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(57) Abstract: A system for capturing CO, from a flue gas stream
comprises: - a CO, absorber (18) comprising first and second absorp-
tion stages (54, 56), - first contacting means (58, 60) for contacting, in
the first stage (54), the flue gas stream (FG) with a mixture of CO,-
lean ammoniated solution and recirculated CO,- enriched ammoniated
solution, - second contacting means (62, 64) for contacting, in the
second stage (56), partly cleaned flue gas stream with the recirculated
C0,-enriched solution, - a device (66) for collecting the mixture of
C0,-lean solution and recirculated CO,- enriched solution, - a pipe
(20) for passing a first portion of the collected C0,-enriched solution
for regeneration, - a C0,-lean solution pipe (34) for passing the CO,-
lean solution from regeneration to the first stage (54), and - a recircu-
lation pipe (74) for passing a second portion of the collected C0,-en-
riched solution to the second stage (56).
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ABSORBER FOR CAPTURING CO, IN AMMONIATED SOLUTION

Field of the Invention

[0001]  The present invention relates to a method of capturing CO, from a flue gas
stream in a CO-absorber.
[0002] The present invention further relates to system for capturing CO, from a

flue gas stream.

Background of the Invention

[0003] Inthe combustion of a fuel, such as coal, oil, peat, waste, natural gas,
etc., in a combustion plant, such as a power plant, a hot process gas is generated, such
process gas containing, among other components, carbon dioxide, CO,. The negative
environmental effects of releasing carbon dioxide to the atmosphere have been widely
recognized, and have resulted in the development of processes adapted for capturing
carbon dioxide from the hot process gas generated in the combustion of the above
mentioned fuels. One such system and process has previously been disclosed and is
directed to a Chilled Ammonia based system and method for capture of CO, from a post-
combustion flue gas stream using an ammoniated solution and/or slurry for capturing
CO; from a flue gas stream. WO 2009/055419 discloses a process and system using
three absorbers to improve efficiency of the CO, capture process. The system disclosed
in WO 2009/055419 is, however, complicated from a technical point of view, and has a
high operating cost.

[0003a] 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 on or before the priority date of the claims herein.

[0003b] 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

[0004] In accordance with a first aspect of the invention, there is provided a
method of capturing CO, from a flue gas stream in a CO,-absorber, the method

including:
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- providing, between a contacting means of a first absorption stage and a second
absorption stage of the CO,-absorber, a CO,-lean ammoniated solution,

- contacting, in the first absorption stage of the CO,-absorber, the flue gas stream
with a mixture of the CO,-lean ammoniated solution, a first portion of recirculated
CO,-enriched ammoniated solution, and a second portion of recirculated CO.-
enriched ammoniated solution to form a partly cleaned flue gas stream,

- providing, between a contacting means of the second absorption stage and a
third absorption stage of the CO,-absorber, the first portion of recirculated CO,-
enriched ammoniated solution,

- contacting, in the second absorption stage of the CO,-absorber, the partly
cleaned flue gas stream with a mixture of the first portion of the recirculated CO.-
enriched ammoniated solution and the second portion of the recirculated CO,-
enriched ammoniated solution to form a cleaned flue gas stream,

- providing, above a contacting means of the third absorption stage of the CO,-
absorber, the second portion of recirculated CO,-enriched ammoniated solution,

- contacting, in the third absorption stage of the CO,-absorber, the cleaned flue gas
stream with the second portion of the recirculated CO,-enriched ammoniated
solution to form a further cleaned flue gas stream,

- forming a collected CO,-enriched ammoniated solution by collecting the mixture
of CO.-lean ammoniated solution and the first and second portions of recirculated
COz-enriched ammoniated solution after having passed through the first
absorption stage,

- passing a first portion of the collected CO,-enriched ammoniated solution to a
regenerator for removing CO, from the first portion of the collected CO,-enriched
ammoniated solution to form the CO,-lean ammoniated solution,

- utilizing a second portion of the collected CO,-enriched ammoniated solution to
form the first portion of the recirculated CO,-enriched ammoniated solution, and

- utilizing a third portion of the collected CO,-enriched ammoniated solution to form

the second portion of the recirculated CO,-enriched ammoniated solution.

[0005]  An advantage of this method is that carbon dioxide can be efficiently
captured, without an undue slip of ammonia, with lower operating cost and capital costs
compared to the prior art.

[0006] An advantage of the invention is that the recirculated CO,-enriched

ammoniated solution acts as a barrier to gaseous ammonia and serves to collect not only
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carbon dioxide, but also ammonia from the flue gas, before the flue gas is forwarded from
the second stage to a water wash vessel or an ammonia polishing stage, as the case
may be.

[0007]  According to one embodiment the method further comprises forwarding
the CO,-lean ammoniated solution through the first absorption stage without forwarding
the CO.-lean ammoniated solution through the second absorption stage. An advantage
of this embodiment is an improved mass transfer of CO, from the gas phase to the liquid
phase by achieving a concentration profile with regard to CO, in the ammoniated solution
which varies in an optimum manner along the CO-absorber.

[0008]  According to one embodiment the recirculated CO,-enriched ammoniated
solution and the CO,-lean ammoniated solution are kept at a temperature, while passing
through the first and second absorption stages, which is above a temperature at which
ammonium bicarbonate particles may start to precipitate from the respective ammoniated
solution. An advantage of this embodiment is that the absorber operates entirely in
solution mode, with no, or almost no, formation of solid carbonate particles. This reduces
risks of clogging in the absorber and makes absorber operation more robust. It is also
possible to reduce the liquid to gas ratio, L/G, in the absorber since operating with solid
formation in accordance with the prior art requires high liquid to gas ratios to reduce risks
of solids accumulating in unwanted locations inside the absorber.

[0009] According to one embodiment the partly cleaned flue gas stream is
passed vertically upwards from the first absorption stage to the second absorption stage,
and wherein the first and second portions of the recirculated CO,-enriched ammoniated
solution is passed vertically downwards from the second absorption stage to the first
absorption stage. An advantage of this embodiment is that gas distribution of the partly
cleaned flue gas stream entering vertically upwards into the second absorption stage
becomes very even and efficient, and so does the liquid distribution of the recirculated
CO,-enriched ammoniated solution entering vertically downwards into the first absorption
stage.

[0010] A further advantage of the invention is that a very low equilibrium pressure
of ammonia, beneficial for low slip of ammonia, is achieved in the third absorption stage.
Still further, only a small amount of the recirculated CO,-enriched ammoniated solution
needs to be cooled to the low temperature for ammonia capture in the third absorption
stage, which reduces the need for installed cooling power, and in particular the need for

installed refrigeration unit capacity.
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[0011] A further advantage of the invention is that a portion of the recirculated
COz-enriched ammoniated solution is utilized in an efficient manner for absorbing
ammonia in both the third and second absorption stages in a counter-current mode in
relation to the flue gas flow.

[0012]  According to one embodiment the R-value, being the molar concentration
of NH; divided by the molar concentration of CO,, of the first portion of the recirculated
CO,-enriched ammoniated solution supplied to the second absorption stage is within the
range of 1.75 to 2.00. An advantage of this embodiment is that efficient capture of carbon
dioxide is achieved, still at a low slip of ammonia, and with little, or no, formation of solid
ammonium bicarbonate. More preferably, the R-value of the recirculated CO,-enriched
ammoniated solution supplied to the second absorption stage may be within the range of
1.81 to 1.96.

[0013]  According to one embodiment, the temperature of the recirculated CO,-
enriched ammoniated solution supplied to the second absorption stage is controlled to be
within the range of 8-30°C, more preferably 20-25°C. An advantage of this temperature
range is that efficient capture of carbon dioxide, low slip of ammonia, and little, or no,
formation of solid ammonium bicarbonate is achieved.

[0014]  According to one embodiment, the R-value of the ammoniated solution is
within the range of 1.70 to 2.80 throughout the entire first absorption stage. An advantage
of this embodiment is that very efficient capture of carbon dioxide is achieved, still with
no, or only little, formation of solid ammonium bicarbonate.

[0015]  According to one embodiment, the R-value of the mixture of the first and
second portions of the recirculated CO,-enriched ammoniated solution entering to the
second absorption stage is lower than the R-value of the mixture of recirculated CO,-
enriched ammoniated solution and the CO,-lean ammoniated solution entering the first
absorption stage. An advantage of this embodiment is that efficient capture of carbon
dioxide is achieved in the first absorption stage, and a very low slip of ammonia is
achieved from the second absorption stage.

[0016]  According to one embodiment, the temperature of the mixture of the first
and second portions of the recirculated CO,-enriched ammoniated solution and CO,-lean
ammoniated solution entering the first absorption stage is higher than the temperature of
the first and second portions of recirculated CO,-enriched ammoniated solution entering
the second absorption stage. An advantage of this embodiment is that kinetics beneficial

for efficient absorption of CO, are improved in the mass transfer device of the first stage,
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which significantly reduces the need for height of the mass transfer device packing of the
first absorption stage.

[0017]  According to one embodiment, the liquid to gas ratio, L/G, on a mass
basis is 5 to 16, more preferably 7 to 12, and most preferably 8 to 10 kg solution / kg flue
gas in the first absorption stage. The L/G is 3 to 10, and more preferably 4 to 8, kg
solution / kg flue gas in the second absorption stage. Such liquid to gas ratios have been
found to result in efficient capture of carbon dioxide, with low energy consumption.
Additionally, the relatively low L/G increases the temperature inside the absorber, in
particular in the first absorption stage, since the exothermic absorption of CO, has to
heat a smaller amount of solution. An increased temperature in the absorber is beneficial
for the kinetics of the capture of CO,. Furthermore, the relatively low L/G reduces back-
mixing, i.e., occasional entrainment upwards of solution, which further increases the CO,
capture due to a more stable counter-current flow between solution and gas.

[0018]  According to one embodiment the first portion of the collected CO,-
enriched ammoniated solution comprises 30 to 70 % by weight of the collected CO,-
enriched ammoniated solution, and wherein the second portion of the collected CO,-
enriched ammoniated solution comprises 70 to 30 % by weight of the collected CO,-
enriched ammoniated solution. An advantage of this embodiment is that efficient balance
between recirculation and regeneration of the collected CO,-enriched ammoniated
solution is achieved, resulting in efficient operation of the first and second absorption
stages, and low total liquid to gas ratio.

[0019]  According to one embodiment 4-30% of the total flow of the CO,-lean
ammoniated solution forwarded to the CO,-absorber is forwarded to the second
absorption stage for contacting the partly cleaned flue gas stream. An advantage of this
embodiment is that an enhanced removal of CO; in the second absorption stage may be
achieved.

[0020] In accordance with a further aspect of the invention, there is provided a
system for capturing CO, from a flue gas stream includes:

- a CO, absorber including a first absorption stage, a second absorption stage
and a third absorption stage,

- an inlet for forwarding a flue gas stream to the first absorption stage,

- afirst liquid distributor disposed between a first contacting means of the first
absorption stage and the second absorption stage to provide a CO,-lean ammoniated

solution,
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- the first contacting means being configured for contacting, in the first
absorption stage, the flue gas stream with a mixture of CO,-lean ammoniated
solution, a first portion of recirculated CO,-enriched ammoniated solution, and a
second portion of recirculated CO,-enriched ammoniated solution to form a partly
cleaned flue gas stream,

- a transfer device for transferring the partly cleaned flue gas stream from the
first absorption stage to the second absorption stage,

- a second liquid distributor disposed between a second contacting means of
the second absorption stage and the third absorption stage to provide a CO,-enriched
ammoniated solution,

- the second contacting means being configured for contacting, in the second
absorption stage, the partly cleaned flue gas stream with the first portion of the
recirculated CO,-enriched ammoniated solution and the second portion of
recirculated CO,-enriched ammoniated solution to form a cleaned flue gas stream,

- a third liquid distributor disposed above a third contacting means of the third
absorption stage to provide a CO,-enriched ammoniated solution,

- the third contacting means being configured for contacting, in the third
absorption stage, the cleaned flue gas stream with the second portion of recirculated
COy-enriched ammoniated solution to form a further cleaned flue gas stream,

- an outlet for cleaned flue gas stream forwarded from the second absorption
stage,

- a device for collecting the mixture of CO,-lean ammoniated solution and the
first and second portions of the recirculated CO,-enriched ammoniated solution after
having passed through the first absorption stage to form a collected CO,-enriched
ammoniated solution,

- a CO,-enriched solution pipe for passing a first portion of the collected CO,-
enriched ammoniated solution for regeneration for removing CO, from the first portion
of the collected CO,-enriched ammoniated solution to form the CO,-lean ammoniated
solution,

- a CO,-lean solution pipe for passing the CO,-lean ammoniated solution to a
regenerator to the first absorption stage by the first liquid distributor,

- a first recirculation pipe for passing a second portion of the collected CO,-

enriched ammoniated solution to the second absorption stage by the second liquid
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distributor to form the first portion of the recirculated CO,-enriched ammoniated
solution, and

- a second recirculation pipe for passing a third portion of the collected CO,-
enriched ammoniated solution to the third absorption stage by the third liquid
distributor to form the second portion of the recirculated CO,-enriched ammoniated
solution.

[0021]  An advantage of this system is that it is robust and has lower operating
and capital costs compared to the prior art systems.

[0022]  According to one embodiment, the system comprises a heat exchanger
arranged on the recirculation pipe for cooling the recirculated CO,-enriched ammoniated
solution prior to being supplied to the second absorption stage. An advantage of this
embodiment is that cooling to a suitable temperature for the second absorption stage can
be achieved efficiently. Often a relatively simple water cooled heat exchanger is
sufficient. At the relatively high temperature level of the second absorption stage much
of the heat that needs to be cooled away can be rejected using cooling water, for
example from a cooling tower, thus reducing the heat load on a refrigeration unit
involving, for example, compression stages and organic cooling media. If cooling water is
available at low temperatures, such as 5-10°C, the need for refrigeration can be
eliminated so that the capacity of the refrigeration unit is significantly reduced.

[0023]  According to one embodiment, the absorber comprises a single tower
housing the first and the second contacting means, with the second contacting means
being located vertically above the first contacting means inside the tower. An advantage
of this embodiment using a single tower which is common to the first and second
contacting means is that a simple absorber design can be utilized. Furthermore, the
transfer of partly cleaned flue gas and recirculated CO,-enriched ammoniated solution
between the first and second absorption stages can be made efficient, in a “plug flow”
manner and in a way which ensures good distribution of flue gas and solution within
packing material of the respective stage. Optionally, when a third absorption stage is
included in the absorber for polishing ammonia, a third contacting means of the third
absorption stage may be arranged within the single tower housing together with the first
and the second contacting means. In such case the third contacting means would be
located vertically above the second contacting means.

[0024]  Further features of the present invention will be apparent from the

following detailed description and claims.
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Brief description of the Drawings

[0025] The invention is described in more detail below with reference to the
appended drawings in which:

[0026] Fig. 1 is a schematic side view of a boiler system.

[0027]  Fig. 2 is a schematic side view of a CO,-absorber.

[0028]  Fig. 3 is a diagram illustrating the composition of ammoniated solution in
various positions of the CO-absorber of Fig. 2.

[0029] Fig. 4 is a diagram illustrating the temperature of ammoniated solution in
various positions of the CO,-absorber of Fig. 2.

[0030] Fig. 5is a diagram illustrating the molar fractions of carbon dioxide and

ammonia of the flue gas stream in various positions of the CO,-absorber of Fig. 2.

Description of preferred Embodiments

Fig. 1 is a schematic representation of a boiler system 1, as seen from the side

thereof. The boiler system 1 comprises a boiler 2. During the combustion of a fuel, such
as coal or oil, a hot process gas, often referred to as a flue gas stream, is generated in

the boiler 2. The flue gas stream, which contains polluting substances, including for

example dust particles, sulphur dioxide, SO,, sulphur trioxide, SOs, nitrogen oxides, NO,,

and carbon dioxide, CO,, leaves the boiler 2 via a gas duct 4. The gas duct 4 is operative
for forwarding the flue gas stream to a conventional air pollution control system 6. The

conventional air pollution control system 6 may include a dust collector 8, in the form of,
e.g., an electrostatic

THE NEXT PAGE IS PAGE 8.
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precipitator, an example of which is described in US 4,502,872. Furthermore, the
conventional air pollution control system 6 comprises a duct 10 which is operative for
forwarding the flue gas stream from the dust collector 8 to a sulphur dioxide capture
device 12, sometimes referred to as a Flue Gas Desulfurization system (FGD), in the
form of, for example, a wet scrubber. An example of a wet scrubber can be found in
EP 0 162 536 A1. The sulphur dioxide capture device 12 could also be a so-called
dry system, an example of which is illustrated in WO 2004/026443 A1, in which the
flue gas stream is contacted with a moistened absorbent material.

[0032] The conventional air pollution control system 6 could comprise further
devices, such as a selective catalytic reduction reactor, e.g., of the type described in
US 5,555,849, for capturing nitrogen oxides from the flue gas stream, such further
devices not being illustrated in Fig. 1 for reasons of clarity of illustration.

[0033] The flue gas stream, which comprises very small amounts of most
pollutants, but still most of the original concentration of carbon dioxide, oxygen and
nitrogen, leaves the conventional air pollution control system 6 via a duct 14. The
duct 14 is operative for forwarding the flue gas stream to a carbon dioxide capture
system 16. The carbon dioxide capture system 16 comprises a CO,-absorber 18 in
which the flue gas stream is brought into contact with an ammoniated solution. The
ammoniated solution may also include a promoter to enhance the chemical reaction
kinetics involved in the capture of COz'by the ammoniated solution. For example, the
promoter may include an amine (e.g. piperazine) or an enzyme (e.g., carbonic
anhydrase or its analogs), which may be in the form of a solution or immobilized on a
solid or semi-solid surface.

[0034] A COz-enriched solution pipe 20 is operative for forwarding, by means
of a high pressure pump, not illustrated in Fig. 1 for reasons of clarity, a CO,-
enriched ammoniated solution from the CO,-absorber 18 to a regenerator 22. Heat is
provided to the regenerator 22 by a heating circuit 24 comprising a heater 26. The
high pressure and high temperature in the regenerator 22 causes the release of
high-pressure gaseous CO;, which is forwarded, via a duct 28, to an optional CO;-
compression unit 30 in which the CO; is further compressed, and optionally further
cleaned, to obtain a stream of cleaned compressed CO, that may be sent for CO,
sequestration via duct 32. A COz-lean ammoniated solution pipe 34 is operative for
returning CO,-lean ammoniated solution from the regenerator 22 to the CO,-
absorber 18.

[0035] A duct 36 is operative for forwarding a cleaned flue gas stream, having
a low concentration of carbon dioxide, from the CO,-absorber 18 to a water wash
vessel 38, which is optional and which is operative for capturing ammonia, NH3, from
the flue gas stream that has been treated in the CO,-absorber 18. A stream of cold

8
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water containing low concentration of ammoniated solution is supplied via pipe 40, is
cooled in a heat exchanger 42 and is supplied to the water wash vessel 38. A duct
44 is operative for forwarding a flue gas ‘stream that has been further cleaned in the
water wash vessel 38, to a stack 46 which releases the further cleaned flue gas
stream to the atmosphere. Optionally,' a portion of the cold water circulating in water
wash vessel 38 and having captured ammonia may be transported, via pipe 47, to
the CO,-absorber 18.

[0036] Fig. 2 is a schematic side view of the COz-absorber 18. The absorber
18 comprises a single vessel having the shape of a single tower 48. The tower 48 is
provided with an inlet 50 located near the bottom of tower 48 and arranged for |
receiving the flue gas stream entering via duct 14. Flue gas stream FG may pass
vertically upwards through tower 48 and leave tower 48 via an outlet 52 located near
the top of tower 48. Flue gas stream FG leaving tower 48 via outlet 52 is forwarded
further, via duct 36, to optional water wash vessel 38 and stack 46, as illustrated in
Fig. 1.

[0037] As s illustrated in Fig. 2, the absorber 18 comprises a first, lower,
absorption stage 54, and a second, upper, absorption stage 56. The first absorption
stage 54 comprises a first contacting means comprising a mass transfer device 58,
which may, for example, comprise a random or structured packing. An example of a
structured packing material is Mellapak™ available from Sulzer Chemtech AG,

I™ rings available

Winterthur, CH. An example of a random packing material is Pal
from Raschig GmbH, Ludwigshafen, DE. The first contacting means of the first
absorption stage 54 further comprises a liquid distributor 60 which is arranged for
distributing an ammoniated solution over the mass transfer device 58. The liquid
distributor 60 may comprise nozzles or openings through which the ammoniated
solution may be distributed over the mass transfer device 58. The second absorption
stage 56 comprises a second contacting means comprisingv a mass transfer device
62, which may be of a similar or different type as mass transfer device 58, and a
liquid distributor 64 which may be of a similar or different type as liquid distributor 60.
Liquid distributor 64 is adapted for distributihg solution over the mass transfer device
62. o

[0038] A collecting device in the form of a tank 66 is arranged at the bottom of
the tower 48 for Collecting CO,-enriched ammoniated solution to form a collected
CO,-enriched ammoniated solution. A pipé 68 is connected to the tank 66 for

transporting a stream of CO,-enriched solution from the tank 66 to a splitting point
9
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70. At the splitting point 70 the flow of collected CO,-enriched solution is split into a
first portion being a first COz-enriched solution stream which is forwarded, via CO-
enriched solution pipe 20 and a high-pressure pump 72, to the regenerator 22
illustrated in Fig. 1 for being regenerated in accordance with the previous
description, and a second portion being a second CO,-enriched solution stream,
forming a recirculated CO;-enriched ammoniated solution, forwarded via a
recirculation pipe 74 to the liquid distributor 64 of the second stage 56.

[0039] A central portion 75 of the tower 48 forms a transfer device which
allows the direct transfer of partly cleaned flue gas stream FG coming from the first
absorption stage 54 to the second absorption stage 56, and allows transfer of
recirculated COz-enriched solution from the second absorption stage 56 to the first
absorption stage 54. The recirculated CO,-enriched solution flows vertically
downwards, by gravity, from the second absorption stage 56 to the first absorption
stage 54. A pump is not needed for transferring the recirculated CO-enriched
solution from second stage 56 to first stage 54, Furthermore, it is not necessary to
cool or heat the recirculated CO,-enriched solution when passing vertically
downward from second stage 56 to first stage 54.

[0040] A recirculation pump 76 is érranged on the recirculation pipe 74 for
transporting the second stream from the spilitting point 70 to the second sfage 56. A
water cooler 78 is arranged on the recirculation pipe 74 for cooling the recirculated
COz-enriched solution before aIIowing the recirculated CO,-enriched solution to enter
the liquid distributor 64 of the second stage' 56.

[0041] As alternative to being connected to the splitting point 70, the pipe 20
and the recirculation pipe 74 could be fluidly connected directly to the tank 66.

[0042] Typically, the second stream of collected COz-enriched solution
forwarded, as a recirculated CO-enriched solution, via recirculation pipe 74 to the
second stage 56 would comprise 30-70 % by weight of the total amount of collected
COq-enriched solution being transported from tank 66. The first stream of collected
COs-enriched solution forwarded via pipe 20 to the regenerator 22 illustrated in Fig.
1 comprises the remaining 70-30 % by weight of the total amount of collected CO.-
enriched solution being transported from tank 66. _

[0043] COg-lean solution is su_pplied from the regenerator 22 illustrated in Fig.
1 to the liquid distributor 60 of the first, lower, absorption stage 54 of the absorber 18
via the CO,-lean solution pipe 34. | |

10
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[0044] Optionally, the CO,-lean solution supplied via pipe 34 could be heat-
exchanged in a heat exchanger 80 with the COz-enriched solution of pipe 20 before
entering liquid distributor 60. Furthermore, a further heat exchanger 82 could be
arranged in the pipe 34 for further cooling the CO,-lean solution before the latter
enters the liquid distributor 60. The cooling medium of the heat exchanger 82 is
preferably water, for example from a cooling tower, since the cooling requirement for
the CO,-lean solution is moderate. | '

[0045] Both in the first absorption stage 54 and in the second absorption stage
56, the contact between the flue gas stream and the respective solution occurs in a
counter-current mode, with the flue gas stream FG flowing vertically upwards, and
the respective solution flowing vertically downwards.

[0046] The amount of the first portion of the collected CO»-enriched
ammoniated solution, forwarded to the regenerator 22 via pipe 20, in relation to the
amount of the second portion of the collected COz-enriched ammoniated solution,
forwarded to the second absorption stage 56 via pipe 74 can be controlled. To this
end, a first control valve 84 may be arranged in the pipe 20, and a second control
valve 86 may be arranged in the pipe 74. |

[0047] According to a further embodiment, the absorber 18 may be provided
with a third, uppermost, absorption stage 90. The third stage 90 is an ammonia
polishing stage having the purpose of further reducing the load of ammonia on the
water wash vessel 38 illustrated in Fig. 1. The third absorption stage 90 comprises a
third contacting means comprising a mass transfer device 92, which may be of a
similar or different type as mass transfer device 58, and a liquid distributor 94 which
may be of a similar or different type as liquid distributor 60. Liquid distributor 94 is
adapted for distributing solution over the mass transfer device 92.

[0048] A “polishing portion” of the recirculated CO,-enriched ammoniated
solution supplied from pump 76 via recirculation pipe 74 may, in this further
embodiment, be branched off to a poI'isHing stage recirculation pipe 96. The
remainder of the recirculated COé—enriched ammoniated solution, which remainder
may be referred to as a “CO, absorbing portion” of the recirculated CO»-enriched
ammoniated solution, is, in this further embodiment, transported via a further
recirculation pipe 98, to the second stage 56 for being used in the absorption of CO,
and ammonia in the second absorption_ stage 56 in accordance with the principles
described hereinbefore. To control the amount of the recirculated CO,-enriched
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ammoniated solution being transported to the respective second and third stages 56,
90, a valve 100 has been arranged on the polishing stage recirculation pipe 96, and
a valve 102 has been arranged on the further recirculation pipe 98. By controlling the
valves 100, 102 a suitable amount of recirculated CO»-enriched ammoniated solution
can be supplied to each of the stages 56,.90. Typically, 50-90 %, more preferably
70-80 %, of the total amount of recirculated CO»-enriched ammoniated solution
pumped by pump 76 is transported, as the CO, absorbing portion, to the second
stage 56 via pipe 98, and the remaining 10-50 %, more preferably 20-30 %, of the
recirculated CO,-enriched ammoniated solution is transported, as polishing portion,
to the third stage 90 via pipe 96.

[0049] To improve the polishing capacity of the optibnal third stage 90 a
refrigerated cooler 104 may be arranged in the polishing stage recirculation pipe 96.
The refrigerated cooler 104 may be connected to a refrigeration unit, not shown,
which supplies a low temperature cooling medium, such as a water-glycol mixture,
an organic cooling media, or ammonia, having a température of typically 0-8°C, to
the refrigerated cooler 104. The refrigerated cooler 104 may typically be arranged for
cooling the polishing portion of the recirculated CO2-enriched ammoniated solution
transported in the polishing stage recirculation pipe 96 to a polishing temperature of
about 0-10°C, preferably 3-7°C. The polishing temperature of about 0-10°C, i.e., the
temperature of the polishing portion of the recirculated CO,-enriched ammoniated
solution supplied to the third stage 90, ié lower than the absorbing temperature of
typically 20-25°C of the CO; absorbing portion of the recirculated CO,-enriched
ammoniated solution supplied to the second stage 56. The low polishing temperature
of the polishing portion of the recirculated CO,-enriched ammoniated solution
supplied to the third stage 90 is very efficient for polishing the cleaned flue gas
coming from the second stage 56 with respect to its concentration of ammonia.
Hence, in this optional embodiment, a further cleaned flue gas with a very low
concentration of ammonia leaves the absorber 18 via the outlet 52 and is forwarded,
via duct 36, to optional water wash vessel 38. _

[0050] According to an alternative embodiment a portion of the recirculated
CO,-enriched ammoniated solution pumped in pipe‘ 74 by pump 76 is directed, via a
first by-pass pipe 106, to the CO,-lean émmoniated solution pipe 34 and further to
the first absorption stage 54. An advantage of forwarding a portion of the recirculated
COz-enriched ammoniated solution to the first stage 54 is that, in some cases, it is
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desired to reduce a concentration of gaseous ammonia of the partially cleaned flue
gas leaving the first stage 54. Typically, 0-50 % of the total flow of recirculated CO-
enriched ammoniated solution pumped by pump 76 would be directed to the first
stage 54 for the purpose of reducing the concentration of ammonia of the partially
cleaned flue gas, and the remaining 50-100 % would be pumped to the second stage
56, and third stage 90, if present. _

[0051] According to a further alternative embodiment a portion of the CO_-lean
ammoniated solution forwarded from the regenerator 22 via the pipe 34 may be
forwarded, via a second by-pass pipe 108, to the recirculation pipe 74, 98 and further
to the second absorption stage 56. An advantage of forwarding a portion of the CO,-
lean ammoniated solution to the second stage 56 is that in some cases it is desired
to increase the CO, absorption capacity of the second absorption stage 56. Typically
4-30%, and more preferably 10-20 %, of the total flow of CO,-lean ammoniated
solution of the pipe 34 would, in this alternative embodiment, be directed to the
second stage 56 for the purpose of‘inc.'reasing the absorption of CO; in the second
absorption stage 56, and the remaining amount of CO,-lean ammoniated solution
would be forwarded, via the pipe 34, to the first stage 54.

[0052] According to a still further alternative embodiment a portion of the CO,-
lean ammoniated solution forwarded from the regenerator 22 via the pipe 34 may be
forwarded, via a third by-pasé pipe 110, to the polishing stage recirculation pipe 96,
optionally via the refrigerated cooler 104, and further to the third absorption stage 90.
An advantage of forwarding a portion of the CO-lean ammoniated solution to the
third stage 90 is that in some cases it is desired to reduce the risk of solid
precipitation of ammonium bicarbonate énd/or carbonate particles of the third stage
90. Typically, 0-5 % of the total flow of C_Oz-lean ammoniated solution of the pipe 34
would be forwarded to the third stage 90 for the purpose of reducing the risk of solid
precipitation in the third stage 90, and the remaining amount of COz?Iean
ammoniated solution would be forwarded to the first stage 54. According to one
embodiment a portion, typically 2-10% of the total flow of COs-lean ammoniated
solution transported to the absorber 18 from the regenerator 22 via the pipe 34,
would be transported, via third by-pass pipe 110, to the third stage 90 in an
intermittent manner. For example, the CO-lean ammoniated solution could be
supplied to third stage 90, via third by-péss pipe‘110, on regular intervals, for
example during a period of 1-10 minutes every second hour, or when a formation of
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solid precipitation of ammonium bicarbonate particles in the third stage 90 has been
detected, in order to dissolve formed ammonium bicarbonate particles.

[0053]  The function of the absorber 18 will now be described in more detail
with reference to Fig. 2, and a number of diagrams illustrating the operation. The
diagrams relate to a computer simulation using Aspen™ simulation tool of the
performance of an absorber 18 having the first absorption stage 54, the second
absorption stage 56, but not any third absorption stage 90. In the computer
simulation 100% of the recirculated CO»-enriched ammoniated solution pumped by
pump 76 is transported to the second stage 56 and 100% of the CO.-lean
ammoniated solution is transported to the first stage 54.

[0054] In Fig. 2 four locations AA, BB, CC and DD inside of the tower 48 of the
absorber 18 have been illustrated.

[0055] Location AA refers to a location where the COz-enriched solution
forwarded via recirculation pipe 74 enters the absorber 18 and where the flue gas
stream FG from which CO- has been captured leaves the absorber 18. Hence,
location AA refers to conditions of “fresh recirculated CO,-enriched solution” entering
second stage 56 of absorber 18, and “cleaned flue gas stream” leaving second stage
56 of absorber 18.

[0056] Location BB refers to a location where the recirculated CO,-enriched
solution supplied via pipe 74 has passed through mass transfer device 62 of second
stage 56 of absorber 18, and where partly cleaned flue gas stream FG is about to
enter second stage 56. Hence, location BB refers to conditions of “partly spent
recirculated COz-enriched solution” Ieavihg second stage 56 of absorber 18, and
“partly cleaned flue gas streém_” about to enter second stage 56 of absorber 18.

[0057] Location CC refers to a location where the recirculéted COgz-enriched
solution having passed through mass transfer device 62 of second stage 56 of
absorber 18 has been mixed with fresh COz_-léan solution entering via pipe 34, just
prior to entering first stage 54 of absorber 18. The properties of the partly cleaned
flue gas stream FG is substantially the same in location CC as in location BB,
Hence, location CC refers to conditions of “mixture of partly spent rebirculated CO,-
enriched solution and fresh CO,-lean solution” about to enter first stage 54 of
absorber 18, and “partly cleaned flue gas stream” leaving first stage 54 of absorber
18.
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[0058] Location DD refers to a location where the mixture of the recirculated
COz-enriched solution and the CO,-lean solution has passed through mass transfer
device 58 of first stage 54 of absorber 18, and where COg-rich flue gas stream FG is
about to enter first stage 54. Hence, Iocat_idn DD refers to conditions of “mixture of
spent CO,-enriched solution and spent CO,-lean solution” leaving first stage 54 of
absorber 18, and “CO.-rich flue gas stream” about to enter first stage 54 of absorber
18. The conditions of the mixture of the spent CO,-enriched solution and spent CO,-
lean solution in location DD is substantially the same as the conditions of the solution
collected in tank 66, and forwarded via pipes 68, 20 and 74.

[0059] Fig. 3 illustrates the relation between the carbon dioxide, CO;, and the
ammonia, NHs, in the ammoniated solution in various positions of the absorber 18
illustrated in Fig. 2, as obtained from a computer simulation of the performance of
the absorber 18. In the simulation 50 % by weight of the amount of solution collected
in tank 66 was recirculated to second stage 56 via pipe 74, and 50% by weight of the
amount of solution collected in tank 66 was forwarded to regenerator 22 for being
regenerated. The amount of CO;-lean solution entering the absorber 18 via pipe 34
was equal to the amount of CO,-enriched solﬁtion leaving the absorber 18 via pipe
20, except for the fact that a portion of the CO, content of the CO,-enriched solution
was released in the regenerator 22. Furthermore, ammonia slipping out of the
absorber 18 was compensated for by adding a similar amount to the CO»-enriched
solution, such that the concentration of ammonia was constant over time.

[0060] The relation between concentration of CO; and NH3; in the solutions at
the various locations can be given in various manners. In Fig. 3 the relation is given
both as “CO; loading” (molar concentration of CO- divided by molar concentration of
NH3), and as “R-value” (molar concentration of NH; divided by molar concentration
of COy,). It will be appreciated that “R-value” is equal to 1/°CO; loading”.

[0061] It has been found that the following conditions apply; a high R-value is
beneficial for the capture of CO, from the flue gas stream. A high R-value also
causes an increased vapour pressure of NH;, which potentially increases slip of
ammonia from absorber. Furthermore, it has been found that a high temperature is
beneficial for the kinetics of the capture of CO>. A high temperature also increases
the vapour pressure of NH3.

[0062] As illustrated in Fig. 3, the recirculated CO,-enriched solution, supplied
via pipe 74, enters absorber 18, location AA, at an R-value of 1.88 (CO; loading =
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0.53). Typically, the R-value of the recirculated CO,-enriched solution entering
absorber 18 would be in the range of 1.75 to 2.00. As an effect of CO, being
captured from the flue gas stream in the second stage 56 the R-value gradually
decreases to about 1.80 (CO; loading = 0.556), which is the R-value in location BB.

[0063] The liquid to gas ratio, i.e. the amount of recirculated CO,-enriched
solution passing through mass transfer device 62 of the second stage 56 in relation
to the amount of flue gas passing through mass transfer device 62 of the second
stage 56, also referred to as L/G, is, in the simulation, about 6 kg of recirculated
COz-enriched ammoniated solution per kg of flue gas, as viewed in location AA.
Typically, the L/G of the second stage 56, as viewed in location AA, is.3 to 10, and
more preferably 4 to 8, kg solution / kg flue gas. It will be appreciated that the L/G is
not absolutely constant through the mass transfer device 62 since capture of CO;
and NHj; in the solution causes a transfer of mass from the flue gas stream to the
solution. Typically, the concentration of ammonia, NH3, of the CO,-lean ammoniated
solution and of the recirculated CO,-enriched ammoniated solution would be in the
range of 4-12 mole NH3 per litre of solution. The corresponding concentration of
carbon dioxide, CO,, can be calculated from the respective R-value of the solution in
question. | |

[0064] The COz-lean solution supplied via pipe 34 has an R-value of about
3.0. Typically, the R-value of the CO,-lean solution in pipe 34 would be in the range
of 2.5 to 4.50. In location CC the CO.-lean solution is mixed with the partly spent
recirculated COz-enriched solution having passed through second stage 56. As an
effect of such mixing, the R-value, in location CC, becdmes about 2.09 (CO; loading
= 0.478). Typically, the R-value of the mixture in location CC would be in the range of
1.90 to 2.40. Such a high R-value means that a very efficient capture of CO2 in first
stage 54 can be obtained. As an effect of CO, being captured from the flue gas
stream in the first stage 54 the R-value gradually decreases to about 1.88 (CO;
loading = 0.53), which is the R-value in location DD. Typically, the R-value of the
ammoniated solution is within the range 1.70 to 2.00 in location DD. Solution with an
R-value of about 1.88 is, hence, collected in tank 66, and is partly returned to second
stage 56, via pipe 74, and partly forwarded to the regenerator 22, illustrated in Fig. 1,
via pipe 20. .

[0065] The liquid to gas ratio, L/G, i.e. the amount of the mixture of the
recirculated CO,-enriched solution and the CO»-lean solution passing through mass
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transfer device 58 of the first stage 54 in relation to the amount of flue gas passing
through mass transfer device 58 of the first stage 54 is, in the simulation, about 12
kg of the mixture of recirculated COz-enriched solution and COz-Iéan solution per kg
of flue gas, as viewed in location CC. Typically, the L/G of the first stage 54, as
viewed in location CC, is 5 to 16, more preferably 7 to 12, and most preferably 8 to
10 kg solution / kg flue gas. It will be appreciated that the L/G is not absolutely
constant through the mass transfer device 58 since capture of CO; and NHj; in the
solution causes a transfer of mass from the flue gas stream to the solution.

[0066] According to one embodiment, the L/G is controlled by controlling the
valves 84, 86. For example, increasing the degree of opening of valve 84 and
reducing the degree of opening of valve 86 reduces the L/G in the second absorption
stage 56.

[0067] Fig. 4 illustrates the temperature of the ammoniated solution in various
positions of the absorber 18 illustrated in Fig. 2, as obtained from the simulation of
the performance of the absorber 18. The temperature of the ammoniated solution in
a specific location is almost the same as the temperature of the flue gas stream in
that same location.

[0068] As‘illustrated in Fig. 4, the recirculated CO»-enriched solution, supplied
via pipe 74, enters absorber 18, Iocatibn AA, at a temperature of about 10°C.
Typically, the temperature of the recirculated CO.-enriched solution entéring
absorber 18 would be in the range of 8-30°C. In particular if a third absorption stage
90 is included a rather high temperature, preferably 20-25°C, would be suitable for
the recirculated CO,-enriched solution entering absorber 18 via pipe 98. However,
the computer simulation illustrated in Figs. 3-5 was made with only the first and
second stages 54, 56, and in such a case a lower temperature, such as 10°C, is
suitable to achieve a low ammonia slip. Heat exchanger 78, illustrated in Fig. 2,
utilizing, for example, cooling water from a cooling tower for the cooling, is utilized for
cooling the CO,-enriched solution in pipe 74 to such desired temperature. As an
effect of CO, being captured from the flue gas stream in the second stage 56 in an
exothermic reaction, and the fact that the flue gas stream heats the recichIated COo-
enriched solution upon contact therewith in the mass transfer device 62 of the
second stage 56, the temperature gradually increases to about 15°C, which is the
temperature in location BB. -

17



WO 2013/030650 PCT/IB2012/001649

[0069] In Fig. 4 a dashed line referred to as “solidification” has been
introduced to illustrate that temperature below which ammonium bicarbonate
particles may start to precipitate from the ammoniated solution, given the R-values
illustrated in Fig. 3. Hence, for example, in location AA, with an R-value of 1.88, the
solidification temperature is about 4°C. Thus, throughout the second stage 56 the
temperature is above the solidification temperature, and no, or almost no,
precipitation of ammonium bicarbo.nate particles occurs. Still, a temperature of 10°C
in location AA results in a low vapour pressure of ammonia, and a low ammonia slip,
as will be demonstrated hereinafter.

[0070] The CO,-lean solution supplied via pipe 34 has a temperatu‘re, upon
entering the first stage 54 of the absorber 18, i.e., downstream of the further heat
exchanger 82, of about 30°C. Typically, the temperature of the CO,-lean solution
entering absorber 18 would be in the range of 20-40°C. In location CC the CO,-lean
solution is mixed with the partly spent recirculated CO,-enriched solution having
passed through second stage 56. As an effect of such mixing, the terhperature, in
location CC, becomes about 25°. Ty'pically, the temperature of the mixture of the
COq-lean solution and the partly spent recirculated COz-enriched solution in location
CC would be in the range of 20-30°C. Such a relatively high temperature has been
found to be positive to the kinetics of the CO, absorption, and means that a very
efficient capture of CO; in first stage 54 can be obtained. As an effect of CO; being
captured from the flue gas stréam in the firSt stage 54 in an exothermic reaction, and
the fact that the flue gas stream heats the CO,-enriched solution upon contact
therewith in the mass transfer device 58 of the first stage 54, the temperature
gradually increases to about 29°C, which is the temperature in location DD. Solution
with temperature of about 29°C is, hence, collected in tank 66.

| [0071] Throughout the first stage 54 the temperature is well above the
solidification temperature, dashed line “solidification” in Fig. 4, and no, or almost no,
precipitation of ammonium bicarbonate particles occurs.

[0072] Fig. 5 is a diagram illustrating the molar fractions of carbon dioxide,
CO,, and ammonia, NHj3, of the flue gas stream FG in various positions of the CO,-
absorber 18 of Fig. 2. | |

[0073] The CO.-rich flue gas stream FG entering absorber 18 via inlet 50
contains a large amount of CO,. Almost immediately upon entering into tower 48
ammonia, NHs, will evaporate from the ammoniated solution, due to the equilibﬁum
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conditions at the R-value and temperature demonstrated hereinabove, and mix with
the flue gas stream, FG. Hence, in location DD, just before entering the first stage
54, the flue gas stream FG will contain CO; in a molar fraction of about 0.15, and
NH3; in a molar fraction of about 0.03.

[0074] While passing through the mass transfer device 58 of the first stage 54
the solution will efficiently capture CO.. Hence, in location CC, just after leaving the
first stage 54, the partly cleaned flue gas stream FG will contain CO2 in a molar
fraction of about 0.055, and NH3; in a molar fraction of about 0.035.

[0075] The lower temperature and lower R-value of the recirculated CO,-
enriched ammoniated solution of the second stage 56 will shift the equilibrium
conditions with regard to ammonia. Hence, in location BB, just before entering the
second stage 54, the partly cleaned flue gas stream FG will contain CO; in a molar
fraction of about 0.055, and NH3; in a molar fraction of about 0.01.

[0076] While passing through the mass transfer device 62 of the second stage
56 the solution will capture CO,. Hence, in location AA, just after leaving the second
stage 56, the flue gas stream FG will contain CO; in a molar fraction of about 0.018,
and NHs; in a molar fraction of about 0.01.

[0077]  With the absorber 18 described hereinbefore, a low slip of ammonia,
NHjs, is achieved, thanks to the conditions of the second stage 56. Very efficient
capture of carbon dioxide, CO,, is achieved in the first stage 54, and capture of
carbon dioxide continues also in the second stage 56. The total L/G is about 12 kg
solution / kg flue gas, which is typically in the range of 10-20% lower than the three
absorber process illustrated in the prior art document WO 2009/055419.
Correspondingly electrical power supply may be reduced by about 10%, since the
amount of solution pumped in the absorber is reduced. Furthermore, the absorber 18
is significantly simpler as regards construction and ancillary equipment, causing
savings in capital and maintenance costs of at least 10%. Furthermore, the relatively
high temperature of the solutions and the high R-values increases CO, capture
efficiency and reduces the required volume of the mass transfer devices 58 and 62,
thereby reducing the size and height of the tower 48. Still further, the amount of
energy consumed in the refrigeration unit is reduced, since solutions circulating in
the absorber 18 are typically cooled to, on average, an as high temperature as 20°C.
If cooling water from a cooling tower is available, the energy consumption could be
even further reduced.
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[0078] It will be appreciated that numerous variants of the embodiments
described above are possible within the scope of the appended claims.

[0079] Hereinbefore it has been described that the absorber 18 comprises a
single tower 48. It will be appreciated that the absorber could also comprise more
than one tower. For example, the second stage 56 could be arranged in a first tower
which is separate from a second tower in which the first stage 54 is arranged, with
flue gas stream and solution being transferred between the two towers.

[0080] Hereinbefore, it has been described that the mass transfer devices 58,
62 may comprise structured or random packing. It will be appreciated that other
mass transfer devices that provide efficient contact between solution and flue gas
stream could also be arranged inside the tower.

[0081] Hereinbefore, it has been described that the absorber 18 comprises a
first absorption stage 54 and a second absorption stage 56. It will be appreciated
that the absorber 18 may also comprise further absorption stages. However, an
absorber 18 comprising solely a first and a second absorption stage 54 and 56 is
often very efficient with regard to capture of CO, and with regard to capital and
operating costs.

[0082] Hereinbefore, it has been described that the L/G may, preferably, be 5
to 16 kg solution / kg flue gas in the fivrst absorption stage 54, and 3 to 10 kg solution
/ kg flue gas in the second absorption stage 56. If the absorber 18 is provided with
the optional third absorption stage 90, then the L/G of that third stage 90 would,
preferably, be 0.5 to 2.5 kg solution / kg flue gas. The L/G of the second absorption
stage 56 could remain unaffected, since in one embodiment the solution that has
passed through the third stage 90, when present, would subsequently pass through
the second stage 56 along with the solution supplied thereto.

[0083] To summarize, a system for capturing CO, from a flue gas stream
comprises:

- a CO; absorber 18 comprising first and second absorption stages 54, 56,

- first contacting means 58, 60 for contacti‘ng, in the first stage 54, the flue gas
stream FG with a mixture of CO,-lean amfnoniated solution and recirculated CO,-
enriched ammoniated solution, '

- second contacting means 62, 64 for contacting, in the second stage 56, partly
cleaned flue gas stream with the recirculated CO»-enriched solution,
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- a device 66 for collecting the mixture of CO-lean solution and recirculated CO»-
enriched solution,

- a pipe 20 for passing a first portion of the collected CO»-enriched solution for
regeneration,

- a CO,-lean solution pipe 34 for passing the COz-lean solution from regeneration to
the first stage 54, and |

- a recirculation pipe 74 for passing a second portion of the collected CO,-enriched
solution to the second stage 56.

[0084] While the invention has been described with reference to a number of
preferred embodiments, it will be understood by those skilled in the art that various
changes may be made and equivalents may be substituted for elements thereof
without departing from the scope of the present invention. In addition, many
modifications may be made to adapt a particular situation or material to the
teachings of the invention without departing from the essential scope thereof.
Therefore, it is intended that the invention not be limited to the particular
embodiments disclosed as the best mode contemplated for carrying out this
invention, but that the invention will include all embodiments falling within the scope
of the appended claims. Moreover, the use of the terms first, second, etc. do not
denote any order or importance, but rather the terms first, second, etc. are used to

distinguish one element from another.
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THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS:

1.

A method of capturing CO, from a flue gas stream in a CO,-absorber, the method

including:

2.

providing, between a contacting means of a first absorption stage and a second
absorption stage of the CO,-absorber, a CO,-lean ammoniated solution,
contacting, in the first absorption stage of the CO,-absorber, the flue gas stream
with a mixture of the CO,-lean ammoniated solution, a first portion of recirculated
CO,-enriched ammoniated solution, and a second portion of recirculated CO,-
enriched ammoniated solution to form a partly cleaned flue gas stream,

providing, between a contacting means of the second absorption stage and a
third absorption stage of the CO-absorber, the first portion of recirculated CO-
enriched ammoniated solution,

contacting, in the second absorption stage of the CO,-absorber, the partly
cleaned flue gas stream with a mixture of the first portion of the recirculated CO.-
enriched ammoniated solution and the second portion of the recirculated CO,-
enriched ammoniated solution to form a cleaned flue gas stream,

providing, above a contacting means of the third absorption stage of the CO,-
absorber, the second portion of recirculated CO,-enriched ammoniated solution,
contacting, in the third absorption stage of the CO,-absorber, the cleaned flue gas
stream with the second portion of the recirculated CO,-enriched ammoniated
solution to form a further cleaned flue gas stream,

forming a collected CO,-enriched ammoniated solution by collecting the mixture
of CO,-lean ammoniated solution and the first and second portions of recirculated
COy-enriched ammoniated solution after having passed through the first
absorption stage,

passing a first portion of the collected CO,-enriched ammoniated solution to a
regenerator for removing CO, from the first portion of the collected CO,-enriched
ammoniated solution to form the CO,-lean ammoniated solution,

utilizing a second portion of the collected CO,-enriched ammoniated solution to
form the first portion of the recirculated CO,-enriched ammoniated solution, and
utilizing a third portion of the collected CO,-enriched ammoniated solution to form
the second portion of the recirculated CO,-enriched ammoniated solution.

A method according to claim 1, wherein the temperature of the CO.-lean

ammoniated solution is greater than the temperature of the first portion of the recirculated
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COy-enriched ammoniated solution; and the temperature of the first portion of the
recirculated CO,-enriched ammoniated solution is greater than the temperature of the
second portion of the recirculated CO,-enriched ammoniated solution.

3. A method according to either claim 1 or claim 2, further including forwarding the
first portion of the recirculated CO,-enriched ammoniated solution through the second
absorption stage, and then through the first absorption stage.

4, A method according to any one of the preceding claims, further including
forwarding the second portion of the recirculated CO,-enriched ammoniated solution
through the third absorption stage and then through the second absorption stage, and
then through the first absorption stage.

5. A method according to any one of the preceding claims, further including
forwarding the CO,-lean ammoniated solution through the first absorption stage without
forwarding the CO,-lean ammoniated solution through the second absorption stage.

6. A method according to any one of the preceding claims, wherein the first and
second portions of the recirculated CO,-enriched ammoniated solution and the CO,-lean
ammoniated solution are kept at a temperature, while passing through the first, second
and third absorption stages, which is above a temperature at which ammonium
bicarbonate particles may start to precipitate from the respective ammoniated solution.

7. A method according to any one of the preceding claims, wherein the partly
cleaned flue gas stream is passed vertically upwards from the first absorption stage to
the second absorption stage, and wherein the first and second portions of the
recirculated CO,-enriched ammoniated solution is passed vertically downwards from the
second absorption stage to the first absorption stage.

8. A method according to any one of the preceding claims, wherein the cleaned flue
gas stream is passed vertically upwards from the second absorption stage to the third
absorption stage, and wherein the second portion of the recirculated CO,-enriched
ammoniated solution is passed vertically downwards from the third absorption stage to
the second absorption stage.
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9. A method according to any one of the preceding claims, wherein each of the CO,-
lean ammoniated solution, the first portion of the CO,-enriched ammoniated solution and
the second portion of the CO,-enriched ammoniated solution is independently cooled.

10. A method according to any one of the preceding claims, wherein the R-value,
being the molar concentration of NH; divided by the molar concentration of CO,, of the
first portion of the recirculated CO,-enriched ammoniated solution supplied to the second
absorption stage is within the range of 1.75 to 2.00.

11. A method according to any one of the preceding claims, wherein the R-value,
being the molar concentration of NH; divided by the molar concentration of CO,, of the
CO,-lean ammoniated solution supplied to the first absorption stage is within the range of
2.5t04.5.

12. A method according to any one of the preceding claims, wherein the temperature
of the recirculated CO,-enriched ammoniated solution supplied to the second absorption
stage is controlled to be within the range of 8-30°C.

13. A method according to any one of the preceding claims, wherein the R-value of
the ammoniated solution is within the range of 1.70 to 2.80 throughout the entire first
absorption stage.

14. A method according to any one of the preceding claims, wherein the R-value of
the mixture of the first and second portions of the recirculated CO,-enriched ammoniated
solution entering to the second absorption stage is lower than the R-value of the mixture
of recirculated CO,-enriched ammoniated solution and the CO,-lean ammoniated
solution entering the first absorption stage.

15. A method according to any one of the preceding claims, wherein the temperature
of the mixture of the first and second portions of the recirculated CO,-enriched
ammoniated solution and CO,-lean ammoniated solution entering the first absorption
stage is higher than the temperature of the first and second portions of recirculated CO,-
enriched ammoniated solution entering the second absorption stage.
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16. A method according to any one of the preceding claims, wherein the liquid to gas
ratio, L/G, on a mass basis is 5 to 16 kg solution / kg flue gas in the first absorption stage,
and is 3 to 10 kg solution / kg flue gas in the second absorption stage.

17. A method according to any one of the preceding claims, wherein the first portion
of the collected CO,-enriched ammoniated solution comprises 30 to 70 % by weight of
the collected CO,-enriched ammoniated solution, and wherein the second portion of the
collected CO,-enriched ammoniated solution comprises 70 to 30 % by weight of the
collected CO,-enriched ammoniated solution.

18. A method according to any one of the preceding claims, wherein 4-30% of the
total flow of the CO,-lean ammoniated solution forwarded to the COj-absorber is
forwarded to the second absorption stage for contacting the partly cleaned flue gas
stream.

19. A method according to any one of the preceding claims, wherein 0-5% of the total
flow of the CO,-lean ammoniated solution forwarded to the CO,-absorber is forwarded to
the third absorption stage for contacting the cleaned flue gas stream.

20. A system for capturing CO, from a flue gas stream includes:

- a CO, absorber including a first absorption stage, a second absorption stage
and a third absorption stage,

- an inlet for forwarding a flue gas stream to the first absorption stage,

- a first liquid distributor disposed between a first contacting means of the first
absorption stage and the second absorption stage to provide a CO,-lean ammoniated
solution,

- the first contacting means being configured for contacting, in the first absorption
stage, the flue gas stream with a mixture of CO,-lean ammoniated solution, a first portion
of recirculated CO,-enriched ammoniated solution, and a second portion of recirculated
CO,-enriched ammoniated solution to form a partly cleaned flue gas stream,

- a transfer device for transferring the partly cleaned flue gas stream from the first
absorption stage to the second absorption stage,

- a second liquid distributor disposed between a second contacting means of the
second absorption stage and the third absorption stage to provide a CO,-enriched

ammoniated solution,
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- the second contacting means being configured for contacting, in the second
absorption stage, the partly cleaned flue gas stream with the first portion of the
recirculated CO,-enriched ammoniated solution and the second portion of recirculated
CO,-enriched ammoniated solution to form a cleaned flue gas stream,

- a third liquid distributor disposed above a third contacting means of the third
absorption stage to provide a CO,-enriched ammoniated solution,

- the third contacting means being configured for contacting, in the third
absorption stage, the cleaned flue gas stream with the second portion of recirculated
COy-enriched ammoniated solution to form a further cleaned flue gas stream,

- an outlet for cleaned flue gas stream forwarded from the second absorption
stage,

- a device for collecting the mixture of CO,-lean ammoniated solution and the first
and second portions of the recirculated CO,-enriched ammoniated solution after having
passed through the first absorption stage to form a collected CO,-enriched ammoniated
solution,

- a COz-enriched solution pipe for passing a first portion of the collected CO,-
enriched ammoniated solution to a regenerator for removing CO, from the first portion of
the collected COz-enriched ammoniated solution to form the CO.-lean ammoniated
solution,

- a COy-lean solution pipe for passing the CO,-lean ammoniated solution from the
regenerator to the first absorption stage by the first liquid distributor,

- a first recirculation pipe for passing a second portion of the collected CO,-
enriched ammoniated solution to the second absorption stage by the second liquid
distributor to form the first portion of the recirculated CO,-enriched ammoniated solution,
and

- a second recirculation pipe for passing a third portion of the collected CO,-
enriched ammoniated solution to the third absorption stage by the third liquid distributor
to form the second portion of the recirculated CO,-enriched ammoniated solution.

21. A system according to claim 20, wherein the temperature of the CO,-lean
ammoniated solution is greater than the temperature of the first portion of the recirculated
CO,-enriched ammoniated solution; and the temperature of the first portion of the
recirculated CO,-enriched ammoniated solution is greater than the temperature of the
second portion of the recirculated CO,-enriched ammoniated solution.

22. A system according to claim 20 or claim 21, further including
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- a first heat exchanger arranged on the CO,-lean solution pipe for cooling the
CO,-lean ammoniated solution prior to being supplied to the first absorption stage,

- a second heat exchanger arranged on the recirculation pipe for cooling the
recirculated CO,-enriched ammoniated solution prior to being supplied to the second
absorption stage, and

- a third heat exchanger arranged on the recirculation pipe for cooling the
recirculated CO,-enriched ammoniated solution prior to being supplied to the third liquid
distributor.

23. A system according to any one of claims 20-22, wherein the absorber includes a
single tower housing the first and the second contacting means, with the second
contacting means being located vertically above the first contacting means inside the
tower.

ALSTOM TECHNOLOGY LTD
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