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(57) Abstract: The solid oxide fuel cell with combustor (SOFC-C) addresses the problems of fast start-up, high gravimetric power
density and emission control facing SOFC in acrospace and other mobile vehicle applications by providing a highly efficient clean
power generation for full or partial hybrid propulsion systems. The SOFC-C may include one or more SOFC tubes and a combustion
chamber integrated within a housing. Fuel may be provided through an anode portion of the one or more SOFC tubes or stacks and
be combusted upon exiting the one or more SOFC tubes or stacks. The combustion products may then be provided through a cathode
portion of the one or more SOFC tubes or stacks, whereby pollutants may be reduced or removed from the combustion products by the
cathode portion prior exiting the housing as exhaust. A cathode inlet temperature may be controlled by controlling the fuel flow.
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INTEGRATED SOLID OXIDE FUEL CELL COMBUSTOR ASSEMBLY, SYSTEM,

AND METHOD THEREOF

[0001] This Application is filed by Applicant and Assignee Tennessee Technological University
in Cookeville, Tennessee. The inventor is Rory Roberts, a permanent resident of the United States
residing in Cookeville, Tennessee, for the invention entitled “Integrated Solid Oxide Fuel Cell
Combustor Assembly, System, and Method Thereof.”

[0002] A portion of the disclosure of this patent document contains material that is subject to
copyright protection. The copyright owner has no objection to the reproduction of the patent
document or the patent disclosure, as it appears in the U.S. Patent and Trademark Office patent

file or records, but othcrwisc reserves all copyright rights whatsocver.

STATEMENT REGARDING
FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT
[0003] The subject matter herein was funded in part by Department of Energy, ARPA-E

Research Program Grant No. DE-AR0001348.

CROSS-REFERENCES TO RELATED APPLICATIONS
[0004] This application claims priority to co-pending U.S. Provisional Patent Application
Serial No. 63/523,358 filed June 26, 2023, and entitled “Integrated Solid Oxide Fuel Cell
Combustor Assembly, System, and Method Thereof”, U.S. Provisional Patent Application Serial

No. 63/523,365 filed June 26, 2023, and entitled “Integrated Solid Oxide Fuel Cell Combustor
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Assembly, System, and Method Thereof”, and U.S. Provisional Patent Application Serial No.
63/528,350 filed July 22, 2023, and entitled “Integrated Solid Oxide Fuel Cell Combustor

Assembly, System, and Method Thereof”, each of which is incorporated in its entirety.

BACKGROUND

1. Field of the Invention

[0005] The present invention relates generally to fuel cell power systems and various high
temperature fuel cell systems.
[0006] More particularly, this invention pertains to fuel cell power systems with fast start-up,

thermal and emission control, including solid oxide fuel cell power systems.

2. Description

[0007] Solid Oxide Fuel Cells (SOFCs) are a type of electrochemical device that convert
chemical energy directly into electrical energy through the oxidation of fuel, such as hydrogen or
hydrocarbons, and the reduction of oxygen. SOFCs consist of three main components: an anode,
a cathode, and a solid electrolyte. At high operating temperatures typically above 800°C, oxygen
ions from the cathode migrate through the solid oxide conducting electrolyte to the anode, where
they react with fuel, generating electrons. These electrons flow through an external circuit,
producing electrical power. SOFCs offer high energy conversion efficiency, fuel flexibility, and
low emissions, making them promising candidates for clean and efficient electricity generation in
a wide range of applications, including stationary power generation, portable devices, and

transportation.
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[0008] Conventional energy generation methods, such as combustion-based power plants, pose
significant challenges in terms of efficiency, environmental impact, and emissions of greenhouse
gases. The need for clean and sustainable energy sources has led to the development of alternative
technologies like SOFCs. However, the widespread adoption of SOFCs has been hindered by
several challenges.

[0009] One of the key challenges in SOFC technology is the high operating temperature required
for efficient operation. Traditional SOFCs often operate at temperatures exceeding 800°C, limiting
their practicality and increasing material degradation rates. Additionally, the emissions associated
with the utilization of conventional fuels in SOFCs, such as hydrocarbons, remain a concern and need
to be addressed.

[0010] Numerous efforts have been made in the prior art to address the challenges of high operating
temperaturcs and cmissions in SOFCs. Various advancements, such as the usc of novel materials,
improved cell designs, and optimized manufacturing processes, have been proposed and
implemented. Additionally, the integration of fuel reforming techniques and the utilization of
alternative fuel sources have been explored to mitigate emissions. However, these existing solutions
have their own limitations, including complex fabrication methods, high costs, and limited efficiency
gains.

[0011] Prior art SOFCs achieve fast start-up using an external combustor as a preheater and/or
leverage exhaust gas heat using heat exchangers.

[0012] SOFCs generally require the use of bulky preheaters and/or heat exchangers generally
used to warm the SOFC to an ideal operating temperature and provide rapid start-up. The problem
with these preheaters and heat exchangers are they are heavy, relatively large, and costly. The

arrangement of a pre-burners, after-burner, and/or heat exchangers for SOFC system has been well
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established in the field and most optimizations are focused on the efficiency and control of burner

itself.

BRIEF SUMMARY

[0013] In view of at least some of the above-referenced problems in conventional SOFC
implementations, an exemplary object of the present disclosure may be to provide a new integrated
SOFC combustor (SOFC-C) assembly, system, and method for producing electrical power. An
exemplary such SOFC-C assembly may desirably feature quick heating of the fuel cell stack by
combustion of residue fuel to operational levels without using bulky preheaters and/or heat
exchangers, thus saving weight, room, and cost. For example, the assembly may take advantage
of the temperature rise during compression and the combustion of anode off-gas, via an integrated
combustion chamber to climinate the recuperating heat exchanger usually required for cathode
flows, thus greatly reducing the size and weight (thermal mass) of the system. The integrated
SOFC-C assembly may enable improved hybrid power generation systems, without the common
issues of conventional SOFCs, for commercial applications, thus greatly improving the prospect
of SOFC utilization in vehicle energy utilization markets where high efficiency, lightweight and
low emission to zero emissions are sought with more cost tolerance of the power systems.

[0014] The exemplary such SOFC-C assembly may desirably feature a turbogenerator (TG)
will provide a very high fuel-to-electricity conversion efficiency while maintaining high power-
to-weight ratio during high-altitude flight. This unique assembly addresses many of the challenges
faced in all electric propulsion-based aviation. The system has high part-load efficiency (more
than 65% lower heating value (LHV)) during long cruise times, load following capability, high-

power capacity at high altitudes adapting to low temperatures and pressures, rapid startup time of
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less than 30 minutes, high power density (more than 3.6 kW/kg), efficient thermal management,
and a foundation for a compact, efficient electrical storage and power generation (ESPG) system.
The SOFC-C may achieve the technology targets by reducing the complexity of traditional fuel
cell-gas turbine hybrid systems (FC-GT). The SOFC-C may not require heat exchangers and
dramatically reduces the balance of plant increasing power density and performance in efficiency.
The reduction in mass through elimination of heat exchangers, external reformer, and other
components dramatically decreases the overall thermal dampening of the system which enables
rapid startup and load following capability. Direct control of the cathode inlet temperature of the
SOFC-C may enable rapid warm-up of the SOFC tubes with the ability to reach operating
temperature and full power in less than 30 minutes.

[0015] The operation of the SOFC-C with turbogenerator (TG) to meet power demands on the
aircraft or other vehicle during vastly changing operation environments may be achicved with only
four inputs to the system: (1) fuel control valve to maintain desired fuel utilization and cathode
inlet temperature, (2) TG generator load to maintain desired shaft speed and air mass flow, (3)
SOFC load for maintaining total power (SOFC-C and TG power) produced by SOFC-C-TG, and
(4) post combustor fuel flow to increase turbine inlet temperature and TG power during high power
events such as take-off. Large high temperature valves for cathode bypass or bleed, additional
combustors/fuel valves, and cathode injectors or high temperature blowers may not be required for
the SOFC-C-TG system.

[0016] The SOFC technology may feature a high-power density, low weight tubular SOFC
architecture. This technology may be well suited for aerospace applications to reduce system size,
weight, complexity, startup time, and cost. The SOFC technology provides the base technology

to push the performance limits of power densities more than 3.6 kW/kg. Additionally, the
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exemplary SOFC-C assembly may feature bio-LNG as an ideal fuel for the SOFC-C and electric
aircraft. The advantages of using bio-LNG with the SOFC-C assembly include chemical
compatibility for direct internal reforming preventing stack poisoning and coking, thermal
recuperation by using waste heat for steam reformation to produce higher heating value hydrogen,
thermal management of the stack via direct steam reformation without additional water supply,
and rapid load response by eliminating the required pretreatment and processing of the fuel. Bio-
LNG also has benefits for thermal management on the aircraft for electrical components and cabin.
[0017] The SOFC-C assembly is innovative while building on current state of the art modular
SOFC technology. The simplicity and modularity of the SOFC-C provides an assembly that is a
game changer and transformative for the aerospace industry. The assembly can also be scaled
down for smaller aircraft without sacrificing performance due to the modularity of the SOFC tubes
and combustor asscmbly without large cathode heat exchangers.

[0018] An exemplary such assembly may further feature placement of internal burner in
between anode outlet and cathode inlet not only allows better temperature control and heat transfer
but also provides management capability to reduce toxic compounds such as NOx in post-cell
emission gas.

[0019] An exemplary such assembly may further feature direct control of the cathode inlet
temperature via the direct combustion of the anode off-gas prior to entering the cathode and by
manipulating the fuel flow.

[0020]  Anexemplary such assembly provides an innovative solution with a high power density,
and direct control of the SOFC temperature during changing loads and altitudes without adding
thermal mass. The assembly was initially explored for high-power density and high fuel-to-

electric efficiency (>65% during cruise) with rapid startup and load following capability (>30%
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load change), but it also enables direct removal of certain post-combustion pollutants such as NOx
inside cathode chamber down to ppm level via electrochemical
reduction/decomposition/denitrification before the emission gas releases as exhaust, and hence
avoids the environmental impact issue common with traditional flue gas combustion.

[0021] The exemplary such assembly may further feature rapid startup (e.g., less than 30
minutes) to full power via its direct control of the cathode inlet temperature, thus enabling rapid
warmup of the SOFC tubes during startup cycles in the field.

[0022] The exemplary such assembly may further provide configurational innovation that
facilitates realization of control strategy of hybrid SOFC systems for rapid load following (e.g.,
greater than 30% step change in load) that is critical for mobile and aviation applications.

[0023]  The exemplary such assembly may further feature a design reconfiguration that utilizes
the cathode as a dual reactor for both oxygen reduction and catalytic decomposition of nitric oxides
and carbon monoxide in post-combustion cathode reactant, thus etffectively reducing the emission
of exhaust gas without need of an external off-gas processor or recirculation of external burner
products as suggested in prior art.

[0024]  The exemplary such assembly may further feature a design reconfiguration that utilizes
the combustor as a dual reactor for residue fuel in the anode off-gas and contaminants in the
compressed air source such as traces of fuel, nitric oxides, ammonia, hydrocarbons, and hydrogen,
providing a method of processing and cleaning contaminated air. Examples of contaminated air
are nitric oxides, ammonia and methane in gases released in water treatment plant. These trace
contaminants are typically released in the environment with negative impact. The precombustor

oxidizes these trace contaminates, thus providing inert exhaust with lower environmental impact.
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[0025] In a particular embodiment, an exemplary integrated SOFC combustor assembly as
disclosed herein may include a plenum housing, one or more SOFC tubes or stacks are positioned
within the plenum housing, and a combustion chamber positioned within the plenum housing. The
one or more SOFC tube or stacks may have a first end, a second end, an inner surface defining an
anode, and an outer surface defining a cathode. The one or more SOFC tubes may be configured
to receive fuel from a fuel source at the first end and oxidize the majority of the fuel into with
remaining unoxidized off-gas to be expelled from the second end. The combustion chamber may
be disposed within the plenum housing proximate the second end of the one or more SOFC tubes.
The combustion chamber may be configured to mix compressed air with the off-gas from the one
or more SOFC tubes or stacks and combust the compressed air and the off-gas into combustion
products. The plenum housing may be configured to direct the combustion products from the
sccond end to the first end along the outer surface.

[0026] In anexemplary aspect according to the above-referenced embodiment, the cathode may
be configured to reduce or remove post-combustion pollutants from the combustion products prior
to expulsion from the plenum housing.

[0027] In an exemplary aspect according to the above-referenced embodiment, the integrated
SOFC combustor assembly may further include fuel processing and desulfurizer placed within, in
conjunction with, adjacent, before, or after the precombustor that uses anode off-gas. The fuel
processing and desulfurizer may enable thermal management of the fuel processing system that
desulfurizes and performs pre-reforming of liquid and kerosene-based fuels by adding heat from
the precombustion or post combustion process. The precombustor may give precise control of
both the fuel processor and cathode inlet, while a post combustor may give precise control of both

the fuel processor and turbine inlet.
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[0028] In another exemplary aspect according to the above-referenced embodiment, the
integrated SOFC combustor assembly may further include an off-gas flow distributor disposed
between the second end of the one or more SOFC tubes and the combustion chamber. The off-gas
flow distributor may be configured to uniformly distribute flow of the off-gas into the combustion
chamber.

[0029]  In another exemplary aspect according to the above-referenced embodiment, the off-gas
flow distributor may be configured to recirculate at least a portion of the off-gas from the second
end to the first end of the one or more SOFC tubes via a recirculating pathway.

[0030] In another exemplary aspect according to the above-referenced embodiment, the
integrated SOFC combustor assembly may further include a compressed air source and a
compressed airflow distributor disposed between the compressed air source and the combustion
chamber. The compressed airflow distributor may be configured to uniformly distribute flow of
the compressed air into the combustion chamber.

[0031] In another exemplary aspect according to the above-referenced embodiment, the
compressed air may be at a temperature between about -40 degrees Celsius (233K) to about 600
degrees Celsius.

[0032] In another exemplary aspect according to the above-referenced embodiment, the
compressed air may be at a pressure between about 20 kPa to 5000 kPa .

[0033] In another exemplary aspect according to the above-referenced embodiment, the
integrated SOFC combustor assembly may further include an output coupled between the anode
and the cathode of the one or more SOFC tubes or stacks. The output may be configured to supply

direct current (DC) power.



WO 2025/006219 PCT/US2024/034091

[0034] In another exemplary aspect according to the above-referenced embodiment, the
compressed air may include a stoichiometric excess of oxygen (Oz2).

[0035] In another exemplary aspect according to the above-referenced embodiment, the
integrated SOFC combustor assembly may further include a controller configured to control a
temperature of the cathode by adjusting an amount of the fuel received by the first end of the one
or more SOFC tubes or stacks.

[0036] In another exemplary aspect according to the above-referenced embodiment, a
temperature of the combustion chamber may be between about 500 degrees Celsius and about 800
degrees Celsius.

[0037] In another exemplary aspect according to the above-referenced embodiment, the
integrated SOFC combustor assembly may further include a fuel manifold positioned between the
fucl source and the first end of the one or more SOFC tubes.

[0038] In another exemplary aspect according to the above-referenced embodiment, the one or
more SOFC tubes may comprise a plurality of SOFC tubes positioned within the plenum housing.
In accordance with this embodiment, the fuel manifold may be configured to uniformly distribute
flow of the fuel into each of the plurality of SOFC tubes.

[0039] In another embodiment, an exemplary method of producing electrical power may
include (a) providing an integrated solid oxide fuel cell (SOFC) combustor including at least one
SOFC tube or stacks and a combustion chamber positioned within a plenum housing; (b) directing
fuel along an anode of the at least one SOFC tube or stacks and into one or more of the combustion
chamber or a bypass pathway; (c) combusting the directed fuel with compressed air to produce
combustion products; and (d) directing the combustion products along a cathode of the at least one

SOFC tube and out of the plenum housing as exhaust gases.
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[0040] In an exemplary aspect according to the above-referenced embodiment, step (b) may
further include controlling an amount of fuel directed along the anode to control a temperature of
the cathode of the at least one SOFC tube.

[0041] In another exemplary aspect according to the above-referenced embodiment, step (d)
may further include generating direct current (DC) power from the at least one SOFC tube.
[0042] In another exemplary aspect according to the above-referenced embodiment, step (b)
may further include selectively directing a portion of the fuel exiting the anode back to the anode
via the bypass pathway.

[0043] In another exemplary aspect according to the above-referenced embodiment, step (b)
may further include controlling an amount of the fuel directed to a post combustor to control a
temperature of a turbine in a turbogenerator and a pre-reformer and desulfurizer.

[0044] In another excmplary aspect according to the above-referenced embodiment, step (b)
may further include controlling an amount of the fuel directed along the anode to control a
temperature of the cathode of the at least one SOFC tube and a pre-reformer and desulfurizer.
[0045] In another embodiment, an exemplary electric storage and power generation system may
include a fuel source, a solid oxide fuel cell (SOFC) combustor assembly, a power management
system, a turbogenerator, and an electric drive system for propulsion. The SOFC combustor
assembly may include a plenum housing, one or more SOFC tubes positioned within the plenum
housing, and a combustion chamber disposed within the plenum housing. The power management
system may be configured to receive energy from the SOFC combustor assembly. The
turbogenerator may be coupled to the fuel source and configured to receive exhaust gases from the

SOFC combustor assembly. The electric drive system may be coupled to the power management
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system. The turbogenerator, the power management system, and the electric drive system may be
cooled by the fuel source.

[0046] In an exemplary aspect according to the above-referenced embodiment, the electric
storage and power generation system may further include a controller configured to control an
amount of fuel from the fuel source directed along an anode of the one or more SOFC tubes to
control a temperature of a cathode of the one or more SOFC tubes. The controller may further be
configured to monitor and control a temperature of each of the turbogenerator, the power

management system, and the electric drive system using the fuel source.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS
[0047] Fig. 1 is a diagram of an embodiment of an integrated SOFC combustor assembly in
accordancc with the present disclosure.
[0048] Fig. 2A is an XZ cross-sectional diagram of an embodiment of an integrated SOFC
combustor assembly in accordance with the present disclosure.
[0049] Fig. 2B is an YZ cross-sectional diagram of an embodiment of an integrated SOFC
combustor assembly in accordance with the present disclosure.
[0050] Fig. 3 is a flowchart of a method of producing electrical power using the integrated
SOFC combustor assembly of Fig. 1 in accordance with the present disclosure.
[0051] Fig. 4 is a diagram of an embodiment of an electric storage and power generation

(ESPG) system in accordance with the present disclosure.
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DETAILED DESCRIPTION

[0052] Reference will now be made in detail to embodiments of the present disclosure, one or
more drawings of which are set forth herein. Each drawing is provided by way of explanation of
the present disclosure and is not a limitation. In fact, it will be apparent to those skilled in the art
that various modifications and variations can be made to the teachings of the present disclosure
without departing from the scope of the disclosure. For instance, features illustrated or described
as part of one embodiment can be used with another embodiment to yield a still further
embodiment.

[0053] Thus, it is intended that the present disclosure covers such modifications and variations
as come within the scope of the appended claims and their equivalents. Other objects, features,
and aspects of the present disclosure are disclosed in, or are obvious from, the following detailed
description. It is to be understood by one of ordinary skill in the art that the present discussion is
a description of exemplary embodiments only and is not intended as limiting the broader aspects
of the present disclosure.

[0054] The words “connected”, “attached”, “joined”, “mounted”, “fastened”, and the like
should be interpreted to mean any manner of joining two objects including, but not limited to, the
use of any fasteners such as screws, nuts and bolts, bolts, pin and clevis, and the like allowing for
a stationary, translatable, or pivotable relationship; welding of any kind such as traditional MIG
welding, TIG welding, friction welding, brazing, soldering, ultrasonic welding, torch welding,
inductive welding, and the like; using any resin, glue, epoxy, and the like; being integrally formed
as a single part together; any mechanical fit such as a friction fit, interference fit, slidable fit,

rotatable fit, pivotable fit, and the like; any combination thereof; and the like.

13
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[0055]  Unless specifically stated otherwise, any part of the apparatus of the present disclosure
may be made of any appropriate or suitable material including, but not limited to, metal, alloy,
polymer, polymer mixture, wood, composite, or any combination thereof.

[0056] Referring to Fig. 1, an integrated solid oxide fuel cell (SOFC) combustor assembly 100
is illustrated. The integrated SOFC combustor assembly 100 may also be referred to herein as an
SOFC-C assembly 100 or an SOFC-C 100. The integrated SOFC combustor assembly 100 may
include a plenum housing 110, one or more SOFC tubes 120, and a combustion chamber 140.
Each of the one or more SOFC tubes 120 and the combustion chamber 140 may be positioned
within the plenum housing 110. The plenum housing 110 may also be referred to herein as a
housing 110. The one or more SOFC tubes 120 may also be referred to as at least one SOFC tube
120, a plurality of SOFC tubes 120, a stack of SOFC tubes 120, or a stack 120. In certain optional
cmbodiments, the intcgrated SOFC combustor asscmbly 100 may include multiple combustion
chambers (not shown), one associated with each of the one or more SOFC tubes 120 or a grouping
of the SOFC tubes. As such, the integrated SOFC combustor assembly 100 may include a plurality
of SOFC tubes positioned within the plenum housing 110.

[0057] The integrated SOFC combustor assembly 100 design addresses many challenges for
fuel cell-gas turbine hybrid systems as potential high-power density low emission electric
propulsion in aerospace applications. The integrated SOFC combustor assembly 100 may provide
companies actively seeking new highly efficient technologies that can utilize renewable energy
sources with little carbon foot print an elegant solution for electrification of vehicles such as large
commercial aircraft, heavy truck and LNG vessels. The integrated SOFC combustor assembly
100 may be useful in markets that require lightweight, fast start-up and high power density.

Further, the integrated SOFC combustor assembly 100 may be scalable from a few kWs (e.g.,

14
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small UAV, tele-commutation tower backup power, auxiliary power system, etc.) to hundreds of
kWs (e.g., large UAV, semi-truck, commercial building, auxiliary power system, etc.) to MWs
(e.g., heavy truck, electric aircraft, LNG vessel, maritime vessel, etc.). The integrated SOFC
combustor assembly 100 may also be highly useful in certain products, such as, a range extender
for UAVs, EVs or Trucks, a back-up power generator for commercial/residential buildings, APU
for aircrafts and ships as well as a propulsion system for next-generation electric aircrafts. The
integrated SOFC combustor assembly 100 may also be highly useful in certain products, such as,
emission mitigation and power generation systems for wastewater treatment plants, industrial
processes which produce low level pollutants in air streams that can be oxidized to safe
environmentally inert state for safe release. i.e. wastewater treatment plants produce diluted
ammonia nitrous oxides during a nitration process in the open air which is too diluted to
cconomically capturc. The integrated SOFC combustor assembly can utilize the captured air with
diluted ammonia and nitrous oxides and oxidize the ammonia in the combustor region before it
enters the cathode and denitrification of the nitrous oxides in the cathode process stream.

[0058] Each of the one or more SOFC tubes 120 may include a first end 122, a second end 124,
an inner surface 126, and an outer surface 128. The inner surface 126 may define an anode 130 of
the one or more SOFC tubes 120. The outer surface 128 may define a cathode 132 of the one or
more SOFC tubes 120. The one or more SOFC tubes 120 may be configured to receive fuel 152
(e.g., a hydrogen rich gas) from a fuel source 150 at the first end 122 and electrochemically react
(e.g., oxidize) into an off-gas 154 to be expelled from the second end 124. The off-gas 154 may
also be referred to as an anode off-gas 154.

[0059]  The fuel 152 may be hydrogen (H2), which is often considered the ideal fuel for SOFCs

due to its high reactivity and clean combustion, resulting in water vapor as the only byproduct.
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Additionally, SOFCs can directly use hydrocarbons such as jet fuels, kerosene based fuels,
methane (CH4), propane (C3HS), and butane (C4H10) as fuel sources, which are readily available
and widely used. Bio Liquified Natural Gas (Bio LNG), produced from renewable sources such
as organic waste or agricultural byproducts, can also be used as a fuel in SOFCs. This renewable
fuel option contributes to the environmental sustainability of SOFCs, as it reduces greenhouse gas
emissions and offers a carbon-neutral energy solution. The fuel flexibility of SOFCs, including
the utilization of bio LNG and sustainable aviation fuel, makes them suitable for various
applications, offering the potential to leverage diverse fuel sources and address energy needs in
different settings. Ammonia and hydrocarbons without sulfur may also be used as the fuel source.
[0060] The integrated SOFC combustor assembly 100 may further include a fuel processing
and desulfurizer may be placed within, in conjunction with, adjacent, before, or after the
precombustor (c.g., the off-gas flow distributor 170) that uscs anode off-gas 154, or after the SOFC
combustor assembly 100 using a post combustor 316 (see Fig. 4) for thermal control. By
integrating the fuel processing and desulfurizer, the integrated SOFC combustor assembly 100
may be compatible additional fuel-types 152 such as kerosene, liquid and jet fuels. The fuel
processing and desulfurizer may also be referred to herein as a pre-reformer and desulfurizer. The
fuel processing and desulfurizer may enable thermal management of the fuel processing system
that desulfurizes and performs pre-reforming of liquid and kerosene-based fuels by adding heat
from the precombustion or post combustion process. The precombustor may give precise control
of both the fuel processor and cathode inlet, while the post combustor 316 may provide precise
control of the turbine inlet temperature and pre-reformer and desulfurizer. The integration allows
proximity of hot fuel processing to the fuel cell which reduces heat loss, pressure loss, and control

lag.
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[0061] The combustion chamber 140 may be positioned within the plenum housing 110
proximate to the second end 124 of the one or more SOFC tubes 120. The combustion chamber
may be configured to mix compressed air 162 with the off-gas 154 from the one or more SOFC
tubes 120 and combust a mixture of the compressed air 162 and the off-gas 154 into a combustion
product 156. The combustion product 156 includes plenty of residual oxygen (~19% mol fraction).
A temperature of the combustion chamber 140 may be between about 600 degrees Celsius and
about 800 degrees Celsius.

[0062] The plenum housing 110 may be configured to direct the combustion product 156 from
the first end 122 to the second end 124 along the outer surface 128, for example, as shown in Fig.
2B. The combustion product 156 may provide the oxidant for the electrochemical reactions with
the cathode 132. The cathode 132 may be configured to reduce or remove post-combustion
pollutants from the combustion product 156 as the combustion product 156 travels from the first
end 122 to the second end 124 prior to expulsion from the plenum housing 110 as exhaust 158. In
certain optional embodiments, an in-line catalyst for catalytic partial oxidation (CPOX) of
hydrocarbon fuels may be included.

[0063] The integrated SOFC combustor assembly 100 may provide direct current (DC) power
at an output 190 when fuel 152 is provided through fuel passageway (e.g., the anode 130) and an
oxidizing gas (e.g., the combustion product 156) is provided through the exit passageway (e.g., the
cathode 132). The output 190 (e.g., DC power) may be used to power electrical components, such
as, for example electric motors, computers, electrical systems, and the like. In certain optional
embodiments, the integrated SOFC combustor assembly 100 may further include an inverter
coupled to the output 190 to provide alternating current (AC) power output to electrical systems,

such as those of an aircraft.
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[0064] The compressed air 162 may be supplied from a compressed air source 160, such as, for
example, a compressor or blower. The compressed air 162 may include a stoichiometric excess
of oxygen (O2). In certain optional embodiments, the integrated SOFC combustor assembly 100
may further include a compressed airflow distributor 164 disposed within the plenum housing 110
between the compressed air source 160 and the combustion chamber 140. The compressed airflow
distributor 164 may be configured to uniformly distribute flow of the compressed air 162 into the
combustion chamber 140. The compressed air 162 may be at a temperature of between about -40
degrees Celsius and about 550 degrees Celsius, for example, during operation of an aircraft
between 1,000ft to 40,0001t and 50-100% load. The compressed air 162 may be at a pressure of
between about 20 kPa and about 5000 kPa. Any source of air may be used directly at any pressure
as long as there is enough pressure to overcome the pressure losses in the SOFC-C system. Any
temperature for the air supply is acceptable as long as it is below the operation temperature of the
SOFC. Air sources may be from engine bleeds, air scoops, blowers, exhaust streams, compressors,
or stored tank air (oxidant: nitrous oxides, liquid oxygen, etc.). If the temperature of the air source
it greater than the operating temperature of the SOFC, then the air stream may be cooled via the
fuel such as LNG and through heat rejection via heat exchange with an endothermic reaction of
the fuel such as steam reforming. An example would be for a hypersonic vehicle operating higher
than Mach 5 would have an air source ~1000C, which would be cooled to ~800C by the fuel and
endothermic reaction of the fuel, absorbing heat from the air stream.

[0065] In certain optional embodiments, the integrated SOFC combustor assembly 100 may
further include a fuel manifold 148 positioned between the fuel source 150 and the first end 122 of
the one or more SOFC tubes 120. The fuel manifold 148 may be configured to uniformly distribute

flow of the fuel 152 into each of the one or more SOFC tubes 120. The fuel 152 is at least partially
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reformed in the fuel manifold 148. In certain optional embodiments, the fuel may be reformed
partially or in whole externally in the anode recycle loop or internally directly on the anode
electrode surface. In other optional embodiments, the fuel may be reformed partially or in whole
externally removing heat from the incoming air stream to cool the air stream. More exotic fuels
such as hydrazine may be used which will be decomposed to nitrogen and ammonia in catalytic
reactors prior to the entering the SOFC anode assembly.

[0066] In certain optional embodiments, the integrated SOFC combustor assembly 100 may
further include an off-gas flow distributor 170 disposed within the plenum housing 110. The off-
gas flow distributor 170 may be disposed between the second end 124 of the one or more SOFC
tubes 120 and the combustion chamber 140. The off-gas flow distributor 170 may be configured
to uniformly distribute flow of the off-gas 154 into the combustion chamber 140. In other optional
cmbodiments, the off-gas flow distributor 170 may be configured to recirculate at lcast a portion
of the off-gas 154 from the second end 124 to the first end 122 of the one or more SOFC tubes120
via a recirculating pathway 172, as illustrated in Figs. 1 and 2A. The recirculating pathway 172
may provide steam to the incoming fuel for steam reformation. Alternatively, the off-gas flow
distributor 170 may include an ejector configured to selectively redirect at least a portion of the
oft-gas 154 for recirculation from the second end 124 to the fuel manifold 148 via the recirculating
pathway 172. Recirculating the fuel provides SOFC operating temperature control. The
recirculation provides a more uniform operating temperature of the SOFC tube material along the
length of the tube, thus boosting performance through reduction of electrochemical losses sensitive
to temperature distribution. The off-gas distributor primary function is to promote complete

combustion of any unoxidized fuel and provide uniform temperature of the combustor exit/cathode
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inlet. The objective is to have complete combustion with uniform flow and temperature of the
cathode flow at 156 among the tubes or stacks.

[0067] In certain optional embodiments, the integrated SOFC combustor assembly 100 may
further include a controller 180. The controller 180 may be configured to adjust a flow rate of the
fuel 152 (e.g., fuel utilization set point) to thereby provide precise control of the cathode inlet
temperature. The incoming air temperature is unknown and always potentially changing. The fuel
flow which is traditionally used to maintain fuel utilization set points, the ratio of SOFC fuel
electrochemical consumed to fuel supplied to system, during operation. In the SOFC-C, the fuel
utilization is adjusted to control the cathode inlet temperature. By adjusting the fuel utilization set
point, the amount of unreacted fuel, anode off-gas, is augmented to provide the chemical energy
needed to achieve the desired operating temperature of the cathode inlet temperature thru
combustion/oxidation. The controller 180 may utilize various scnsors and systems to control the
operational parameters of these elements.

[0068] The one or more SOFC tubes 120 may be encased in a combustion plenum for thermal
management. In certain optional embodiments, the plenum housing 110 may be defined by a gas
turbine combustor casing (e.g., hot box). The combustion plenum may change shape and layout
depending on application. The location and proximity of the combustion plenum is determined
based on meeting the uniform temperature and flow of the cathode flow and direction of heat losses
through heat transfer from the combustion plenum to the system. For example, the combustion
plenum may be located within the SOFC tubes for reducing heat losses to the environment
(reduction of insulation). The combustor plenum may be placed, in some cases, on the adjacent

side or surroundings to provide desired heat transfer to the SOFC tube or stack assembly for
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thermal management. In some applications, heat is insulated for desired operation and other
applications heat is transferred out for thermal management (hypersonic vehicle).

[0069] The point of mixing the anode off-gas 154 and incoming air flow 162 may have design
features to promote swirl, thorough mixing and desired distribution of gases for complete
combustion, desired isothermal distribution, and equal flow distribution, for example, using the
off-gas flow distributor 170.

[0070] Referring to Fig. 3, a method 200 of producing electrical power is provided. The
method 200 may include providing 202 an integrated solid oxide fuel cell (SOFC) combustor 100
including at least one SOFC tube 120 and a combustion chamber 140 positioned within a plenum
housing 110.

[0071] The method 200 may further include directing 204 fuel 152 along an anode 130 of the
at lcast onc SOFC tube 120 and into onc or more of the combustion chamber 140 or a bypass
pathway 172.

[0072] The method 200 may further include combusting 206 the directed fuel 152 with
compressed air 162 to produce combustion products 156.

[0073] The method 200 may further include directing 208 the combustion products 156 along
a cathode 132 of the at least one SOFC tube 120 and out of the plenum housing 110 as exhaust
gases 158.

[0074] The method 200 may include additional method steps based upon the disclosure
contained herein.

[0075] Referring to Fig. 4, an electric storage and power generation (ESPG) system 300 is
provided. The ESPG system 300 may leverage the SOFC combustor 100 an overall energy

optimized electric aircraft or the like vehicle. The ESPG system 300 may include the SOFC
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combustor assembly 100, a turbogenerator 310, a fuel source 150 (discussed above), and an electric
drive system 330 for propulsion to define an integrated propulsion, power and thermal
management system (IPPTS).

[0076] The fuel source 150 provides electrical power and cryogenic thermal management for
the generator 314 and electric drive system 330. The illustrated pressures and temperatures of
each element are shown for the system operating during (8.8 MW before power conditioning) at
35,000 ft and Mach 0.8. The ESPG system 300 provides a high efficiency, low environmental
impact, and economic solution for electric aircrafts or the like vehicles. The fuel source 150 may
be self-pressurizing in the storage tank with the appropriate thermal input, which may eliminate
the need for fuel pumps.

[0077]  As illustrated in Fig. 4, the compressed air source 160 may be a compressor directly
coupled to a turbine 312 which is in turn coupled to a high power density clectric generator 314 to
define the turbogenerator 310. The exhaust gases 158 from the SOFC combustor assembly 100
may be fed to a post combustor 316 (optional) of the turbogenerator 310. The output 190 (e.g.,
DC power) from the SOFC combustor assembly 100 and an output (e.g., AC power) from the high
power density electric generator 314 may be fed to a power management system 340.

[0078]  The ESPG system 300 may leverage the fuel source 150 chemically and thermally. The
fuel source may be utilized to provide cryogenic cooling to each of the electric generator 314, the
electric drive system 330, and the power management system 340.

[0079] The term “controller” or equivalents thereof as used herein may refer to, be embodied
by or otherwise included within a machine, such as a general purpose processor, a digital signal
processor (DSP), an application specific integrated circuit (ASIC), a field programmable gate array

(FPGA) or other programmable logic device, discrete gate or transistor logic, discrete hardware
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components, or any combination thereof designed and programmed to perform or cause the
performance of the functions described herein. A general purpose processor can be a
microprocessor, but in the alternative, the processor can be a microcontroller, or state machine,
combinations of the same, or the like. A processor can also be implemented as a combination of
computing devices, e.g., a combination of a DSP and a microprocessor, a plurality of
microprocessors, one or more microprocessors in conjunction with a DSP core, or any other such
configuration.

[0080] Throughout the specification and claims, the following terms take at least the meanings
explicitly associated herein, unless the context dictates otherwise. The meanings identified below
do not necessarily limit the terms, but merely provide illustrative examples for the terms. The
meaning of “a,” “an,” and “the” may include plural references, and the meaning of “in” may
include “in” and “on.” The phrasc “in one embodiment,” as uscd herein docs not necessarily refer
to the same embodiment, although it may.

[0081]  Although embodiments of the present invention have been described in detail, it will be
understood by those skilled in the art that various modifications can be made therein without
departing from the spirit and scope of the invention as set forth in the appended claims.

[0082]  This written description uses examples to disclose the invention and also to enable any
person skilled in the art to practice the invention, including making and using any devices or
systems and performing any incorporated methods. The patentable scope of the invention is
defined by the claims, and may include other examples that occur to those skilled in the art. Such
other examples are intended to be within the scope of the claims if they have structural elements
that do not differ from the literal language of the claims, or if they include equivalent structural

elements with insubstantial differences from the literal languages of the claims.
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[0083] It will be understood that the particular embodiments described herein are shown by
way of illustration and not as limitations of the invention. The principal features of this invention
may be employed in various embodiments without departing from the scope of the invention.
Those of ordinary skill in the art will recognize numerous equivalents to the specific procedures
described herein. Such equivalents are considered to be within the scope of this invention and are
covered by the claims.

[0084]  All of the compositions and/or methods disclosed and claimed herein may be made
and/or executed without undue experimentation in light of the present disclosure. While the
compositions and methods of this invention have been described in terms of the embodiments
included herein, it will be apparent to those of ordinary skill in the art that variations may be
applied to the compositions and/or methods and in the steps or in the sequence of steps of the
mcthod described herein without departing from the concept, spirit, and scope of the invention.
All such similar substitutes and modifications apparent to those skilled in the art are deemed to be
within the spirit, scope, and concept of the invention as defined by the appended claims.

[0085] The previous detailed description has been provided for the purposes of illustration and
description. Thus, although there have been described particular embodiments of a new and useful
invention, it is not intended that such references be construed as limitations upon the scope of this

disclosure except as set forth in the following claims.
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CLAIMS

What is claimed is:
l. An integrated solid oxide fuel cell (SOFC) combustor assembly, the assembly comprising:

a plenum housing;

one or more SOFC tubes positioned within the plenum housing, the one or more SOFC tubes
having a first end, a second end, an inner surface defining an anode, and an outer surface defining a
cathode, the inner surface of the one or more SOFC tubes configured to receive fuel from a fuel source
at the first end and off-gas the fuel from the second end defining an off-gas; and

a combustion chamber disposed within the plenum housing proximate the second end of the
one or more SOFC tubes, the combustion chamber configured to mix compressed air with the off-gas
and combust the compressed air and the off-gas into combustion products,

wherein the plenum housing is configured to dircct the combustion products from the sccond

end to the first end along the outer surface.

2. The integrated SOFC assembly of claim 1, wherein:
the cathode is configured to reduce or remove post-combustion pollutants from the

combustion products prior to expulsion from the plenum housing.
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3. The integrated SOFC assembly of claim 1, further comprising:
an off-gas flow distributor disposed between the second end of the one or more SOFC tubes
and the combustion chamber, the off-gas flow distributor configured to uniformly distribute flow of

the off-gas into the combustion chamber.

4. The integrated SOFC assembly of claim 3, wherein:
the off-gas flow distributor includes an ejector configured to selectively recirculate at least a
portion of the off-gas from the second end to the first end of the one or more SOFC tubes via a

recirculating pathway.

5. The integrated SOFC assembly of claim 4, further comprising:
a controller configured to control the portion of the off-gas directed from the second end to

the first end of the one or more SOFC tubes.

6. The integrated SOFC assembly of claim 1, further comprising:

a compressed air source; and

a compressed airflow distributor disposed between the compressed air source and the
combustion chamber, the compressed airflow distributor configured to uniformly distribute flow of

the compressed air into the combustion chamber.
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7. The integrated SOFC assembly of claim 1, wherein:
the compressed air is at a temperature between about 100 degrees Celsius and about 500

degrees Celsius.

8. The integrated SOFC assembly of claim 1, wherein:

the compressed air is at a pressure between about 20 kPa and about 5000 kPa.

9. The integrated SOFC assembly of claim 1, further comprising:
an output coupled between the anode and the cathode of the onc or more SOFC tubcs, the

output configured to supply direct current (DC) power from the one or more SOFC tubes.

10. The integrated SOFC assembly of claim 1, wherein:

the compressed air includes a stoichiometric excess of oxygen (Oz).

1. The integrated SOFC assembly of claim 1, further comprising:
a controller configured to control a temperature of the cathode by adjusting an amount of the

fuel received by the first end of the one or more SOFC tubes.
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12. The integrated SOFC assembly of claim 1, wherein:
a temperature of the combustion chamber during operation is between about 600 degrees

Celsius and about 800 degrees Celsius.

13. The integrated SOFC assembly of claim 1, further comprises:
a fuel manifold positioned between the fuel source and the first end of the one or more SOFC

tubes.

14. The integrated SOFC assembly of claim 13, wherein:

the one or more SOFC tubes comprises a plurality of SOFC tubes positioned within the
plenum housing; and

the fuel manifold is configured to uniformly distribute flow of the fuel into each of the

plurality of SOFC tubes.

15. A method of producing electrical power, the method comprising:
(a) providing an integrated solid oxide fuel cell (SOFC) combustor including at least one
SOFC tube and a combustion chamber, the at least one SOFC tube and the combustion chamber

positioned within a plenum housing;
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(b) directing fuel along an anode of the at least one SOFC tube and into one or more of the
combustion chamber or a bypass pathway;

(c) combusting the directed fuel with compressed air to produce combustion products; and

(d) directing the combustion products along a cathode of the at least one SOFC tube and out

of the plenum housing as exhaust gases.

16. The method of claim 15, wherein step (b) further comprises:
controlling an amount of fuel directed along the anode to control a temperature of the cathode

of the at least one SOFC tube.

17. The method of claim 15, wherein step (d) further comprises:

generating direct current (DC) power from the at least one SOFC tube.

18. The method of claim 17, wherein step (b) further comprises:
selectively directing a portion of the fuel exiting the anode back to the anode via the bypass

pathway.

19. An electric storage and power generation system comprising:

a fuel source;
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a solid oxide fuel cell (SOFC) combustor assembly including a plenum housing, one or more
SOFC tubes positioned within the plenum housing, and a combustion chamber disposed within the
plenum housing;

a power management system configured to receive energy from the SOFC combustor
assembly;

a turbogenerator coupled to the fuel source and configured to receive exhaust gases from the
SOFC combustor assembly; and

an electric drive system for propulsion coupled to the power management system, wherein
the turbogenerator, the power management system, and the electric drive system are cooled by the

fuel source.

20. The electric storage and power generation system of claim 19, further comprising:

a controller configured to control an amount of fuel from the fuel source directed along an
anode of the one or more SOFC tubes to control a temperature of a cathode of the one or more SOFC
tubes, the controller further configured to monitor and control a temperature of each of the

turbogenerator, the power management system, and the electric drive system using the fuel source.
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