSTEMS
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PROGRAM APPROACH

Siemens Westinghouse near-200-kW
FC/T hybrid at National Fuel Cell
Research Center

The Hybrid Power Systems pro-
gram targets: (1) development of
FC/T hybrids capable of serving
the needs of aggregated custom-
ers in distributed generation appli-
cations and the needs of power
generators in central power appli-
cations; and (2) evaluation of the
development potential of innova-
tive hybrid concepts that show
promise for enhancing power gen-
eration cost and performance or
expanding capabilities.

FC/T HYBRIDS:
GOALS

Between 2003 and 2006, iden-
tify and resolve near-term inte-
gration, control, and component
issues using sub-MW MCFC
and tubular SOFC-based hy-
brids.  (These systems will be
applicable to early adapter and
niche markets.)  It is expedient
to use these existing systems in
support of achieving the goals
for SECA-based hybrids.

By 2006, complete conceptual
designs and initiate testing of
SECA-based SOFCs and opti-
mized turbines to address fol-
low-on integration issues, and
scale-up and aggregation issues.

By 2010, demonstrate aggre-
gated SECA-SOFC stack design
concepts that are capable of: (1)
being scaled to MW-class FC/
T hybrids, using an optimized
turbine; (2) operating on natu-
ral gas and coal derived syngas
at electrical efficiencies of 70%

(lower heating value (LHV) )
and 55% (higher heating value,
(HHV)), respectively; and (3)
offering a competitive cost of
electricity and essentially pol-
lution-free performance.

By 2015, demonstrate MW-class
FC/T hybrids based on opti-
mized turbines and aggregated
SECA fuel cell modules; and
develop detailed designs for
advanced zero emissions fossil
fueled hybrid power systems
capable of dominating both the
aggregated DG and central power
generation markets, by having
capital costs of $400/kW, effi-
ciencies up to 75% (LHV) on
natural gas and 60% (HHV) on
coal, and essentially pollution-
free performance.

FC/T HYBRIDS:
APPROACH

To meet the FC/T hybrid pro-
gram goals, activities in the Fuel
Cells and Turbines programs will be
closely coordinated. These activi-
ties will include the optimization
of existing turbines and compo-
nents to match necessary pressure
ratios and mass flows, address
control issues, and optimize hy-
brid-specific components and
other critical operating parameters
for synergistic integration with
SECA-based fuel cells emerging
from the Fuel Cells program.
SECA-related hybrid efforts will
leverage SOFC cost reduction
measures and refine designs to

optimize hybrid performance.  Im-
portant SECA-based hybrid design
considerations are aggregation of
the 3-kW to 10-kW modules to
achieve multi-megawatt capacity,
and operating temperature.  Par-

allel activities in the Gasification
Technologies program will pave the
way for hybrid linkage to coal-,
biomass-, and waste-derived fuels,
as well as entry into the central
power systems market.

Current hybrid activities are le-
veraging FC/T hybrid demonstra-
tions using first-generation SOFC
and MCFC fuel cells with off-the-
shelf micro-turbines to provide
data needed to address key inte-
gration and system control issues.
DOE has supported key system
studies and the development of
fuel cell stacks in heavily cost-
shared, small-scale (less than 0.3
MW) demonstrations with Si-
emens Westinghouse and FuelCell
Energy.  Testing of a near-200-kW
FC/T hybrid at the National Fuel
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FuelCell Energy’s 280-kW FC/T
hybrid

Cell Research Center by Southern
California Edison and Siemens
Westinghouse succeeded in reveal-
ing and defining the challenges of
effectively integrating fuel cells
and turbines and the associated
limitations of existing gas turbines
and control strategies. Likewise
testing of a 280-kW FC/T hybrid
power system at FuelCell Energy’s
research facility in Danbury, Con-
necticut has been successful in iden-
tifying control issues, component
needs and turbine requirements.

Other current hybrid activities
include General Electric’s efforts
to integrate their high power den-
sity SECA SOFC into a small hy-
brid configuration.  This sub-scale
activity will help to identify early
SECA related hybrid issues.  The
National Fuel Cell Research Cen-
ter is currently assessing system
configurations and component im-
provements needed to achieve
Zero Emission System performance
goals.

The NETL on-site research group
is completing construction of an
experimental hybrid project called

HYPER (Hybrid PERformance) to
develop and test control strategies
for hybrid systems.  HYPER is a
simulated fuel cell configured into
a representative hybrid system us-
ing an actual 75-kW gas turbine.
This project was designed to test
system models, control strategies,
and advanced sensors in a generic
hybrid system.

 Milestones for the near term in-
clude the following:

By 2004, DOE’s Advanced
Combustion program is sched-
uled to complete development
of a high-temperature, alloy-
based heat exchanger capable of
operating at temperatures of
2,300 °F, which could be added
to the hybrids cycle develop-
ment arsenal.

By 2006, the combined Tur-
bines and SECA hybrids ac-
tivities are to culminate in a
demonstration of a SECA SOFC/
optimized turbine hybrid to re-
solve fuel cell scale-up, integra-
tion, and aggregation issues for
SECA hybrids in the 200-kW to
2-MW range.

In the mid-term (2007–2010),
FC/T hybrids will continue to incor-
porate SECA products and opti-
mized turbine technology from the
Turbines program. SECA has the
succinct objective of producing high
power density 3-kW to 10-kW
SOFC modules at a manufactured
cost of no more than $400/kW by
2010, with power densities greater
than 0.6 W/cm2.  Ultimately, the
success anticipated in the SECA
program will facilitate the cost and
performance goals envisioned for

the FC/T hybrid power system.
Throughout this mid-term period,
the aggregating (or “ganging”) of
SECA modules and scale-up will be
pursued to develop the technology
for MW-class power blocks. The
Turbines program, planned for
conclusion in 2008, will be com-
pleting work to provide the nec-
essary turbine designs and controls
for multi-megawatt FC/T hybrids.
During this period, the Gasification
Technologies program will provide
design criteria to the FC/T design
teams; and gasification technology
developments will provide the path-
way for hybrid linkage to coal-,
biomass-, and waste-derived fuels,
and entry into the central power
systems market.

Milestones for the mid-term in-
clude the following:

By 2008, the Gasification Tech-
nologies program is to have de-
veloped and demonstrated a
gasification-based power sys-
tem capable of operating on coal
and blends of coal and biomass
or wastes, realizing efficiencies
of 52% or more, costing $1,000
or less to install, and achieving
NOx, SO2, and PM emission
rates of 0.06 lb/106 Btu, 0.06 lb/
106 Btu, and 0.003 lb/106 Btu,
respectively.

By 2010, the SECA program is
to have reached the goal of
making 3-kW to 10-kW SOFC
modules with power densities
greater than 0.6 W/cm2 com-
mercially available at a manu-
facturing cost of no more than
$400/kW.
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systems, incorporating gasifiers,
fuel cells, and gas turbines.  On
the Gasification Technologies side,
efforts will continue to develop by-
product processes to efficiently
convert constituents resulting from
gasification into high-value prod-
ucts in lieu of wastes, essentially
eliminating waste streams.  A key
enabling project, FutureGen, is de-
signed to bring Gasification Tech-
nologies and advanced systems
like FC/T hybrids together into
Zero Emission Systems.  The $1-
billion FutureGen project is sched-
uled to take place over the next 10
years.  The culmination of these
activities will be the realization of
the 2015 Hybrid Power Systems
goal.  Figure 7 (on page 18) pro-
vides a summary of near-term,
mid-term, and long-term goals for
the hybrids development.

INNOVATIVE HYBRID

CONCEPTS

The “innovative hybrid concepts”
element serves as a breeding ground
for new hybrid concepts that have
the potential to contribute toward
achieving Zero Emission System
goals.  This element explores new
concepts, nurtures those showing
particular promise, investigates
paths to commercialization with
industry and the scientific commu-
nity, and develops plans for real-
izing commercialization. Goals for
the meritorious innovative con-
cepts will be established through
collaboration between the public
and private sectors.

The approach is a generic one
that actively seeks new concepts
on an ongoing basis. Mechanisms

Microturbine generator for the
Siemens Westinghouse 300-kW
pressurized hybrid

By 2010, the combined SECA
and Turbines program hybrid
efforts are to achieve the Hybrid
Power Systems goal of introduc-
ing into the marketplace a MW-
class FC/T hybrid, using an
optimized turbine and aggre-
gated SECA fuel cell modules,
that is capable operating on
natural gas and coal-derived
syngas at electrical efficiencies
of 70% (LHV) and 55% (HHV),
respectively; and that offers a
competitive cost of electricity
and essentially pollution-free
performance.

By 2010, the Gasification Tech-
nologies program is to further
enhance efficient linkage of
FC/T hybrids to gasifiers by
developing hydrogen gas sepa-
ration membrane-based sys-
tems, chemical and physical
CO2 absorption and adsorption
technologies, and advanced pol-
lutant controls.

In the long term (2010–2015),
the thrust of activities will be to
initially scale up the FC/T hybrids
to larger systems (e.g., 20–40 MW)
for an expanded DG market, and
to move toward 100-MW systems
for coal-, biomass-, or waste-fu-
eled central power applications.
Supporting this thrust will be de-
velopment of advanced hybrid
cycles, integrating multiple fuel
cells and turbines to squeeze the
maximum amount of energy out
of the fuels used.  A portfolio of
advanced instrumentation and
controls will be developed to
handle numerous parameters and
optimize environmental and op-
erational performance of complex

and resources are provided for
both in-house and outside public
and private entities to explore the
technical and economic feasibil-
ity of promising new concepts.
Once basic technical and eco-
nomic analyses establish the vi-
ability of a concept, more in-depth
thermodynamic system assess-
ments, modeling, and financial
analyses (including market analy-
ses) are conducted on the concept.
Laboratory and bench-scale test-
ing follow to investigate critical

process steps, and the data are fed
back into the technical and eco-
nomic analyses to determine de-
velopment potential. Throughout,
information derived from the stud-
ies conducted on new concepts is
made available to potential cus-
tomers of the advanced technol-
ogy, the technology developers,
and the scientific community. The
private sector is encouraged to uni-
laterally undertake development of
specific designs based on the prom-
ising concepts, and establish the
associated intellectual property.
The Hybrid program engages with
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FIGURE 7.  SUMMARY TIME LINE FOR HYBRIDS DEVELOPMENT
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Dynamic control and component integration deals prima-
rily with developing the instrumentation, 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 mod-
ule, with early prototypes becoming available around 2005
to 2006.

Hybrids with SECA units embody the development of a
natural gas-based FC/Ts hybrid.

IGCC coal-fueled SECA-based hybrids are the integra-
tion 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

industry and the scientific commu-
nity to explore paths to overcome
impediments to commercialization
of those concepts that demonstrate
strong development potential, yet
carry too much technical risk to
achieve market entry.  This dialog
usually begins with participant
workshops. The eventual outcome
is a program plan for moving new
concepts into the marketplace.

The FC/T hybrids program is a
result of the generic approach to
bringing next-generation concepts
into being. The FC/FC hybrid is
nearing the stage where paths to
commercialization will be ex-
plored. Other concepts, such as
fuel cell/reciprocating engine hy-
brids, are in the pipeline.
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TECHNICAL CHALLENGES
While FC/T hybrids offer a clear

pathway to Zero Emission Systems
performance goals, the technical
challenges that must be overcome
along the way are significant.
Achieving optimum synergy is criti-
cal and requires resolving compat-
ibility issues between the fuel cells
and turbines, and using innovative
thermal management designs to re-
cover the maximum amount of en-
ergy from the fuel. Commercial
introduction of hybrids requires
resolution of operational and re-
sponse issues stemming from inher-
ent process mechanisms, primarily
in the fuel cells.  Producing a high
power density, low-cost SECA
SOFC (one part of the hybrid sys-
tem) represents a major develop-
mental challenge.  However, studies
and workshops strongly suggest that
high-efficiency hybrids can be a
reality with a balanced and coor-
dinated effort on the part of indus-
try and the scientific community.

Compatibility.  There are two
basic integration issues associated
with the fuel cells and turbines.
Existing gas turbine compressor
pressures and mass flows are not
compatible with the high-tempera-
ture fuel cells that are used in the
hybrids — the compressor pres-
sures are too high and the mass
flows too low for turbines with
matching hot gas path power sec-
tions.  The high-temperature fuel
cells deliver a relatively low fir-
ing temperature to the gas turbine,
1,500–1,800 °F, which means that
more air flow must be provided for
a given power output.  Parallel ef-
forts are needed to modify existing

gas turbines enabling them to de-
liver lower pressures and higher air
flows, and to explore increasing
fuel cells pressure tolerance.  And,
the hot gas path in the gas turbines
needs to be modified to adjust for
increased mass flow and the ab-
sence of on-board combustion.

Dynamic control issues also are
important considerations in opera-
tion of FC/T hybrids. A successful
FC/T hybrid requires synergistic
coupling of two components with
significantly different operating
principals. These components must
be controlled in real time through
start-up, shutdown, emergency, and
load-following operating scenarios.
FC/T control problems are intro-
duced in these transient operating
scenarios because mass and volu-
metric flow rates are coupled be-
tween two systems with different
time constants.  Different fuel cell
and turbine component response
times impact the survivability of
both components in dynamic opera-
tion. This situation poses major
technical challenges from both a
control philosophy and instrumen-
tation standpoint.

Cost.  In order to meet cost tar-
gets identified in Table 1 (page 6),
component costs for both the fuel
cells and turbines must be reduced.
The SECA program is addressing
module stack cost.  The SECA goal
of $400/kW manufactured cost for
a 3-kW to 10-kW module requires
moderation of temperature to re-
duce materials costs, more sulfur
tolerance, and increased power den-
sity.  Specific issues being ad-

dressed include, but are not lim-
ited to, increasing cathode reactiv-
ity, development of interconnects
that work well at lower tempera-
tures, and the development of thin
electrolytes with better ionic con-
ductivity at lower temperatures.

Turbine costs represent a small
fraction of the total hybrid power
plant costs. This is due to the
smaller contribution of turbines to
the total power of the hybrid sys-
tem, coupled with the mature and
historically low costs of turbines.
Currently, turbines in the 5-MW to
20-MW range are available with a
nominal capital cost between $500/
kW and $300/kW.  As larger sizes
are considered, the capital costs
will decrease.  The emphasis of the
NETL turbine program will be to
foster optimization of turbines for
hybrid integration while maintain-
ing the historically low cost of
these machines.  One approach to
delivering this low-cost and opti-
mized machine will be to utilize
existing turbine platforms that are
both cost-effective in simple cycle
operation and can be modified for
hybrid use.

Load Loss.  Sudden loss of load
presents a problem to FC/T hy-
brids.  Upon loss of load, the fuel
cells almost instantaneously stops
reacting the hydrogen because the
electrons are not available to sup-
port chemical conversion.  Al-
though reacting in fractions of a
second, the fuel shut-off control is
much slower than the cessation of
hydrogen conversion.  This time
lag, plus the presence of fuel in the
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lines and reformer at the time of
load loss, can result in a signifi-
cant fuel buildup.  The fuel buildup
is a problem because the air sup-
ply from the turbine is not shut off
instantaneously, which can lead to
combustion.  The large residual
thermal load in the fuel cell contin-
ues to drive the turbine even after
load ceases, and compressor shut-
off controls suffer the same time lag
problem as fuel shut-off controls.
Solutions to the load loss issue will
require some combination of rapid
blow-off valves in the turbine com-
pressor circuit, fuel diversion for
controlled catalytic oxidation, and
bottled nitrogen for fuel dilution.

Load Following.  Load follow-
ing introduces control issues as
well.  Short-term load excursions of
10–15% are readily handled by the
fuel cell as a balance is reached be-
tween the brief periods of more fuel
being reacted (as load increases)
and less fuel being reacted (as load
decreases).  Short-term decreases
in excess of 15% cause power out-
put and turbine speed to drop, re-
sulting in a bit longer response
time to upward load swings due
to the inherent inertia of the tur-
bine.  Longer-term load excursions
are handled by simple fuel control
to the fuel cell.  The control issues
occur in turndown conditions —
major download adjustments.
Fuel cell efficiency increases sig-
nificantly as load drops signifi-
cantly.  So turndown requires not
only fuel control but either re-
duced air flow or air inlet tempera-
ture, or both.  Flow controls for
the compressor and bypass con-
trols for incoming air around the
recuperator are indicated.  Another
control factor is introduced in di-

rect-fired hybrid cycles, where the
fuel cell is pressurized directly by
the compressor.  Pressure impacts
fuel cell performance and must be
controlled to avoid pressure surges.

Sensors and Controls.  As evi-
denced by the above discussion,
sensors, controls, and control logic
will play a critical role in devel-
oping a commercial hybrid prod-
uct.  Sensors and controls must be
designed and developed to mea-
sure and act upon key parameters,
such as reformer composition,
temperatures, pressures, and fuel
and air flows throughout the sys-
tem.  Conditions placed on many
sensors and controls are harsh
(high temperatures and pressures,
and corrosive environments) and
functionally demanding (rapid re-
sponse and tight control).  Exten-
sive testing will be required to
develop the control logic to ensure
safe and operationally sound per-
formance.

Also, the direct current output
of the fuel cell and alternating cur-
rent of the turbine must be inte-
grated and conditioned to meet the
power quality specifications of the
application.  All components need
to be better, faster, cheaper, and
more tolerant of the high-tempera-
ture environment.  Again, the po-
tential range of applications includes
conditions where the loads are
highly variable and the system
may be started up and shut down
repeatedly over a short period of
time.  These transient conditions
impose a significant burden on the
power conditioning and control
system, which must deliver the
power needed while protecting the
integrity of the system.

Thermal Management.  Pro-
cessing fuel for effective conver-
sion to electricity by fuel cells is
an integral part of, and critical to,
system efficiency and cost.  Inter-
nal reforming, or using process
heat to convert fuels to usable form
by the fuel cell, is essential to sys-
tem efficiency. Moreover, internal
reforming is an integral part of
thermal management in the fuel
cell because it serves to control
heat produced in electrochemical
reactions.  A major thrust under
the SECA program is develop-
ment of a fuel processor that maxi-
mizes use of internally generated
heat, and also deals with sulfur
often contained in the fuels.

Hybrids introduce additional
thermal management issues by hav-
ing both the turbine and recuperator
perform integrated heat utilization
functions critical to power genera-
tion and to sustaining fuel cell op-
eration.  Development of efficient
high-temperature heat exchangers
takes on increased importance.

Modeling.  Computer simula-
tions will be developed, leverag-
ing ongoing fuel cells, turbines,
and hybrid development activities,
to accelerate investigation and reso-
lution of compatibility, operation
and control, and thermal manage-
ment issues.  These simulations
also document technical under-
standing and advances, and serve
as a foundation for future research.

These technical challenges are
being addressed in parallel.  Through
the Hybrid program and continued
participation of industry and the sci-
entific community, Zero Emission
System goals can become a reality.
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