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(57) Abstract: Combined aircraft hybrid fuel cell auxiliary power unit and environmental control system and methods are disclosed,

& hione embodiment, an auxiliary power unit includes a fuel cell component which chemically converts combustible fuel into electrical

& energy. Unutizlied fuel emitted by the fuel cell component is combusted by a burner to generate heated gas. The heated gas is
received by and drives a turbine, which in turn drives a drive shaft. A compressor, coupled to the drive shaft, compresses a source
of oxidizing gas for supplying compressed oxidizing gas to the fuel cell component and to an environmental control system. A heat
exchanger controls the temperature of the pressurized air leaving the environmental control system to provide the cabin air supply.
Finally, a generator is coupled to the drive shaft to be driven by the turbines to generate additional electrical energy.



WO 2006/115657 PCT/US2006/010710

COMBINED FUEL CELL AIRCRAFT AUXILIARY POWER UNIT
AND ENVIRONMENTAL CONTROL SYSTEM
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FIELD OF THE INVENTION
[0001] The present disclosure relates generally to power supplies, and more specifically to

aircraft systems that generate both electrical and pneumatic power.

BACKGROUND OF THE INVENTION

[0002] Auxiliary power units (APUs) are used in the aircraft industry to provide auxiliary
power to onboard systems. APU systems may include turbine, fuel cell, and hybrid systems.
Turbine-driven APUs burn jet fuel to drive a turbine, which in turn drives a generator to produce
electrical energy. Fuel cells chemically convert fuel into electrical energy. Hybrid APUs utilize
both turbine and fuel cell methods in its production of power. Each type of APU may be used to
power onboard systems while the aircraft is on the ground, as well as when the aircraft is in flight.

[0003] Disadvantages of turbine APUs, however, may include poor fuel efficiency and
appreciable pollution to an airport environment. In the case of turbine APUs, the burning of fuel to
drive the turbines leaves some jet fuel uncombusted and produces oxides of nitrogen (NOX)
emissions. Fuel cell APUs offer lower emissions than turbine-driven APUs, and are more fuel
efficient, but are heavy and tend to loose efficiency at high altitudes. Hybrid fuel cell APUs
generally improve upon the efficiency of conventional turbine and fuel cell APUs and are lighter
weight than pure fuel cell APUs, but provide only electrical power suitable for certain aircraft and

not for others, including those that require compressed air to drive an environmental control system.



10

15

20

WO 2006/115657 PCT/US2006/010710

[0004] An environmental control system (ECS) provides an environment with conditioned
cool or warm compressed air. The ECS is typically pneumatically powered by hot compressed air
that is bled off the aircraft engine’s compressor or turbine-powered APU compressor. Alternately,
the ECS can incorporate motors that are electrically powered by the aircraft engine generator or
APU generator However, an ECS will penalize engine performance because its energy source is
derived directly from the main engine or APU, capturing a significant amount of power.

[0005] Thus, conventional ECS packs that are pneumatically driven by the airplane engine
or APU tend to be light weight, but are relatively inefficient. An ECS pack that is electrically driven

by the airplane engine generator or a (hybrid) Fuel Cell APU is more efficient but is heavy.

SUMMARY OF THE INVENTION

[0006] The present invention is directed to a combined fuel cell aircraft auxiliary power
unit and environmental control system. Embodiments of the present invention may provide an
efficient method for providing both electrical and pneumatic power, and may reduce the weight and
associated cost of aircraft operations.

[0007] In one embodiment of the present invention, a system includes an auxiliary power
unit having a hybrid solid oxide fuel cell component. The auxiliary power unit is coupled to an
environmental control system, which is also coupled to a cabin. The environmental control system

provides a pressurized flow of conditioned air to the cabin and to the fuel cell APU component.

BRIEF DESCRIPTION OF THE DRAWINGS
[0008] Preferred and alternative embodiments of the present invention are described in

detail below with reference to the following drawings.
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[0009] FIGURE 1 is a block diagrammatic view of a combined hybrid fuel cell auxiliary
power unit (APU) and environmental control system apparatus according to an embodiment of the
present invention;

[0010] FIGURE 2 is a block diagrammatic view of a method of generating electrical
power, according to another embodiment of the present invention;

[0011] FIGURE 3 is a bar chart graph illustrating relative fuel cell stack power according
to yet another an embodiment of the present invention;

[0012] FIGURE 4 is a bar chart graph illustrating the relative Solid Oxide Fuel Cell stack
weight of the hybrid fuel cell APU according to a further embodiment of the present invention; and

[0013] FIGURE 5 is a side elevation view of an aircraft incorporating one or more

components in accordance with an embodiment of the present invention.

DETAILED DESCRIPTION

[0014] Combined fuel cell aircraft auxiliary power unit and environmental control systems
and methods are disclosed. Many specific details of certain embodiments of the invention are set
forth in the following description and in FIGURES 1 through 5 to provide a thorough understanding
of such embodiments. One skilled in the art, however, will understand that the present invention
may have additional embodiments, or that the present invention may be practiced without several of
the details described in the following description.

[0015] In general, embodiments of the present invention may provide a desired quality of
electrical and pneumatic power. In one embodiment, combustible fuel is chemically converted into
electrical energy by providing a supply of compressed air. Combustible fuel and air not consumed
by the chemical process is collected and burned to drive a first high temperature power recovery
turbine which, in turn, drives a first compressor to supply the compressed air. Compressed air is

supplemented and further utilized by a second compressor, which distributes the pressurized air to a
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heat exchanger. The heat exchanger returns a measure of the further compressed air to the fuel cell
and routes another measure to a second low temperature expansion turbine to provide cabin air
supply to the aircraft.

[0016] FIGURE 1 is a block diagram of a combined fuel cell auxiliary power unit (APU)
and environmental control system (ECS) 100 of the present invention. A fuel cell 104 comprises an
anode portion 108 and a cathode portion 112 which together provide direct current (DC) power 114.
The DC power 114 provided can, in turn, be supplied to an inverter 116 to provide alternating
current (AC) power 117 to electrical systems 118. Thus, both DC power 114 and AC power 117 are
provided by an embodiment of the present invention. In one present embodiment, the fuel cell 104
is a solid oxide fuel cell (SOFC). Although the present embodiment herein described refers to an
aircraft application, embodiments of the present invention also could be used in other transportation
systems, such as ships, tanks, military vehicles, trains, and other suitable systems. Alternative
embodiments may also be used for ground-based power generating applications.

[0017] Referring back to FIGURE 1, the fuel cell 104 receives a supply of jet fuel 120.
The jet fuel supply 120 is routed through a reformer 128 to reform the jet fuel supply 120 into
hydrogen and carbon monoxide (not shown) to be used by the fuel cell 104. The reformer 128 may
be a steam reformer, a catalytic partial oxidation reformer, an autothermal reformer, or another
similar type of reforming apparatus, which can convert fuel into the hydrogen and carbon monoxide
reactants used by the fuel cell 104.

[0018] The fuel cell 104 also receives a supply of input gaé 136, which, in some
embodiments of the present invention, is a pressurized supply. In one embodiment, a compressor
140, driven by a drive shaft 144 through a process, which will be further described below,
compresses the input gas supply to provide a denser and more oxygen component-rich input gas
supply to the fuel cell 104. As previously mentioned, currently conceived fuel cells are less efficient
at high altitudes. This inefficiency owes in part to low atmospheric pressure. Pressurizing the

supply of input gas 136 improves efficiency of the chemical reactions in the fuel cell 104.
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[0019] Inthe embodiment shown in FIGURE 1, araw gas input supply 148 into the system
100 (e.g. into a second compressor 150 or into a heat exchanger 152) suitably can be ambient
outside air. In one embodiment, for example, the ambient pressure of the input gas 148 is increased
from about 3.5 pounds per square inch (PSI) at a typical commercial airline cruising altitude of
about 35,000 feet to about 10.9 PSI or more, that is a typical cabin pressure by the first compressor
150. Moreover, further compressing the gas 148 with a secondary compressor 140 after it has been
compressed by the first compressor 150 may result in further expediting the chemical processes of
the fuel cell 104.

[0020] In one embodiment of the present invention, the raw gas input supply 148 may
pass through at least one heat exchanger 152 for distributing compressed air to the fuel cell 104 for
chemically converting combustible fuel 120 into electrical energy 118 and to a second turbine 170,
which expands air 180 to cabin pressure 182, lowering the temperature before mixing the air 180
with recycled cabin air 184 to produce a cabin air supply 190. In another embodiment, a
compressed input gas supply 136 output by the second compressor 140 passes through a recuperator
142, which captures the air to be heated across a thermal gradient for circulation to the fuel cell 104
and to a second heat exchanger 154, which warms the flow using a hot exhaust 156 produced by the
fuel cell 104 (e.g. by the cathode portion 112, the reformer 128, etc.) or using the heat lost from the
fuel cell stack (not shown) itself. Increasing the temperature of the input gas supply 136 further
enhances the chemical processes performed by the fuel cell 104 and reduces thermal gradients to the
fuel cell stack.

[0021] In another embodiment of the invention as shown in FIGURE 1, an exhaust 132
generated by the anode portion 108 of the fuel cell 104 and the exhaust 156 produced by the cathode
portion 112 of the fuel cell are collected and combusted in a burner 160. The exhaust 132 of the
anode portion 108 typically contains uncombusted fuel reformate, which was not entirely consumed
by the chemical reactions within the fuel cell 104. Capturing and combusting this unutilized jet fuel

in the burner 160 results in a pressurized heated gas stream 164 which can forcibly drive a first
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turbine 168. The first turbine 168 and the second turbine 170 are coupled to the drive shaft 144,
driving that drive shaft 144 so that it can impart the mechanically-converted energy for other uses.
One such use, as previously described, is turning the first compressor 150 and the second
compressor 140 to pressurize the input gas supply 136 to the fuel cell 104.

[0022] Another possible use of the mechanical energy produced by the first turbine 168
and the second turbine 170 is the turning of a starter/generator 172, which is also coupled to the
drive shaft 144. As part of its generator function, the starter generator 172 converts the mechanical
energy manifested in rotation of the drive shaft into electric power, providing another source of
electricity for aircraft systems. As shown in FIGURE 1, the DC output 114 of the fuel cell 104 may
be supplied to the inverter 116 to provide AC current 117 to the aircraft systems 118, and the
inherently AC output of the starter/generator 172 is also shown as being provided directly to aircraft
systems 118. However, in alternate embodiments, electric power output by the fuel cell 104 and/or
the starter generator 172 can be divided, directed, and/or converted as needed to provide quantities
of AC and DC electric power as desired for various aircraft systems.

[0023] Another function of the starter/generator 172 in one embodiment of the invention is
as a starter. When the burner 160 is not burning collected uncombusted jet fuel from the fuel cell
104, there is no heated gas stream 164 to drive the turbine 168 to drive the drive shaft 144 to turn the
compressor 140. Because a pressurized input gas supply 136 will enhance functioning of the fuel
cell 104, the starter/generator 172 can be supplied with a source of electricity (not shown) to drive
the drive shaft 144 to which it is coupled and, thus, turn the compressor 140 to create the pressurized
input gas supply 136.

[0024] In another aspect, a condenser 110 provides a water supply 111. The condenser
110 receives hot exhaust 132 from the fuel cell 104. Using outside cooling air 188, the anode
exhaust, which contains a water vapor mixture 132, is condensed to produce a water supply 111 that
can be used by the reformer 128 or used by the aircraft system such that less water 111 need be

stored onto the aircraft, thereby reducing the total weight of the aircraft system.

6



10

15

20

25

WO 2006/115657 PCT/US2006/010710

[0025] FIGURE 2 is a flowchart illustrating a method 200 of generating electrical power.
In this embodiment, at a block 210, combustible fuel is chemically converted into electrical energy,
as might be performed by a fuel cell component. Examples of combustible fuel provided in this step
may include reformed jet fuel and other suitable fuel types. As previously described, the chemical
reformation of the combustible fuel may result in the formation of additional reactants, including
hydrogen and carbon monoxide, which are used by the fuel cell component. At a block 212, fuel not
consumed in the chemical conversion step at the block 210 is then combusted to generate a heated
gas.

[0026] In another embodiment, heated gas generated at block 212 may be used to drive a
turbine which drives a shaft which then drives a compressor to compress a source of input oxidizing
gas at a block 214, increasing the energy content of the input gas. At a block 216, the compressed
oxidizing gas is then used to further chemically convert the combustible fuel into electrical energy.
In one embodiment, the heated gas is used at a block 218 to mechanically produce electricity by
driving the starter/generator 172 (FIGURE 1), as previously described. This process may repeat as
desired.

[0027] FIGURE 3 is a bar chart graph 300 illustratir\lg the fuel cell electrical power
requirement effects of combining a fuel cell auxiliary power unit with an environmental control
system as compared to having a separate fuel cell APU drive a separate environmental control
system. As illustrated by graph 300, combining the fuel cell auxiliary power unit with an
environmental control system may result in a first electrical power requirement 320 that is lower
than a second electrical power requirement 310 from an independent fuel cell auxiliary power unit.
In an uncombined system, an independent fuel cell system needs to produce enough electrical power
to drive motors in the environmental control system. In a combined system, however, the addition
of the environmental control system may decrease the amount of electrical energy needed to be
produced by the fuel cell system, thereby enhancing the overall efficiency of the system.

Accordingly, because an embodiment of the present invention may reduce fuel cell electrical power
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requirments, the present invention may provide increased energy efficiency to the power production
of the aircraft system.

[0028] Additionally, the combined system of the present invention may also provide an
effective method of producing conditioned, pressurized cabin air. In a typical uncombined fuel cell
stack, most of the power produced by an independent fuel cell system is consumed by the
environmental control system to pressurize and compress air for the cabin, resulting in the relatively
high levels of fuel cell system power output, as described above. By combining the auxiliary power
unit and environmental control system in the present invention, the fuel cell stack power output may
be reduced, thereby pressurizing the cabin air at lower fuel cell system power levels without
additional power penalty to the aircraft.

[0029] FIGURE 4 is a bar chart graph 400 illustrating the effects of combining an auxiliary
power unit with an environmental control unit on the general stack 104 in FIGURE 1 weight of the
apparatus. A standing weight of a fuel cell stack auxiliary power unit 410 is compared with a
general stack weight of an embodiment of the present invention 420. Advantageously, the effective
total mass for the fuel cell stack decreases with the addition of the air cycle unit because of the lower
required fuel cell electrical power levels previously described. According to one embodiment of the
present invention, the effective total mass of the fuel cell system weight decreases upon combining
the auxiliary power unit with an environmental control unit. As described above, combining the two
systems reduces the electrical energy output of the fuel cell stack. By reducing the amount of power
generated by the cell stack, the stack can be produced in relatively smaller sizes. Consequently, its
stack weight may be significantly reduced.

[0030] Those skilled in the art will readily recognize that embodiments of the present
invention may be used in a wide variety of components incorporated into a wide variety of different
systems. For example, FIGURE 5 shows a side elevation view of an aircraft 500 having one or
more components 520 using methods in accordance with the present invention. The aircraft 500

generally includes one or more propulsion units 502 that are coupled to wing assemblies 504, or
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alternately, to a fuselage 506 or even other portions of the aircraft 500. Additionally, the aircraft
500 also includes a tail apparatus 508 and a landing apparatus 510 coupled to the fuselage 506. The
aircraft 500 further includes other systems and subsystems generally required for the proper
operation of the aircraft 500. For example, the aircraft 500 includes a flight control system 512 (not
shown), as well as a plurality of other electrical, mechanical and electromechanical systems that
cooperatively perform a variety of tasks necessary for the operation of the aircraft 500.

[0031] Although the aircraft 500 shown in FIGURE 5 generally shows a commercial
passenger aircraft, which may include, for example, the 737, 747, 757, 767 and 777 passénger
aircraft commercially-available from The Boeing Company of Chicago, Illinois, it should be
understood that embodiments of the present invention may be used on a wide variety of flight
vehicles. Examples of such flight vehicles may include manned or unmanned military aircraft,
rotary wing aircraft, missiles, or ballistic flight vehicles, as illustrated more fully in various
descriptive volumes, such as Jane’s All The World’s Aircraft, available from Jane’s Information
Group, Ltd. of Coulsdon, Surrey, UK. Further, alternative embodiments of the present invention
include exterior and interior components of a given commercial passenger aircraft, as illustrated by
FIGURE 5.

[0032] Embodiments of the present invention may provide significant advantages over
prior art power generating systems. For example, embodiments of the present invention may reduce
or eliminate the utilization of electrically-driven compressor motors for ECS, thereby providing an
efficient production of energy. Embodiments of the present invention also relieve the engines from
air bleed for cabin pressurization and power take-off to drive the engine generators, as well as
reduce the fuel used by the system. Furthermore, because embodiments of the present invention are
capable of being applied to a variety of applications, such embodiments are suitable for use in
association with multiple functions.

[0033] While the . preferred embodiment of the invention has been illustrated and

described, as noted above, many changes can be made without departing from the spirit and scope of
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the invention. Accordingly, the scope of the invention is not limited by the disclosure of the
preferred embodiment. Instead, the invention should be determined entirely by reference to the

claims that follow.
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‘What is claimed is:

1. A system, comprising:
an auxiliary power unit including a fuel cell component; and
an environmental control system coupled to the auxiliary power unit and to a cabin, the
environmental control system being adapted to provide a pressurized flow of air to

the fuel cell component.

2 The system of Claim 1, wherein the fuel cell component is configured to convert a

combustible fuel into electrical energy.

3. The system of Claim 2, wherein the fuel cell component comprises a solid oxide fuel cell

and the combustible exhaust comprises a portion of unconsumed reformed jet fuel .

4. The system of Claim 1, wherein at least one of the auxiliary power unit and the
environmental control system includes a burner adapted to receive and combust the unconsumed
combustible exhaust from the fuel cell component, the burner further adapted to generate a heated

exhaust,

5. The system of Claim 1, wherein at least one of the auxiliary power unit and the
environmental control system includes at least one heat exchanger adapted to recover the heated

exhaust from the burner and to heat the air supply.

6. The system of Claim 1, wherein at least one of the auxiliary power unit and the
environmental control system includes at least one expansion turbine adapted to reduce the
temperature of the heated air supply to be released into the cabin, at least one power recovery

turbine further adapted to drive a drive shaft.

7. The system of Claim 1, wherein at least one of the auxiliary power unit and the

environmental control system includes at least one compressor coupled to the drive shaft, at least
11
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one compressor adapted to receive and pressurize an input of oxidizing gas to be provided to the fuel

cell component.

8. The system of Claim 1, wherein at least one of the auxiliary power unit and the
environmental control system includes a reformer coupled to the fuel cell component, the reformer
configured to receive and convert combustible fuel into reactants, including at least one of hydrogen

and carbon monoxide.

9. The system of Claim 1, wherein at least one of the auxiliary power unit and the
environmental control system includes a recuperator adapted to transport pressurized air to the fuel
cell component, the recuperator further adapted to reduce thermal gradients across the fuel cell

component and improve system efficiency by recovering waste heat.

10. The system of Claim 1, wherein at least one of the auxiliary power unit and the
environmental control system includes a condenser adapted to recover water vapor generated by the

fuel cell.

11. The system of Claim 1, wherein the environmental control system includes a generator
coupled to the drive shaft and adapted to generate electrical energy, further adapted to include a

motor adapted to drive the compressor.

12. A method of generating electrical power, comprising:
chemically converting a portion of combustible fuel into electrical energy;
combusting an unutilized portion of fuel emitted by the chemical conversion of
combustible fuel to electrical power;
- using the heated gas to drive a power recovery turbine connected to a drive shaft;

compressing a source of input oxidizing gas using a compressor mounted on the drive

shaft;

12
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using the compressed oxidizing gas to help chemically convert the combustible fuel into
electrical energy; and
using the heated gas to mechanically drive a power recovery turbine which is coupled to

a generator to produce electrical energy.

5 13. The method of Claim 12, further comprising recovering exhaust energy from the chemical

conversion of combustible fuel into mechanical power.

14.  The method of Claim 13, further comprising using the recovered exhaust energy to provide

a pressurized source of conditioned cabin air.

15.  The method of Claim 13, further comprising using a recovered exhaust waste to produce a

10  water supply.

16. The method of Claim 12, further comprising using direct current and alternating current to

produce electrical energy.

17. The method of Claim 12, further comprising chemically producing reactants in the

conversion of combustible fuel, including at least one of hydrogen and carbon monoxide.

15 18. The method of Claim 12, further comprising pressurizing the source of input gas to

accelerate the chemical reactions.

19. An aerospace vehicle, comprising:
a lift producing surface;
at least one engine;
20 an auxiliary power unit including a fuel cell component; and
an environmental control system coupled to the auxiliary power unit and to a cabin, the
environmental control system being adapted to provide a pressurized flow of air to
the fuel cell component.

13
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