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Solid Oxide Fuel Cells (SOFCs) offer the potential for compelling value propositions in stationary and transportation applications
through their high efficiency and fuel flexibility—two critical characteristics that will allow them to facilitate our transition to a
carbon neutral economy. This paper describes the overall integration synergies that can be realized in hybrid systems comprised of
an SOFC and an engine bottom-cycle. The development to date is reviewed, and application-specific value propositions are
explored. Finally, the environmental impact of hybrid systems are discussed, and key challenges to overcome are examined for this
highly efficient conversion technology to achieve commercial success.
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For hundreds of years, humanity has benefited tremendously
from the availability of seemingly low-cost energy in the form of
fossil fuels such as coal, oil, and natural gas. The energy provided by
these fuels has enabled unprecedented productivity enhancements,
economic growth, and improved quality of life. However, it is
increasingly clear that a significant portion of the actual (fully-
burdened) price associated with emissions from the use of these fuels
has yet to be paid—and is rapidly coming due. Consequently, we
must eliminate the net carbon dioxide emissions associated with our
primary energy supply by using carbon neutral sources of energy
and/or by preventing the emission of carbon dioxide and other
greenhouse gases (GHGs) into the atmosphere from non-neutral
sources.

Solid Oxide Fuel Cells (SOFCs) have an important role to play in
our transition to carbon neutral sources of energy—particularly in
long distance transportation markets such as heavy-duty ground
vehicles, aviation, maritime, and rail. In these markets, gravimetric
and volumetric basis energy densities are critical to the long distance
(>400 mile) transportation value proposition, and consequently,
rechargeable batteries by themselves are unlikely to be able to
compete with fuels.

Several carbon neutral fuels are being considered for transporta-
tion applications—including hydrogen, ammonia, and bio- or
electro-derived methanol, ethanol, dimethyl ether, diesel and jet
fuel. Unfortunately, many of these fuels feature lower gravimetric
and/or volumetric basis heating values, and they are all likely to be
considerably more expensive than the fossil derived incumbents—at
least in the near term. Hence, given that a fixed amount of stored
(fuel) energy required to perform a given mission is likely to require
more space, more mass, and/or more money, high fuel to useful work
conversion efficiency will be even more important in the future than
it is today. Furthermore, the large number of carbon neutral fuel
candidates is indicative of the large degree of uncertainty over
which fuel(s) will be the predominant future choice(s). Such fuel
uncertainty accentuates the importance of fuel flexibility—a char-
acteristic of SOFC systems that leverage fuel reforming (external
and/or on-anode).

While SOFCs offer the potential for compelling value proposi-
tions in an extensive range of transportation (and stationary)
applications, their wide-spread commercialization has thus far
been hampered by their high costs—both capital and
maintenance.'™ Fortunately, high temperature solid oxide-based
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energy conversion systems are well suited for integration with
thermal-mechanical energy conversion systems in configurations
that offer the potential for significant cost and thermodynamic
performance synergies. Specifically, their integration with heat
engines (such as gas turbines or internal combustion engines) offers
the potential for lower heating value basis ultra-high (>70%)
conversion efficiency at attractive manufacturing costs (<$1/W).
In these hybrid systems, engines or turbines are used to convert stack
waste exergy to additional useful work, resulting in higher overall
efficiency and lower power-specific cost compared to SOFC-only
systems.

Furthermore, in the case of SOFC and gas turbine hybrid
systems, the SOFC stacks are typically located downstream of the
gas turbine compressor and operate at elevated pressure—enabling
both increased Nernst potential and decreased overpotentials, and
thereby higher power density at constant voltage (i.e., constant
efficiency), which translates into a significant power-specific stack
cost reduction. Additionally, operational synergies between the
primary components may yield further cost reduction via the
elimination of balance of plant (BOP) components.

The Department of Energy’s Advanced Research Projects
Agency—Energy (ARPA-E) launched the INTEGRATE program4
with the ultimate objective of developing a foundational ultra-
efficient fuel to electric power conversion system technology that
may use almost any fuel and be deployed in both stationary and
transportation applications. The INTEGRATE program consists of
two phases: Phase 1 was focused on the development of system
concepts and enabling component technologies, and Phase 2 is
focused on the demonstration of a complete operating systems at the
~100 kW scale.

While, in the interest of staging development risk, the initial
INTEGRATE system demonstrations are focused on distributed
generation-scale stationary applications, SOFC hybrid systems can
leverage their fuel flexibility in the pursuit of a decarbonized of
long-distance transportation sector—if these systems can be made
both light and small enough. To this end, ARPA-E recently launched
the REEACH program,” which is focused on developing carbon-
neutral fuel to electric power conversion sub-systems for aircraft.
Phase 1 focuses on system conceptual design and component risk
reduction, while full system design and prototype demonstration of a
sub-scale fuel-to-electric power conversion device using a carbon-
neutral liquid fuel is planned for a notional Phase 2.

If the REEACH-envisioned systems are successfully developed,
they would enable ultra-efficient and economically attractive single-
aisle commercial aircraft with dramatically reduced (ideally zero)
net carbon emissions. Furthermore, the INTEGRATE/REEACH
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hybrid system technologies would also have attractive value
propositions in maritime, rail, or heavy-duty vehicle applications.

This paper describes the overall integration synergies that can be
realized in hybrid systems comprised of a solid oxide fuel cell
(SOFC) and a gas turbine or reciprocating engine. An overview of
the development to date is discussed, and the key application spaces
and their value propositions are explored. Finally, the energy and
environmental impact of hybrid systems are discussed, and key next
steps and challenges to overcome are examined for this highly
efficient fuel-to-electric power conversion technology to achieve
commercial success.

Current Status

Hybrid systems.—The concept of integrating solid oxide fuel
cells and gas turbines into a hybrid power generation system appears
to be relatively newlikely being conceived in the 1990s.° Although,
similar integrated system concepts for phosphoric acid fuel cells
(PAFC) were proposed in the 1970s.” However, PAFCs operate at
relatively low temperature (200 °C), and the exergy that is available
to be recovered is inadequate for the performance of these systems to
be attractive.® Proton exchange membrane fuel cells (PEMFCs)
likewise operate at too low a temperature (<100 °C) to be candidates
for hybridization.

SOFC-based systems are well-suited for integration with an
engine (Figs. la—1b) in a hybrid system given their high efficiency
and inherent fuel flexibility, including the opportunity for on-anode
fuel reforming. Their higher operating temperatures (~600 °C-800 °
C) result in high-quality waste heat, which can be recycled
throughout the system to pre-heat reactant flows. Pressurization of
the SOFC can both improve the areal-specific power density of the
stack through an increased Nernst potential and decreased over-
potentials, while providing an opportunity to extract additional work
from stack exhaust exergy in an engine (Fig. 1c). Furthermore, the
combination of an engine-based bottoming cycle with an SOFC
enables the cost-synergistic consolidation of a portion of fuel cell
BOP with major engine components. For example, the compressor
and recuperator of a turbine may double as the blower and stack heat
exchanger.

SOFC/gas turbine hybrid systems.—Systems in which an SOFC
is hybridized with a gas turbine (SOFC-GT) have historically been
the most prevalent—perhaps due to the simplicity of the system that
is enabled by similar stack operating and turbine inlet temperatures.
The example system shown in Fig. 1a is a simplified illustration of
one system configuration.

SOFCl/internal combustion engine (ICE) hybrid systems.—
SOFC/ICE hybrid systems, an example of which is shown in
Fig. 1b, offer fuel conversion efficiency advantages vs Brayton
cycle gas turbines through their operation on the Otto cycle—
featuring the reduced entropy-generation advantage of constant
volume (vs constant pressure) combustion. Furthermore, they feature
relatively few parts that operate continuously at temperatures that
necessitate the use of high-cost Nickel-based superalloys.
Consequently, caeteris paribus, ICEs frequently feature both cost
and efficiency advantages vs their gas turbine (Brayton cycle)
competition.

However, ICEs suffer from two drawbacks in the utilization of
the SOFC stack waste exergy. First, they are not able to directly
convert waste heat from the stack into useful work, and even worse,
high ICE inflow temperature translates into reduced conversion
efficiency as the required parasitic ICE compression work increases
with increasing inflow temperature. Furthermore, the high water
content of the stack exhaust stream is detrimental to the performance
of the engine, resulting in a low mixture flame speed and conse-
quently a low combustion efficiency.

To mitigate the impact of the above two challenges, separate
waste exergy recovery systems are often employed for the stack

anode and cathode exhaust streams, as illustrated in Fig. 1b. First,
the anode exhaust stream is passed through a heat exchanger to
lower its temperature while condensing out a portion of its water
vapor before this stream is mixed with a fresh (ambient) air stream
and fed into an ICE. Second, the cathode stream is incorporated into
a Brayton cycle. The stack exhaust stream is expanded through a
turbine to generate shaft power that can be used to drive the
compressor that pressurizes the cathode inflow stream and forces air
through both the pre-stack heat exchanger and the cathode. If
additional power is available after compression, it may be exported
from the system.

In sum, SOFC/ICE hybrid systems offer the potential for high
efficiency at low cost through the high fuel to work conversion
efficiency and the low cost of ICEs. However, they are hampered by
the inability of ICEs to convert waste heat to useful work and to
operate reliably and with high efficiency on fuel that is diluted with
stack electrochemical reaction products, specifically CO, and H,O
and their need for additional BOP components (heat exchangers and
turbochargers) compared to their gas turbine hybrid counterparts.

ARPA-E’s INTEGRATE program.—In 2017, the Department of
Energy’s Advanced Research Projects Agency—Energy (ARPA-E)
launched the INTEGRATE program® to develop hybrid system
concepts and enabling component technologies that, if realized,
would result in 100 kW-scale systems with >70% fuel to electricity
conversion efficiencies and system manufacturing costs of <$1/W.
The INTEGRATE program was launched with three component-
focused teams and six systems-focused teams pursuing different
hybrid system architectures. Three of the systems teams pursued
SOFC/GT system architectures, while the other three pursued
SOFC/ICE architectures. At a high-level, the developed SOFC/GT
and SOFC/ICE architectures are similar to those depicted in Figs. la
and 1b. The Phase 1 teams then proceeded to demonstrate:

1. durable SOFC stacks that can operate at elevated (~4 bar)
pressure,

2. high temperature (>600 °C) and low-cost heat exchangers

3. internal combustion engine operation on low quality (anode tail
gas) fuel, and

4. innovative, robust controls system approaches that enable safe
and high efficiency system operation at both full and part load.

In 2019, at the start of Phase 2 of the program, three of the
original nine teams were selected to design, build, and demonstrate
100 kW-scale prototype systems by 2023.

Future Needs and Prospects

Advancing hybrid systems.—While the abovementioned syner-
gies offer the promise of higher efficiency and lower cost, the
successful integration of SOFCs and engines faces several signifi-
cant challenges that must be addressed for the realization of an
attractive power generation system capability. These challenges
center on the management of undesirable effects associated with
the combination of the two sub-systems, including—

1. Efficiently combusting the dilute fuel leaving the stack,

2. Achieving minimal pressure drop and heat loss through the
stack and its associated piping,

3. Updating the stack mechanical design to enable durable opera-
tion at elevated pressure,

4. Adequately controlling “slow” stacks and “fast” engines to
efficiently and safely satisfy the variable electric load imposed
on the system (e.g., no engine surge, balanced anode and
cathode stream pressures).

The pressure vessel for the SOFC stack, assuming operation at
above atmospheric pressure, may also be a key cost driver for the
system. The performance and cost tradeoffs must be carefully
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Figure 1. (a) Example SOFC/GT system; (b) example SOFC/ICE system; (c) impact of elevated stack pressure (H, fuel) on areal-specific power density at
constant voltage through increased Nernst potential only.
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considered based on the overall system design when choosing to
either: (1) fully incorporate the pressure vessel into the hot zone of
the system to improve thermal integration and fabricate it with a
costly high-temperature alloy; or (2) thermally isolate the stack from
the pressure vessel walls with copious insulation but construct the
pressure vessel from a lower-cost, lower-temperature alloy.

Ultimately, the items listed above converge on the need to reduce
the cost—capital, operational, and maintenance—of hybrid systems
through improved efficiency, durability, controls, and system design
optimization.

The carbon neutral aviation challenge.—The aviation sector
plays a crucial role in the global transportation of goods and
people.®? Unfortunately, the aviation sector is notably difficult to
decarbonize due to its reliance on extremely high energy density
fossil fuels, such as Jet A.'” Over 3.8 x 10" J of energy from jet
fuel was consumed in the U.S. in 2019."' Furthermore, the U.S.
leads the world in CO, emissions from commercial flights with 179
million metric tons of CO, emitted in 2019—relative to 900 million
metric tons of CO, globally.'? Decarbonization of the commercial
aviation sector would substantially support the global goal of
reducing GHG emissions to limit the worst impacts of climate
change and would satisfy the airline industry’s commitment to
achieve net-zero carbon emissions by 2050."

An additional aviation emissions challenge with growing con-
sensus is that contrails, which are composed of ice crystals formed in
the wake of aircraft, have a significant warming effect (positive
radiative forcing, RF). The water vapor and particulates in the
aircraft engine exhaust cause the nucleation and growth of ice
crystals, particularly in high humidity regions of the upper tropo-
sphere, forming contrail cirrus and/or persistent, linear contrails.'*
Depending on the atmospheric conditions, these aviation-induced
clouds (AIC) may linger at high altitudes for hours, trapping
upwelling terrestrial radiation and creating an imbalance with
incident solar radiation, resulting in a net warming impact. Recent
studies suggest that AIC are responsible for the majority of aviation-
derived RF, surpassing CO,-induced emissions, and the vast
majority of the AIC RF is due to contrail cirrus.'> As air traffic
increases across the globe, the impact of this heat trapping
mechanism is likely to be amplified unless propulsion technologies
are specifically designed to inhibit or prevent contrail formation.
Examples include fuel conversion systems that eliminate or reduce
water vapor, soot, and/or aerosol particle emissions, as well as
technologies that make air travel substantially more fuel efficient
and/or rely solely on electric energy storage devices (e.g.
batteries).!>1

Transportation applications require highly efficient, lightweight,
and compact fuel conversion systems that utilize inexpensive carbon
neutral fuels. A key benefit of hybrid systems is their inherent fuel
flexibility, which is helpful as we look to identify the most
commercially viable carbon neutral aviation fuel. For aviation
applications, several hybrid system concepts have been proposed
in recent years that utilize a variety of different fuels and system
architectures.'”~'® While the INTEGRATE program is tackling the
demonstration of hybrid systems with ultra-high efficiency at an
attractive cost, the initial distributed generation application focus has
not driven these systems to aviation-appropriate specific power (kW/
kg) levels. The REEACH program seeks to tackle this additional
requirement in the context of commercial aviation.

ARPA-E’s REEACH program.—As part of its broader effort to
reduce the climate impact of commercial air travel through the
development of carbon-neutral electrified propulsion systems at
minimum cost, ARPA-E initiated the REEACH program in 2020
with the goal of maturing ultra-high efficiency propulsion systems
that utilize carbon neutral liquid fuels (CNLFs). These fuels are
typically either higher cost and/or have lower specific energies than
traditional fossil-based jet fuels, meaning that ultra-high fuel
conversion efficiency will be even more critical to aircraft range

performance and economic viability than it is today. At the same
time, high propulsion system specific power is necessary to maintain
acceptable aircraft range, payload, acceleration, and climb rate.

Six of nine REEACH Phase 1 awarded teams will develop
SOFC/gas turbine/battery hybrid systems that are fueled with either
renewable natural gas or synthetic kerosene. As an example, such a
system could include a solid oxide fuel cell coupled with a
turbogenerator, which—as in INTEGRATE systems—would take
advantage of operational synergies between the two components to
minimize balance of plant, improving both the efficiency and the
specific power of the system during cruise. Additionally, a relatively
small battery could provide additional power (3—4 times cruise) for
takeoff and climb. Such a CNLF fueled hybrid system—meeting the
REEACH targets—would offer a substantially greater range and/or
payload than a pure battery-electric system—a requirement for most
current commercial single-aisle aircraft flights. Furthermore, it
would avoid the need for costly charging infrastructure installation
at airports and allow aircraft to refuel and be put back into service
quickly.

The fuel challenge.—From an aircraft performance (e.g., range
and/or payload) perspective, the specific energy (e.g., MJ/kg) and
energy density (e.g., MJ/L) of the energy-storage media are of
paramount importance. Due to the relatively low specific energy of
current rechargeable batteries (<500 Wh kg "), high energy density
consumable fuels are likely to be the primary storage media for long
distance flights of more than several hundred miles for the foresee-
able future. However, our climate challenge now necessitates that
these fuels must also be much less carbon intensive than they are
today, and ultimately net carbon neutral over their entire life cycle.
Furthermore, these carbon neutral fuels must be available at low cost
and adequate scale to be impactful options. At present, there are still
several candidate fuels being evaluated as potential low carbon
alternatives to Jet A. These fuels include liquid ammonia, ethanol,
liquid synthetic or bio natural gas, liquid hydrogen, and sustainable
aviation fuel.

Ultimately, our analyses led to the conclusion that the overall
REEACH-enabled propulsion system (excluding the fuel and tank)
must have a maximum take-off (battery plus engine/fuel cell)
specific power of >2.0 kW kg~ ', a cruise (engine/fuel cell only)
specific power of 0.7 kW kg™, and an overall cruise fuel to thrust
power conversion efficiency of >60% for carbon-neutral fuels to be
attractive in commercial single-aisle aircraft applications.

An illustration of the anticipated benefits and technical chal-
lenges of ultra-high efficiency carbon-neutral propulsion systems is
provided in Fig. 2. First, productivity-specific energy consumption®”
contours are drawn vs cruise efficiency and specific power to
illustrate the energy savings benefits that would be afforded by
REEACH-enabled propulsion systems. The cruise performance of
the current single aisle commercial aircraft is indicated along with
the nominal REEACH target. As shown in the figure, the REEACH-
enabled system would offer significant (>25%) energy savings
through its higher efficiency. However, this higher efficiency comes
at the cost of increased weight/decreased specific power through the
use of fuel cells or gas turbine waste heat recovery systems. This
decreased specific power offsets some of the aircraft energy
consumption benefits that would be afforded by the increased
propulsion system efficiency. However, more significantly, the
increased propulsion system weight results in a decreased aircraft
fuel capacity, ceteris paribus. This smaller fuel capacity results in a
shorter (nominally 25%) maximum range, as illustrated by the
orange-dashed normalized range contours. However, as suggested
by the white dotted mass-specific thrust-energy contours (Wh/kg),
the REEACH-enabled system could provide an overall cruise
specific-energy of ~2000 Wh kg~ '—comparable to that of the
baseline propulsion system and more than five times that of a fully
battery powered system.
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Beyond REEACH.—ARPA-E is pursuing a multi-pronged
approach to support the development of technologies needed to
improve the efficiency and reduce the climate impacts of aviation.
Two additional programs—ASCEND and CABLES—have been
launched to develop high specific power electric motors, and cables,
connectors, and medium voltage circuit breakers, respectively.

While single-aisle commercial aircraft are the ultimate applica-
tion target, nearer term markets such as drones/UAVs, auxiliary
power units, and short-range passenger aircraft, e.g., electric vertical
takeoff and landing (eVTOL), offer the opportunity to grow
production capacity and further reduce the risk of these technologies.
Additional opportunities exist in terrestrial and maritime transporta-
tion applications, and it is worth noting that shipping (rail, maritime,
other), aviation, and long-distance road transport are three notor-
iously difficult to decarbonize sectors, which together account for
~9% of global fossil fuel emissions.

Conclusions

In summary, in our future carbon-constrained world, fuels will be
even more precious than they are today, and it will be even more
critical to convert them to useful work at high efficiency and with
minimal-to-no net carbon emissions. Hybrid systems consisting of
solid oxide fuel cells and engine-based bottoming cycles are well-
positioned to offer such high efficiencies at attractive costs while
operating on a wide range of future carbon neutral fuel candidates.
The ARPA-E INTEGRATE and REEACH programs are building
upon prior system work at the US Department of Energy to enable
ultra-high (>70%) conversion efficiency at an attractive cost (<$1/

W) and at an acceptable specific power (2kW kg™ for transporta-
tion applications. Prototype system demonstrations are anticipated
by 2023; however, substantial additional work will be required to
realize attractive commercial offerings of the system technology at
impactful scales from a world-wide energy usage perspective.
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