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b) reducing the temperature of at least a por-
tion of the gas stream in said frosting vessel
to a temperature at which solid CO2 is de-
posiled by anti-sublimation; ¢) discharging
the gas stream depleted of CO2 from the
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Fig. 1

spheric pressure. An anti-sublimation system
for removal of CO2 from a gas stream, com-
prising: a frosting vessel (101) configured to
receive the gas stream, said frosting vessel
comprising a low temperature refrigeration
device (107) configurcd for rcducing the
temperature of at least a portion of a gas
stream in said frosting vessel to a temperature
at which solid CO2 is dcposited by anti-sub-
limation; and a compressor (108) configured
to increase the gas pressure of the gas stream
which is fed to the frosting vessel.
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METHOD AND SYSTEM FOR EXTRACTING CARBON DIOXIDE BY ANTI-
SUBLIMATION AT RAISED PRESSURE

Cross-Reference to Related Applications

This application claims the benefit of United States Provisional Patent
Application Serial No. 61/085,611 filed August 1, 2008 and United States
Provisional Patent Application 61/065,624 filed August 1, 2008, which are hereby
incorporated by reference in their entirety.

Field of the invention

The present invention relates to a method for removal of CO2 from a gas
stream by anti-sublimation and to an anti-sublimation system for removal of CO2
from a gas stream, said anti-sublimation system comprising at least one frosting
vessel.

Background art

Carbon dioxide (CO2) capture in known anti-sublimation systems is done
by frosting CO2 ice on cold surfaces inside one or more frosting vessels and
subsequently defrosting the CO2 by warming up these same surfaces.

US 7,073,348 pertains to a method and a system for extracting carbon
dioxide from fumes derived from the combustion of hydrocarbons in an apparatus
designed in particular for the production of mechanical energy. The method
comprises the step of cooling said fumes at a pressure more or less equal to
atmospheric pressure at a temperature such that the carbon dioxide passes
directly from the vapour state to the solid state via an anti-sublimation process.
During the anti-sublimation phase, CO2 frost is formed in an anti-sublimation
evaporator. The procedure of preparing the anti-sublimation evaporator for a next
cycle of anti-sublimation of CO2 contained in the fumes is summarized as
follows. The solid CO2 melts, i.e. passes from the solid phase to the liquid phase
at a pressure of 5.2 bar. Once the CO2 is entirely in the liquid phase, it is
transferred by a pump to a heat-insulated reservoir.

-
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US 2006/0277942 provides a disclosure which is largely similar to that of
US 7,073,348, however relating to extraction of sulfur dioxide as well as carbon
dioxide.

Any discussion of documents, devices, acts or knowledge in this specification
is included to explain the context of the invention. It should not be taken as an
admission that any of the material formed part of the prior art base or the common
general knowledge in the relevant art in Australia on or before the priority date of the
claims herein.

Comprises/comprising and grammatical variations thereof when used in this
specification are to be taken to specify the presence of stated features, integers,
steps or components or groups thereof, but do not preclude the presence or addition

of one or more other features, integers, steps, components or groups thereof.

Summary of the invention

It would be desirable to increase the CO2 capture efficiency of an anti-
sublimation system for CO2 removal.

It would also be desirable to reduce the overall energy consumption of an anti-
sublimation system for capturing CO2 from a gas stream.

As has become common in this technical field, the term "anti-sublimation”
herein refers to a direct gas/solid phase change that occurs when the temperature of
the gas in question is below that of its triple point. The term "sublimation” herein
refers, as is conventional, to a direct solid/gas phase change.

In a first aspect of the invention there is provided a method for removal of
CO2 from a gas stream by anti-sublimation, including the steps of:

a) cooling a gas stream containing CO2 to a temperature in the range of -
80 to -100°C;

b) pressurizing the gas stream containing CO2 to a pressure in the range
of 2 to 10 bar;

c) introducing the pressurized, cooled gas stream containing CO2 into a
frosting vessel;

d) reducing the temperature of at least a portion of the pressurized,
cooled gas stream in said frosting vessel to a temperature at which solid CO2 is
deposited by anti-sublimation, thereby providing a gas stream depleted of COZ2;
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e) discharging the gas stream depleted of CO2 from the frosting vessel;
and

f) recovering the deposited solid CO2.

In prior art methods and systems, such as the system described in
US 7,073,348, for anti-sublimation of CO2 in a gas stream, the anti-sublimation or
“frosting”, of CO2 is performed under a pressure more or less equal to atmospheric
pressure.

The present invention is based on the insight that the temperature at which
frosting may be performed in the frosting vessel, and thus the temperature required in
the cold refrigerant of the frosting vessel, is an important factor in controlling the
overall energy consumption of the anti-sublimation system. Even a slight increase in
the temperature of the cold refrigerant may result in a significant reduction in the
overall energy consumption of the anti-sublimation system.

According to the present invention, the frosting step is performed at increased
pressure relative to the atmospheric pressure. This allows the temperature of the cold
refrigerant to be increased, while still retaining the CO2 capture efficiency of the
frosting vessel. As an example, in an embodiment of the CO2 removal system as
shown in FIG. 2, the temperature required for removing 90% of the CO2 in the gas
stream may be increased from -121°C when the frosting is performed at atmospheric
pressure (i.e. about 1.0 bar) to -115°C when the frosting is performed at an increased
pressure of 2.0 bar. The cooling power is largely unchanged. However, the input
power required to produce the same refrigeration at the warmer temperature may be
reduced by about 6% compared to the power consumption with the process
operating at atmospheric pressure. This reduction in input power corresponds to a
significant reduction of the operating costs for the CO2 removal process.

The pressure of the gas stream in step b) may preferably be a pressure which
is significantly higher than the atmospheric pressure (i.e. about 1.0 bar). The
increased pressure may for example be in the range of 2.0 to 30.0 bar. For practical
reasons, the pressure may be kept below 10.0 bar, since this may allow existing
systems configured for operation at atmospheric pressure to be used with little or no
modification besides the insertion of a compressor, i.e. in a range of 2.0 to 10.0 bar.

In an embodiment, the gas stream is pressurized by a compressor.

In an embodiment, the pressure of the gas stream is reduced after step b) has
been performed. The pressure reduction may preferably be converted into
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mechanical or electrical energy. The energy conversion may for example be
performed by a turbine expander or other device capable of converting gas pressure
to mechanical and/or electrical energy.

In an embodiment, wherein the pressure of the gas stream is increased by a
compressor and the pressure of the gas stream is converted into mechanical or
electrical energy, the produced mechanical or electric energy is at least partially
recycled in the compressor.

In an embodiment, the temperature of the gas stream is reduced in one or
more pre-cooling steps.

Cooling the gas stream at the very low temperatures, such as for example a
temperature of -115°C, used in the frosting vessel is very energy consuming.
Therefore it is preferred to pre-cool the gas stream at higher temperatures before it is
introduced into the frosting vessel, Pre-cooling may be performed in one or more pre-
cooling steps, e.g. including water cooling to reduce the temperature of the gas
stream to a range of about 0 to 10°C, and one or more conventional refrigeration
steps to reduce the temperature of the gas stream to a range of about -20 to -60°C.
To further reduce the temperature of the gas stream the cold gas stream which is
discharged from the frosting vessel may be used in a heat exchanger to reduce the
temperature of the gas stream which is to be introduced into the frosting vessel. In
the heat exchanger, the temperature of the gas stream may preferably be further
reduced to a temperature in the range of about -80 to -100°C.

In a second aspect of the invention there is provided an anti-sublimation
system for removal of CO2 from a gas stream, including:

a frosting vessel configured to receive the gas stream, said frosting vessel
including a low temperature refrigeration device configured for reducing the
temperature of at least a portion of a gas stream in said frosting vessel to a
temperature at which solid CO2 is deposited by anti-sublimation;

a compressor configured to increase the gas pressure of the gas stream
which is fed to the frosting vessel to a pressure in the range of 2 to 10 bar; and

one or more cooling devices configured to cool the gas stream which is fed to
the frosting vessel to a temperature in the range of -80 to -100°C.

The low temperature refrigeration system may preferably be capable of
providing a temperature at which anti-sublimation of CO2 may occur, such as a

temperature of -110°C or lower or -115°C or lower or -120°C or lower, at a surface in
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the frosting vessel arranged to contact the gas stream. The low temperature
refrigeration system may preferably be configured to operate as an independent unit
with a suitable low temperature refrigerant. Examples of low temperature refrigeration
systems that may be suitable for use with the anti-sublimation system include, but are
not limited to gas cycle refrigeration systems, cascade refrigeration systems and
integrated cascade refrigeration systems. In an embodiment the low temperature
refrigeration device comprises a gas cycle refrigeration system, a cascade
refrigeration system or an integrated cascade refrigeration system. An embodiment
combining a low temperature refrigeration device selected from a gas cycle
refrigeration system, a cascade refrigeration system or an integrated cascade
refrigeration system with increased pressure of the gas stream in the frosting vessel
is advantageous since the power consumption of such refrigeration devices is highly
dependent on the temperature which is required. An embodiment in which a low
temperature refrigeration device selected from a gas cycle refrigeration system, a
cascade refrigeration system or an integrated cascade refrigeration system is
combined with increased pressure of the gas stream in the frosting vessel may
therefore provide a significant reduction in the overall operational costs of the anti-
sublimation system.

The compressor may preferably be configured to be capable of increasing the
pressure of the gas stream above atmospheric pressure (i.e. about 1.0 bar). The
compressor may for example be capable of increasing the pressure of the gas
stream to be in the range of 2.0 to 30.0 bar. For practical reasons, the pressure may
be kept below 10.0 bar, i.e. in a range of 2.0 to 10.0 bar, since this may allow existing
anti-sublimation systems configured for operation at atmospheric pressure to be used
with little or no modification besides the introduction of a compressor.

In an embodiment, the anti-sublimation system further comprises an energy
converter configured to receive a gas stream which is discharged from the frosting
vessel at an increased pressure and convert the pressure into mechanical or
electrical energy.

The energy converter may for example comprise a turbine expander or other
device capable of converting gas pressure to mechanical and/or electrical energy. In
an embodiment comprising an energy converter, the energy converter and the
corﬁ pressor may be in mechanical or electrical connection, such that mechanical or
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electric energy produced in the energy converter may be at least partially recycled in
the compressor.

The anti-sublimation system may comprise two or more frosting vessels in
parallel. This allows for one or more frosting vessels to be operated in frosting mode,
while one or more other frosting vessels may be operated in defrosting mode. Thus,
an anti-sublimation system comprising two or more frosting vessels may be
configured to operate more or less continuously in a duty-standby cycle, without
interruptions for defrosting. Thus, in an embodiment, the anti-sublimation system
further comprises an additional frosting vessel, wherein the two frosting vessels are
arranged in parallel, allowing the two frosting vessels to be operated in a duty-
standby cycle.

In an embodiment the one or more cooling devices includes a first pre-cooling
device arranged upstream of the frosting vessel and configured to cool the gas
stream to a temperature in the range of 0 to 10°C. The first pre-cooling device may
for example comprise a cooling tower.

The one or more cooling devices may further include a second pre-cooling
device arranged upstream of the frosting vessel and configured to cool the gas
stream to a temperature in the range of -80 to -100°C. The second pre-cooling device
may for example comprise an industrial refrigeration device.

The cold gas stream depleted of CO2 which is discharged from the frosting
vessel may advantageously be used for cooling the gas stream which is to be
introduced into the frosting vessel.

In an embodiment, the anti-sublimation system further comprises a heat
exchanger configured to receive the cold gas stream which is discharged from the
frosting vessel and use it to reduce the temperature of the gas stream which is to be
introduced into the frosting vessel.
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The position of the compressor upstream of the frosting vessel, and the
position of the energy converter downstream of the frosting vessel, may be
selected depending for example on whether to maximize the cooling efficiency in
the heat exchanger or the mechanical or electrical energy produced by the
energy converter.

In an embodiment, the compressor is arranged upstream of the heat
exchanger.

In an embodiment, the energy converter is arranged downstream of the
heat exchanger.

All features of all embodiments of all aspects of the invention can be used
in any possible combination thereof, provided that such combination is not
demonstrably unfeasible as determined without undue experimentation by a
person having ordinary skill in the art.

In the present disclosure, the term “gas stream” may refer to a stream of
any gas mixture comprising CO2. A “gas stream” may, however, typically be a
stream of a flue gas resulting from combustion of organic material such as
renewable or non-renewable fuels. Should a gas stream to be treated according
to the present invention comprise chemical species or particles not suitable in an
anti-sublimation system, or not suitable to other features of the present invention,
such species or particles may be initially removed by separation technologies
known to a skilled man.

The term “defrosting” herein refers to a transformation of ice to another
state. In particular it is referred to the transformation of CO2 ice, i.e. solid CO2, to
another state.

The terms “upstream” and “downstream”, as used in the present
disclosure, refer to positions along the gas stream.

Gas pressures in the present disclosure are given in the unit “bar” unless
otherwise specified. The unit “bar”, as used herein, refers to the absolute
pressure, i.e. the pressure in relation to absolute zero pressure, such as in a

perfect vacuum.
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Brief description of the drawings

FIG. 1 is a schematic representation of an embodiment of an anti-
sublimation system configured to operate at increased pressure.

FIG. 2 is a schematic representation of an embodiment of an anti-
sublimation system configured to operate at increased pressure.

Detailed description

In general, anti-sublimation systems for removal of CO2 from a gas stream
comprise a pre-cooling system, and a frosting vessel comprising a low
temperature refrigeration system. The pre-cooling system generally comprises a
number of cooling stages configured to reduce the temperature of the gas stream
prior to the introduction into the frosting vessel. This pre-cooling allows the
cooling capacity of the frosting vessel to be minimized. The temperature of the
pre-cooled gas stream when it is introduced into the frosting vessel may generally
be in the range of -80 to -100 °C. In the frosting vessel, the temperature of the
gas stream is reduced further, by means of the low temperature refrigeration
system, to a temperature at which anti-sublimation of CO2 occurs. During anti-
sublimation, CO2 present in the gas stream precipitates and is deposited on the
cold surfaces of the frosting vessel. When the layer of solid CO2 has been built
up such that the loading capacity of the frosting vessel has been reached, the
introduction of gas is stopped, the deposited carbon dioxide is heated by a warm
stream of refrigerant from the low temperature refrigeration system, pressurized
and liquefied while the fusion energy and sublimation energy are recovered by
the refrigeration process. The liquefied carbon dioxide is then evacuated to a
storage tank.

The gas stream may also be subjected to other pre-treatment prior to
introduction into the frosting vessel, e.g. condensation of water vapour, and/or
scrubbing or filtration, to remove particular material and other contaminants
contained in the gas stream.
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Hereinbelow, embodiments of an anti-sublimation system configured for
anti-sublimation of CO2 at raise pressure will be described in detail with
reference to the drawings.

FIG. 1 represents an embodiment of an anti-sublimation system configured
to operate at increased pressure. In the embodiment shown in FIG. 1, the anti-
sublimation system comprises a frosting vessel 101 comprising a gas inlet 102
configured to receive a gas stream, a gas outlet 103, a liquid outlet 104. The
frosting vessel further comprises a low temperature refrigeration system 105 with
a heat exchanger 106 configured to receive a low temperature refrigerant and
absorb heat from a gas stream passing through the frosting vessel. The low
temperature refrigeration system 105 may preferably be capable of providing a
temperature at which anti-sublimation of CO2 may occur, such as a temperature
of -110 °C or lower or -115 °C or lower or -120 °C or lower, at a surface of the
heat exchanger 106 arranged to contact the gas stream (also referred to herein
as “cold surface”). The low temperature refrigeration system 105 may preferably
comprise an industrial refrigeration system 107 capable of providing sufficiently
low temperatures. Examples of industrial refrigeration systems that may be
suitable for use with an anti-sublimation system include, but are not limited to gas
cycle refrigeration systems, cascade refrigeration systems and integrated
cascade refrigeration systems. The heat exchanger 106 may preferably be
configured to facilitate contact with the gas stream passing through the frosting
vessel from the gas inlet to the gas outlet and to provide a high surface area of
the cold surfaces exposed to contact with the gas stream.

The embodiment of the anti-sublimation system shown in FIG. 1 further
comprises a device 108 for increasing the gas pressure (also referred to herein
as “compressor”) of the gas stream. The compressor 108 may be arranged at
any suitable position along the gas stream upstream of the frosting vessel or in
direct connection with the gas inlet 102 of the frosting vessel. The compressor
108 may preferably be configured to be capable of increasing the pressure of the
gas stream above atmospheric pressure (i.e. about 1.0 bar), preferably above 1.2
bar, more preferably above 1.5 bar or 2.0 bar. The compressor may for example
be capable of increasing the pressure of the gas stream to be in the range of 1.2
to 30.0 bar, such as in the range of 1.5 to 30.0 bar or 2.0 to 30.0 bar. For
practical reasons, the pressure may be kept below 10.0 bar, e.g. in a range of

-9-
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from 1.2 to 10.0 bar, such as in the range of 1.5 to0 10.0 bar or 2.0 to 10.0 bar,
since this may allow existing anti-sublimation systems configured for operation at
atmospheric pressure to be used with little or no modification besides the
insertion of a compressor. The skilled person is capable of selecting a suitable
compressor for use in any specific embodiment of the anti-sublimation system.

The embodiment of the anti-sublimation system shown in FIG. 1 further
comprises an energy converter 109 configured to receive a gas stream which is
discharged from the frosting vessel via gas outlet 103 at increased pressure and
low temperature, and convert pressure into mechanical or electrical energy as the
gas expands to a lower pressure and increased temperature. The energy
converter 109 may for example be a turbine expander, in which the gas stream
may expand to a lower pressure and generate mechanical power and/or electrical
power, e.g. via an alternator. The mechanical and/or electrical power can be
recovered to offset the work of compression in compressor 108. Furthermore, the
gas will cool through the expansion process, further reducing the overall
refrigeration demand of the system.

The energy converter 109 may be arranged at any suitable position along
the gas stream downstream of the frosting vessel 101 or in direct connection with
the gas outlet 103 of the frosting vessel. The skilled person is capable of
selecting a suitable energy converter for use in any specific embodiment of the
anti-sublimation system.

The anti-sublimation system may be arranged to operate in semi-
continuous or batch-wise mode. In semi-continuous mode, the gas stream is
allowed to flow continuously through the frosting vessel during frosting until the
CO2 loading capacity of the frosting vessel has been reached. When the CO2
loading capacity of the frosting vessel has been reached, the introduction of gas
through the inlet is stopped and the CO2 deposited in the frosting vessel is
recovered. In batch-wise mode, a predetermined amount of gas is introduced into
the frosting vessel via the gas inlet, subjected to CO2 frosting and subsequently
released via the gas outlet. The cycle may be repeated, e.g., until the CO2
loading capacity of the frosting vessel has been reached, after which the CO2
deposited in the frosting vessel is recovered, e.g. by defrosting the CO2 and
collecting it in liquid or compressed gas form.

-10 -
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The low temperature refrigeration system 105 may also be configured to
be useful in the defrosting mode of the anti-sublimation system, e.g. by being
configured for providing warm low temperature refrigerant, or other suitable heat
exchange medium, to the heat exchanger 106 to accelerate melting or
sublimation of solid CO2 deposited in the frosting vessel 101. The defrosted CO2
may preferably be discharged via liquid outlet 104 and collected in liquid form in a
liquid CO2 collection tank 110, e.g. via a valve 111 and pump 112.

FIG. 2 represents another embodiment of an anti-sublimation system
according to the invention. In the embodiment shown in FIG. 2, the anti-
sublimation system comprises a first and a second frosting vessel 201a, 201b, a
first and a second cooling stage 213, 214, and a heat exchanger 215. The first
and a second cooling stage 213, 214 and the heat exchanger 215 are configured
for pre-cooling the gas stream before it is introduced into the first or second
frosting vessel 201a, 201b.

The first and second cooling stages 213, 214 comprise heat exchanger
devices configured to reduce the temperature of the gas stream. The first cooling
stage 213 may for example be configured to cool the gas stream from about 25 to
50 °C to about 0 to 10 °C and the second cooling stage 214 may for example be
configured to cool the gas stream from about 0 to 10 °C to about -20 to -60 °C.
The first cooling stage 213 may for example comprise a cooling tower. The
second cooling device 214 may for example comprise a conventional industrial
refrigeration unit. The first and second cooling stages 213, 214 may be
configured to employ a cold gas stream which is discharged from the first or
second frosting vessel for further reducing the temperature of the gas stream
which is to be introduced into the frosting vessels. The first and second cooling
stages may also be part of a cascade refrigeration system, a gas cycle
refrigeration system or other type of refrigeration system.

A heat exchanger 215 is arranged to further reduce the temperature of the
gas stream before it is introduced into the first or second frosting vessel 201a,
201b by bringing it into contact for heat exchange with a cold gas stream which is
discharged from the first or second frosting vessel. The temperature of the cold
gas stream which is discharged from the first or second frosting vessel may
generally be lower than -80 °C. The heat exchanger may for example be

-11 -
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configured to lower the temperature of the gas stream from about -20 to -60 °C to
about -80 to -100 °C.

The first and second frosting vessels 201a and 201b each comprise a gas
inlet 202a, 202b configured to receive the pre-cooled gas stream from the heat
exchanger 215, a gas outlet 203a, 203b, a liquid outlet 204a, 204b. The frosting
vessel further comprises a low temperature refrigeration system 205 with heat
exchangers 206a, 206b configured to receive a low temperature refrigerant and
absorb heat from a gas stream passing through the frosting vessels. The low
temperature refrigeration system 205 may preferably be capable of providing a
temperature at which anti-sublimation of CO2 may occur, such as a temperature
of -120 °C or lower, at a surface of the heat exchangers 206a, 206b arranged to
contact the gas stream (also referred to herein as “cold surface”). The heat
exchangers 206a, 206b may preferably be configured to facilitate contact with the
gas stream passing through the frosting vessels 201a, 201b from the gas inlet to
the gas outlet and to provide a high surface area of the cold surfaces exposed to
contact with the gas stream.

The anti-sublimation system may further comprise a liquid CO2 collection
tank 210 arranged to receive liquid CO2 from the frosting vessels during
defrosting. The CO2 collection tank is in fluid connection with the liquid outlets
204a, 204b of the frosting vessels 201a and 201b. The fluid connection may
preferably comprise a valve 211a or 211b and a pump 212.

When the system is operating in frosting mode, the heat exchangers 206a,
206b are configured to receive a low temperature refrigerant from the low
temperature refrigeration system 205 and absorb heat from a gas stream passing
through the frosting vessel 201a, 201b. The low temperature refrigeration system
205 may preferably be capable of providing a temperature at which anti-
sublimation of CO2 may occur, such as a temperature of -120 °C or lower, at a
surface of the heat exchangers 206a, 206b arranged to contact the gas stream
(also referred to herein as “cold surface”). The heat exchangers 206a, 206b may
preferably be configured to facilitate contact with the gas stream passing through
the frosting vessel from the gas inlet 202 to the gas outlet 203 and to provide a
high surface area of the cold surfaces exposed to contact with the gas stream.
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The low temperature refrigeration system 205 may also be configured to
be useful in the defrosting mode of the anti-sublimation system, e.g. by being
configured for providing warm low temperature refrigerant, or other suitable heat
exchange medium, to the heat exchangers 206a, 206b to accelerate melting or
sublimation of solid CO2 deposited in the frosting vessel. The defrosted CO2 may
preferably be discharged via liquid outlet 204a, 204b and collected in liquid form
in the liquid CO2 collection tank 210.

The anti-sublimation system shown in FIG. 2 may be operated in a duty-
standby cycle. This means that a first frosting vessel is used in the frosting mode
(duty cycle), while a second frosting vessel is used in the defrosting mode
(standby cycle). Once the frosting operation in the first vessel and/or the
defrosting operation in the second vessel is completed, the operation may be
reversed. This allows the system to be operated substantially continuously even
though the operation of each frosting vessel is semi-continuous.

The embodiment of the anti-sublimation system shown in FIG. 2 further
comprises a device 208 for increasing the gas pressure (also referred to herein
as “compressor’) of the gas stream. In this embodiment, the compressor is
arranged upstream of the frosting vessel between the second cooling 214 stage
and the heat exchanger 215. However, the compressor 208 may alternatively be
arranged at any suitable position along the gas stream upstream of the frosting
vessel or in direct connection with the gas inlet of the frosting vessel. The
compressor 208 may preferably be configured to be capable of increasing the
pressure of the gas stream above atmospheric pressure (i.e. about 1.0 bar),
preferably above 1.2 bar, more preferably above 1.5 bar or 2.0 bar. The
compressor may preferably be configured to be capable of increasing the
pressure of the gas stream above atmospheric pressure (i.e. about 1.0 bar),
preferably above 1.2 bar, more preferably above 1.5 bar or 2.0 bar. The
compressor may for example be capable of increasing the pressure of the gas
stream to be in the range of 1.2 to 30.0 bar, such as in the range of 1.5 to 30.0
bar or 2.0 to 30.0 bar. For practical reasons, the pressure may be kept below
10.0 bar, e.g. in a range of from 1.2 to 10.0 bar, such as in the range of 1.5 to
10.0 bar or 2.0 to 10.0 bar, since this may allow existing systems configured for
operation at atmospheric pressure to be used with little or no modification
besides the insertion of a compressor. The skilled person is capable of selecting
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a suitable compressor for use in any specific embodiment of the anti-sublimation
system.

The embodiment of the anti-sublimation system shown in FIG. 2 further
comprises an energy converter 209 configured to receive a gas stream which is
discharged from the frosting vessel at an increased pressure and convert the
pressure into mechanical or electrical energy. The energy converter 209 may for
example be a turbine expander, in which the gas stream may expand to a lower
pressure and generate mechanical power. The mechanical power can be
recovered to offset the work of compression in compressor 208. Furthermore, the
gas will cool through the expansion process, further reducing the overall
refrigeration demand of the system. In this embodiment, the energy converter
209 is arranged downstream of the frosting vessels between the frosting vessels
201a, 201b and the heat exchanger 215. However, the energy converter may
alternatively be arranged at any suitable position along the gas stream
downstream of the frosting vessel or in direct connection with the gas outlet of the
frosting vessel. The skilled person is capable of determining the most suitable
position of the energy converter depending, e.g., on the desired balance between
mechanical power and refrigeration. The skilled person is capable of selecting a
suitable energy converter for use in any specific embodiment of the anti-
sublimation system.

The process of removing CO2 from a gas stream using an anti-sublimation
system as shown in FIG. 1 will now be described. The gas stream from which
CO2 is to be removed is, optionally following removal of water, particles and
other contaminants, first subjected to a pre-cooling phase, in which the
temperature of the gas stream is successively lowered in one or more cooling
steps. The temperature of the gas stream may for example be lowered in a first
cooling step from a temperature of about 25 to 50 °C or higher to a temperature
of about 0 to 10 °C, e.g. using a cooling tower with water as the cooling medium
and in a second cooling step from a temperature of about 0 to 10 °C to a
temperature of about -20 to -60 °C, using conventional refrigeration methods. The
pre-cooling phase may further comprise an additional cooling step, wherein the
temperature of the gas stream is lowered further, in a heat exchanger, using the
cold gas stream discharged from the frosting vessel in which frosting is being
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performed. In the heat exchanger, the temperature of the gas stream may for
example be lowered from about -20 to -60 °C to about -80 to -100 °C.

The gas stream is further subjected to a compression phase, in which the
gas pressure of the gas stream is increased, e.g. by a compressor, to a pressure
exceeding atmospheric pressure. Compression may be performed before, during
or after the pre-cooling phase, although it may be preferred to perform the after
the pre-cooling phase or during the pre-cooling phase directly before the heat
exchange with cold gas stream discharged from the frosting vessel. The pressure
of the gas stream may preferably be increased to a pressure which is significantly
higher than the atmospheric pressure (i.e. about 1.0 bar), preferably to a
pressure above 1.2 bar, more preferably above 1.5 bar or 2.0 bar. The increased
pressure may for example be in the range of 1.2 to 30.0 bar, such as in the range
of 1.5 to 30.0 bar or 2.0 to 30.0 bar. For practical reasons, the pressure may be
kept below 10.0 bar, e.g. in a range of from 1.2 to 10.0 bar, such as in the range
of 1.5t0 10.0 bar or 2.0 to 10.0 bar.

In the frosting phase, the pre-cooled and compressed gas stream is
introduced via the gas inlet into the frosting vessel in which anti-sublimation of
CO2 is performed. In the frosting vessel, the gas stream is brought into contact
with cold surfaces of a low temperature refrigeration system. The cold surfaces
are sufficiently cold to cause anti-sublimation of CO2 gas present in the gas
stream to form deposits of solid CO2 ice on the cold surfaces. At least a portion
of the cold surfaces may have a surface temperature of -110 °C or lower,
preferably -115 °C or lower and more preferably -120 °C or lower. The gas
stream depleted of CO2 is then discharged via the gas outlet, still at low
temperature and elevated pressure.

The cold discharged gas stream depleted of CO2 may then be subjected
to an expansion phase, in which the gas pressure of the gas stream is
decreased, e.g. in a turbine expander. In the expansion phase, the temperature
of the gas stream increases and the pressure of the gas stream decreases during
production of mechanical and/or electrical power. Furthermore, the power
generated in the expansion phase, e.g. by a turbine expander, may
advantageously be used to offset the power required to compress the gas stream
in the compression phase.
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The cold gas discharged from the frosting vessel may also advantageously
be used, before or after the expansion phase, to cool the incoming gas stream in
the pre-cooling phase. The cold gas discharged from the frosting vessel may for
example be used to provide refrigeration at successively higher temperatures in

5 the heat exchanger and one or more cooling steps of the pre-cooling phase.

10
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THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS:

1. A method for removal of CO2 from a gas stream by anti-sublimation, including
the steps of: ,

a) cooling a gas stream containing CO2 to a temperature in the range of
-80 to -100°C;

b) pressurizing the gas stream containing CO2 to a pressure in the range
of 2 to 10 bar;

c) introducing the pressurized, cooled gas stream containing CO2 into a
frosting vessel;

d) reducing the temperature of at least a portion of the pressurized,
cooled gas stream in said frosting vessel to a temperature at which solid CO2 is
deposited by anti-sublimation, thereby providing a gas stream depleted of CO2;

e) discharging the gas stream depleted of CO2 from the frosting vessel;
and

f) recovering the deposited solid CO2.

2. The method according to claim 1, wherein the coocled gas stream containing
CO2 is pressurized by a compressor.

3. The method according to claim 1, wherein the pressure of the gas stream is
reduced after step d) has been performed.

4, The method according to claim 3, wherein the reduction of pressure is

converted into mechanical or electrical energy.

5. The method according to claim 4, wherein said mechanical or electric energy
is at least partially recycled in a compressor.

6. The method according to claim 1, wherein the gas stream containing CO2 is
cooled to a temperature in the range of -80 to -100°C in one or more pre-cooling
steps. |

7. The method according to claim 1, wherein recovering the deposited solid CO2
includes:
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liguefying the deposited solid CO2; and
evacuating the liquefied CO2 from the frosting vessel.

8. The method according to claim 1, wherein step b) is performed before step a).

9. An anti-sublimation system for removal of CO2 from a gas stream, including:

a frosting vessel configured to receive the gas stream, said frosting vessel
including a low temperature refrigeration device configured for reducing the
temperature of at least a portion of a gas stream in said frosting vessel to a
temperature at which solid CO2 is deposited by anti-sublimation;

a compressor configured to increase a gas pressure of the gas stream which
is fed to the frosting vessel to a pressure in the range of 2 to 10 bar; and

one or more ¢ooling devices configured to cool the gas stream which is fed to
the frosting vessel to a temperature in the range of -80 to -100°C.

10.  The anti-sublimation system according to claim 9, wherein the low
temperature refrigeration device includes a gas cycle refrigeration system, a cascade
refrigeration system or an integrated cascade refrigeration system.

11.  The anti-sublimation system according to claim 10, further including an energy
converter configured to receive a gas stream which is discharged from the frosting
vessel at an increased pressure and convert the pressure into mechanical or
electrical energy.

12.  The anti-sublimation system according to claim 9, further including an
additional frosting vessel, wherein the two frosting vessels are arranged in parallel,

allowing the two frosting vessels to be operated in a duty-standby cycle.

13.  The anti-sublimation system according to claim 9, wherein the one or more

- cooling devices includes a first pre-cooling device arranged upstream of the frosting

vessel and configured to cool the gas stream to a temperature in the range of 0to
10°C.

14.  The anti-sublimation system according to claim 13, wherein said first pre-
cooling device includes a cooling tower.
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15. The anti-sublimation system according to claim 13, wherein the one or more
cooling devices includes a second pre-cooling device arranged upstream of the
frosting vessel and configured tb cool the gas stream to a temperature in the range of
-80 to -100°C. |

16.  The anti-sublimation system according to claim 15, wherein said second pre-
cooling device includes an industrial refrigeration device.

t7.  The anti-sublimation system according to claim 9, further inciuding a heat
exchanger configured to receive the cold gas stream which is discharged from the
frosting vessel and use it to reduce the temperature of the gas stream which is to be

introduced into the frosting vessel.

18.  The anti-sublimation system according to claim 9, wherein the compressor is
arranged upstream of the heat exchanger.

19.  The anti-sublimation system according to claim 9, wherein the energy

converter is arranged downstream of the heat exchanger.
20. A method for removal of CO2 from a gas stream by anti-sublimation,
substantially as herein before described with reference to the accompanying

drawings.

21.  An anti-sublimation system substantially as herein before described with
reference to the accompanying drawings.
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