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TITLE OF THE INVENTION
HIGH TEMPERATURE ELECTROLYSIS FOR SYNGAS PRODUCTION

RELATED APPLICATIONS
This application claims benefit of U.S. Non-provisional application No. 11/461,337,
filed July 31, 2006, entitled HIGH TEMPERATURE ELECTROLYSIS FOR SYNGAS
PRODUCTION, which is incorporated herein by reference in its entirety.

GOVERNMENT RIGHTS

The United States Government has certain rights in this invention pursuant to
Contract No. DE-ACQ07-05-ID14517 between the United States Department of Energy and
Battelle Energy Alliance, LLC.

BACKGROUND OF THE INVENTION

Field of the Invention: Embodiments of the invention relate to the production of
hydrogen (H;) and carbon monoxide (CO) and in particular to the production of hydrogen
and carbon monoxide from water or steam and carbon dioxide; the hydrogen and carbon
monoxide may be used in fuel production.

State of the Art: Energy consumption in the United States and throughout the
world continues to increase. As the demands for energy increase, additional methods for
producing energy are developed. Concerns about the increased wastes and pollutants
produced by many of the conventional energy production processes, and the low efficiencies
of such processes, have led to further research for cleaner, safer, and more readily available
energy sources.

In response to the increasing energy production requirements and the desire to
reduce or eliminate pollutants from energy sources, new, cleaner, fuel sources are being
sought. A known source of cleaner fuels includes synthetic fuels, or synfuels, made from
synthesis gas, or syngas. The conversion of syngas into synfuels using processes such as the
Fischer-Tropsch process is known and has been used throughout the world. In recent times,
with the sustained prices for oil reaching over fifty dollars per barrel, the conversion of

syngas into synfuels provides a viable economic alternative to the continued use of naturally
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occurring sources of oil and fuels produced from such sources. Further, synfuels may burn
cleaner than natural oil and fuels produced therefrom.

Syngas comprises carbon monoxide (CO) and hydrogen (H,). Syngas may be
converted or refined to form synfuels such as methane. For example, carbon monoxide and
hydrogen may be catalyzed in a Fischer-Tropsch process to convert the carbon monoxide and
hydrogen into liquid hydrocarbons. The synfuels produced from the syngas may include high
purity fuels having fewer pollutants than naturally occurring fuels or fuels processed from
naturally occurring oil deposits.

The production of syngas is required for the production of synfuels. As the
economic viability of producing synfuels from syngas improves, new sources of syngas and
methods for producing syngas have been developed.

High temperature solid-oxide fuel cells may be used to produce electricity and
water from hydrogen and oxygen. When run in reverse, the solid-oxide fuel cells act as
solid-oxide electrolysis cells which are able to electrolytically reduce and split water into
hydrogen and oxygen. Thus, water may be converted into hydrogen which may be combined
with carbon monoxide to form a syngas. In a solid-oxide fuel cell the anode is the reducing
gas electrode and the cathode is the oxidant-side electrode. When operated in reverse, as a
solid-oxide electrolysis cell, the anode is the oxidant-side electrode and the cathode is the
reducing electrode.

In some recent studies, it has been suggested that solid-oxide electrolysis cells
may be used for high temperature electrolysis of water and carbon dioxide into hydrogen and
carbon monoxide. Therefore, it would be beneficial to develop systems and methods for
converting water and carbon dioxide into hydrogen and carbon monoxide for use in syngas

and synfuels production processes.

SUMMARY OF THE INVENTION

According to embodiments of the invention, hydrogen (H;) and carbon monoxide
(CO) may be formed from water (H,0O) and carbon dioxide (CO,) using a solid-oxide
electrolysis cell to decompose the water to hydrogen and oxygen, to decompose carbon
dioxide to carbon monoxide and oxygen, and to react carbon dioxide with at least some of the
produced hydrogen to form water and carbon monoxide. The hydrogen and carbon monoxide
produced according to embodiments of the invention may be used as syngas components for

the production of synfuels according to convention methods.



10

15

20

25

30

WO 2008/016728 PCT/US2007/066053

Solid-oxide electrolysis cells suitable for use with embodiments of the invention
may include a porous cathode, a gas-tight electrolyte, and a porous anode. A power source
for providing an electrical current across a solid-oxide electrolysis cell may also be
incorporated with embodiments of the invention. The solid-oxide electrolysis cells used with
particular embodiments of the invention may include any conventional solid-oxide
electrolysis cell and any conventional materials used to form the cathodes, anodes, and
electrolytes of such solid-oxide electrolysis cells.

In some embodiments of the invention, solid-oxide electrolysis cells may be
grouped together to create one or more arrays of solid-oxide electrolysis cells. Water, such as
water in the form of steam, may be fed to the arrays of solid-oxide electrolysis cells where the
water comes into contact with a cathode side of the solid-oxide electrolysis cells. An
electrical current in the cathode of a solid-oxide electrolysis cell facilitates the decomposition
of water into hydrogen and oxygen ions (0™). Carbon dioxide (CO,) may also be fed to the
arrays of solid-oxide electrolysis cells, which may result in the decomposition of carbon
dioxide into carbon monoxide (CO) and oxygen ions. The oxygen ions pass through an
electrolyte to an anode of the solid-oxide electrolysis cell where the oxygen ions combine to
form oxygen (O,), releasing electrons. The oxygen may be collected as a product stream of
the process. The hydrogen and carbon monoxide may not pass through the electrolyte and
may be collected as a product stream of the process.

In other embodiments of the invention, carbon dioxide may be introduced to the
cathode side of a solid-oxide electrolysis cell with water, or steam. The carbon dioxide may
react with hydrogen formed by the decomposition of water on the cathode side of the solid-
oxide electrolysis cell. Reaction of carbon dioxide with hydrogen forms water and carbon
monoxide. The water may be further decomposed into hydrogen and oxygen according to
embodiments of the invention. The carbon monoxide formed by the reaction of carbon
dioxide with hydrogen may be collected as a product of the process.

According to embodiments of the invention, carbon monoxide and hydrogen
collected from the decomposition of water, carbon dioxide, or a combination of water and
carbon dioxide and the reaction of carbon dioxide with hydrogen may be collected, stored, or
otherwise provided to a synfuels production process. As noted previously, syngas is
comprised of carbon monoxide and hydrogen. The syngas components produced by
embodiments of the invention may be used to form synfuels according to conventional

methods.



10

15

20

25

30

WO 2008/016728 PCT/US2007/066053

According to particular embodiments of the invention, at least a portion of the
feed streams or at least a portion of the energy required to convert water and carbon dioxide
to syngas components hydrogen and carbon monoxide are provided by a nuclear power
process or a process utilizing nuclear power to produce the desired feed streams or energy. In
some embodiments, nuclear power may be used to generate steam, which may be used as a
water source for the production of syngas by the solid-oxide electrolysis cells. Steam
produced by the nuclear power process may also be used to heat the feed streams, the solid-
oxide electrolysis cells, the product streams, or combinations thereof, to provide process
temperatures above, for example, at least about 500 °C. Electricity produced by the nuclear
power process may also be used to provide heat to particular portions of the process or to
provide electrical current required for operation of the solid-oxide electrolysis cells.
Electricity and steam generated by the nuclear process may also be used to promote a
combustion process for the formation of carbon dioxide, such as by the combustion of fuels,
wastes, or other products. The produced carbon dioxide may then be used as a feed source
for embodiments of the invention.

In still other embodiments of the invention, carbon dioxide may be provided to a
solid-oxide electrolysis cell from a carbon dioxide source. For example, stored carbon
dioxide, in liquid, solid, or gaseous form, may be used as a carbon dioxide source. Carbon
dioxide produced by combustion processes, such as by the burning of fuels, wastes, or other
materials, by biological reduction processes, or by manufacturing processes, such as by the
production of cement clinker, or petrochemical refining processes, wherein carbon dioxide

may be extracted from crude oil, may also be used with embodiments of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

While the specification concludes with claims particularly pointing out and
distinctly claiming that which is regarded as the present invention, this invention can be more
readily understood and appreciated by one of ordinary skill in the art from the following
description of the invention when read in conjunction with the accompanying drawings in
which:

FIG. 1 illustrates a diagram of a single solid-oxide electrolysis cell that may be
used according to embodiments of the invention;

FIG. 2 illustrates an array of solid-oxide electrolysis cells according to

embodiments of the invention;
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FIG. 3 illustrates a block diagram of a process flow system according to
embodiments of the invention; and

FIG. 4 illustrates a plot of concentration data for input and output streams of an
exemplary solid-oxide electrolysis cell according to embodiments of the invention wherein
the mole fraction concentration is plotted against the number of amps applied to the solid-

oxide electrolysis cell.

DETAILED DESCRIPTION OF THE ILLUSTRATED EMBODIMENTS

According to embodiments of the invention, solid-oxide electrolysis cells may be
used to convert steam and carbon dioxide (CQO,) into hydrogen (H;) and carbon monoxide
(CO). The solid-oxide electrolysis cells may be operated at high temperatures, such as
between about 500 °C and about 1200 ° C. According to some embodiments of the invention,
one or more solid-oxide electrolysis cells or one or more arrays of solid-oxide electrolysis
cells may utilize steam, heat, electricity, or other products produced as the result of a nuclear
reaction, such as the products produced by a nuclear power facility, to produce the syngas
components hydrogen and carbon monoxide. The combination of one or more solid-oxide
electrolysis cells or arrays with a nuclear power facility may provide a clean alternative for
producing syngas and synfuels from readily available sources of carbon dioxide and steam.

According to particular embodiments of the invention, one or more solid-oxide
electrolysis cells may be used to convert carbon dioxide (CO,) and steam (H,O) into syngas,
or carbon monoxide (CO) and hydrogen (H,). The one or more solid-oxide electrolysis cells
may be packed together or otherwise arranged to form a solid-oxide electrolysis cell array
configured for handling desired flow rates and production rates of syngas from available
carbon dioxide and steam sources. One or more solid-oxide electrolysis arrays may be
combined to increase syngas production capabilities achievable with embodiments of the
invention.

A simplified diagram of a single solid-oxide electrolysis cell 100 which may be
used with particular embodiments of the invention is illustrated in FIG. 1. The solid-oxide
electrolysis cell 100 may include a cathode 110, an anode 130, and an electrolyte 120
sandwiched or otherwise positioned between the cathode 110 and anode 130. The cathode
110 and anode 130 may be connected to a power source 140 suitable for providing an

electrical current to the solid-oxide electrolysis cell 100.



10

15

20

25

30

WO 2008/016728 PCT/US2007/066053

According to embodiments of the invention, carbon dioxide (CO,) and steam
(H,0) introduced on the cathode 110 side of the solid-oxide electrolysis cell 100 as feed
stream 145 may undergo electrolysis, whereby oxygen (O,) is removed from the carbon
dioxide and steam, forming two product streams: a first product stream 150 of carbon
monoxide and hydrogen and a second product stream 152 of oxygen. The second product
stream 152 of oxygen may pass through the solid-oxide electrolysis cell 100, exiting the
anode 130 of the solid-oxide electrolysis cell 100 as illustrated in FIG. 1. The first product
stream 150 may comprise components of syngas — carbon monoxide and hydrogen — which
may be fed to a synfuels production process or may be stored as syngas. Water (H,O), or
steam, as well as carbon dioxide (CQO,), which is not decomposed on the cathode 110 side of
the solid-oxide electrolysis cell 110, may also be removed with the first product stream 150.
For example, steam and carbon dioxide may be introduced on the cathode 110
side of the solid-oxide electrolysis cell 100 by feed stream 145. The steam, or water,
decomposes in the presence of electrons supplied to the cathode 110 by the power source 140
according to Reaction (1):
2H,0+4e -»2H,+207 (1).
The decomposition of water in the cathode produces hydrogen (H,) and oxygen ions (O™).
The oxygen ions may pass through the electrolyte 120 to the anode 130, where the oxygen
ions give up electrons, forming oxygen (O,) which is collected as the second product stream
152. Hydrogen formed by the decomposition of water in the cathode 110 may not pass
through the electrolyte 120 and may be collected as part of the first product stream 150.
Carbon dioxide (CO,) introduced on the cathode 110 side of the solid-oxide
electrolysis cell 100 may undergo a similar electrolytic reaction as the steam in Reaction (1),
wherein the carbon dioxide decomposes in the presence of electrons supplied to the cathode
110 by the power source 140 according to Reaction (2a):
2C0O,+4e —»2CO0+207 (2a).
The carbon dioxide introduced to the cathode 110 may also react with the hydrogen produced
in the solid-oxide electrolysis cell 100 to form carbon monoxide (CO) and water, for
example, according to Reaction (2b):
CO,+H, - CO+H,0 (2b).
The carbon monoxide may be collected with the hydrogen as part of the first product stream
150. The water by-product of the reaction of carbon dioxide with hydrogen may be

decomposed according to Reaction (1) or portions of the water may be carried away in the
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first product stream 150. The hydrogen and carbon monoxide collected in the first product
stream 150 may be used as syngas.

The electrolysis and conversion of carbon dioxide and steam into carbon
monoxide and hydrogen according to embodiments of the invention may be performed at
temperatures between about 500 °C and about 1200 °C. In some particular embodiments, the
electrolysis and conversion of carbon dioxide and steam into syngas components using solid-
oxide electrolysis cells may be performed at a temperature between about 800 °C and 1000
°C. Thus, embodiments of the invention include high-temperature electrolysis of carbon
dioxide and steam to form syngas at or above about 500 °C.

According to some embodiments of the invention, the feed stream 145 may be
heated to provide the components of the feed stream 145 to a solid-oxide electrolysis cell 100
at a desired temperature, such as above about 500 °C. Similarly, the first product stream 150
and the second product stream 152 may be heated to ensure that the products produced by the
solid-oxide electrolysis cells 100 are maintained at a desired temperature. The feed stream
145 and product streams may be heated using conventional techniques. For example, a feed
stream 145 flowing through a pipe to a solid-oxide electrolysis cell 100 may be heated to a
desired temperature by electrical heat tape wrapped around the pipe or by exposing the pipe
to steam. In other embodiments, the feed stream 145 may be heated to a desired temperature
by a conventional heat exchanger, such as by a heat exchanger recuperator system.

The cathodes 110 of solid-oxide electrolysis cells 100 according to embodiments
of the invention may include cathode materials conventionally used with solid-oxide
electrolysis cells 100. The cathodes 110 may be formed of porous materials. For example, a
cathode 110 that may be used with particular embodiments of the invention may include a
cathode 110 comprising nickel-zirconia cermet material. It is understood that the materials
used to form cathode 110 according to embodiments of the invention may include any
material suitable for forming a cathode 110 for a solid-oxide electrolysis cell 100.

Anodes 130 of solid-oxide electrolysis cells 100 according to embodiments of the
invention may include anode materials conventionally used with solid-oxide electrolysis cells
100. The anodes 130 may be formed of porous materials. For example, anodes 130 that may
be used with particular embodiments of the invention may include lanthanum strontium
manganite or strontium doped lanthanum manganite materials. It is understood that the
materials used to form anode 130 according to embodiments of the invention may include

any material suitable for forming an anode 130 for a solid-oxide electrolysis cell 100.



10

15

20

25

30

WO 2008/016728 PCT/US2007/066053

The electrolytes 120 of solid-oxide electrolysis cells 100 according to
embodiments of the invention may be formed of gas-tight electrolyte materials. For example,
electrolytes 120 that may be used with embodiments of the invention may include, but are not
limited to, an yttria stabilized zirconia electrolyte materials, scandia stabilized zirconia
electrolyte materials, lanthanum gallate electrolyte materials (LSGM), ytterbium stabilized
zirconia electrolye materials, and ceria (CeQ;) electrolyte materials. It is understood that the
materials used to form the electrolytes 120 according to embodiments of the invention may
include any material suitable for forming an electrolyte 120 layer between an anode 130 and
cathode 110 of a solid-oxide electrolysis cell 100 or electrolysis cell.

Power sources 140 that may be used with embodiments of the invention may
include any power source suitable for providing an electrical current through the solid-oxide
electrolysis cell 100. For example, a power source 140 may include any direct current power
source such as an electric outlet connected to a commercial power grid, a generator powered
by gas, electricity, wind, water, steam, nuclear energy, solar energy, or other energy source, a
battery or battery array, or any other conventional power source capable of supplying an
electrical current to the solid-oxide electrolysis cell 100.

According to other embodiments of the invention, one or more solid-oxide
electrolysis cells 100 may be combined to form one or more arrays of solid-oxide electrolysis
cells 105. For example, a representative example of an array of solid-oxide electrolysis cells
105 according to embodiments of the invention is illustrated in FIG. 2. Each of the solid-
oxide electrolysis cells 100 illustrated in FIG. 2 may include a cathode 110, an anode 130, an
electrolyte 120 sandwiched or otherwise positioned between the cathode 110 and anode 130,
and a power source 140. In addition, the array of solid-oxide electrolysis cells 105 may
include interconnections 190 which may separate each of the solid-oxide electrolysis cells
100 from the other solid-oxide electrolysis cells 100 in the array of solid-oxide electrolysis
cells 105. The interconnections 190 may also serve to encase or otherwise hold the solid-
oxide electrolysis cells 100 in an array configuration (not shown). While the array of solid-
oxide electrolysis cells 105 illustrated in FIG. 2 includes only three solid-oxide electrolysis
cells 100, it is understood that an array of solid-oxide electrolysis cells 105 may include as
many or as few solid-oxide electrolysis cells 100 as desired. Furthermore, the solid-oxide
electrolysis cells 100 used to form an array of solid-oxide electrolysis cells 105 may be
configured in different shapes, sizes, or positions within the array of solid-oxide electrolysis
cells 105. For example, an array of solid-oxide electrolysis cells 105 may include one or

more solid-oxide electrolysis cells 100 arranged in a planar fashion, such as being stacked in
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a horizontal or vertical plate configuration. Alternatively, the array of solid-oxide electrolysis
cells 105 may be configured in a tubular or circular fashion. Other array configurations may
also be utilized according to embodiments of the invention and, as noted above, multiple
arrays may be associated.

Feed stream 145 may feed water and carbon dioxide to each of the solid-oxide
electrolysis cells 100 in the array of solid-oxide electrolysis cells 105. In other embodiments,
one or more feed streams (not shown) may feed water, carbon dioxide, or water and carbon
dioxide to one or more solid-oxide electrolysis cells 100 in an array of solid-oxide
electrolysis cells 105. For instance, water could be fed to some, or all, of the solid-oxide
electrolysis cells 100 in an array of solid-oxide electrolysis cells 105, allowing those solid-
oxide electrolysis cells 100 receiving the water feed stream to decompose the water to
hydrogen and oxygen. A carbon dioxide feed stream could similarly deliver carbon dioxide
to some, or all, of the solid-oxide electrolysis cells 100 in an array of solid-oxide electrolysis
cells 105. Various combinations of feed streams 145 may be employed with embodiments of
the invention to customize the component feeds to an array of solid-oxide electrolysis cells
105 or to individual solid-oxide electrolysis cells 100.

The first product streams 150 from each of the solid-oxide electrolysis cells 100 in
an array of solid-oxide electrolysis cells 105 may be collected individually or may be
combined into a single first product stream 150. Similarly, the second product streams 152
from each of the solid-oxide electrolysis cells 100 in an array of solid-oxide electrolysis cells
105 may be collected individually or may be combined into a single second product stream
152.

The first product streams 150 and second product streams 152 may be collected
from an array of solid-oxide electrolysis cells 105 in various manners. For example, an air
stream, inert gas stream, steam stream, or other moving stream of gas or liquid may be
directed into those spaces where the first product stream 150 is collected to mix with the
desired product and carry it away. In some embodiments, for example, the products of the
first product streams 150 may be collected by directing a stream of inert gas or other gas or
fluid stream into the spaces between the cathodes 110, such as by directing a stream of steam
across the cathode 110 side of the solid-oxide electrolysis cells 100. Alternatively, portions
of the feed stream 145 may be used to carry away or collect the hydrogen and carbon
monoxide in the first product stream 150 which is formed across the length of a cathode 110
of a solid-oxide electrolysis cell 100. For instance, a feed stream 145 of carbon dioxide and

steam, or water, may be introduced at a first end of a solid-oxide electrolysis cell 100. As the
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feed stream 145 passes over the cathode 110 of the solid-oxide electrolysis cell 100 portions
of the feed stream 145 enter the porous cathode 110 where the water is decomposed into
hydrogen and oxygen ions. A portion of the hydrogen formed in the cathode 110 may react
with the carbon dioxide, forming water and carbon monoxide. The remaining hydrogen and
carbon monoxide may be collected in a portion of the feed stream 145 that continues to flow
over the cathode 110. Some of the steam that is fed through feed stream 145 may not be
decomposed and may flow over an entire length of a solid-oxide electrolysis cell 100, exiting
the solid-oxide electrolysis cell 100 as part of first product stream 150, having mixed with
hydrogen and carbon monoxide formed on the cathode 110 side of the solid-oxide
electrolysis cell 100. The production of oxygen by the solid-oxide electrolysis cell 100 may
produce a flow of oxygen from the anode 130 side of the solid-oxide electrolysis cell 100
sufficient to promote the flow of oxygen from the solid-oxide electrolysis cell 100.

According to particular embodiments of the invention, one or more solid-oxide
electrolysis cells 100 or arrays of solid-oxide electrolysis cells 105 may be combined with or
may utilize the resources of nuclear power. FElectricity, heat, steam, or combinations thereof
produced by nuclear power may be used with the solid-oxide electrolysis cells 100 to produce
syngas according to embodiments of the invention. The use of electricity, heat, steam, or
combinations thereof produced by nuclear power with embodiments of the invention may
provide relatively clean energy and steam for the syngas production, thereby reducing
pollutants. For example, nuclear power creates heat, which may be captured by producing
steam from water using that heat. The steam produced by the heat of the nuclear reaction
may be used with embodiments of the invention. Steam produced using conventional
coal-fired processes results in the production of pollutants from the burning of the coal.
However, nuclear power provides a relatively clean supply of steam because the only
pollutants in the nuclear process may be the waste nuclear fuel which is a negligible amount
when compared to the amount of pollution created by the burning of coal. Likewise, the
electricity and heat produced by nuclear power processes are relatively clean or pollutant free
when compared to processes which combust coal, gas, or oil to generate electricity and heat.
It may be advantageous, at least from an environmental standpoint, to utilize nuclear power
and nuclear generated energy as a source for electricity, heat, steam, or combinations thereof
as feed streams 145 and power sources 140 for solid-oxide electrolysis cells 100 according to
embodiments of the invention.

For instance, one or more solid-oxide electrolysis cells 100 or arrays of solid-

oxide electrolysis cells 105 may be located in proximity to a nuclear energy source or power
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plant such that steam, heat, and electricity generated by the nuclear power plant may be used
with the processes according to embodiments of the invention. Steam from the nuclear
power plant may be fed to feed stream 145 for a process according to embodiments of the
invention. The steam from the nuclear power plant may be combined with a carbon dioxide
source and fed to the one or more solid-oxide electrolysis cells 100 or arrays of solid-oxide
electrolysis cells 105. Heat generated at the nuclear power plant may be used to heat the
steam and carbon dioxide feed streams 145 to a temperature desired for syngas production
according to embodiments of the invention, such as to a temperature between about 500 °C
and about 1200 °C. Electricity produced by the nuclear power plant may be used to provide
a current to the one or more solid-oxide electrolysis cells 100. In this manner, a relatively
clean source of energy, nuclear power, may be employed to produce syngas, which may be
converted into relatively clean-burning synfuels. Combination of the use of nuclear energy
produced steam, heat, and electricity to generate feed components and electricity to be used
with solid-oxide electrolysis cells 100 according to embodiments of the invention may help to
reduce the overall amount of pollutants produced per unit volume of syngas as compared to
other processes where coal, gas, oil, or waste fired boilers are used to produce steam, heat,
and electricity.

Carbon dioxide for use with embodiments of the invention may be obtained from
numerous sources. For example, carbon dioxide stored in a gas or liquid state may be
included as a component of a feed stream 145 to a solid-oxide electrolysis cell 100 according
to embodiments of the invention. Carbon dioxide produced as an off-gas or waste gas in a
manufacturing process may also be used as a source of carbon dioxide according to
embodiments of the invention. For instance, a cement clinker production process may
produce a significant amount of carbon dioxide as waste gas. The carbon dioxide waste gas
produced by the cement clinker production process may be fed to a syngas production
process as a portion of a feed stream 145 according to embodiments of the invention. Other
sources of carbon dioxide, such as from the combustion of coal, gas, oil, wastes, or other
materials, or petrochemical refining processes, or biological reduction processes may also be
used with embodiments of the present invention.

An electrical power plant which burns coal, gas, oil, or waste to produce
electricity may serve as a source of carbon dioxide for a syngas production process according
to embodiments of the invention. The electrical power plant may also provide electricity and
heat which may be used with a syngas production process. According to embodiments of the

invention, one or more solid-oxide electrolysis cells 100 or arrays of solid-oxide electrolysis

11



10

15

20

25

30

WO 2008/016728 PCT/US2007/066053

cells 105 may be fed carbon dioxide produced by an electrical power plant. Waste heat
produced at the electrical power plant may also be used to heat the carbon dioxide streams or
steam and carbon dioxide streams to provide a feed stream 145 to a syngas production
process according to embodiments of the invention. Similarly, electricity produced by the
electrical power plant may be used in a syngas production process to provide an electrical
current to the one or more solid-oxide electrolysis cells 100 being used to produce syngas.
Electricity produced by the electrical power plant may also be used to generate steam or other
necessary components for a syngas production process.

According to embodiments of the invention, a process for producing hydrogen and
carbon monoxide includes providing nuclear power and utilizing one or more solid-oxide
electrolysis cells 100 or solid oxide fuel cell arrays 105 with the nuclear power to generate
hydrogen, carbon monoxide, or hydrogen and carbon monoxide for syngas and synfuels. For
example, a block diagram of a process according to particular embodiments of the invention
is illustrated in FIG. 3.

In a process for producing syngas components from steam and carbon dioxide as
depicted in FIG. 3, a nuclear power source 210 may provide one or more components
necessary for the formation of syngas from steam and carbon dioxide. One or more arrays of
solid-oxide electrolysis cells 205 associated with the nuclear power source 210 may receive
any combination of steam, water, heat, electricity, or carbon dioxide from the nuclear power
source 210. For example, the nuclear power source 210 may provide a steam feed stream
212, an electrical feed stream 214, and components for producing a carbon dioxide feed
stream 216 to the one or more arrays of solid-oxide electrolysis cells 205. The carbon
dioxide feed stream 216 may alternatively be provided by a carbon dioxide source 225 or
from a combination of a nuclear power source 210 and a carbon dioxide source 225 as
illustrated by the dashed line representing the carbon dioxide feed stream 216 and carbon
dioxide source 225 in FIG. 3. Steam, or water, and carbon dioxide fed to the one or more
arrays of solid-oxide electrolysis cells 205 may be decomposed, reacted, or converted to
oxygen, hydrogen, and carbon monoxide according to embodiments of the invention.
Oxygen may be removed from the one or more arrays of solid-oxide electrolysis cells 205 as
second product stream 252 and syngas components hydrogen and carbon monoxide may be
removed from the one or more arrays of solid-oxide electrolysis cells 205 as first product
stream 250. All of, or portions of, the first product stream 250 may be routed to a synfuels
production process 235 as illustrated by the dashed line representing the portion of the first

product stream 250 directed to the synfuels production process 235 in FIG. 3. Alternatively,
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portions of, or the entire first product stream 250 may be stored, transported, or otherwise
prepared to be used with a synfuels production process 235. Synfuels produced by a synfuels
production process 235 may be collected as a synfuels product stream 245.

The nuclear power source 210 may include a nuclear power facility, a nuclear
power plant, a portable nuclear power source, a nuclear powered battery or battery array, or
other nuclear powered device or process capable of producing steam, electricity, heat, carbon
dioxide, or a mixture thereof for a syngas production process.

Steam produced by a nuclear power source 210 may be fed to one or more arrays
of solid-oxide electrolysis cells 205 to be used as a source of water (in the form of steam) for
a syngas production process. The steam produced by a nuclear power source 210 and
delivered to one or more arrays of solid-oxide electrolysis cells 205 by steam feed stream 212
may also be used as a source of heat to heat feed streams fed to the one or more arrays of
solid-oxide electrolysis cells 205, to heat individual or groups of the solid-oxide electrolysis
cells, or to heat the product streams from the one or more solid-oxide electrolysis cells in the
arrays of solid-oxide electrolysis cells 205.

Electricity produced by a nuclear power source 210 may be used to drive a current
across the solid-oxide electrolysis cells of the one or more solid-oxide electrolysis cell arrays
205.

A carbon dioxide feed stream 216 may be produced from products of a nuclear
power source 210, for example by processes utilizing heat generated from the nuclear power
source 210 to combust materials, which combustion produces carbon dioxide. Alternatively,
a carbon dioxide feed stream 216 may be provided by a carbon dioxide source 225. A carbon
dioxide source 225 may include, but is not limited to, a carbon dioxide storage apparatus
which may store liquid carbon dioxide, solid carbon dioxide, gaseous carbon dioxide, or a
combination thereof. A carbon dioxide source 225 may also include a process which
produces carbon dioxide, such as a combustion process. For example, processes which may
produce carbon dioxide include processes involving the combustion of fuels, the combustion
of waste materials, and the production of cement clinker. Carbon dioxide from such
processes, or other sources, may be used as a carbon dioxide feed stream 216 with

embodiments of the invention.

EXAMPLE
A high-temperature electrolysis process according to embodiments of the

invention was performed to establish the feasibility of the inventive processes of

13



10

15

20

25

30

WO 2008/016728 PCT/US2007/066053

embodiments of the invention. A graph of data illustrating relative input and output
concentrations of water or steam (H,O), carbon dioxide (CO,), hydrogen (H,), and carbon
monoxide (CQO) based upon the current (amps) supplied to a solid-oxide electrolysis cell
according to embodiments of the invention are illustrated in FIG. 4.

A solid-oxide electrolysis cell according to embodiments of the invention, having
a Nickel-Zirconia cermet material cathode, an Yttria stabilized Zirconia material electrolyte,
and a Strontium-doped Lanthanum Manganite material anode, was operated at a temperature
of about 800 °C. An inlet stream comprising steam, hydrogen, carbon dioxide, and nitrogen
was introduced to the cathode side of a solid-oxide electrolysis cell according to
embodiments of the invention. The inlet hydrogen was used to maintain reducing conditions
on the solid-oxide electrolysis cell cathode surface. The inlet nitrogen operated as an inert
carrier gas for the steam being introduced to the solid-oxide electrolysis cell. The steam and
carbon dioxide inlet streams were heated to about 800 °C and combined with the hydrogen
and nitrogen gas. The outlet stream from the solid-oxide electrolysis cell was analyzed as a
current was applied to the solid-oxide electrolysis cell and as the current was increased. The
data obtained are plotted in FIG. 4.

At zero electrolysis current (i.e. the intersection of the x-axis and the y-axis in
FIG. 4), a reverse shift reaction occurred across the solid-oxide electrolysis cell. As the
current applied to the solid-oxide electrolysis cell was increased, the concentrations of the
desired syngas components increased.

The data in FIG. 4 indicate that steam and carbon dioxide may be converted to
carbon monoxide and hydrogen through electrolysis performed by a solid-oxide electrolysis
cell according to embodiments of the invention. The data also indicate that as the current
applied to a solid-oxide electrolysis cell is increased, the mole fraction of the converted steam
and carbon dioxide to carbon monoxide and hydrogen also increases. Thus, the conversion of
steam and carbon dioxide to carbon monoxide and hydrogen using solid-oxide electrolysis
cells is feasible.

In addition, the data indicate that, for at least this example, the conversion of
steam and carbon dioxide to carbon monoxide and hydrogen produced a ratio of hydrogen to
carbon dioxide of about 2 to 1, respectively, which is appropriate for Fisher-Tropsch
conversion of syngas (carbon monoxide and hydrogen) to synfuels.

Accordingly, embodiments of the invention may be used to convert steam and
carbon dioxide to syngas, or carbon monoxide and hydrogen, in sufficient quantities for the

production of synfuels from the outlet streams of the solid-oxide electrolysis cells.
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Having thus described certain embodiments of the present invention, it is
understood that the invention defined by the appended claims is not to be limited by
particular details set forth in the above description, as many apparent variations thereof are

contemplated without departing from the spirit or scope thereof as hereinafter claimed.
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CLAIMS

What is claimed is:

1. A method for producing at least one syngas component, comprising:
providing a nuclear power source;
exposing water to heat from the nuclear power source to produce steam;
feeding the steam to at least one solid-oxide electrolysis cell; and

decomposing the steam with the solid-oxide electrolysis cell to produce hydrogen.

2. The method of claim 1, wherein the nuclear power source is selected from the
group consisting of a nuclear power plant, a nuclear power facility, a nuclear battery, and a

portable nuclear power source.

3. The method of claim 1, wherein feeding the steam to at least one solid-oxide
electrolysis cell comprises feeding the steam to the at least one solid-oxide electrolysis cell at

a temperature between about 500 °C and about 1200 °C.

4. The method of claim 1, further comprising configuring the at least one solid-
oxide electrolysis cell to comprise:
a cathode;
an anode; and

an electrolyte positioned between the cathode and anode.

5. The method of claim 4, further comprising selecting a nickel-zirconia cermet

material to comprise the cathode.

6. The method of claim 4, further comprising selecting a strontium doped

lanthanum manganite material to comprise the anode.

7. The method of claim 4, further comprising selecting yttria stabilized zirconia

material to comprise the electrolyte.

8. The method of claim 1, wherein decomposing the steam comprises

decomposing steam in a cathode of the solid-oxide electrolysis cell.
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9. The method of claim 1, further comprising collecting the hydrogen.

10. The method of claim 9, further comprising routing the hydrogen to a synfuel

production process.

11. The method of claim 1, further comprising:
feeding carbon dioxide to the at least one solid-oxide electrolysis cell; and
reacting at least a portion of the hydrogen with the carbon dioxide to produce carbon

monoxide.

12. The method of claim 11, wherein feeding carbon dioxide to the at least one
solid-oxide electrolysis cell comprises feeding the carbon dioxide to the at least one solid-

oxide electrolysis cell at a temperature between about 500 °C and about 1200 °C.

13. The method of claim 11, further comprising collecting the carbon monoxide.

14. The method of claim 13, further comprising routing the carbon monoxide to a

synfuel production process.

15. The method of claim 1, further comprising:
feeding carbon dioxide to the at least one solid-oxide electrolysis cell; and

decomposing the carbon dioxide to produce carbon monoxide and oxygen.

16. The method of claim 1, further comprising:
feeding carbon dioxide to the at least one solid-oxide electrolysis cell; and

decomposing the carbon dioxide to produce carbon monoxide and oxygen.

17. A process for producing hydrogen and carbon monoxide, comprising:
providing a nuclear power source;
exposing water to heat from the nuclear power source to create steam;
exposing the steam to at least one solid-oxide electrolysis cell to decompose the steam into

hydrogen and oxygen ions;
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exposing carbon dioxide to at least a portion of the hydrogen produced by the decomposition
of the steam to form water and carbon monoxide; and

collecting the hydrogen and carbon monoxide.

18. The process of claim 17, further comprising providing an electrical current to

a cathode of the at least one solid-oxide electrolysis cell.

19. The process of claim 17, further comprising combining the steam and the
carbon dioxide prior to the exposure of the steam and the carbon dioxide to the at least one

solid-oxide electrolysis cell.

20. The process of claim 17, further comprising providing the at least one solid-

oxide electrolysis cell as an array of solid-oxide electrolysis cells.

21. The process of claim 16, further comprising providing a carbon dioxide source
to supply the carbon dioxide, wherein the carbon dioxide source is selected from the group
consisting of a combustion process, a cement clinker process, a petrochemical refining

process and a carbon dioxide storage facility.

22. A syngas production system, comprising:
a nuclear power source configured to generate steam; and
at least one solid-oxide electrolysis cell operably coupled to receive steam generated from the

nuclear poOwer source.

23. The syngas production system of claim 22, further comprising at least one
carbon dioxide source, wherein the at least one solid-oxide electrolysis cell is operably

coupled to receive carbon dioxide from the carbon dioxide source.

24. The syngas production system of claim 23, wherein the carbon dioxide source
comprises a carbon dioxide source selected from the group consisting of a combustion
process, a cement clinker process, a petrochemical refining process, a bio-mass reduction

process, and a carbon dioxide storage facility.
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25. The syngas production system of claim 22, further comprising a product
stream conduit for collecting at least one of hydrogen or carbon monoxide from the at least

one solid-oxide electrolysis cell.

26. The syngas production system of claim 22, further comprising a water source

operably coupled to the nuclear power source to provide water for generating steam.

27. The syngas production system of claim 22, wherein the at least one solid-
oxide electrolysis cell comprises:
a cathode;
an anode; and

an electrolyte positioned between the cathode and anode.

28. The syngas production system of claim 27, wherein the cathode comprises a

nickel-zirconia cermet material.

29. The syngas production system of claim 27, wherein the anode comprises a

strontium doped lanthanum manganite material.

30. The syngas production system of claim 27, wherein the electrolyte comprises
an electrolyte selected from the group consisting of an yttria stabilized zirconia electrolyte
material, a scandia stabilized zirconia electrolyte material, a lanthanum gallate electrolyte

material, an ytterbium stabilized zirconia electrolye material, and a ceria electrolyte material.

31. The syngas production system of claim 22, wherein the at least one solid-

oxide electrolysis cell comprises an array of solid-oxide electrolysis cells.
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