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COMBINED FUEL CELL AND FUEL COMBUSTION
POWER GENERATION SYSTEMS

Technical Field

The following invention relates to power plant systems which generate power by
releasing energy by reaction of a fuel with an oxidizer. More particularly, this invention
relates to power systems which both react oxygen with a hydrogen containing fuel
within a fuel cell and combust oxygen with a hydrogen containing fuel in a combustor
to convert chemical energy stored in the fuel and the oxidizer into electrical and/or
mechanical power.

Background Art

Fundamental to all chemical reactions, which react two or more reactants together to
produce products, is the release of energy (in exothermic reactions) or the absorption of
energy (in endothermic reactions) associated with a particular chemical reaction. By
properly controlling chemical reactions of an exothermic variety, energy can be released
and converted into useful electrical or mechanical power. .

One common form of exothermic chemical reaction is a combustion reaction. In a
combustion reaction, a fuel is reacted with an oxidizer to produce products of
combustion. Fuel has energy stored in the bonds between the atoms comprising the fuel
molecule. The oxidizer (often oxygen) readily reacts with the fuel molecules to form
products of combustion which have lower bond energies, such that energy is released
by this reaction. This energy is typically in the form of increased temperature of the
reaction products and also can result in increased pressure and/or volume of the
combustion products, depending on conditions surrounding the location where the
reaction occurs (i.e. within a cylinder of an internal combustion engine or upstream of

* turbine blades in a gas turbine). The combustion reaction energy release can be

harnessed, utilizing known engine design techniques, to produce mechanical power.
With an appropriate electrical generator, this mechanical power can be converted into
electrical power for transmission or other use.
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A separate form of chemical reaction which similarly can harness the exothermic
reaction energy produced by reacting a fuel with an oxidizer is that implemented by fuel
cell technology. With fuel cells, the fuel and oxygen mixture is not ignited. Rather, the
fuel and oxidizer are merely allowed to react together in the presence of the fuel cell
device itself. Electrical power is generated by the fuel cell device as the fuel with the
oxidizer react to produce the fuel cell products and generate electric power
simultaneously. Most typically, the fuel cell utilizes hydrogen as the fuel and oxygen as
the oxidizer with the fuel cells producing water as a product of the fuel cell reaction.
Some fuel cells are known which utilize other fuels, such as methane (CH4).

While combustion based power systems and fuel cell based power systems are well
known in the art, their development in the prior art has been limited to primarily their
advancement independent of each other.

Disclosure of Invention

With this invention, the similarities in the fuels, oxidizers and products of both fuel
cell reactions and combustion reactions are synergistically and advantageously
integrated together to provide a power generation system including both fuel cell
reactors and combustion reactors, and expanders to produce power. With the system of
this invention fuel from a source of fuel and oxygen from a source of oxygen are reacted
together in a fuel cell to produce fuel cell products. The fuel cell also outputs electric
power while reacting the fuel with the oxygen therein. These fuel cell products are
discharged from the fuel cell, either alone or with non-reacted excess fuel and/or
oxygen, with at least a portion of these fluids discharged from the fuel cell directed to a
combustor. The combustor combusts fuel with oxygen adjacent the fluids discharged
from the fuel cell to produce elevated temperature and elevated pressure products of
combustion. These products of combustion are exhausted along with the fluids
discharged from the fuel cell together out of the exhaust of the combustor. The fuel cell
products and combustion products are then routed through an expander where the
products of combustion and the fuel cell products are together expanded and power
extracted. Numerous refinements and enhancements to this basic system are disclosed

herein to adapt this basic system to the particular needs of a given case.
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Brief Description of Drawings

Figure 1 is a schematic -illustrating the flow of reactants and products flowing
through the system and the various components which function together to form one
system according to this invention, with the system particularly configured in the form
of a semi-closed combined cycle power plant including both a fuel cell and a combustor
and featuring an ion transfer membrane air separation unit and supplementary heating.

Figure 2 is a schematic illustrating the flow of reactants and products flowing
through the system and the various components which function together to form one
system according to this invention, with the system particularly configured as a semi-
closed steam injection cycle including a fuel cell and a combustor and featuring an ion
transfer membrane air separation unit and configured for use to produce either
stationary or mobile power.

Figure 3 is a schematic illustrating the flow of reactants and products flowing

through the system and the various components which function together to form one

system according to this invention, with the system particularly configured as a Rankine
cycle power plant including a fuel cell and combustors and featuring an ion transfer
membrane air separation unit.

Figure 4 is a schematic illustrating the flow of reactants and products flowing
through the system and the various components which function together to form one
system according to this invention with this variation of the system configured for either
a cryogenic air separation plant or an ion transfer membrane air separation plant or other
air separation plant technology and with particular pressures, temperatures and mass
flow rates of the reactants and products, as well as power output quantities of a typical
sizing of the system depicted thereon.

Figure 5 is a schematic illustrating the flow of reactants and products flowing
through the system and the various components which function together to form one
system according to this invention with this system particularly configured with a
cryogenic air separation plant integrated with a CO2 sequestration system adapted for
compression and sequestration of CO2 within a terrestrial formation and with the fuel
cell of this system oriented at least partially in parallel with a gas generator and high
pressure turbine with both the fuel cell and the gas generator and high pressure turbine

directing products on to a common reheater.
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Best Modes for Carrying Out the Invention

Figure 1 illustrates the concept of this invention with a non-polluting efficient
electrical energy power plant 100, comprising an air induction subsystem 10, air
preheating subsystem 20, an ion membrane air separation subsystem 30, a gas
compression subsystem 40, a fuel cell subsystem 50, a combustor subsystem 60, a gas
turbine drive subsystem 70, an electric energy generation subsystem 80, a heat recovery
subsystem 90, a H20/CO2 separation subsystem 110, a gas separation/water
management subsystem 120, a heat recovery steam generator subsystem 130, a gas
generator subsystem 140, a steam turbine/generator subsystem 150, and a
condenser/water management subsystem 160. Many of these subsystems are described
in detail in either copending United States Patent Application Serial Nos. 09/855,223,
09/855,224 and 09/855,237 or in United States Patent Nos. 6,170,264 and 6,247,316
each of these references hereby incorporated by reference.

The air induction subsystem 10 feeds and controls the air supply to generate the
oxygen needed by the plant 100. The air is heated to approximately 900°F with low
energy steam/CO2 mixture, from steam of subsystem 130, in the heat exchanger of
subsystem 20. The warm air then enters the ion membrane plant 30 where
oxygen/nitfogen separation takes place. The ion membrane plant 30 can be configured
such as described in U.S. Patent No. 5,447,555, incorporated herein by reference. The
nitrogen is optionally collected, cooled, and sold as a byproduct or discharged back to
the atmosphere. The preferably nearly pure oxygen (but optionally at least oxygen
enriched air and beneficially a majority oxygen) is collected, cooled and directed to the
gas compression subsystem 40. The compressed gas exiting subsystem 40 is then
directed to the fuel cell subsystem 50 where electricity is generated by the chemical
reaction of oxygen with the hydrogen containing fuel. The hydrogen is optionally
produced according to this embodiment in a gas generator combusting excess CH4 with
02 to produce H2, CO2 and possible H20 and CO. The fuel cell can be of the solid
oxide fuel cell variety or any other known or not-yet-known fuel cell. The gas
generator and other subsystems can be configured as described in U.S. Patent Nos.
6,206,684; 6,170,264; or 5,956,937, each of which is incorporated herein by reference.

The fuel cell discharge fluids are then directed to combustor subsystem 60. These
discharge fluids include fuel cell products and optionally excess fuel and/or oxygen. In
the combustor subsystem 60, these discharge fluids, fuel and optionally recirculating

heated water (steam) from subsystem 90 are mixed and combust at preferably a near
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stoichiometric mixture ratio to generate the drive gas of approximately 55% CO2 and
45% H20 by weight, in this example of Figure 1, for the gas turbine subsystem 70. The
turbine of subsystem 70 provides one form of expander to drive the generatof of
subsystem 80 to produce electricity.

The gas exiting the turbine or other expander from subsystem 70 then optionally
enters the heat recovery steam generation subsystem 90 where recirculating water is
heated for injection into the gas generation subsystem 60 and for preheating the air in
subsystem 20 or for other use at locations upstream or downstream of the expander.
The turbine exhaust fluids of preferably approximately 55% CO2 and 45% H20 by
weight exiting the heat recovery subsystem 90 are directed to the condensers of
subsystem 110 and 120. The excess gas of 55% CO2 and 45% H2O is cooled upon
entry into the condenser of subsystem 110 where the steam condenses into liquid water
and separates from the still gaseous CO2. This condenser thus provides one form of
separator to separate a portion of the H20 from the CO2. The CO2 is optionally
pumped from the condenser of subsystem 110 and processed for sale as a byproduct,
discharged to the atmosphere or prepared for sequestration into underground
formations, such as depleted oil wells for enhanced oil recovery or mere CO2 disposal, or
deep ocean disposal sites.

The excess water from subsystem 110 can be used as makeup water for other
subsystems. The remainder of the gas from subsystem 90 optionally enters the
condenser of subsystem 120 where a portion of the steam 1s condensed and the
remaining portion of steam and CO?2 is returned to the compressor of subsystem 40
where it is optionally mixed with oxygen coming from subsystem 30. The condensed
water from subsystem 120 is directed to the heat recovery subsystem 90 where heat
from the turbine exhaust of subsystem 70 is recovered and the recirculated heated water
(steam) is injected into the gas generation subsystem 60.

Exhaust gases from the turbine of subsystem 60 are also used to maximize every
efficiency of the power plant 100. Such use could be to generate steam or other high
temperature fluids for use in industrial processes (i.e. co-generation) or to drive a
standard Rankine cycle steam turbine. Most preferably, where efficiency is to be
optimized according to this embodiment, the exhaust gas heat is used to heat the steam
in the heat recovery steam generator (HRSG) of subsystem 130. The gas generator of
subsystem 140 boosts the steam temperature to its maximum value and drives the steam
turbine and generator of subsystem 150. The exhaust steam from subsystem 150 is

condensed and recirculated by the condensate and feed water pumps of the water
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management system 160. The condensed water from the water management system 160
is also used to cool the oxygen and nitrogen gases, generated by the Ion Transfer
Membranes (ITM) of the Air Separation Unit (ASU) of subsystem 30, to near ambient
temperatures. Specific temperatures, pressures and other quantitative rates of a typical
system such as that of Figure 1 are shown in Figure 1 to illustrate this system and not to
limit it to such values in any way.

Figure 2 depicts an alternative high efficiency hybrid power system 200 such as for
automotive or stationary application. The system 200 combines fuel cells with a semi-
closed STIG Brayton cycle such as that disclosed in copending U.S. Patent Application
Serial No. 09/855,237. This cycle eliminates the steam turbine of the bottoming cycle
and achieves high cycle efficiencies with the fuel cell/fuel combustor hybrid
combination.

The system 200 of Figure 2 is similar to the system 100 of Figure 1 except as
specifically described herein. The air entering the ion transfer membrane air separation
unit of this embodiment is routed through compressors driven by the generator/drive
train 80 (Figure 1) rather than through a separate compressor 10 (Figure 1). The system
200 also differs from the system 100 of Figure 1 in that preferably a greater portion of
water downstream of the turbine is recycled back to the combustor 60 (Figure 1) rather
than back through the compressor 40 (Figure 1). Also, the heat recovery steam
generator 130, gas generator 140, high temperature steam turbine and generator 150 and
related portions of the system 100 of Figure 1 are not included in the system 200 of
Figure 2. Also, the system 200 of Figure 2 includes a condenser and a partial condenser
for separation of products including H20 and CO2 with the optional provision of a
radiator or cooling tower to cool gases within the condensers and to increase efficiency
in condensing the water from the carbon dioxide within these condensers. Other
specific temperature, pressure and mass flow rate details of a typical system 200 shown
in Figure 2 are provided thereon to illustrate the particular details of a typical
implementation according to the system 200, illustrating one variation on this invention.

Figure 3 depicts another alternative system 400 according to this invention. In this
alternative a potentially non-polluting, efficient electrical energy power plant system
400 is shown. The system 400 comprises an air induction subsystem 410, air preheating
subsystem 420, an ion membrane air separation subsystem 430, an oxygen conditioning
subsystem 440, a combustor gas generation subsystem 450, a fuel cell subsystem 460, a
gas reheater subsystem 470, an intermediate steam turbine drive subsystem 480, a low

pressure steam turbine drive subsystem 490, an electric energy generation subsystem
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510, an exhaust management subsystem 520, a regenerated water management
subsystem 530, and a carbon dioxide removal/conditioning subsystem 540. The
features of this system 400 are specifically set forth as an illustration of a typical
arrangement according to this invention. As with other systems 100 and 200 described
above, similar alternatives can also optionally be utilized.

The air induction subsystem 410 feeds and controls the air supply to generate the
oxygen needed by the system 400. The airis heated to approximately 900°F with low
energy steam, from an appropriate place in the system 400, such as the steam turbine
drive subsystem 480, in the heat exchanger of subsystem 420. The warm air then enters
the ion membrane plant 430 where oxygen/nitrogen separation takes place. The ion
transfer membrane plant 430 can be configured such as described in United States
Patent No. 5,447,555, incorporated herein by reference.

The nitrogen is collected, cooled, and sold as a byproduct or discharged back to the
atmosphere. The oxygen is collected, cooled and directed to the oxygen conditioning
subsystem where the oxygen is either: (1) cooled, liquefied, pumped to high pressures
and then heated to a gas or; (2) pumped to high pressure in the gaseous state and
directed to the combustor gas generation subsystem 450. The method for achieving
high pressure oxygen will depend on safety issues and/or customer preference and other
optimization requirements.

Fuel, such as natural gas (or syngas from biomass sources or gasified coal, or other
hydrocarbon fuel), and water are also optionally injected into the combustor gas
generation subsystem 450 where combustion takes place to generate the heated
combustion products of approximately 95% steam and 5% CO2 (by volume) in one
typical implementation of this system 400. Water can be added to the gas generator 450
to control the temperature of combustion if necessary. The gas generator and other
components of the system 400 can be configured such as described in United States
Patent Nos. 6,206,684; 6,170,264; and 5,956,937, each incorporated herein by reference.

In this system 400, excess fuel can be added to a mixer downstream of the combustor
or at the combustor 450. The excess fuel, typically methane (CH4) or natural gas,
reforms into CO2 and hydrogen (and optionally also CO and H20) to supply fuel cell
subsystem 460. Alternatively, the fuel can be supplied rather than generated within the
system 400.

Electricity is generated by subsystem 460 by means of the fuel cell chemical reaction
of oxygen and hydrogen. The gas, preferably with excess oxygen, discharges from the

fuel cell subsystem 460, then enters the reheater combustor of subsystem 470 where
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additional fuel and optionally oxygen is added to heat the drive gas to design turbine
inlet temperatures prior to entering the turbines, subsystem 480 and subsystem 490,
which in turn drive the generator, subsystem 510. The reheater 470 can also use the
oxygen to combust the CO and any excess H2 not used in the fuel cell 40 into CO2 and
H20.

The exhaust gases from subsystem 490 can then enter the condenser exhaust
management subsystem 520 if desired to maximize control of emission of CO2, where
the steam condenses and the CO2 remains as a non-condensible gas. The condensed
water from subsystem 520 is pumped to moderate pressure and used to cool down the
oxygen and nitrogen discharge gases from the air separation plant prior to entering the
feed water pump subsystem 530. In this embodiment, the water is pumped to high
pressure and recirculated back to the gas generation subsystem 450 and the fuel cell
subsystem 460. The CO2 is pumped from the exhaust management subsystem 520 by
means of the carbon dioxide removal/conditioning subsystem 540 and processed for
sale as a byproduct, discharged to the atmosphere or prepared for sequestration into
underground formations (such as oil wells appropriate for enhanced oil recovery, or
suitable to sequester the CO2 therein) or deep ocean disposal sites.

Figure 4 shows a schematic of a hybrid fuel cell and fuel combustion power system
600 according to another alternative form of this invention. Much of this power system
600 configuration is composed of components described in detail in United States
Patent Nos. 6,206,684; 6,170,264; and 5,956,937, each incorporated herein by reference.
With this embodiment of Figure 4, a fuel cell, such as a solid oxide fuel cell (SOFC) has
been integrated into this power generation system. Other types of fuel cells could
similarly be integrated into this system with this configuration particularly beneficial for
fuel cells which require that oxygen and hydrogen (or other hydrogen containing fuels)
to have an elevated temperature.

The system 600 of Figure 4 is similar to the system 400 of Figure 3 except that the air
separation plant 610 can be either of a cryogenic variety or an ion transfer membrane
variety. An oxygen preheater is thus provided if necessary upstream of the fuel cell.
Equipment to sequester the CO2 produced by the system 600 is shown at 620.
Additionally, typical values of temperature, pressure and flow rate are depicted, mostly
as an example, for one form of this system 600. With these values, the system 400
produces net power output of 109 MW without CO2 sequestration, 105 MW with CO2
sequestration, and exhibits 68% thermal efficiency without CO2 sequestration and 65%
with CO2 sequestration; when the system 600 receives 161 MW of thermal power in the
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fuel (lower heating value of 21,518 Btu/Lb).

The system 600 of Figure 4 utilizes oxygen as the oxidizer both within the gas
generator and reheater which power the turbines and oxygen to power the fuel cell.
This oxygen is preferably provided by an air separation plant. If the air separation plant
i1s of a cryogenic variety (such as that disclosed in U.S. Patent No. 5,611,219,
incorporated herein by reference), cold exhaust products, such as low temperature
nitrogen, can be used to cool incoming air and/or to cool carbon dioxide before carbon
dioxide sequestration into a disposal site such as a depleted oil well for enhanced oil
recovery.

The oxygen exiting the air separation plant can be split with some oxygen feeding
the gas generator and reheater. Other oxygen is routed to the fuel cell. Optionally, the
oxygen can be routed through a first component without reaction before passing onto a
second component for reaction.” When the air separation plant is a cryogenic air
separation plant, the oxygen is typically preheated before entering the fuel cell.
Preferably, such preheating occurs by exchange of heat from the exhaust combustion
products (typically water and carbon dioxide) exiting the high pressure turbine.
Similarly, heat from the exhaust of the high pressure turbine can be used to preheat the
hydrogen or other hydrocarbon fuel (CH4, syngas, etc.) before entering the fuel cell.

If the air separation plant is based on ion transfer membrane technology (such as that
disclosed in United States Patent No. 5,447,555, incorporated herein by reference) the
oxygen has an elevated temperature upon exiting the air separation plant. Such already
high temperature oxygen can be directed directly to the fuel cell. If additional heating is
required, additional heating potentially be provided by heat exchange from the exhaust
of the high pressure turbine as discussed above, or otherwise.

The exhaust of the fuel cell including water and carbon dioxide is similar to the
products of combustion generated within the gas generator and routed through the
high pressure turbine. Thus, the exhaust of the fuel cell including carbon dioxide and
water can be added directly to the exhaust of the high pressure turbine. If the fuel cell
uses hydrogen fuel, the fuel cell would exhaust only water. This water fuel cell
discharge is similarly combinable with the water and carbon dioxide exhaust of the high
pressure turbine with a ratio of water to carbon dioxide in the combined exhaust
increasing.

This water and carbon dioxide exhaust of the high pressure turbine and exhaust of
the fuel cell, combined together, is then routed through an intermediate pressure turbine.

Preferably, performance of the intermediate pressure turbine and a low pressure turbine



10

15

20

25

30

35

WO 02/095852 PCT/US02/16362

are enhanced by reheating the water and carbon dioxide combined exhaust of the high
pressure turbine and the fuel cell. This reheater would have a hydrocarbon fuel such as
methane or syngas introduced therein, or optionally hydrogen, and typically
additionally oxygen from the air separation plant. Excess oxygen can be generated
within the gas generator or the fuel cell so that excess oxygen remains within the
exhaust of the high pressure turbine and the exhaust of the fuel cell. Such excess
oxygen within this exhaust stream fed to the reheater can reduce or eliminate the need
for oxygen being separately routed from the air separation plant directly to the reheater.
This concept and the details associated therewith are particularly disclosed in U.S.
Patent Application Serial No. 09/178,364, incorporated herein by reference.

The reheater boosts the temperature of the exhaust of the high pressure turbine and
the fuel cell within the reheater. Additionally, the reheater generates additional products
of combustion in the form of carbon dioxide and water (or water only if the fuel is
hydrogen). These multiple exhaust streams are all mixed together to produce a single
carbon dioxide and water (or water only) exhaust stream exiting the reheater and
entering the intermediate pressure turbine. As disclosed in the attached figure, these
exhaust products are preferably routed through a low pressure turbine with a second
reheater upstream of the low pressure turbine being optional.

Each of the turbines can drive a common generator on a common shaft with or
without rotational speed matching. If the exhaust products include both carbon dioxide
and water, they can optionally be separated in a condenser. The water can then be
preheated and returned to the gas generator with some excess water removed from the
system. Any carbon dioxide is typically pressurized for injection into a terrestrial
formation such as a depleted oil well or can otherwise be conditioned for later industrial
use or release into the atmosphere.

Figure 5 depicts a power system 700 according to another alternative embodiment of
this invention which combines a solid oxide fuel cell (SOFC) or other form of fuel cell
with steam turbines within a power plant. The general configuration of the power
system 700 includes components and interconnections similar to those described in
detail in United States Patent Nos. 6,206,684; 6,170,264; and 5,956,937, each
incorporated herein by reference. This system 700 is similar in many respects to the
system 600 of Figure 4 and other systems 100, 200, 400 of this invention. Any
variations particularly disclosed above with respect to these systems 100, 200, 400, 600
are equally viable as variations to this system 700. Similarly, the variations disclosed in

relationship to this system 700 are equally viable as variations to the other systems 100,
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200, 400, 600. The system 700 of Figure 5 most significantly differentiates from the
system 600 of Figure 4 by placing the fuel cell 720 in parallel with a high pressure
turbine, rather than replacing the high pressure turbine. Also, additional features of the
CO2 sequestration system 730 are depicted.

With the system 700 disclosed in Figure 5, the fuel cell receives oxygen and
hydrogen (or a hydrocarbon fuel such as methane or syngas). The fuel cell can
additionally receive other gases which are either bypassed through the fuel cell or
enhance the operation of the fuel cell. These gases together include one or more of CO,
H2, CH4, H20 and CO2.

The oxygen for the fuel cell preferably, but not necessarily, originates within an air
separation plant separating the oxygen from nitrogen and possibly other gases within
the air. This air separation plant can be cryogenic such as that described in United
States Patent No. 5,611,219, incorporated herein by reference, or can utilize ion transfer
membrane air separation technology such as that described in United States Patent No.
5,447,555, incorporated herein by reference, or through use of any other appropriate air
separation technology. The oxygen supplied by the air separation plant is compressed
to the pressure required by the fuel cell. If necessary, the oxygen supply is preheated
before entering the fuel cell. Preheating of the oxygen supply beneficially occurs with a
heat exchanger transferring heat from the exhaust of the fuel cell into the oxygen
entering the fuel cell. Alternatively, heat exchange with other hot fluids (i.e. the
intermediate or low pressure turbine exhausts) could occur to preheat the oxygen.

The fuel entering the fuel cell preferably is provided from the exhaust of the gas
generator/combustor. If the combustor receives a stoichiometric ratio of methane and
oxygen, essentially only carbon dioxide and water are produced and no fuel is included
in the exhaust to power the fuel cell. Hence, the combustor is preferably operated with
excess methane or excess amounts of other fuel so that the fuel is not entirely oxidized
within the combustor. Rather, an exhaust stream including carbon dioxide and water,
but also including hydrogen (and possibly also methane and carbon monoxide) is
included within the exhaust of the combustor.

This exhaust stream is routed to the fuel inlet of the fuel cell. The fuel cell reacts the
oxygen and the hydrogen (and possibly beneficially reacts with other exhaust
products) to produce water (and possibly carbon dioxide). Other constituents of the
exhaust entering the fuel inlet of the fuel cell are preferably bypassed around the fuel
cell stack itself, but remain within the exhaust. Preferably, the exhaust of the fuel cell is

passed through a heat exchanger to preheat the oxygen entering the fuel cell. This
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exhaust stream is then routed to an intermediate pressure turbine.

Figure 5 includes numbers adjacent components which indicate pressure (psia) first,
temperature (°F) second and occasionally flow rate (Ibs/s) third. Power requirements of
the various components are also listed in megawatts (MW) adjacent many of the
components. Figure 5 also lists many of the overall outputs and efficiencies of the
overall system. This rotation on Figure S is also used on Figure 4.

While the exhaust in the fuel cell can be routed directly to the intermediate pressure
turbine, performance can be enhanced by routing the exhaust through the reheater. The
reheater typically includes a fuel inlet for inputting of methane, natural gas, syngas or
other fuels. The reheater can additionally be utilized to combust any remaining
combustible constituents which exited the combustor and did not react within the fuel
cell. The reheater can utilize excess oxygen (as particularly disclosed in U.S. Patent
Application Serial No. 09/178,364, incorporated herein by reference) exiting the fuel cell
as the oxidizer or can have a separate feed of oxygen from the air separation plant
feeding the reheater.

Typically, a low pressure turbine is located below the intermediate pressure turbine
with or without the reheater included therein. The exhaust exiting the low pressure
turbine is preferably substantially entirely carbon dioxide and water and potentially
only water if the combustor and reheater use hydrogen as the fuel. If needed, a
condenser can be provided to separate the carbon dioxide and water with the water
optionally being utilized for blade cooling and recirculated to the combustor. Some
excess water is also typically generated.

Any carbon dioxide, once separated from the water, can be treated as necessary for
industrial use. In one scenario, the CO2 is pressurized (and possibly cooled and
liquefied) so that it can be conveniently transported and/or injected into a terrestrial
formation for sequestration out of the atmosphere. One typical terrestrial formation for
such sequestration would be a depleted oil well where the carbon dioxide could be used
to enhance oil recovery out of the oil well.

This disclosure is provided to reveal a preferred embodiment of the invention and a
best mode for practicing the invention. Having thus described the invention in this way,
it should be apparent that various different modifications can be made to the preferred
embodiment without departing from the scope and spirit of this disclosure. When
structures are identified as a means to perform a function, the identification is intended
to include all structures which can perform the function specified. When a component

or other element is described as “downstream” or “upstream” of another component or
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element, such a description should be interpreted to mean anywhere downstream or
upstream including directly downstream or upstream with nothing therebetween or
indirectly downstream or upstream with other components or elements optionally
interposed therebetween. When the term fluid is used, it is intended to include gases,
liquids and any solids or other states of matter capable of flowing. While many
disclosed systems of this invention include CO2 capture, water recirculation, air
separation units, electrical generators, compressors, separators and other accessory
components, these accessory components are not necessary for all forms of this
invention. Rather, any system reacting fuel with oxygen both in a fuel cell and in a
combustor should be interpreted as enabled by the systems disclosed above with the

accessory components removed.

Industrial Applicability

This invention exhibits industrial applicability in that it converts chemical energy into electrical
and/or mechanical energy for any of a variety of uses where electrical and/or mechanical energy is
needed. This invention further exhibits industrial applicability in that it generates power from
chemical energy stored in a fuel with little or no harmful enissions.

This inventino further exhibits industrial applicability in that it generates power from chemical

energy stored in the fuel in a highly efficient manner such that the fuel is efficiently utilized.
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CLAIMS

What is claimed is:

Claim1- A combined fuel cell and fuel combustion power generation system,
comprising in combination:

a source of a first fuel, the first fuel containing hydrogen;

a source of oxygen;

a fuel cell downstream from said source of fuel and said source of oxygen, said
fuel cell having a discharge for at least fuel cell products produced within said fuel cell
including water, said fuel cell having an output for electrical power, and said fuel cell
adapted to convert at least a portion of the first fuel and the oxygen into the fuel cell
products while releasing electrical power from said output;

a combustor downstream from said fuel cell discharge, said combustor adapted to
combust a second fuel with oxygen in the presence of the fuel cell products from said
discharge, the second fuel including hydrogen, said combustor adapted to produce
elevated temperature and elevated pressure combustion products including water, said
combustor including an exhaust for a mixture of the combustion products and the fuel
cell products, the mixture including water; and

an expander downstream from said combustor exhaust, said expander having a
power outlet, said expander adapted to produce power by expanding the mixture of the
combustion products and the fuel cell products, and release the power through said

power outlet.

Claim 2 - The system of Claim 1 wherein said source of oxygen includes an air
separation unit having an air inlet and an oxygen enriched air outlet, said air separation
unit adapted to separate at least a portion of nitrogen out of the air entering said air
separation unit from said air inlet, such that fluids at said oxygen enriched air outlet have

a greater amount of oxygen therein than is present in the air at said air inlet.

Claim 3 - The system of Claim 2 wherein said oxygen enriched air outlet contains a
majority oxygen.

Claim 4 - The system of Claim 3 wherein said oxygen enriched air outlet contains

substantially pure oxygen.
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Claim 5 - The system of Claim 2 wherein said air separation unit includes an ion

transfer membrane.
Claim 6 - The system of Claim 2 wherein said air separation unit is adapted to liquefy
at least a portion of the air entering said air separation unit from said air inlet to separate

at least a portion of nitrogen from the air.

Claim 7 - The system of Claim 1 wherein said source of oxygen includes a fluid

having a greater percentage of oxygen than a percentage of oxygen present in air.

Claim 8 - The system of Claim 7 wherein said source of oxygen includes a fluid
having a majority oxygen.

Claim 9 - The system of Claim 8 wherein said source of oxygen includes a fluid that

is substantially pure oxygen.

Claim 10 - The system of Claim 1 wherein said first fuel used by said fuel cell is
substantially the same as said second fuel used by said combustor.

Claim 11 - The system of Claim 1 wherein said first fuel is substantially pure

hydrogen.

Claim 12 - The system of Claim 1 wherein said second fuel is substantially pure
hydrogen.

Claim 13 - The system of Claim 1 wherein said second fuel includes carbon.
Claim 14 - The system of Claim 1 wherein said first fuel includes carbon.
Claim 15 - The system of Claim 1 wherein said first fuel iﬁcludes methane.
Claim 16 - The system of Claim 1 wherein said second fuel includes methane.

Claim 17 - The system of Claim 1 wherein said first fuel includes syngas.
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Claim 18 - The system of Claim 1 wherein said second fuel includes syngas.

Claim 19 - The system of Claim 1 wherein said fuel cell is adapted to pass at least a
portion of said first fuel to said discharge without altering said first fuel chemically, such
that said discharge delivers a combination of the fuel cell products and the first fuel on
to said combustor downstream of said fuel cell discharge.

Claim 20 - The system of Claim 19 wherein said fuel cell passes at least a portion of
oxygen therein to said discharge without chemical alteration, such that said discharge
delivers a combination of the fuel cell products, the first fuel and oxygen to the

combustor downstream from said fuel cell discharge.
Claim 21 - The system of Claim 20 wherein said fuel cell is a solid oxide fuel cell.

Claim 22 - The system of Claim 20 wherein said second fuel is at least partially
provided as the first fuel from said discharge of said fuel cell.

Claim 23 - The system of Claim 1 wherein said combustor includes a second fuel inlet
into said combustor which is separate from said discharge of said fuel cell, said second

fuel inlet adapted to deliver at least a portion of the second fuel into said combustor.

Claim 24 - The system of Claim 23 wherein said combustor is adapted to receive a

majority of the second fuel through said second fuel inlet.

Claim 25 - The system of Claim 1 wherein said combustor is adapted to receive a
majority of said second fuel from said discharge of said fuel cell.

Claim 26 - The system of Claim 23 wherein said combustor is adapted to receive

substantially all of the second fuel through said second fuel inlet.

Claim 27 - The system of Claim 1 wherein said combustor is adapted to receive
substantially all of said second fuel from said discharge of said fuel cell.

Claim 28 - The system of Claim 20 wherein said combustor is adapted to combust the

second fuel with oxygen that is at least partially provided from said source of oxygen
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through said discharge of said fuel cell.

Claim 29 - The system of Claim 1 wherein said combustor includes an oxygen inlet
into said combustor which is separate from said discharge of said fuel cell, said oxygen

inlet adapted to deliver at least a portion of the oxygen into said combustor for
combustion with the second fuel.

Claim 30 - The system of Claim 29 wherein said combustor is adapted to receive a

majority of the oxygen for combustion with the second fuel through said oxygen inlet.

Claim 31 - The system of Claim 29 wherein said combustor is adapted to receive
substantially all of the oxygen for combustion with the second fuel through said

oxygen inlet.

Claim 32 - The system of Claim 20 wherein said combustor is adapted to receive a
majority of the oxygen for combustion with the second fuel from said discharge of said

fuel cell.

Claim 33 - The system of Claim 20 wherein said combustor is adapted to receive
substantially all of the oxygen for combustion with the second fuel from said discharge

of said fuel cell.

Claim 34 - The system of Claim 1 wherein said fuel cell is adjacent said source of a
first fuel.

Claim 35 - The system of Claim 1 wherein said fuel cell is adjacent said source of

oxygen.

Claim 36 - The system of Claim 1 wherein said power outlet of said expander includes
a rotating shaft at least partially driven by said expander.

Claim 37 - The system of Claim 36 wherein said expander includes a turbine coupled

to said rotating shaft, said turbine adapted to rotate when the combustion products and
the fuel cell products expand within said turbine.
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Claim 38 - The system of Claim 37 wherein said rotating shaft is coupled to an
electrical generator adapted to convert rotating shaft power to electric power.

Claim 39 - The system of Claim 36 wherein said expander includes pistons coupled to

said rotating shaft, said pistons adapted to oscillate as the mixture of the combustion
products and the fuel cell products expand adjacent said pistons.

Claim 40 - The system of Claim 1 wherein a reheater is located downstream from said
expander, said reheater adapted to receive at least a portion of the mixture of the
combustion products and the fuel cell products after expansion within said expander,
said reheater adapted to increase a temperature of the mixture of the combustion
products and the fuel cell products.

Claim 41 - The system of Claim 40 wherein said reheater includes a reheater fuel inlet,
said reheater adapted to combust fuel from the reheater fuel inlet with oxygen at least
partially provided from the mixture of the combustion products and the fuel cell

products.

Claim 42 - The system of Claim 40 wherein said reheater includes a reheater fuel inlet
and a reheater oxygen inlet, said reheater adapted to combust fuel at least partially
provided from said reheater fuel inlet with oxygen at least partially provided from said
oxygen reheater inlet, said reheater fuel inlet and said oxygen reheater inlet routing
fluids into direct contact with the mixture of the combustion products and the fuel cell
products within said reheater.

Claim 43 - The system of Claim 40 wherein a second expander is provided
downstream from said reheater, said second expander adapted to produce power by
expanding a mixture of the combustion products and the fuel cell products passing

through the expander downstream of said reheater.
Claim 44 - The system of Claim 1 wherein at least a portion of the expanded mixture

of the combustion products and the fuel cell products is recirculated to a location within

said system upstream of said expander.
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Claim 45 - The system of Claim 44 wherein a return line downstream of said expander
is adapted to route at least a portion of the mixture of the combustion products and the

fuel cell products passing through the expander back to a location in said system
upstream of said combustor.

Claim 46 - The system of Claim 1 wherein at least one of said fuels includes carbon
therein and a portion of the mixture of the fuel cell products and the combustion
products includes carbon dioxide at said combustor exhaust; and

wherein a separator is located downstream from said combustor, said separator
separating at least a portion of the water from a portion of the carbon dioxide within the

mixture of the fuel cell products and the combustion products.

Claim 47 - The system of Claim 46 wherein a return line downstream from said
separator is adapted to route at least a portion of the mixture of the combustion
products and the fuel cell products passing through said separator back to a location in
said system upstream of said combustor.

Claim 48 - The system of Claim 47 wherein said separator includes a water outlet, said
water outlet coupled to a location upstream of a water inlet into said combustor, such
that at least a portion of the water exiting said separator is routed back to said

combustor.

Claim 49 - The system of Claim 46 wherein said separator is located downstream from
said expander.

Claim 50 - The system of Claim 49 wherein a compressor is located downstream from
a CO2 outlet of said separator, said compressor sufficiently compressing the CO2 for
injection of the CO2 into a terrestrial formation spaced from the atmosphere.

Claim 51 - The system of Claim 50 wherein said terrestrial formation is an at least
partially depleted oil well.

Claim 52 - The system of Claim 1 wherein a gas generator is located upstream of said

source of first fuel, said gas generator including a gas generator fuel inlet coupled to a

source of hydrocarbon fuel, said gas generator adapted to combust the hydrocarbon
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fuel with oxygen at a fuel rich ratio to generate products of combustion including
hydrogen; and

wherein said first fuel at least partially includes the hydrogen formed within said
gas generator.

Claim 53 - A method for generating power with a combination of a fuel cell and a fuel

combustor, the method including the steps of:

providing a source of a first fuel, the first fuel containing hydrogen;

providing a source of oxygen;

locating a fuel cell downstream from said source of first fuel and said source of
oxygen; |

converting at least a portion of the first fuel and the oxygen into fuel cell
products within the fuel cell, the fuel cell products including water;

outputting electrical power produced by said converting step from the fuel cell;

discharging at least fuel cell products including water from the fuel cell;

combusting a second fuel containing hydrogen with oxygen in the presence of at
least a portion of the fuel cell products from said discharging step to produce elevated
temperature and elevated pressure combustion products and fuel cell products;

exhausting both the combustion products and the fuel cell products together
from the combustor; and

expanding the combustion products and the fuel cell products together
downstream from the combustor.
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