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CONTROL OF A CHILLED AMMONIA PROCESS FOR CO2
REMOVAL FROM A FLUE GAS

TECHNICAL FIELD

[0001] The present application relates to processes of CO; removal from a flue gas,
the process comprising: (a) contacting in an absorber a flue gas comprising CO, with a CO,
lean ammonia-comprising medium and/or regenerated CO, lean ammonia-comprising
medium having an ammonia concentration, to absorb CO; from said flue gas into said CO,
lean ammonia-comprising medium and/or regenerated CO, lean ammonia-comprising
medium to produce a CO, rich ammonia-comprising medium; (b) heating the CO, rich
ammonia-comprising medium to release CO, from said CO; rich ammonia-comprising
medium to produce a regenerated CO; lean ammonia-comprising medium, the heating taking
place at an operating pressure 1n a regeneration vessel having a sump; and (c¢) supplying the
regenerated CO, lean ammonia-comprising medium to said absorber. The present application
also relates to a system for removal of CO, from a flue gas, the system comprising: a CO,
absorber adapted to contact a flue gas with CO; lean ammonia-comprising medium and/or
regenerated CO; lean ammonia-comprising medium having an ammonia concentration, a
regeneration vessel adapted to heat CO; rich ammonia-comprising medium from the CO,
absorber at an operation pressure, a heating circuit arranged to provide a heating medium to
the regeneration vessel, and piping arranged to pass CO; rich ammonia-comprising medium
from the CO, absorber to the regeneration vessel and to pass regenerated CO; lean ammonia-

comprising medium from the regeneration vessel to the CO, absorber.

BACKGROUND ART

[0002] Environmental concern has created a demand for removal of carbon dioxide
(CO,) from, e.g., combustion gases, and subsequent processing or storage of the CO, to
reduce CO, emissions to the atmosphere. In known technologies for ammonia based CO,
capture, CO, 1s converted to, e.g., ammonium carbonate or ammonium bicarbonate in
dissolved or solid form. It 1s known to regenerate ammonia based compounds used for CO,
capture by release of CO; under controlled conditions.

[0003] WO 2006/022885 discloses one such method for removing carbon dioxide
from a flue gas, which method includes capture of carbon dioxide from a flue gas in a CO»
absorber by means of an ammoniated solution or slurry. The CO, 1s absorbed by the

ammoniated solution 1n the absorber at a temperature of between about 0 °C and 20 °C, after
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which the ammoniated solution 1s regenerated in a regenerator at elevated pressure and
temperature to allow the CO,; to escape the ammoniated solution as gaseous carbon dioxide of
high purity.

[0004] The regenerator 1s an important integrated system of the chilled ammonia
process for CO, capture. The regenerator 1s designed to strip CO, from the CO, rich
ammoniated solution and to produce a CO; lean solution for reuse for additional CO, capture.
The regenerator 1s further designed to operate under pressure and to produce a high purity
pressurized CO, gas stream. The CO, stripping to regenerate the ammoniated solution
typically occurs from a high strength ionic solution comprising NH;, NH,*, NH,CO, ', OH,
H*, CO,, HCO;, CO5;™, NH,HCO;, and potentially additional intermediate species.

[0005] In the chilled ammonia process for CO, capture, the regeneration operation 1s
important to ensure favorable process conditions. Thus, there 1s a need for improvements

with regard to the control of the process.

SUMMARY

[0006] It 1s an object to provide an improved manner of controlling the chilled
ammonia process for CO, capture. A related object may be to obtain, or maintain, beneficial
process conditions during operation of the chilled ammonia process, 1n particular in response
to short term or long term changes to chemical or physical process parameters.

[0007] In one aspect, there 1s provided a process of CO, removal from a flue gas, the
process comprising:

(a)  contacting 1n an absorber a flue gas comprising CO, with a CO, lean
ammonia-comprising medium and/or regenerated CO; lean ammonia-comprising medium
having an ammonia concentration, to absorb CO; from said flue gas into said CO; lean
ammonia-comprising medium and/or regenerated CO, lean ammonia-comprising medium to
produce a CO; rich ammonia-comprising medium;

(b) heating the CO; rich ammonia-comprising medium to release CO; from
said CO; rich ammonia-comprising medium to produce a regenerated CO, lean ammonia-
comprising medium, the heating taking place at an operating pressure in a regeneration vessel
having a sump; and

(C) supplying the regenerated CO; lean ammonia-comprising medium to
said absorber;

wherein the process further comprises:
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(d) 1dentifying a desired mole ratio of ammonia to CO, of the CO, lean
ammonia-comprising medium and/or regenerated CO, lean ammonia-comprising medium
brought into contact with the flue gas;

(e)  predicting a desired temperature of regenerated CO; lean ammonia-
comprising medium present 1in the sump of the regeneration vessel by means of the ammonia
concentration of the CO, lean ammonia-comprising medium and/or regenerated CO, lean
ammonia-comprising medium, the operating pressure of the regeneration vessel and the
1dentified desired mole ratio; and

(1) controlling the temperature of regenerated CO, lean ammonia-
comprising medium present 1in the sump of the regeneration vessel based on the predicted
desired temperature.

[0008] Thus, the process of this aspect 1s based on the surprising finding that, when
operating at a certain regenerator pressure, the temperature of the regenerated CO, lean
ammonia-comprising medium present in the sump of the regeneration vessel 1s an effective
parameter to obtain a desired mole ratio of ammonia to CO; of the CO» lean ammonia-
comprising medium and/or regenerated CO; lean ammonia-comprising medium.

[0009] In another aspect, there 1s provided a process of CO, removal from a flue gas,
the process comprising:

(a) contacting in an absorber a flue gas comprising CO, with aCO, lean
ammonia-comprising medium and/or regenerated CO; lean ammonia-comprising medium
having an ammonia concentration, to absorb CO, from said flue gas into said CO, lean
ammonia-comprising medium and/or regenerated CO, lean ammonia-comprising medium to
produce a CO; rich ammonia-comprising medium;

(b) heating the CO, rich ammonia-comprising medium to release CO; from
said CO, rich ammonia-comprising medium to produce regenerated CO, lean ammonia-
comprising medium, the heating taking place at an operating pressure in a regeneration vessel
having a sump; and

(C) supplying the regenerated CO; lean ammonia-comprising medium to
said absorber:

wherein the process further comprises:

(d) identifying a desired mole ratio of ammonia to CO; of the CO; lean
ammonia-comprising medium and/or regenerated CO; lean ammonia-comprising medium

brought into contact with the flue gas;
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(e) predicting a desired operating pressure of the regeneration vessel by
means of the ammonia concentration of the CO, lean ammonia-comprising medium and/or
regenerated CO, lean ammonia-comprising medium, the temperature of regenerated CO; lean
ammonia-comprising medium present in the sump of the regeneration vessel and the
1dentified desired mole ratio; and

(1) controlling the operating pressure of the regeneration vessel based on
the predicted desired operating pressure.

[0010] Thus, the process of this aspect 1s based on the surprising finding that, when
operating at a certain temperature of the regenerated CO, lean ammonia-comprising medium
present in the sump of the regeneration vessel, the regenerator pressure 1s an effective
parameter to obtain a desired mole ratio of ammonia to CO, of the CO, lean ammonia-
comprising medium and/or regenerated CO, lean ammonia-comprising medium.

[0011] A flue gas may typically result from combustion of organic material, such as
renewable or non-renewable fuels. However, in the present context the term “flue gas™ may
refer to a combustion gas as well as to any gas mixture comprising CO,. Should a flue gas to
be treated according to the present invention comprise chemical species or particles
detrimental to the absorption of CO, using an ammonia-comprising medium, or to other
features of the disclosed processes, such species or particles may be initially removed by
separation technologies known to a person skilled 1n the art. Examples of such pre-treatments
are given 1n, e.g., WO 2006/0228385 referred to above.

[0012] As used herein, the term “ammonia-comprising medium’™ refers to any
medium used to absorb CO,, which includes ammonia, ammonium, or any compounds or
mixtures comprising ammonia or ammonium. As an example, the CO, absorption may take
place in an aqueous medium where the ammonia can be in the form of ammonium ion, NH,",
or 1n the form of dissolved molecular NH3. Contacting the flue gas comprising CO, with an
ammonia-comprising medium results 1n formation of ammonium carbonate or ammonium
bicarbonate 1n dissolved or solid form. In other words, as often used 1n the art, CO» 1s
absorbed by the ammonia-comprising medium and thus removed from the flue gas. The
ammonia-comprising medium of the present invention may be prepared by dissolution or
mixing of ammonia or an ammonium compound such as ammonium carbonate 1n water. The
term “medium” refers to a solution as well as to a suspension or slurry. The reaction
mechanism when CO, reacts with an aqueous ammonia solution involves the following

reactions.
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2H,0 < H;0" + OH (1)
CO, + 2H,0 <« H;0" + HCOx (2)
HCO:™ + H,0 < H30" + CO5™ (3)
NH; + H,O <> NH;" + OH™ (4)
NH; + HCO;~ < H,O + NH,COO (5)
NH,HCO:(s) <> HCOs™ + NH,* (6)

[0013] As used herein, the term “ammonia concentration’ refers to the total
concentration 1n the ammonia-comprising medium of all ammonia related species. The
ammonia concentration 1s thus also known as the solution molarity of the ammonia-
comprising medium.

[0014] The recited process 1s applicable when the CO, absorption 1s operating
according to the so-called chilled ammonia process wherein the flue gas 1s cooled below
ambient (room) temperature before entering the CO, absorber. For example, the flue gas
contacted with the ammonia-comprising medium may be at a temperature below 25 °C,
preferably below 20 °C, and optionally below 10 °C. The ammonia-comprising medium may
as well be cooled below ambient (room) temperature before entering the CO, absorber. For
example, the ammonia-comprising medium with which contacts the flue gas may be at a
temperature below 25 °C, preferably below 20 °C, and optionally below 10 °C.

[0015] Ammonia present in the CO, depleted flue gas after the flue gas CO; 1s
absorbed 1nto the ammonia-comprising medium, e.g., ammonia carried over from the
ammonia-comprising medium, may be removed from the flue gas by condensation. Such
condensation may take place in a condenser or scrubber, e.g., by acid or water wash, or by
other direct contact or indirect contact heat exchange.

[0016] The regenerator vessel, together with 1ts auxiliary equipment such as heat
exchangers for maintaining a desired temperature of CO; rich ammonia-comprising medium
entering the regenerator vessel and/or of CO, lean ammonia-comprising medium in the
regenerator vessel sump, 1s designed to generate high-pressure, high purity gaseous CO,
(such as ~>99 % or ~>99.5 %) while suppressing the generation of gaseous ammonia and
water. The regeneration of CO, lean ammonia-comprising medium 1s an endothermic process
and the thermal energy needed for the regeneration 1s the by far main energy consumer of the

chilled ammonia process. Heat 1s required to break the energy bond between the absorbed
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CO; and the absorbing solution, and to build up (partial) pressure to drive the CO, out of the
regenerator column. Released CO, may optionally be further processed or stored as suitable
in view of technical, economical or environmental concerns. It 1s typically maintained a
temperature of regenerated CO; lean ammonia-comprising medium present in the sump of the
regenerator vessel of from about 100 to about 160 °C.

[0017] The regenerator vessel may operate within a wide pressure range. It 1s
desirable to operate at a pressure higher than atmospheric pressure, such as from about 5 to
about 35 bar gauge (barg). It may be preferred to operate at a pressure higher than 10 barg.
Ammonia emission from the regenerator decreases at increasing operating pressure. Due to
the high regeneration pressure, the ammonia formed during CO, lean ammonia-comprising
medium regeneration 1s captured 1n the medium from which CO» 1s released. Thus, release, or
loss, of ammonia 1s suppressed.

[0018] For purposes of process control, a desired mole ratio of ammonia to CO, of the
ammonia-comprising medium brought into contact with the flue gas 1s 1identified. As used
herein, the term “‘mole ratio of ammonia to CO,” refers to the ratio of the total moles of NHx
to the total moles of CO; present 1n the CO; lean ammonia-comprising medium. The term
mole ratio of ammonia to CO; thus equals the “R value”, commonly referred to in the art.
Using another term common 1n the art, the term mole ratio of ammonia to CO, may also be
expressed reciprocally as the “loading™, 1.e., loading equals 1/ R. The terms “R value” and
“mole ratio of ammonia to CO,"” are used interchangeably throughout the text. The term
“loading” 1s used for the reciprocal of the “R value” or the “mole ratio of ammonia to CO,”
throughout the text.

[0019] Overall CO, removal efficiency in the absorber system 1s strongly related to
the R value of the CO; lean ammonia-comprising medium and/or regenerated CO» lean
ammonia-comprising medium brought into contact with the flue gas. Ammonia slip from the
absorber system, 1.e. ammonia carried over from the CO, lean ammonia-comprising medium
and/or regenerated CO; lean ammonia-comprising medium and being present in the CO»
depleted flue gas after CO, absorption, 1s strongly related to the R value of the CO; lean
ammonia-comprising medium and/or regenerated CO, lean ammonia-comprising medium
brought into contact with the flue gas. The CO, removal efficiency as well as the ammonia
slip contributes to the performance of the CO, removal process. Based on the relationships
mentioned, a desired mole ratio of ammonia to CO, of the CO; lean ammonia-comprising

medium and/or regenerated CO, lean ammonia-comprising medium brought into contact with
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the flue gas 1s 1dentified so that the desired performance of the process may be achieved. In
particular, the desired mole ratio may be 1dentified to maintain a desired CO, capture
efficiency and/or to maintain an acceptable ammonia slip from the absorber system. A change
In process parameters, such as a change in tflow rate of the flue gas entering the absorber
and/or a change of the CO, concentration of the flue gas entering the absorber, can thus be
met by the identification of an R value of the CO, lean ammonia-comprising medium and/or
regenerated CO, lean ammonia-comprising medium to maintain the desired process
performance. The R value of the CO; lean ammonia-comprising medium and/or regenerated
CO; lean ammonia-comprising medium brought into contact with the flue gas 1s typically
from 2 to 5. Identification of a desired mole ratio of ammonia to CO, may be performed as an
automated action by, e.g., a computer, as a manual action or as a combination thereof.

[0020] Obtaining the R value of the CO; lean ammonia-comprising medium and/or
regenerated CO, lean ammonia-comprising medium brought into contact with the flue gas 1s
thus important to achieve a desired CO, capture rate with acceptable ammonia emissions at a
particular flue gas flow rate. It has been found by the present inventors that, in a process as
described herein and operating at a given ammonia concentration of the CO; lean ammonia-
comprising medium and/or regenerated CO, lean ammonia-comprising medium, a correlation
exists among the temperature of the regenerated CO; lean ammonia-comprising medium
present 1in the sump of the regeneration vessel, the operating pressure of the regeneration
vessel and the desired R value. The properties and validation of this correlation will be
further detailed in the following Examples. In order to allow for control of the process, so that
the desired R value may be reached, a desired temperature of regenerated CO, lean ammonia-
comprising medium present 1in the sump of the regeneration vessel and/or a desired operating
pressure of the regeneration vessel may thus be predicted. Typically, it may be preferred to
maintain the operating pressure of the regeneration vessel. In such situation, a desired
temperature of regenerated CO, lean ammonia-comprising medium present in the sump of the
regeneration vessel 1s predicted by means of the ammonia concentration of the CO; lean
ammonia-comprising medium and/or regenerated CO, lean ammonia-comprising medium,
the operating pressure of the regeneration vessel and the 1dentified mole ratio/R value. In
another situation, it may be preferred to maintain the temperature of regenerated CO, lean
ammonia-comprising medium present in the sump of the regeneration vessel. In such
situation, a desired operating pressure of the regeneration vessel 1s predicted by means of the

ammonia concentration of the CO, lean ammonia-comprising medium and/or regenerated



CA 02862751 2014-07-02

WO 2013/108213 PCT/IB2013/050448
8

CO; lean ammonia-comprising medium, the temperature of regenerated CO, lean ammonia-
comprising medium present 1in the sump of the regeneration vessel and the 1dentified mole
ratio. In some situations it may be preferred to change the temperature of regenerated CO»;
lean ammonia-comprising medium present 1in the sump of the regeneration vessel as well as
of the operating pressure of the regeneration vessel in order to reach the desired mole ratio of
the CO, lean ammonia-comprising medium and/or regenerated CO, lean ammonia-
comprising medium brought into contact with the flue gas. In such situation a desired
temperature of regenerated CO; lean ammonia-comprising medium present in the sump of the
regeneration vessel and a desired operating pressure of the regeneration vessel may be
predicted by means of the ammonia concentration of the CO, lean ammonia-comprising
medium and/or regenerated CO, lean ammonia-comprising medium and the 1dentified mole
ratio. Predication of a desired operating pressure of the regeneration vessel may be performed
as an automated action by, e.g., a computer, as a manual action or as a combination thereof.
[0021] By controlling the conditions of regeneration, the desired mole ratio of
ammonia to CO, of the CO; lean ammonia-comprising medium and/or regenerated CO, lean
ammonia-comprising medium brought into contact with the flue gas may be reached. A
desired temperature of regenerated CO, lean ammonia-comprising medium present in the
sump of the regeneration vessel may be predicted and used to control the temperature of
regenerated CO; lean ammonia-comprising medium present in the sump of the regeneration
vessel based on said predicted temperature. A person skilled 1n the art 1s aware of means
suitable for controlling the temperature of regenerated CO, lean ammonia-comprising
medium present in the sump of the regeneration vessel. Typically, regenerated CO, lean
ammonia-comprising medium present in the sump of the regeneration vessel 1s circulated
through a heat exchanger, such as a reboiler, and back to the sump of the regeneration vessel.
Temperature and tlow rate of heating medium fed to the heat exchanger, as well as flow rate
of the circulated medium, are adjusted to obtain the predicted desired temperature. A desired
operating pressure of the regeneration vessel may likewise be predicted and used 1n
controlling the operating pressure of the regeneration vessel based on said predicted operating
pressure. A person skilled in the art 1s aware of means suitable for controlling the operating
pressure of the regeneration vessel. Typically, a pressure regulating valve on the regenerator
gas outlet 1s used for controlling said operating pressure. Control of the regeneration vessel
operating pressure may be performed as an automated action by, e.g., a computer, as a

manual action or as a combination thereot.
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[0022] The pressure of CO, released from the heating of the CO, rich ammonia-
comprising medium 1s higher in a chilled ammonia process than for other post combustion
technologies, resulting in a significant reduction of electrical power consumption (up to 60
%) associated with downstream CO, compression. The operating pressure of the regeneration
vessel can be adjusted to optimize the overall integration of the carbon capture process with a
power plant.

[0023] The subject processes and system described herein, 1s very convenient for use
in the operation of a carbon capture plant. As an example, it 1s a great benefit to plant
operators 1n setting the regenerator sump temperature for a given performance. By operating
the CO, capture process according to the processes and system herein, CO, balance as well as
solution molarity may be maintained.

[0024] According to each of the aspects mentioned above, the 1dentification of the
desired mole ratio may comprise determining a flow rate of CO, entering the absorber in the
flue gas and determining online a flow rate of CO, released from the regeneration vessel.
Thus, process deviations from a CO; balance between CO, entering the absorber (in the flue
gas) and CO; released from the regeneration vessel may serve as input for the identification
of a desired R value. Determination of the flow rate of CO; entering the absorber 1n the flue
gas may be performed by determining the flow rate of the flue gas entering the absorber and
determining the CO; concentration of the same flue gas. Determination of the flow rate of
COs; released from the regeneration vessel may correspond to determination of the flow rate
of the gas released from the regeneration vessel since the gas released from the regeneration
vessel 1s essentially CO,. Determination of a flow rate as referred to herein typically means
determination of a volume tlow rate.

[0025] According to each of the aspects mentioned above, the 1dentification of the
desired mole ratio comprises determining the CO, concentration of flue gas entering the
absorber and determining the CO, concentration of flue gas leaving the absorber. Such
dictates the CO, capture efficiency. Thus, the CO, capture efficiency of the process may
serve as 1nput for the 1dentification of a desired R value.

[0026] According to each of the aspects mentioned above, the 1dentification of the
desired mole ratio comprises determining the ammonia concentration of flue gas leaving the
absorber. Thus, ammonia emissions from the process may serve as input for the identification
of a desired R value. The ammonia emission levels from the absorber may amount to an

ammonia concentration in the flue gas leaving the absorber of from about 4,000 to about
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15,000 ppm. The ammonia emission may depend on the R value of the CO, lean ammonia-
comprising medium and/or regenerated CO, lean ammonia-comprising medium brought into
contact with the flue gas and on the operating temperature of the absorber, e.g., on the
temperature of the flue gas contacted with the CO, lean ammonia-comprising medium and/or
regenerated CO, lean ammonia-comprising medium in the absorber.

[0027] The determination of one or more of the gas properties described above, 1.€.,
flow rates and/or concentrations, may be performed online. Determination “online” of gas
properties as described above means a determination of gas properties through the use of a
sensor or instrument present on or 1n the process equipment and/or conduits thereof. Such
sensors or instruments are useful to provide continuously updated data regarding the gas
flowing in said process equipment and/or conduits. Sensors and instruments for online
determination of CO; concentration and gas flow rates are well known to a person skilled 1n
the art. Identifying a desired R value based on such gas properties 1s less complicated and
faster than 1dentifying 1t based on chemical analyses of the CO, lean ammonia-comprising
medium and/or regenerated CO, lean ammonia-comprising medium. The desired R value
may be determined based on one or more of the gas properties mentioned above.

[0028] In another aspect, there 1s provided a system for removal of CO, from a flue
gas, the system comprising:

[0029] a CO; absorber adapted to contact a flue gas with CO, lean ammonia-
comprising medium and/or regenerated CO, lean ammonia-comprising medium having an
ammonia concentration, a regeneration vessel adapted to heat CO; rich ammonia-comprising
medium from the CO, absorber at an operation pressure, a heating circuit arranged to provide
a heating medium to the regeneration vessel, and piping arranged to pass CO; rich ammonia-
comprising medium from the CO, absorber to the regeneration vessel and to pass regenerated
CO; lean ammonia-comprising medium from the regeneration vessel to the CO, absorber;

[0030] wherein the system further comprises a regulating valve arranged to control a
flow of heating medium 1n the heating circuit, a pressure indicator arranged to provide a
signal representing the operating pressure of the regeneration vessel, and a control unit
arranged to receive the signal from the pressure indicator, a signal representing the ammonia
concentration of the CO, lean ammonia-comprising medium and/or regenerated CO, lean
ammonia-comprising medium and a signal representing a desired mole ratio of ammonia to
CO; of the CO; lean ammonia-comprising medium and/or regenerated CO, lean ammonia-

comprising medium brought in contact with the flue gas in the CO, absorber, to determine an
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adjustment for the regulating valve based on the signals received, and to provide the
regulating valve with a signal corresponding to the determined adjustment.

[0031] Thus, the system of this aspect 1s based on the surprising finding that, when
operating at a certain regenerator pressure, the supply of heating medium, typically the
supply of steam for indirect heating, to the regenerator vessel 1s an effective means for
manipulation to achieve a desired R value.

[0032] Definitions of terms, alternative embodiments, advantages and other
considerations presented above in connection with the processes and systems of the previous
aspects apply also to the system of this aspect, to the extent applicable. The system may
likewise comprise one or more of the features discussed below. As used herein, the term
“indicator’” refers, e.g., to a sensor or instrument as described above useful for online
determinations of gas properties.

[0033] The signal representing the ammonia concentration of the CO, lean ammonia-
comprising medium and/or regenerated CO, lean ammonia-comprising medium may be
provided by an 1nput unit using manual input of the ammonia concentration, may be provided
by an input unit with automatic input of the ammonia concentration from an instrument
analyzing the ammonia concentration of the ammonia-comprising liquid, or may be provided
by the analyzing instrument itself. Thus, the system may comprise such input unit and/or
instrument. The control unit may be loaded with a representation, such as a table, typically
comprising parameters and/or functions representing a correlation between the temperature of
the CO, lean ammonia-comprising medium and/or regenerated CO, lean ammonia-
comprising medium, the operating pressure of the regenerator vessel and the desired lean
solution R value.

[0034] The system may further comprise a gas flow rate indicator and a CO;
concentration indicator, arranged to provide signals representing a tlow rate of flue gas to the
CO, absorber and the CO, concentration of said flue gas, respectively. Further, a gas flow
rate indicator may be arranged to provide a signal representing a flow rate of gas leaving the
regeneration vessel. The control unit may further be arranged to receive signals from each of
the said indicators and based on said signals to determine, and optionally relay, a signal
representing a desired mole ratio of ammonia to CO, of the CO, lean ammonia-comprising
medium and/or regenerated CO, lean ammonia-comprising medium brought in contact with
the flue gas 1in the CO, absorber. Additionally, any system deviations from CO, balance may

serve as input for the control unit.
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[0035] The system may further comprise a gas flow rate indicator and a CO,
concentration indicator arranged to provide signals representing a flow rate of flue gas
leaving the CO, absorber and the CO, concentration of said flue gas, respectively. The
control unit may further be arranged to receive signals from each of the said indicators and
based on said signals to determine, and optionally relay, a signal representing a desired mole
ratio of ammonia to CO, of the CO, lean ammonia-comprising medium and/or regenerated
CO; lean ammonia-comprising medium brought in contact with the flue gas in the CO;
absorber. Thus, the CO; capture efficiency of the system may also serve as input for the
control unit.

[0036] The system may further comprise a NH3; concentration indicator arranged to
provide a signal representing the NHs concentration of flue gas leaving the CO, absorber, the
control unit being further arranged to receive said signal and to determine based on said
signal received the adjustment for the regulating valve. Thus, ammonia emissions from the
system may serve as input to the control unit. Typically, the control unit 1s arranged to
immediately provide a signal to the regulating valve to decrease the flow of heating medium
if the NH; concentration of flue gas leaving the CO, absorber 1s above a set threshold value,

such as 10,000 ppm.

BRIEF DESCRIPTION OF THE DRAWINGS

[0037] Figure 1 1s a schematic representation of a system for an ammonium based
CO, capture process.

[0038] Figures 2a and 2b are graphs illustrating the correlation described in Example

1.

[0039] Figures 3a and 3b are parity plots illustrative for Example 2.

[0040] Figure 4 1s a graph illustrating the correlation described in Example 3.
DETAILED DESCRIPTION

[0041] Figure 1 1s a schematic representation of a system 30 for an ammonium based
CO, capture process. The system 30 comprises a CO, absorber vessel 1. CO, absorber vessel
1 may be arranged as a plurality of vessels or operational steps 1n parallel or 1n series. Flue
gas from which CO; 1s to be removed, 1s fed into CO; absorber vessel 1 via fluidly connected
line 2. In CO, absorber vessel 1, the flue gas 1s contacted with a CO; lean ammonia-

comprising medium and/or regenerated CO, lean ammonia-comprising medium, e.g. by
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bubbling the flue gas through said medium or by spraying the medium into the flue gas. It 1s
within the knowledge of a skilled person to arrange for contacting of flue gas with ammonia-
comprising medium. In CO, absorber vessel 1, CO; from the flue gas 1s absorbed 1nto the
CO; lean ammonia-comprising medium and/or regenerated CO, lean ammonia-comprising
medium, e.g. by formation of carbonate or bicarbonate of ammonium either in dissolved or
solid form. Flue gas depleted of CO, leaves CO, absorber vessel 1 via fluidly connected line
3. As used herein, CO; lean ammonia-comprising medium and/or regenerated CO; lean
ammonia-comprising medium 1s any medium used to absorb CO», which includes ammonia,
ammonium, or any compounds or mixtures comprising ammonia or ammonium. As an
example, the CO, absorption may take place in an aqueous medium where the ammonia can
be in the form of ammonium ion, NH,", or in the form of dissolved molecular NHj.

[0042] Line 2 1s equipped with a gas flow meter 4 and a CO, concentration sensor 3.
The measurements from gas flow meter 4 and CO, concentration sensor 5 allow for a
determination of the tlow rate of CO, entering CO, absorber vessel 1. Line 3 is equipped with
a CO, concentration sensor 6. The measurements from gas flow meter 4 and CO;
concentration sensor 6 allow for a determination of the flow rate of CO, leaving CO,
absorber vessel 1. Comparing the flow rates of CO, entering and leaving, respectively, CO,
absorber vessel 1 allows for a determination of the CO, capture efficiency of CO, absorber
vessel 1. Additionally, or alternatively, line 3 1s equipped with a NH; concentration sensor 7.
The measurement from NH3 concentration sensor 7 provides information on possible
ammonia loss from CO, absorber vessel 1.

[0043] The system 30 further comprises a water wash system 3. Water wash system &
may be arranged as a plurality of vessels or operational steps in parallel or 1n series. Water
wash system 8 may comprise one or more packed beds being similar or different. Via line 3,
flue gas from CO, absorber vessel 1 enters water wash system 8. In water wash system 8,
ammonia present 1n the flue gas 1s captured in water wash liquid. Captured ammonia in water
wash liquid leaves water wash system 8 via fluidly connected line 9. Flue gas depleted of
ammonia leaves water wash system 8 via fluidly connected line 10.

[0044] The system 30 further comprises a stripper system 11 for stripping of NHs.
Stripper system 11 may be arranged as a plurality of vessels or operational steps in parallel or
in series. Via fluidly connected line 9, captured ammonia in water wash liquid enters stripper
system 11. In stripper system 11, ammonia 1s recovered from the water wash liquid and

reconditioned water wash liquid 1s obtained. Recovered ammonia leaves stripper system 11
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via tluidly connected line 12 and 1s returned to CO, absorber vessel 1. Reconditioned water
wash liquid leaves stripper system 11 via fluidly connected line 13 and is returned to water
wash system 8. Reconditioned water wash liquid also leaves stripper system 11 via fluidly
connected line 14 and 1s passed to a CO, product cooler 19 described in more detail below.
[0045] The system 30 further comprises a regenerator vessel 15. Regenerator vessel
15 may be arranged as a plurality of vessels or operational steps in parallel or 1n series. CO;
rich ammonia-comprising medium, including dissolved or solid carbonate or bicarbonate of
ammonium as formed in CO, absorber vessel 1, enters regenerator vessel 15 via fluidly
connected line 16. In regenerator vessel 13, the CO; rich ammonia-comprising medium 1s
exposed to temperature and pressure conditions sufficient to release CO, from the CO, rich
ammonia-comprising medium to obtain regenerated CO, lean ammonia-comprising medium.
Basically, carbonate or bicarbonate of ammonium either in dissolved or solid form 1s
decomposed to release CO; as a gas. It 1s within the knowledge of a skilled person to obtain
such conditions, e.g. utilising heat exchangers and pumps. As an example, CO; rich
ammonia-comprising medium 1s fed at elevated temperature to the lower section 15a of the
regenerator vessel 15. The regenerator vessel 15 may consist of two or three packed sections.
At this temperature, some of the bicarbonates decompose, releasing CO, gas to the
regenerator vessel 15. The remainder of the CO; rich ammonia-comprising medium 1s
contacted with rising hot vapour generated in the regenerator vessel 15 reboiler 23 as
described 1n more detail below. At increasing temperatures, more bicarbonates decompose,
releasing primarily CO, and very small amounts of NH; and H,O to the vapour phase.
Released CO; leaves regenerator vessel 15 via fluidly connected line 17. Regenerated CO,
lean ammonia-comprising medium 1s returned to CO, absorber vessel 1 via fluidly connected
line 18. Make-up ammonia may, if necessary, be introduced via fluidly connected line 18.
[0046] The system 30 further comprises a CO, product cooler 19, a purpose of
which 1s to recover ammonia leaving regenerator vessel 15 along with released CO,. CO;
product cooler 19 may be arranged as a plurality of vessels or operational steps 1n parallel or
in series. Via fluidly connected line 17, gas comprising CO, from regenerator vessel 15 enters
CO; product cooler 19. In CO, product cooler 19, ammonia present in the gas 1s condensed to
obtain condensed ammonia. Condensed ammonia typically dissolves in water, said water
condensed from water vapour present in gas leaving regenerator vessel 15. As an example,

CO; rich gas from the top 15b of the regenerator vessel 15 1s sent to the CO; product cooler

19 where it 1s cooled to about 20—40 °C by direct contact with cold circulating water to
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further reduce the NH; content of the gas and to condense residual moisture. The CO,
product cooler 19 receives stripped water via fluidly connected line 14 from the stripper
system 11, which favours absorption of ammonia. Dissolved ammonia leaves CO; product
cooler 19 via fluidly connected line 20 and 1s passed to wash water system 8. Essentially pure
CO; leaves CO; product cooler 19 via fluidly connected line 21.

[004°7] Line 21 1s equipped with a gas flow meter 22. The measurement of gas flow
meter 22 represents the flow rate of CO, leaving CO, product cooler 19. Comparing the flow
rates of CO, entering CO, absorber vessel 1 and leaving CO, product cooler 19 allows for
determination of the CO, balance of the illustrated CO, capture system 30.

[0048] The operating temperature of bottom portion 15a of regenerator vessel 15 1s
controlled by passing regenerated CO; lean ammonia-comprising medium through a heat
exchanger 23 and returning the regenerated CO, lean ammonia-comprising medium to
regenerator vessel 15 via fluidly connected line 24. Heat exchanger 23, typically a reboiler,
may be arranged on line 24, as 1llustrated, or 1n a vessel comprising regenerator vessel 15. A
pressure sensor 25 measures the operating pressure of the regenerator vessel 13.

[0049] Measurements from one or more flow meters 4, 22 and/or sensors 3, 6, 7, 25
and/or determinations based on said measurements, serve as input for identification of a
desired mole ratio of ammonia to CO, of the CO; lean ammonia-comprising medium and/or
regenerated CO; lean ammonia-comprising medium brought into contact with the flue gas in
CO, absorber vessel 1. Identification may be performed by a control unit (not shown) 1n
connection with said sensors. By means of the ammonia concentration of the CO, lean
ammonia-comprising medium and/or regenerated CO, lean ammonia-comprising medium,
the operating pressure of the regenerator vessel 15 and the mole ratio 1dentified, a desired
temperature of regenerated CO; lean ammonia-comprising medium present 1n the sump 15c¢
of the regeneration vessel 15 1s predicted. Predication may be performed by the control unit,
when the control unit 1s provided with a representation of the correlation found by the present
inventors (as mentioned above and further exemplified below). Control of said temperature 1s
performed by regulating the tlow of heating medium to heat exchanger 23, 1.e. typically of
steam to a reboiler. Control may be performed by the control unit, the control unit being in
direct or wireless contact with a valve 26 regulating the flow of heating medium to heat
exchanger 23.

[0050] As described above, CO, rich ammonia-comprising medium, including

dissolved or solid carbonate or bicarbonate of ammonium, 1s fed tfrom CO, absorber vessel 1
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to regenerator vessel 15, whereas regenerated CO, lean ammonia-comprising medium 1s fed
from regenerator vessel 15 to CO, absorber vessel 1. The absorption process being
exothermic and the regeneration process being endothermic, and said processes typically
being operated at substantially different temperatures, allows for heat recovery which may
improve the performance of the system 30. Thus, CO, rich ammonia-comprising medium,
including dissolved or solid carbonate or bicarbonate of ammonium, from CO, absorber
vessel 1 1n fluidly connected line 16 1s heat exchanged 1n one or more heat exchangers (not
shown) with regenerated CO, lean ammonia-comprising medium from regenerator 15 1n
fluidly connected line 18 so that heat 1s recovered from the hot CO, lean ammonia-
comprising medium transferred from the bottom portion 15a of regenerator vessel 15 to CO,

absorber vessel 1.

EXAMPLES

[0051] Example 1: Investigation of the correlation

[0052] To investigate the correlation found by the present inventors among the
temperature of regenerated CO; lean ammonia-comprising medium present 1n the sump 15c¢
of the regeneration vessel 15, the operating pressure of the regeneration vessel 15 and the
mole ratio of ammonia to CO, of the CO, lean ammonia-comprising medium and/or
regenerated CO, lean ammonia-comprising medium, for the chilled ammonia CO, capture
process laid out herein, a rigorous set of thermodynamic properties based on laboratory
measurements and experimental measurements found 1n literature and scientific articles has
been implemented into ASPEN Plus® databanks. Parameters for physical properties such as
enthalpy, heat capacity, viscosity, density, and surface tension were regressed.
Thermodynamic properties are of fundamental importance to understand how systems 30
respond to physical change.

[0053] Figure 2a illustrates the relationship between the R value (the mole ratio of
ammonia to CO, of the CO; lean ammonia-comprising medium and/or regenerated CO, lean
ammonia-comprising medium brought in contact with the flue gas in absorption vessel 1 of
the disclosed process) and the temperature (°C) of the regenerated CO, lean ammonia-
comprising medium present in the sump 15¢ of the regeneration vessel 15, at an operating
pressure of the regeneration vessel 15 of 300 psig (20.7 barg) for different solution molarities
(different ammonia concentrations of the regenerated CO, lean ammonia-comprising

medium, circles = 6.5 M, triangles = 7.5 M, squares = 8.5 M).
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[0054] Figure 2b 1llustrates the relationship between the R value (the mole ratio of
ammonia to CO, of the CO, lean ammonia-comprising medium and/or regenerated CO, lean
ammonia-comprising medium brought in contact with the flue gas in absorber vessel 1 of the
disclosed process) and the temperature (°C) of regenerated CO, lean ammonia-comprising
medium present in the sump 15¢ of the regeneration vessel 15, at an ammonia concentration
of the regenerated CO, lean ammonia-comprising medium of 8.5 M for different operating
pressure of the regeneration vessel 15 (open triangles = 300 psig (20.7 barg), open squares =
290 psig (19.9 barg), open circles = 280 psig (19.3 barg), filled triangles = 270 psig (18.6
barg), filled squares = 260 psig (17.9 barg), filled circles = 250 psig (17.2 barg)).

[0055] Use of a graph such as those of Figures 2a or 2b provides a quick way of
estimating the desired R value, without using an analytical method, at the operating pressure
of the regenerator vessel 15 and the temperature of the sump 15¢ regenerated CO; lean
ammonia-comprising medium for a given molarity of feed stream. For example, if an R value
of 3.2 from a solution molarity of 8.5 M at operating pressure 300 psig (20.7 barg) 1s desired,
the set point of the sump 15¢ temperature control unit 1s adjusted to about 300 °F (149 °C) as
provided 1n the graph of Figure 2a.

[0056] The correlation 1s provided for an operating pressure of 5 to 30 barg, an R
value of 3 to 6 (corresponding to a loading of 0.16 to 0.33), and a molarity of 4 to 10 mol/I.

[0057] Example 2: The control concept using the correlation 1s validated at different
chilled ammonia process CO, capture pilot plants

[0058] The correlation modeled 1n Example 1 between sump 15¢ temperature and R
value at operating pressure was validated using experimental data from CO, capture pilot
plants operated according to the system and process described herein.

[0059] Figure 3a 1llustrates a comparison of the model prediction of the sump 15¢
temperature with experimental data from pilot plants. The Aspen Plus® model reproduces the
experimental data reasonably well for all pilot plants.

[0060] Figure 3b confirms that the Aspen Plus® model predictions show agreement
with experimentally measured R values for all pilot plants, thus confirming CO;, mass balance
closure for both simulation and reconciled pilot plant data.

[0061] Example 3: Ammonia emissions

[0062] Ammonia emissions from the CO, absorber vessel 1, 1.e., ammonia carried

over from the CO; lean ammonia-comprising medium and being present 1n the CO, depleted
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flue gas after CO, absorption, were measured at a CO, capture pilot plant operated according
to the system and process described herein.

[0063] Figure 4 1llustrates the relationship between ammonia emissions from the CO;
absorber vessel 1 for different R values of the CO, lean ammonia-comprising medium and/or
regenerated CO, lean ammonia-comprising medium brought into contact with the flue gas.
As stated above, ammonia slip from the absorber vessel 1 1s strongly related to the R value of
the CO, lean ammonia-comprising medium and/or regenerated CO; lean ammonia-
comprising medium brought into contact with the flue gas. Accordingly, acceptable ammonia
emissions may be obtained through 1dentification of a corresponding R value.

[0064] While the invention has been described with reference to various exemplary
embodiments, 1t will be understood by those skilled 1n the art that various changes may be
made and equivalents may be substituted for elements thereof without departing from the
scope of the 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 thereot. Therefore, it 1s 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 following

appended claims.
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WHAT IS CLAIMED IS:

1. A process of CO2 removal from a flue gas comprising:

(a) contacting in an absorber a flue gas comprising CO2 with a CO2 lcan
ammonia-comprising medium and/or regenerated COz2 lean ammonia-comprising
medium having an ammonia concentration, to absorb CO; from said flue gas into said
COz lean ammonia-comprising medium and/or regenerated COz lean ammonia-
comprising medium to produce a CO2 rich ammonia-comprising medium;

(b)  heating the COz rich ammonia-comprising medium to release CO:
from said CO2 rich ammonia-comprising medium to produce a regenerated CO: lean
ammonia-comprising medium, the heating taking place at an operating pressure in a
regeneration vessel having a sump;

(C) supplying the regenerated COz lean ammonia-comprising medium to
sald absorber;

(d)  identifying a desired mole ratio of ammonia to CO; of the CO> lean
ammonia-comprising medium and/or regenerated CO2 lean ammonia-comprising
medium brought into contact with the flue gas required to control at least one of the
COz'capture efficiency of said absorber and ammonia emissions [rom said absorber;

(¢)  predicting a desired temperature of regenerated CO; lean ammonia-
comprising medium present in the sump of the regeneration vessel by means of the
ammonia concentration of the COz lean ammonia-comprising medium and/or
regenerated COz lean ammonia-comprising medium, the operating pressure of the
regeneration vessel and the identificd desired mole ratio; and

([) controlling the temperature of regenerated COz lean ammonia-
comprising medium present in the sump of the regéneration vessel based on the
predicted desired temperature;

wherein the 1dentitication of the desired mole ratio comprises at least one of
determining the volume flow rate of CO: entering said absorber in the flue gas and the
volume flow rate of CO: releascd from said regeneration vessel, determining the CO:
concentration of flue gas entering said absorber and the CO2 concentration of flue gas
leaving said absorber, and determining the ammonia concentration of flue gas leaving

said absorber.
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2. A process of CO2 removal from a flue gas comprising:

(a) contacting 1n an absorber a flue gas comprising CO2 with a CO? lean
ammonia-comprising medium and/or regenerated CO2 lean ammonia-comprising
medium having an ammonia concentration, to absorb COz from said flue gas into said
COz2 lean ammonia-comprising medium and/or regenerated COz lean ammonia-
comprising medium to produce a COz rich ammonia-comprising medium;

(b)  heating the CO2 rich ammonia-comprising medium to release CO»
from said COz2 rich ammonia-comprising medium to produce a regenerated COz lean
ammonia-comprising medium, the heating taking placc at an operating pressure in a
regeneration vessel having a sump;

(c) supplying the regenerated COz lean ammonia-comprising medium to
sald absorber;

(d) identifying a desired mole ratio of ammonia to CO: of the CO3 lean
ammonia-comprising medium and/or regenerated CO2 lean ammonia-comprising
medium brought into contact with the tluc gas required to control at least one of the
COz caplure efficiency of said absorber and ammonia emissions from said absorber:;

(¢) predicting a desired temperature of regenerated CO2 lean ammonia-
comprising medium present in the sump of the regeneration vessel by means of the
ammonia concentration of the COz lean ammonia-comprising medium and/or
regenerated CO2 lean ammonia-comprising medium, the operating pressure of the
rcgeneration vessel and the identified desired mole ratio; and

(D) controlling the temperature of regencratcd CO2 lean ammonia-
comprising medium present in the sump of the regeneration vessel based on the
predicted desired temperature;

wherein the identification of the desired mole ratio comprises determining the
volume flow rate of CO: entering said absorber in the fluc gas and the volume flow

rate of COq released from said regeneration vessel.

3. A process of CO2 removal from a flue gas comprising:
(a) contacting in an absorber a flue gas comprising CO2 with a COz lean
ammonia-comprising medium and/or regenerated CO2 lean ammonia-comprising

medium having an ammonia concentration, to absorb COz from said flue gas into said
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CO2 lean ammonia-comprising medium and/or regencrated CO: lean ammonia-
comprising medium to produce a COz rich ammonia-comprising medium;

(b)  heating the CO2 rich ammonia-comprising mecdium to release CO»
from said COz rich ammonia-comprising medium to produce a regenerated CO: lean
ammonia-comprising medium, the heating taking place at an operating pressure in a
regeneration vessel having a sump;

(c) supplying the regenerated CO; lcan ammonia-comprising medium to

“said absorber;

(d)  identifying a desired mole ratio of ammonia to COz of the COx lean
ammonia-comprising medium and/or regenerated CO2 lean ammonia-comprising
medium brought into contact with the flue gas required to control at least one of the
COz capture efficiency of said absorber and ammonia emissions from said absorber:

(e) predicting a desired temperature of regenerated CO2 lean ammonia-
comprising medium present in the sump of the regeneration vessel by means of the
ammonia concentration of the COz lean ammonia-comprising medium and/or
regenerated CO2 lean ammonia-comprising medium, the operating pressure of the
regeneration vessel and the identified desired mole ratio; and

(1) controlling the temperature of regenerated CO2 lean ammonia-
comprising medium present in the sump of the regeneration vessel based on the
predicted desired temperature;

wherein the identification of the desired mole ratio comprises determining the
CO:z concentration of flue gas entering said absorber and the CO2 concentration of

flue gas leaving said absorber.

4. A process of CO2 removal from a flue gas comprising:

(a) contacting in an absorber a flue gas comprising CO2 with a CO2 lean
ammonia-comprising medium and/or regenerated CO2 lean ammonia-comprising
medium having an ammonia concentration, to absorb CO2 (rom said flue gas into said
COz2 lean ammonia-comprising medium and/or regenerated CO; lean ammonia-
comprising medium to produce a COz2 rich ammonia-comprising medium;

(b)  heating the CO2 rich ammonia-comprising medium to release CO;

from sard COz rich ammonia-comprising medium to produce a regenerated CO: lean
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ammonia-comprising medium, the heating taking place at an operating pressure in a
regeheration vessel having a sump;

(C) supplying the regenerated CO; lean ammonia-comprising medium to
said absorber;

(d) identifying a desired mole ratio of ammonia to CO: of the COz lean
ammonia-comprising medium and/or regenerated CO2 lean ammonia-comprising
medium brought into contact with the flue gas required to control at least one of the
COz capture efficiency of said absorber and ammonia emissions from said absorber:

(e) predicting a desired temperature of regenerated COz lean ammonia-
comprising medium present in the sump of the regeneration vessel by means of the
ammonia concentration of the COz lean ammonia-comprising medium and/or
regenerated COz lean ammonia-comprising medium, the operating pressure of the
regencration vessel and the identified desired mole ratio; and

(1) controlling the temperature of regenerated COz lcan ammonia-
comprising medium present in the sump of the regeneration vessel based on the
predicted desired temperature;

wherein the identification of the desired mole ratio comprises determining the

ammonia concentration of flue gas leaving said absorber.

5. The process according to any one of claims 1 (o 4, wherein the desired

mole ratio is used to control the CO: capture efficiency of said absorber.

6. The process according to any onc of claims 1 to 5, wherein the desired

mole ratio is identified and used to control ammonia emissions from said absorber.
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