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(57) Abrege/Abstract:

A system Is arranged to remove carbon dioxide (CO2) from a gas stream by bringing the gas stream into contact with a circulating
ammoniated solution stream such that COZ2Z I1s removed from the gas stream by the ammoniated solution stream. A method of
removing non- volatle compounds from the circulating ammoniated solution stream Includes: Introducing a portion of the
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Abstract

A system is arranged to remove carbon dioxide (CO2) from a gas stream by bringing the gas
stream into contact with a circulating ammoniated solution stream such that CO2 is removed from the
gas stream by the ammoniated solution stream. A method of removing non-volatile compounds from
the circulating ammoniated solution stream includes: introducing a portion of the circulating
ammoniated solution stream into a gas-liquid separating device; and separating the introducea
ammoniated solution into an ammonia rich gas phase and a liquid phase comprising the non-volatile

compounds; and reintroducing the ammonia rich gas phase into the circulating ammoniated solution
stream.
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REMOVAL OF NON-VOLATILES FROM AMMONIA-BASED
CO,-ABSORBENT SOLUTION

This Is a divisional of Canadian Patent Application 2,811,261 having a filing date of
September 7, 2011.

Technical Field

The present disclosure relates to a method for removal of carbon dioxide from a
process gas by contacting the process gas with an ammoniated solution.

It will be understood that any references to “the present invention” or the like in this
specification may relate to subject-matter of this divisional or its parent.
Background

Most of the energy used in the world today is derived from the combustion of carbon
and hydrogen containing fuels such as coal, oil and natural gas, as well as other organic
fuels. Such combustion generates flue gases containing high levels of carbon dioxide. Due to
the concerns about global warming, there is an increasing demand for the reduction of
emissions of carbon dioxide to the atmosphere, why methods have been developed to
remove the carbon dioxide from flue gases before the gas is released to the atmosphere.

WO 2006/022885 discloses one such method of removing carbon dioxide from a flue
gas, which method includes capturing carbon dioxide from a flue gas cooled to a temperature
below ambient temperature (preferably between 0°C and 20°C, more preferably between 0°C
and 10°C) in a CO2 absorber by means of an ammoniated solution or slurry. The CO2 is
absorbed by the ammoniated solution in the absorber at a temperature between 0°C and
20°C, more preferably between 0°C and 10°C, after which the ammoniated solution is
regenerated in a regenerator under elevated pressure and temperature to allow the CO2 to

escape the ammoniated solution as gaseous carbon dioxide of high purity.

Summary
An objective of the present invention is to improve the carbon dioxide absorption with

an ammoniated solution.
This objective, as well as other objectives that will be clear from the following, are
according to the present disclosure achieved by the below discussed aspects thereof.
According to one aspect of the present disclosure, there is provided a method of removing
non-volatile compounds from a circulating ammoniated solution stream of a CO2 removal system,
the system being arranged to remove carbon dioxide (CO2) from a gas stream by bringing the gas
stream into contact with the circulating ammoniated solution stream such that CO2 is removed

from the gas stream by the ammoniated solution stream, said method comprising:
-1 -
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introducing a portion of the circulating ammoniated solution stream into a gas-
liquid separating device; separating the introduced ammoniated solution into an
ammonia rich gas phase and a liquid phase comprising the non-volatile
compounds; and reintroducing the ammonia rich gas phase into the circulating
ammoniated solution stream.

Non-volatile compounds may be introduced into, and built up within, the
ammoniated solution of the system through e.g. the process gas and/or
chemicals such as ammonia which are added to the ammoniated solution. The
non-volatile compounds may be detrimental to the system or the CO2 removal
process, or generally increase the corrosivity of the ammoniated solution.

According to some embodiments, the carbon dioxide removal system may
further comprise a CO2 capture arrangement comprising a CO2 absorber
configured to receive the gas stream containing COZ2 and contacting the gas
stream with the ammoniated solution stream such that CO2 is removed from the
gas stream by the ammoniated solution stream to form a CO2 rich ammoniated

solutton stream.
According to some embodiments, the carbon dioxide removal system may

further comprise a regeneration arrangement comprising a regenerator
configured to receive the CO2 rich ammoniated sclution stream from the CO2
capture arrangement, and to separate COZ2 from the ammoniated solution to form
a CO2 lean ammoniated solution stream, and to return said COZ2 lean
ammoniated solution stream to the CO2 capture arrangement.

According to another aspect of the present disclosure, there is provided a
carbon dioxide (CO2) removal system for removing CO2 from a gas stream by
bringing the gas stream into contact with a circulating ammoniated solution
stream such that CO2 is removed from the gas stream by the ammoniated

solution stream said system comprising: a gas-liquid separating device
configured to receive a portion of the circulating ammoniated solution stream,

separate the received ammoniated solution into an ammonia rich gas phase and
an ammonia lean liquid phase, and reintroduce the ammonia rich gas phase into
the circulating ammoniated solution stream, the gas-liquid separating device
further being configured to receive an alkaline additive to be mixed with the

received ammoniated soiution.
According to another aspect of the present disclosure, there is provided a

carbon dioxide (CO2) removal system for removing CO2 from a gas stream by
bringing the gas stream into contact with a circulating ammoniated solution
stream such that CO2 is removed from the gas stream by the ammoniated
solution stream, said system comprising: a CO2 capture arrangement comprising

2D
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a CO2 absorber configured to receive a gas stream containing COZ2 and
contacting the gas stream with an ammoniated solution stream such that CO2 is
removed from the gas stream by the ammoniated solution stream to form a CO2
rich ammoniated solution stream and a CO2 lean gas stream; an ammonia ‘

5 absorption arrangement comprising: an ammonia absorber configured to receive
the CO2 lean gas stream from the CO2 capture arrangement and contacting the
gas stream with an aqueous wash solution stream having an ammonia
concentration of less than 5% by weight such that ammonia is absorbed in said
aqueous wash solution stream to form an ammonia rich wash solution, and a first

10 gas-liquid _separating device configured to receive the ammonia rich wash
solution from the ammonia absorber and separate the received wash solution into
an ammonia rich gas phase and an ammonia lean liquid phase; and a second
gas-liquid separating device configured to receive a portion of the circulating
ammoniated solution stream, separate the received ammoniated solution into an

15 ammonia rich gas phase and an ammonia lean liquid phase, and reintroduce the
ammonia rich gas phase into the circulating ammoniated solution stream, the

‘gas-liquid separating device further being configured to receive the ammonia rich
gas phase from the first gas-liquid separating device.
| AccOrding to another aspect of the present disclosure, there is provided a

20 carbon dioxide (CO2) removal system for removing CO2 from a gas stream by
bringing the gas stream into contact with a circulating ammoniated solution
stream such that CO2 is removed from the gas stream by the ammoniated
solution stream, said system comprising: a gas-liquid separating device
configured to receive a portion of the circulating ammoniated solution stream, the

25 gas-liquid separating device comprising: a first stage configured to separate the
received ammoniated solution into an ammonia rich gas phase and an ammonia
léan liquid phase, the ammonia rich gas phase being reintroduced into the
circulating ammoniated solution stream, and a second stage configured to
receive the ammonia lean liquid phase from the first stage and separate said

30 liquid phase into a gas phase substantially consisting of water vapor and a liquid
phase comprising non-volatile compounds.
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The construction and operation of industrial gas purification systems, e.g. for the
removal of CO2 from the flue gas produced by the boiler unit of a power plant, are
associated with high investment and operational costs. Increasing the number of
operational units in a process is generally undesired, since it is associated with additional
Investment and operational costs. The aspects described herein are based on the
surprising realization that in a chilled ammonia process for removal of CO2 from a flue

gas, significant process improvements

-39 -
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and operational cost reduction can be achieved by the introduction of an
additional operational unit at a relatively low investment cost. Process
improvements include reduced chemical consumption and reduced waste

volume.

Brief Description of the Drawings
Currently preferred embodiments will now be discussed with reference to

the drawings, in which:

Fig 1 is a schematic side view depicting a general example of a gas-liquia
separating device, in accordance with an embodiment of the present invention.

Fig 2 is a schematic side view depicting an example of a gas-liquid
separating device, in accordance with an embodiment of the present invention.

Fig 3 is a schematic side view depicting an example of a first gas-liquid
separating device integrated with a second gas-liquid separating device, in
accordance with an embodiment of the present invention.

Fig 4 is a schematic side view depicting an example of a first gas-liquid
separating device integrated with a second gas-liquid separating device, in
accordance with an embodiment of the present invention.

Fig 5 is a schematic side view depicting an example of a COZ capture
arrangement connected to a gas-liquid separating device, in accordance with an
embodiment of the present invention.

Fig 6 is a schematic side view depicting an example of a regeneration
arrangement connected to a gas-liquid separating device, in accordance with an
embodiment of the present invention.

Fig 7 is a schematic side view depicting an example of a CO2 removal

system, in accordance with an embodiment of the present invention.

Detailed Description of Exemplary Embodiments

The process gas may be any type of process gas containing carbon
dioxide, such as flue gas from any combustion device such as furnaces, process

heaters, incinerators, package boilers, and power plant boilers.

The ammoniated solution may be any type of solution containing
ammonia, such as a liquid solution, especially an aqueous solution. The
ammonia in the ammoniated solution may e.g. be in the form of ammonium ions
and/or dissolved molecular ammonia. The ammoniated soiution is typically
agueous and may be composed of, for example, water, ammonia, carbon dioxide

-4 -
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and derivatives thereof. The ammoniated solution may also include a promoter
to enhance the reaction kinetics involved in the capture of CO2 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.

The capturing of CO2 from the process gas by the ammoniated solution
may be achieved by the ammoniated solution absorbing or dissolving the CO2 In
any form, such as in the form of dissolved molecular COZ2, carpbonate or
bicarbonate.

Non-volatile compounds which may be present in the ammoniated solution
may comprise salts such as ammonium sulphate salts, metals such as selenium,
magnesium efc, and solids. Solids formed in the ammoniated solution may be
salts, such as ammonium carbonate and ammonium bicarbonate, especially
ammonium bicarbonate.

The carbon dioxide removal system comprises piping that connects the
different parts of the system and is arranged to allow ammoniated solution and
process gas, respectively, to flow through the system as needed. The piping may
comprise valves, pumps, nozzles etc. as appropriate to control the flow of
ammoniated solution and process gas etc, respectively.

When the ammoniated solution is referred to as "C0O2 lean”, e.g. when
contacting the process gas in the carbon dioxide capture system, or after
regeneration, this implies that the ammoniated solution is unsaturated with regard
to carbon dioxide and may thus capture more carbon dioxide from the process
gas. When the ammoniated solution is referred to as “CO2 rich”, e.g. after

contacting the process gas in the carbon dioxide capture system, or prior to

regeneration, this implies that the absorbent solution is saturated, or at least

more saturated than the lean solution, or oversaturated with regard to carbon

dioxide and may thus need to be regenerated before being able to capture any
more carbon dioxide from the process gas or the carbon dioxide may be

precipitated as a solid salit.
The term non-volatile components or compounds Is here intended to relate

to compounds having a boiling, or sublimation, temperature above the boiling
temperature of water, i.e. above 100°C at atmospheric pressure. Typically, water
will be present in both the gaseous and liquid phases of the gas-liquid separating

device.
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A plant producing a CO2 rich process stream may typically comprise a
steam system. The steam system may comprise one or a plurality of steam
turbines, linked to one or a plurality of generators for power production. it may be
convenient to use at least three serially linked turbines designed to operate at
different steam pressures. These turbines may be called high pressure turbine,
intermediate pressure turbine and low pressure turbine, respectively. After
passing through the low pressure turbine, the steam may be condensed in the
condenser of the power plant. Steam from the boiler, prior to passing through the
high pressure turbine may typically have a pressure of 150-350 bar. Steam
between the high pressure turbine and the intermediate pressure turbine is calied
high pressure steam and may typically have a pressure of 62-250 bar. Steam
between the intermediate pressure turbine and the low pressure turbine is called
intermediate pressure steam and may typically have a pressure of 5-62 bar, such
as 5-10 bar, and a temperature of between 154°C and 277°C (310°F and 530°F).
Steam after passing the low pressure turbine is called low pressure steam and
may typically have a pressure of 0.01-5 bar, such as 3-4 bar, and a temperature
of between 135°C and 143°C (275°F and 290°F). Thus, as referred to in this
disclosure, low pressure steam has a pressure of 0.01-5 bar, such as 3-4 bar,
and a temperature of between 135°C and 143°C (275°F and 290°F), intermediate
pressure steam has a pressure of 5-62 bar, such as 5-10 bar, and a temperature
of between 154°C and 277°C (310°F and 530°F) and high pressure steam has a

pressure of 62-250 bar.

The gas-liquid separating device may allow high temperature boiling
components, i.e. non-volatile components, such as salts, metals and possibly
water of the ammoniated solution to be removed from the circulating stream of
ammoniated solution while minimizing the loss of low temperature boiling
components, i.e. volatile components, such as ammonia and derivatives thereof.

The gas-liquid separating device may comprise any type of device for
allowing interaction or contact between a gas phase and a liquid phase, such as
bed packing or distillation trays, below called a mass transfer device (MTD). The
gas-liquid separating device may e.g. comprise a stripper configured to receive a
portion of the circulating ammoniated solution stream and heat the solution so as
to form a gas phase containing the vapor of low boiling point components of the
solution, such as ammonia, and a liquid phase containing the high boiling point
components of the solution. The stripper may for example be configured to be
heated by low pressure or high pressure steam or by electric heating means, in a

_6 -
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reboiler. It may be convenient to aliow the stripper to be at least partially heated
by the underflow, i.e. liquid phase, of the regenerator. The heating may be via a
heat exchanger e.g. in a reboiler of the stripper. Thus, regenerated, 1.e. CO2
lean, ammoniated solution may be used as heating medium in the stripper,
reducing the need for external heating and thus conserving the overall energy of
the system. The underflow may typically have a temperature above 100°C and a

pressure between 10 and 30 bar.
The stripper may preferably be small in size compared to the CO2

absorber and the regenerator. The volume flow capacity of the stripper may be
less than 25% of the volume flow capacity of the CO2 absorber or the
regenerator, e.g. in a range of 0.01 to 25%, 1-10% or 2-5% of the volume flow
capacity of the CO2 absorber or the regenerator. The investment cost of such a
small stripper will generally constitute a very low proportion of the total
investment cost for the CO2 removal system.

The ammoniated solution for the gas-liquid separating device may be
received from, and reintroduced into, any position along circulation of the
ammoniated solution. The ammoniated solution for the gas-liquid separating
device may for example be CO2 lean ammoniated solution or COZ2 rich
ammoniated solution.

The gas-liquid separating device may be configured to receive COZ2 lean
ammoniated solution from the circulating ammoniated solution stream. The gas-
liquid separating device may for example be configured to receive COZ lean
ammoniated solution from the regenerator. The regeneration process is generally
performed at elevated temperature and elevated pressure, such as a pressure of
2-150 bar, preferably 10-30 bar. This pressure may be created by means of a

high pressure pump arranged in connection with the regenerator.

Since the temperature of the lean solution in the regenerator, and when
leaving the regenerator, is high, a relatively small amount of heat needs {o be
added in the stripper in order to separate the volatile components as a gas phase
from the non-volatile components as a liguid phase. Since the heating
requirement is low, heating may be effected, e.g., by electrical means. In other
situations, it may be advantageous to receive the C0O2 lean ammoniated solution
from other locations of the regenerator arrangement heat exchanger network.

Stream temperatures would be in the range of 10-150°C. A advantage may
manifest itself in transfer pumps with higher available net positive suction head
which may allow for smoother operation. In such situations, a feed/underflow
exchanger may be utilized {o reduce the heat requirement of the gas-liquid

separating device.
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Alternatively, the gas-liquid separating device may be configured to
receive CQO2 rich ammoniated solution from the circulating ammoniated solution
stream. The gas-liquid separating device may for example be configured to
receive CO2 rich ammoniated solution from the CO2 absorber. Since the
pressure of the ammoniated solution in the CO2 absorber, and leaving the CO2
absorber, is low, generally in a range of 1-2 bar, the heat requirement of the
stripper can be provided at relatively low temperature, e.g. around or just above
the boiling temperature of water at a pressure of 1-2 bar. Thus, the heating
requirement of the stripper may be provided by e.g. low pressure steam or other
low grade heat.

When the ammoniated solution has been separated in the gas-liquid
separating device, the ammonia lean liquid phase, generally comprising water or
a low ammonia content aqueous solution, and non-volatile components, Is
discarded or recycled elsewhere in the CO2 removal system. The ammonia rich
gas phase, generally comprising ammonia, CO2 and water vapor is reintroduced
into the circulating ammoniated solution stream, resulting in an increase of the
ammonia concentration in the circulating ammoniated solution and a decrease in
the concentration of non-volatile components.

The gas-liquid separating device may be configured for separation of an
ammoniated solution which is aqueous and wherein a major portion, I.e. more
than 50% such that more than 60, 70, 80 or 90%, of the water of the ammoniatea
solution is separated into the ammonia rich gas phase and a minor portion of the
water of the ammoniated solution is separated into the liquid phase comprising
the non-volatile compounds. Thus, less water and solution volume is lost from the
ammoniated solution.

Alternatively, the gas-liquid separating device may be configured for
separation of an ammoniated solution which is aqueous and wherein a minor
nortion of the water of the ammoniated solution is separated into the ammonia
rich gas phase and a major portion, i.e. more than 50% such that more than 60,
70. 80 or 90%, of the water of the ammoniated solution is separated into the
liquid phase comprising the non-volatile compounds. Thus, excess water
introduced to the ammoniated solution, e.g. from the process gas, may be

removed.
Additionally, or alternatively, to removing non-volatile compounds from the

ammoniated solution, the gas-liquid separating device may thus control and
adjust the water balance of the ammoniated solution.

The ammonia rich gas phase may preferably be reintroduced into an
ammoniated solution stream wherein the heat used in the stripper for producing

.8 -
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the ammonia rich gas phase replaces a portion of the heat requirement in
another step of the process, such as the regeneration. Thus the gas-liquid
separating device may be configured to reintroduce the ammonia rich gas phase
into the regenerator or into an ammoniated solution stream directed towards the
regenerator or elsewhere in the system where the heat may be reused.

The ammonia lean liquid phase from the gas-liquid separating device may
be discarded, e.g. released to a communal sewage system or the like, or
reintroduced to the system. Regardless, it may be convenient to adjust the pH or
the lean liquid phase leaving the gas-liquid separating device to a relatively
neutral pH such as a pH between 6 and 12, e.g. between 7 and 11 or between 7/
and 9 such as about 8. The lean liquid phase may then also be less corrosive.

Also, a neutral or alkaline pH in the range of 7-11 or 7-9 of the
ammoniated solution in the gas-liquid separating device may improve the
transition of volatile compounds such as ammonia from the liquid to the gas
phase, whereby the heating requirement for the gas-liquid separating device may
be reduced. When stripping off the ammonia part of ammonia salts of the
ammoniated solution, the pH may be lowered through the formation of e.g.
sulfuric acid. It may thus be convenient to adjust the pH of the ammoniated
solution already before it leaves the gas-liquid separating device, e.g. by adding
alkaline material, i.e. an alkaline additive, to the ammoniated solution before or as
it enters the gas-liquid separating device, or within the gas-liquid separating
device such as to a liquid sump of the gas-liquid separating device.

The addition of alkaline material may conveniently be regulated based on
pH measurements of the ammoniated solution e.g. before entering the gas-liquid
separating device, before or after adding the alkaline material; at any stage within
the gas-liquid separating device, before or after adding the alkaline material, such
as in the sump; or after leaving the gas-liquid separating device, as gas or liquid.
it may e.g. be convenient to measure the pH of the ammonia lean liquid phase
leaving the gas-liquid separating device. The gas-liquid separating device may
thus comprise a pH sensor arranged to measure the pH of the ammonia lean
liguid phase.

't may be convenient to add the alkaline additive in liquid form to the
ammoniated solution in order to facilitate mixing with the solution.

The alkaline additive may e.g. comprise sodium hydroxide (NaOH) and/or
potassium hydroxide (KOH).

The gas-liquid separating device may be implemented in a CO2 removal
system further comprising a water wash step for removal of residual ammonia
from the process gas which has been treated in the CO2 absorber.

. 9.
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Thus, the system may further comprise an ammonia absorption
arrangement comprising: an ammonia absorber configured to receive the CO2
lean gas stream from the CO2 capture arrangement and contacting the gas
stream with an agueous wash solution stream having an ammonia concentration
of less than 5% by weight such that ammonia is absorbed in said aqueous wash
solution stream to form an ammonia rich wash solution; and a wash gas-liquid
separating device configured to recelve the ammonia rich wash solution from the
ammonia absorber and separate the received wash soiution into an ammonia rich
gas phase and an ammonia lean liquid phase. The wash gas-liquid separating
device (below also called: the first gas-liquid separating device) may e.g. be a
stripper and/or may be similar to the gas-liquid separating device discussed
above for removal of non-volatile compounds (below also called: the second gas-
iquid separating device). However, the streaming volume capacity of the wash
gas-liquid separating device may be substantially higher, such as twice as high or
four times as high as required.

The ammonia rich gas phase from the first gas-liquid separating device
may typically comprise 1-5 mol ammonia per kg water. The higher range, about
3-5 molfkg may be achieved by means of a condenser which condenses some of
the water vapor and recycles it to the first gas-liquid separating device.

it may be convenient to integrate the first gas-liquid separating device with
the second gas-liquid separating device, especially if they operate at similar
pressures e.g. at 1-10, such as 1-5 or 1-2 bar.

The ammonia rich gas phase from the first gas-liquid separating device
may be transferred to the second gas-liquid separating device and there used to
aid in removing ammonia and other volatiles from the liquid. The ammoniated
solution entering the second gas-liquid separating device may typically have an
ammonia content of 6-14 mole ammonia per kg solution, whereby the gas phase
leaving the second gas-liquid separating device may have an even higher
ammonia concentration, which is a much higher content than in the gas phase
from the first gas-liquid separating device, thereby allowing the gas phase from
the first gas-liquid separating device to aid in the removal of ammonia and other
volatiles from the liquid in the second gas-liquid separating device. Also, the gas
phase from the first gas-liquid separating device may add heat to the second gas-
liquid separating device, significantly reducing the heating requirement of the
second gas-liquid separating device. Prophetic experiments have shown that the
energy input to the second gas-liquid separating device may be reduced by more

than 50% in this way.
Additional potential advantages of this integration include:

- 10 -
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o Relatively smaller reboiler for the second gas-liquid separating device.

e Comparably minor energy penalty for the second gas-liquid separating
device.

e The first gas-liquid separating device operates without any influence from
the second gas-liquid separating device.

e The first and second gas-liquid separating devices have lowest solubility
index for ammonium bicarbonate in overhead sections in the condensed
phase and hence best operational prospective with respect to clogging,
scaling et cetera, because the ammonia concentration in the overhead
sections is kept low in the first gas-liquid separating device and is diluted
in the second gas-liquid separating device by the first gas-liguid separating
device overhead gases.

e Integration alternatives for a low pressure cascade, e.g. the second gas-

iquid separating device operating at atmospheric pressure with a first gas-

iquid separating device at slightly elevated pressure.

e Operational flexibility: by boosting second gas-liquid separating device
performance with the first gas-liquid separating device overheads, I.e.,
running more water vapor in the first gas-liquid separating device
overheads as “stripping steam”. This presupposes sufficient capacity
reserve of the first gas-liquid separating device, but allows for a tight
design of the second gas-liquid separating device reboiler.

In order to better utilize the overhead gas, i.e. the ammonia rich gas
phase, from the first gas-liquid separating device, especially in the embodiment
discussed directly above, the gas may conveniently be allowed to enter the
second gas-liquid separating device at or below an MTD of the second gas-liquid
separating device, enabling the gas to rise through the MTD, meeting liquid
solution in the MTD and stripping said soiution of at least a part of any ammonia

therein.
As discussed above, the ammonia absorber, as well as the first gas-liquid

“separating device, may have a higher flow capacity than the second gas-liquid

separating device. Thus, the aqueous wash solution from the ammonia absorber
may have a flow rate which is at least two times, four times, ten times, fifteen
times, or 20 times the flow rate of the ammoniated solution entering the second
gas-liquid separating device. Typically, the agqueous wash solution from the
ammonia absorber may have a flow rate which is between 10 and 100 times,
such as between 15 and 50 times or 15 and 30 times, the flow rate of the
ammoniated solution entering the second gas-liquid separating device.

- 11 -
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Additionally or alternatively, the two gas-liquid separating devices may be
integrated by the second gas-liquid separating device being configured to receive
at least a portion of the ammonia rich wash solution from the ammonia absorber.
The second gas-liquid separating device may thus assist, as needed, the first
gas-liquid separating device in removing the ammonia and other volatile
compounds from the washing solution.

Additionally or alternatively, the two gas-liquid separating devices may be
integrated by combining the two ammonia rich gas phases from the respective
devices, e.g. in order to reduce the complexity of the system and reduce the
amount of piping, before reentering the circulating ammoniated solution.

The second gas-liquid separating device may alternatively or additionally
be provided with two different stages, such as two parts each of which comprising
an MTD, wherein a first stage may be configured to receive a portion of the
circulating ammoniated solution stream and separate it into an ammonia rich gas
phase and an ammonia lean liquid phase, the ammonia rich gas phase being
reintroduced into the circulating ammoniated solution stream; and a second stage
may be configured to receive the ammonia lean liquid phase from the first stage
and separate said liguid phase into a gas phase substantially consisting of water
vapor and a liquid phase comprising non-volatile compounds.

Typically, the first stage may be positioned above, and in liquid contact
with, the second stage, such that the liquid phase of the first stage may descend,
by means of gravity or aided by a pump, into the second stage. The ammoniated
solution stream may e.g. enter the second gas-liquid separating device, e.g. a
stripper, in or above an MTD of the first stage where it may interact with fumes
from a sump of the first stage heated by e.g. low pressure steam to a first stage
temperature. Volatile compounds, e.g. ammonia and COZ2, of the ammoniatea
solution may leave the first stage as a gas phase, whereas a first stage liquid
phase may be led to an MTD of the second stage where it interacts with meeting
fumes from a sump of the second stage heated by e.g. low pressure steam to a
second stage temperature which is conveniently higher than the first stage
temperature, thus allowing further compounds to leave the gas-liquid separating
device as a second stage gas phase consisting mainly of water vapor. A second
stage liquid phase comprising non-volatile compounds may leave the gas-liquid
separating device.

Thus, the received ammoniated solution may be aqueous, and a major
portion of the water of the ammoniated solution may be separated into the gas
phase of the second stage, a minor portion of the water of the ammoniated

solution may be separated into the liquid phase comprising the non-volatile
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compounds, and another minor portion of the water of the ammoniated solution
may be separated into the ammonia rich gas phase. '

Of course, also a CO2 removal system comprising the two-stage
separating device may further comprise an ammonia absorption arrangement, a
CO2 capture arrangement and/or a regeneration arrangement as discussed
above.

| An additional or alternative way of integrating the first and second gas-
liquid separating devices, especially when using.a two-stage second gas-liquid
separating device as discussed above, is to reuse at least a portion of the gas
phase from the second stage of the second gas-liquid separating device in the
first gas-liquid separating device. The second stage gas phase, mainly consisting
of water vapor, niay e.g. be led to a sump, or into or below a MTD, of the first |
gas-liquid separating device where it may replace some of the external heating of
the first gas-liquid separating device, reducing the heating requirement of the
overall COZ2 removal system. |

Alternatively or additionally, at least a portion the gas phase from the
second stage may be used elsewhere within the system to provide heating.

With reference mainly to fig 1, a (second) gas-liquid separating device 40
comprising a stripper 41 will now be described.

The stripper 41 may be configured as, for example, a gene}ally cylindrical
shaped steel vessel configured to operate within a pre-determined pressure
range. The stripper 41 is preferably equipped with one or more suitable mass
transfer devices (MTD) 42. The MTD may be, for example, valve trays, sieve
trays, structured packing, random packing or other suitable packing materials, or
a combination thereof. A heating system/device 43 may be provided in the
stripper 41 for heating the ammoniated solution received by the stripper.

The stripper 41 is preferably configured to provide sufficient heat to the
ammoniated solution that low boiling point components, for example NH3 and

CO2, are transferred to a gas phase, while high boiling point components, for
example salts and metals, are collected in a liquid phase at the bottom of the
stripper. Typically, both the gas and liquid phases will comprise water and the
proportion of water in the gas phase in relation to the proportion of water in the
liquid phase may be dependent on the amount of heating. The ammoniated
solution may be heated up appropriately via, for example, a re-boller. The re-
boiler may be heated using, for example, electrically generated heat or steam or

other hot fluids fed from anaother part of the CO2 removal system 4 (see Fig. 7), e.g. hot
flue gas or hot CO2 lean solution. Similarly, the re-boiler may be heated via steam fed
from a source external to the C0O2 removal system 4, such as, for example some
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source within a power generation system or flue gas cleaning system. The heat
may be supplied by any heating means capable of providing heat at a
temperature above the boiling temperature of water at the operating pressure of
the stripper. Since the stripper is generally relatively small in size, it can be
heated by any of a number of different methods, including steam in a re-boiler as
described above, but also by life steam injection (i.e. injection of steam directly
into the bottom of the stripper), by electricity, or by other hot media, such as hot
flue gases or hot condensate, or hot overhead gas phase from a first gas-liquid
separating device as discussed above. If the stripper is heated by life steam
injection, the condensed water from the injected steam may be collected together
with the liquid phase at the bottom of the stripper. Life steam injection Is efficient
and saves the re-boiler.

The stripper 41 is configured to discharge the gas phase, comprising
volatile compounds such as NH3 and CO2, via a gas exit 44, and the liquid
phase, containing non-volatile compounds, via a liquid exit 45. The stripper may
be arranged to produce a liquid phase 46 at the bottom of the stripper containing
less than 5% NH3 by weight, such as less than 4%, 3%, 2% or 1% NH3.
Preferably, the stripper 41 may be arranged to produce a liquid phase 46 at the
bottom of the stripper essentially free of NH3 and COZ.

The liguid phase 46 collected at the bottom of the stripper generally has a
temperature in the range of about or slightly below the boiling temperature of
water at the relevant pressure, e.g. about 80-100 °C at atmospheric pressure. A
heat exchanger 47 may be provided to transfer heat from the liquid phase 46
removed from the bottom of the stripper to the ammoniated solution received
from the circulating ionic ammoniated solution stream (and thereby raise the
temperature of the ammoniated solution to a predetermined temperature, for
example, between 80-100 °C) before it is intfroduced into the stripper 41.

The portion of ammoniated solution which is received from the circulating
ammoniated solution may vary within a wide range depending on the need for
removal of non-volatile compounds in a specific CO2 removal system. A suitable
portion may be calculated based on, e.g., the accumulation of non-volatiles in a
specific CO2 removal system. The portion may also be variable in a system such
that variations in, e.g., the moisture content of the incoming gas stream may be
compensated.

The portion may for example comprise in a range of 0.01-25%, such as in
a range of 0.01-10% or 0.01-5%, of the total mass flow rate of the circulating
ammoniated solution. The smaller the portion of ammoniated solution which is

received, the smaller and less costly gas-liquid separating device may be used.
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In specific embodiments, the portion of ammoniated solution which is received
may be in a range of 0.05-1% of the total mass flow rate of the circulating
ammoniated solution.

The gas-liquid separating device 40 is arranged in fluid connection with the
circulating ammoniated solution stream of the CO2 removal system.

The fluid connection may preferably include at least one fluid connection
48 configured to direct a portion of the circulating ammoniated solution stream to
a liquid inlet of the gas-liquid separating device 40. The fluid connection may
comprise a pump and a flow regulating device operable Tor regulating the amount
of ammoniated solution which is fed to the gas-liquid separating device 40.

The fiuid connection may preferably include at least one fluid connection
49 configured to guide the gas phase produced in the gas-liquid separating
device 40 from a gas outlet 44 of the gas-liquid separating device 40 into the
circulating ammoniated solution stream of the CO2 removal system 4.

The gas-liquid separating device 40 may preferably include at least one
fluid connection 50 configured to remove the liquid phase produced in the gas-
liquid separating device 40 via a liquid outlet 45.

Because all of the ammoniated solution which circulates in the CO2
removal system 4 contains water and accumulated non-volatiles, ammoniated
solution for the gas-liquid separating device 40 may be received from, and
reintroduced into, any position along the ammoniated solution circulation.
Examples of positions along the ammoniated solution circulation where
ammoniated solution may be received and/or reintroduced, include the CO2
absorber 10, the regenerator 11, the first liquid conduit 12 configured to forward
CO2 rich ammoniated solution from the CO2 absorber to the regenerator, and the
second liquid conduit 13 configured to forward COZ2 lean ammoniated solution
from the regenerator to the CO2 absorber.

In one embodiment, the ammoniated solution for the gas-liquid separating
device 40 may be received from a CO2 rich portion of the circulating ammoniated
solution stream, for example from the ammoniated solution collected at the
bottom of the CO2 absorber or from the first liquid conduit configured to forward
CO2 rich ammoniated solution from the CO2 absorber to the regenerator.

An advantage of this embodiment is that the COZ rich solution Is generally
provided at a pressure close to atmospheric pressure, for example at a pressure
of less than 2 bar. This means that the gas-liquid separating device 40 and fluid
connections 48, 49 do not need to be configured for operation at high pressure.
This also facilitates integration with the first gas-liquid separating device of the
ammonia absorption arrangement which is often operated at a pressure close to
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atmospheric such as at 1-2 bar. Compared 1o an embodiment wherein the
ammoniated solution is received at high pressure, it also means that the heat
required in order to separate the ammoniated solution into a liquid phase and a
gas phase may be provided at a lower temperature. Therefore, in an embodiment
wherein the ammoniated solution is received at a pressure close to atmospheric
pressure, the gas-liquid separating device 40 may for e.x_ample use low pressure
steam or electrical heating for heating the ammoniated solution in order to
separate the ammoniated solution into a liquid phase and a gas phase.

In one embodiment, the ammoniated solution for the gas-liquid separating
device 40 may be received from a COZ2 lean portion of the circulating
ammoniated solution stream, for example from the ammoniated solution collected
at the bottom 29 of the regenerator 25 of the regeneration arrangement 12 or
from the liquid conduit 13 configured to forward CO2 lean ammoniated solution
from the regenerator to the CO2 absorber 195.

An advantage of this embodiment is that the lean solution is generally
provided at a high temperature, such as a temperature in the range of 50-200°C,
since it has undergone heating in the regenerator 25. This means that a relatively -
low amount of additional heat may be required in order to separate the
ammoniated solution into a liquid phase and a gas phase. The heat may for
example be provided by medium pressure steam or by electrical heating.'

In an embodiment, the gas phase produced by the gas-liquid separating
device 40 may be reintroduced into the regenerator or into a liquid condutt
configured to forward a solution stream to the regenerator. An advantage of this
embodiment is that heat transferred to the gas phase in the gas-liquid separating -
device 40 is used to indirectly reduce the heating requirement of the regenerator
25 In other words, the energy requirement of the gas-liquid separating device 40
may replace a portion of the energy requirement of the regenerator 25 of Fig. 7.
Accordingly, in this embodiment the operation of the gas-liquid separating device
40 may be made essentially energy neutral.

With reference to fig 2, a specific embodiment of a (second) gas-liquid
separating device 40’ comprising a stripper 41 will now be described. The device
40’ is essentially the same as the device 40 of fig 1 but with a few additional
features. Apart from those additional features, reference is made {o the
discussion above in respect of fig 1.

The gas-liquid separating device 40’ further comprises a dosing system
101 for adding alkaline material, such as NaOH(aqg) or KOH(aq) solution, to the
ammoniated sotution processed by the gas-liquid separating device 4() 1n order
to ensure a non-corrosive pH and improve the vaporization of volatie compounas
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such as NH3 and CO2 of the ammoniated solution. The dosing device may be
arranged to add alkaline material to the ammoniated solution anywhere in the
gas-liquid separating device 40’, such as to the conduit guiding the ammoniated
solution stream to the stripper 41’ and/or to the sump of the stripper 41".
According to the embodiment illustrated in fig 2, alkaline solution may be added
to both the conduit guiding the ammoniated solution stream to the stripper 41°
and the sump of the stripper 41’, providing improved flexibility and control of the
pH of the ammoniated solution in the stripper 41’. The gas-liquid separating
device 40’ further comprises a sensor 102 arranged to measure the pH of the
ammoniated solution in the gas-liquid separating device 40°, which measurement
may be used to regulate the dosing of the dosing device 101 such that a desired
pH is obtained. The sensor may, depending on the design of the gas-liquid
separating device 40’, be positioned anywhere in the gas-liquid separating device
40’ but it may be convenient to position it to measure the pH of the liquid phase
comprising non-volatiles leaving the stripper 41", as is illustrated in fig 2. In this
way, a desired pH, such as a neutral pH, may be ensured of the liquid that Is
discarded and eventually released to nature, possibly after additional treatment
and cleaning. Also, by measuring on the leaving liquid phase, the pH of the liquid
bulk may be measured efficiently, which may be convenient to reduce corrosivity.

With reference to fig 3, a specific embodiment of a (second) gas-liquid
separating device 40" comprising a stripper 41" will now be described. The device
40" is essentially the same as the device 40 of fig 1 but with a few additional
features. Apart from those additional features, reference is made to the
discussion above in respect of fig 1.

The stripper 41" is in this embodiment integrated with the (first) gas-liquid
separating device 62 of the ammonia absorpti'on arrangement 60, such that the
overhead fumes, i.e. the gas phase, from the gas-liquid separating device 62 are
guided to and introduced into the stripper 41", The gas phase is introduced into or
below the MTD 42 of stripper 41” such that the gas may rise through the MTD 42,
meeting liquid failing downward in the MTD 42 and stripping that liquid of
volatiles. The gas phase typically has an ammonia content of about 4 molal,
which is lower than the ammonia content of the circulating ammoniated solution
entered into the stripper 41", allowing it to assist in the stripping of the
ammoniated solution. According to the embodiment illustrated in fig 3, the MTD
42 consists of two separate MTD parts, 42a and 42b, and the gas phase from the
gas-liquid separating device 62 is entered beneath the upper MTD part 42a and
above the lower MTD part 42b. Also, according to the embodiment illustrated in
fig 3 the overhead fumes pass via a condenser 63 in order to raise the
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concentration of volatiles in the fumes before they are entered into the stripper
41". The fumes prior to the condenser 63 typically have an NH3 concentration of
1-2 molal, whereas the fumes after the condenser 63 typically have an NH3
concentration of 3-5 molal. The liquid condensate, typically essentially pure
5  water, may be returned to the gas-liquid separating device 62 to be reused. The
overall energy efficiency of the CO2 removal system 4 of Fig. 7 may thus be reduced,' and
the heater/reboiler 43 of the stripper 41" may be reduced in size.
With reference to fig 4, a specific embodiment of a (second) gas-liquid
separating device 40" comprising a stripper 41" will now be described. The
10  device 40" is essentially the same as the device 40 of fig 1 but with a few
additional features. Apart from those additional features, reference is made to the
discussion above in respect of fig 1.
The gas-liquid separating device 40 of the embodiment illustrated in fig 4
comprises a stripper 41” which is divided into two stages or compartments 103
15 and 104, a first stage in the form of an upper compartment 103 comprising an
upper MTD 42a and a second stage in the form of a lower compartment 104
comprising a lower MTD 42b. The ammoniated sofution from the circulating
ammoniated solution stream enters the upper compartment 103, preferably
above the upper MTD 423, and is separated into a gas phase comprising volatile
20 compounds such as NH3 and CO2 and some water vapor. The volatiles gas
phase may be returned to the circulating ammoniated solution stream as
discussed in respect of other embodiments. The liquid phase of the upper
compartment 103, comprising non-volatile compounds and water, may be
entered into the lower compartment 104, e.g. guided by a conduit 105 from the
25  sump of the upper compartment 103 to the lower compartment 104, preferably
above the lower MTD 42b. In the lower compartment 104, the liquid phase from
the upper compartment 103 is separated into a gas phase, mainly consisting of
water vapor since the volatile compounds have already been removed in the
upper compartment 103, and a liquid phase, comprising non-volatiles and some
30 water which may be discarded or treated as discussed in respect of other
embodiments. The ammoniated solution entered into the upper compartment 103
is typically heated to a lower temperature, such as to a temperature at or below
the boiling temperature of water, than the liquid entered into the lower
compartment 104 which may be heated to the boiling temperature of water in
35  order to produce water steam. Thus, the heating energy requirement of the lower
compartment 104 is typically higher, or much higher such as twice as nigh or
more than the heating energy requirement of the upper compartment 103. The
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heating may be provided by separate heaters/reboilers of the two stages 103 and
104, or, as illustrated in fig 4, by a single heater/reboller 43. |

The water vapor or steam produced by the lower stage 104 may be guided
to the (first) gas-liquid separating device 62 of the ammonia absorption
arrangement 60, thus integrating the stripper 41" with the gas-liquid separating
device 62. In the gas-liquid separating device 62, the steam may be used o add
heating energy to the gas-liquid separating device 62, thus reducing the need for
external heating energy for the gas-liquid separating device 62 and lowering the
requirements on the heater/reboiler 106 of the gas-liquid separating device 62.
As illustrated by fig 4, the steam may be used for heating by directly introducing
the steam into the gas-liquid separating device 62, preferably below an MTD
therein, or it may be used as a heating medium in the heater/reboiler 106 of the
gas-liquid separating device 62. The overall energy efficiency of the CO2 removal
system 4 may thus be reduced, and the heater/reboiler 106 of the gas-liquid
separating device 62 may be reduced In size.

With reference mainly to figures 5 and 6 a CO2 removal system 4
as best shown in Fig. 7 as described above is proposed that includes a gas-liquid
separating device 40 which comprises a stripper 41 configured to remove water and
non-volatiles from the circulating ionic solution by stripping as described in detail above.

Fig 5 is a schematic illustration of an embodiment wherein the received
ammoniated solution is CO2 rich ammoniated solution from the bottom 20 of the
CO2 absorber 15 and wherein the gas phase is reintroduced into the regenerator
25.

In the embodiment of fig 5, the gas-liquid separating device 40 comprises
a stripper 41. The stripper 41 may be configured as, for exampie, a generally
cylindrical shaped steel vessel configured to operate within a pressure range ot
about 1-5 bar. The stripper 41 is preferably equipped with one or more suitable
mass transfer devices (M1D) 42, 42a, 42b as best shown in Figs. 1-4. The MTD may be,
for example, valve trays, steve trays, structured packing, random packing or other
suitable packing materials, or a combination thereof. A heating system/device may be
provided in the stripper 41 for heating the ionic solution received by the stripper. The
heating system could be heated by low pressure steam (typically with a pressure
in the range of 4-8 bar), or, if the amount of heat required is too low to‘justify the
infrastructure for low pressure steam, via electrical heating devices/systems. The
stripper 41 is preferably configured to provide sufficient heat to the ammoniated
solution so that, at a pressure in the range of 1-5 bar, low boiling point
components, for example NH3 and COZ2, are transferred to a gas phase, wnile

high boiling point components, for example salts and metals, are collected in a
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liquid phase at the bottom 46 of the stripper 41. The stripper 41 is configured to discharge the

gas phase, containing mainly NH3 and CO2, via a gas exit to fluid connection 49, and the

“liquid phase, containing mainly water, via a liquid exit to fluid connection 50.

A COZ2 capture arrangement 11 is provided wherein a CO2 absorber 15 is preferably
equipped with a one or more suitable mass transfer devices (MTD) 18. A flue gas (FG) is
supplied via input conduit 17 to a lower portion of the absorber 15 at a point below the MTD.
A CO2 lean, ammoniated solution stream via conduit 13 is supplied to the absorber 15 at an -

upper portion above the MTD 18. The CO2 lean solution is distributed within the absorber by

" a first fluid distribution system 16a, such as a plurality of sprayers. The CO2 lean solution and

the flue gas pass through the MTD in a counter-current direction, whereby the ammonia
solution captures the CO2 of the flue gas to provide a CO2 rich solution at the bottom 20 of
the absorber 15. Further, the CO2 rich solution is recirculated to the upper portion of the
absorber 15 via condult 21 to a second fluid distribution system 16b, such as a plurality of

sprayers, disposed Iin the absorber. CO2 lean flue gas exits through the upper portion of the

- absorber through the output conduit 19.

Referring to Figs. 1 and 5, the stripper 41 is configured to receive CO2 rich
ammoniated solution collected at the bottom of the CO2 absorber 15. The rate at which rich
ammoniated solution from the CO2 absorber 15 is fed (feed rate) to the stripper 41 is, for
example, approximately 0.5% to 2.0% of the feed rate at which CO2 lean ammoniated

solution 13 is fed to the CO2 absorber 15. The ammoniated solution received from the CO?2

~absorber 15 is contacted via a liquid/gas MTD 42, preferably in a countercurrent flow, with

upcoming vapors fed to or generated in the bottom of the stripper 41. The difference between
equilibrium partial pressure of the ammonia and CO2 in the ammoniated solution flowing
downward within the stripper 41 and the vapor pressures of ammonia and CO?2 in the
upcoming vapor phase results in the ammonia and CO2 transition from the liquid into the
vapor phase. As a resuit, non-volatiles and some water collects at the bottom 46 of the

stripper 41 and may be removed easily there from without drawing off ammonia. The gas

- phase comprising stripped off ammonia and CO2 and a residual amount of steam leaves the

stripper 41 via a gas exit 44 at the top of the stripper.

The liquid phase collected at the bottom 20 of the CO2 absorber 15 generally has a
temperature in the range of 10-30°C. The liquid phase collected at the bottom 46 of the
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stripper 41 generally has a temperature in the range of 80-150°C, such as in the range
95-125°C. A heat exchanger 47 may be provided to transfer heat from the liquid phase
removed from the bottom of the stripper 41 to the ammoniated solution received from the
CQO2 absorber 15 (and thereby raise the temperature of the ammoniated solution to a
predetermined temperature, for example, in the range of 50-150°C such as 60-120°C) before

it is introduced into the stripper 41.

The gas phase (CO2, NH3, water vapor) from the stripper 41 may be sent, either in
part or completely, towards the regenerator 25 of the regeneration arrangement 12 of Fig. 7.
Since the stripper 41 may operate at a pressure in the range 1-5 bar, corresponding to the
pressure -of the absorber to which it is connected, and the regenerator may operate at a
higher pressure, it may be convenient to reintroduce the gas phase into the circulating
ammoniated stream e.g. upstream of a feed pump of the regenerator. The liquid phase
collected at the bottom 46 of the stripper 41 will preferably be an aqueous solution of
non-volatiles low in NH3 and CO2. Depending on the residual ammonia content in the liquid

phase, it may be sent to a wash water stripper or directly to battery limits (BL). In this
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embodiment the invested heat is substantially, if not completely, recovered in the
regenerator vessel 25 and/or in the small feed/effluent heat exchanger 47. The
heating requirement of the regenerator 25, generally provided for by low pressure
(4-8 bar) steam, could thus be reduced. - |

FIG. 6 is a schematic illustration of an embodiment wherein the received
ammoniated solution is CO2 lean ionic solution from the bottom 29 of the
regenerator 25 and wherein the formed gas phase is reintroduced into the
regenerator 25.

In the embodiment of fig 6, the gas-liquid separating device 40 comprises
a stripper 41. The stripper 41 may be configured as, for example, a generally
cylindrical shaped steel vessel configured to operate within a pressure rahge of
about 10-30 bar. The stripper 41 is preferably equipped with one or more suitable
mass transfer devices (MTD) 42. The MTD may be, for example, valve trays,
sieve trays, structured packing, random packing or other suitable packing
materials, or a combination thereof. A heating system/device 43 may be pfovided
in the stripper 41 for heating the ammoniated solution received by the stripper.
The heating system could be heated by medium pressure steam (typically with a
pressure in the range of 10-30 bar) , or, if the amount of heat required is too low
to justify the infrastructure for medium pressure steam, via electrical heating
devices/systems. The stripper 41 is preferably configured to provide sufficient
heat to the ammoniated solution so that, at a pressure in the range of 10-30 bar,
low boiling point components, for example NH3 and COZ, are transferred to a
gas phase, while high boiling point components, for example salts and metals,
are collected in a liquid phase at the bottom of the stripper. The stripper 41 is
configured to discharge the gas phase, containing NH3 and COZ2, via a gés exit
44 to fluid connection 49, and the liquid phase, containing non-volatiles, via a liquid

exit 45 to fluid connection 30.
The stripper 41 is configured to receive lean ammoniated solution frpm the

regenerator 25. The rate at which CO2 lean ammoniated solution 29 from the

regenerator 25 is fed (feed rate) to the stripper 41 is, for example, approximately 0.5%
2.0% of the feed rate at which rich ammoniate solution is fed to the regenerator
25 The ionic solution received from the regenerator 25 is contacted viaa =

liquid/gas MTD, preferably in a countercurrent flow, with-upcoming vapors ;
(upcoming vapors should be sufficient) fed to or generated in the bottom 46 of the

stripper vessel 41. The difference between equilibrium partial pressure of the
ammonia and CO2 in the ammoniated solution flowing downward within the
stripper vessel 41 and the vapor pressures of ammonia and COZ in the upcoming
vapor phase results in the ammonia and COZ2 transition from the liquid into the
vapor phase. As a result, water and non-volatiles collect at the bottom of the
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stripper 41 and may be removed easily there from without drawing off ammonia.
The gas phase comprising stripped off ammonia and CO2 and water vapor
leaves the stripper via a gas exit 44 at the top of the stripper. |

The regenerator 25 of the regeneration arrangement g of Fig. 6 1s eqmpped with
a mass transfer device (MTD) 28 disposed therein. A CO2 rich ammoniated gas stream

12 is heated by the CO2 lean ammoniated solution via heat exchanger 30. The CO2

rich ammoniated stream exits the regenerator 25 via conduit 13. The CO2 stripped from

the heated CO2 rich ammoniated stream exits the regenerator through conduit 26.

The |IQUld phase collected at the bottom 29 of the regenerator 25 generally
has a temperature in the range of 100-150 °C. The liquid phase collected at the
bottom 46 of the stripper 41 generally has a temperature in the range of 150-250
°C. A heat exchanger 47 may be provided to transfer heat from the liquid phase
removed from the bottom of the stripper 41 to the ammoniated solution received
from the regenerator 25 (and thereby raise the temperature of the ammoniated
solution to a predetermined temperature, for example, between 150-200 °C)
before it is intraduced into the stripper 41.

The gas phase (CO2, NH3, water vapor) from the stripper 41 is sent back,
either in part or completely, to the regenerator 25. The liquid phase collected at
the bottom 46 of the stripper 41 will preferably be an aqueous solution of non-
volatiles low in NH3 and CO2. Depending on the residual ammonia content in the
aqueous solution, it may be sent to a wash water stripper or directly o battery
limits (BL). In this embodiment the invested heat is substantially, if not
completely, recovered in the regenerator vessel 25 and/or in the small
feed/effluent heat exchanger 47. The heating requirement of the regenerator,
generally provided for by low pressure (4-8 bar) steam, could thus be reduced.

With reference to fig 7, the CO2 removal system may, optionally, further
comprise an ammonia absorption arrangement operative for removing trace
amounts of NH3 present in the gas stream leaving the CO2 absorber 15 of the
CO2 capture arrangement 11. An example of an ammonia absorption |
arrangement is schematically illustrated in fig 7 The water wash system 60
generally comprises an ammonia absorber 61 (referred to herein as the NH3
absorber) and a (first) gas-liquid separating device 62 (referred to herein as the
NH3 stripper). During the water wash process, a stream of water or an agqueous
solution having a concentration of NH3 of less than 5% by weignt is circulated

between the NH3 absorber 61and the NH3 stripper 62.
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In the NH3 absorber 61, a gas stream deplefed in CO2 from the CO2
absorber 15 is brought into contact with the stream of water or an aqueous
~ solution having a concentration of NH3 of less than 5% by weight such that NH3
is absorbed in said stream of water or aqueous solution. At least a portion of the
5  water or aqueous solution used in the NH3 absorber is withdrawn and fed to the
NH3 stripper 62. In the NH3 stripper 62, a gaseous phase comprising NH3 is
separated from the water or aqueous solution and removed from the ammonia
absorption arrangement 60. In addition to NH3, the gaseous phase from the NH3
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stripper 62 may also contain water vapor, COZ and other low-boiling
contaminants. The separated gaseous phase comprising NH3 may be returned to

the ammoniated solution of the CO2 removal system 4, e.g. to the regenerator
25 to minimize the loss of NH3 from the system. However, in accordance with
the embodiment of the invention illustrated in fig 7, the gas phase from the NH3
stripper 62 is guided, via a condenser 63 for removing some of the water vapor,
to and introduced into the (second) gas-liquid separating device 41 and may
there be used to strip volatile compounds from the circulating ammoniated
solution, as discussed above in respect of embodiments of the present invention.
The water or aqueous solution from which NH3 has been separated may be
recycled to the NH3 absorber 61 for use In capturing further NH3 from a gas
stream.

in the embodiment described generally in fig 7, the ammonia absorption
arrangement 60 comprises a condenser 63 configured to receive the gas stream
produced by the NH3 stripper 62, and condense water vapor contained therein.
The aqueous condensate, preferably with no or low amounts of NH3 and
collected in the condenser 63, is returned to the NH3 stripper 62 for further
removal of any NH3 left therein and is eventually returned to the ammonia
absorber 61 to be used as wash water.

The stripper 41 of the embodiment illustrated in fig 7 is arranged to operate
at a pressure of 1-2 bar and to receive a CO2 rich ammoniated solution stream
from the absorber 15 of the C02 capture arrangement 11. The ammoniated
solution is separated by the stripper 41 into an NH3 and CO2 rich gas phase
which is reintroduced into the circulating ammoniated solution stream towards the
regeneration arrangement 12, and into a liquid phase comprising non-volatile
compounds which may thus be removed from the circulating ammoniated
solution. Both the gas phase and the liquid phase of the stripper 41 may
comprise water. The relative amounts of water in the gas phase and liquid
phases, respectively, may depend on how much heating is made in the stripper.
The more heating, the more water may be vaporized. Thus, the stripper may aiso
be used to regulate the water balance of the circulating ammoniated solution.
According to the embodiment illustrated in fig 7, the stripper 41 also receives the
overhead fumes, i.e. the gas phase, from the NH3 stripper 62 as mentioned
above. The gas phase from the stripper 62, although rich In NH3 in the context of
the stripper 62, is relatively lean in NH3 in the context of the stripper 41, typically
comprising 3-5 molal, such as about 4 molal, NH3, which may be compared with
the NH3 content of the circulating ammoniated solution of typically 5-15 molal,
such as 8-14 molal. The gas phase from the stripper 62 may thus assist in
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stripping the ammoniated solution in the stripper 41 while also adding heat
energy to the stripper 41, reducing the external heating requirement of the
stripper 41. The NH3 of the gas phase from the stripper 62 will also be stripped in
the stripper 41 together with the ammoniated solution, whereby the combined

5 NH3 and other volatiles, such as CO2, of both the ammonia absorption
arrangement 60 and the stripper 41 may leave the stripper 41 together towards

the regeneration arrangement.
The use of the stripper 41 in the embodiment of fig 7 provides at least the
advantages of:

10 + Removing non-volatile compounds from the circulating ammoniated solution.

« Recovering heat from the stripper 62 in the stripper 41, reducing the heating
requirement of the stripper 41 by as much as 50%.

« Directing ammonia that would otherwise be lost from the system back to the
regeneration arrahgement.

15 < Allowing efficient recovery of heat used in the stripping process. As the
recovered ammonia is transferred back to the regeneration arrangement in
hot vaporized form, the heat consumed during the stripping process of
stripper 41 is recovered and used efficiently in carrying out the regeneration
of the CO2 capture system, replacing the corresponding portion of heating

20 demand there. |

. Allowing a more effective control of the system water balance.
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 thereof without
- 25  departing from the scope of the invention. In addition, many
modifications may be made to adapt a particular situation or materal 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 currently contemplated for carrying out

30 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 or chronology, but rather the terms first,
second, etc. are used to distinguish one element from another.
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CLAIMS:.

1. A carbon dioxide (CO2) removal system for removing CO2 from a gas
stream by bringing the gas stream into contact with a circulating ammoniated solution
stream such that CO2 is removed from the gas stream by the ammoniated solution

stream, said system comprising:

a gas-liquid separating device configured to receive a portion of the
circulating ammoniated solution stream, separate the received ammoniated solution
Into an ammonia rich gas phase and an ammonia lean liquid phase, and reintroduce
the ammonia rich gas phase into the circulating ammoniated solution stream, the
gas-liquid separating device further being configured to receive an alkaline additive to

be mixed with the received ammoniated solution.

2. The system of claim 1, wherein the ammonia lean liquid phase has a

pH In the range of 7 to 11.

3. The system of claim 1 or 2, wherein the gas-liquid separating device

comprises a pH sensor arranged to measure the pH of the ammonia lean liquid

phase

4. The system of any one of claims 1 to 3, wherein the alkaline additive is
liquid.

5. The system of any one of claims 1 to 4, wherein the alkaline additive

comprises sodium hydroxide (NaOH) or potassium hydroxide (KOH).

6. The system of any one of claims 1 to 5, wherein the alkaline additive is

added to the portion of the circulating ammoniated solution stream being received by

the gas-liquid separating device.

7. The system of any one of claims 1 to 6, wherein the gas-liquid

separating device comprises a stripper.
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8. The system of claim 7, wherein the alkaline additive is added to a sump

of the stripper.

9. The system of any one of claims 1 to 8, wherein the gas-liquid
separating device is configured to receive the portion of the circulating ammoniated

solution stream at a pressure in the range of 1 to 10 bar.

10. The system of any one of claims 1 to 8, wherein the gas-liquid
separating device is configured to receive the portion of the circulating ammoniated

solution stream at a pressure in the range of 10 to 30 bar.
11. The system of any one of claims 1 to 10, further comprising:

a CO2 capture arrangement comprising a CO2 absorber configured to
receive the gas stream containing CO2 and contacting the gas stream with the
ammoniated solution stream such that CO2 is removed from the gas stream by the

ammoniated solution stream to form a CO2 rich ammoniated solution stream: and

a regeneration arrangement comprising a regenerator configured to
receive the CO2 rich ammoniated solution stream from the CO2 capture
arrangement, and to separate CO2 from the ammoniated solution to form a CO2 |lean
ammoniated solution stream, and to return said CO2 lean ammoniated solution

stream to the CO2 capture arrangement.

12. The system of claim 11, wherein the portion of the circulating
ammoniated solution which the gas-liquid separating device Is configured to receive
is a portion of the CO2 rich ammoniated solution stream from the CO2 capture

arrangement.

13. The system of claim 11, wherein the portion of the circulating
ammoniated solution which the gas-liquid separating device Is configured to receive
is a portion of the CO2 lean ammoniated solution stream from the regeneration

arrangement.
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