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(57) Abstract: The embodiments of the disclosure relate generally to absorbent processes, systems, and methods. The disclosure in-
cludes the use of a combination of thermal regeneration and gas assisted stripping to convert a rich CO, absorbent to a lean CO, ab-
sorbent via an intermediate semi-lean CO, absorbent. The system includes a regenerator and a stripper to convert the rich CO, ab-
sorbent to the lean CO, absorbent, and can further include a combustor and an absorber. A fuel gas can be used as the stripping gas,
thereby producing a CO,.rich fuel gas, which can be recycled to a combustor to reclaim the fuel value.
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GAS-ASSISTED STRIPPING OF LIQUID SOLVENTS
FOR CARBON CAPTURE

TECHNICAL FIELD

{6801} The various embodiments of the disclosure relate generally to a two-stage
regeneration scheme utilizing heat and stripping gas to remove €O, from an
absorbent. The portion of CO» removed with the stripping gas can be recycled to the

combustion step in an effect similar to a dilution gas {¢.g. exhaust gas recycle}.

BACKGROUND OF THE INVENTION

[062] Currently, commercial-ready technology for CO» removal from flue gas 18
based on capturing the C0s in an absorber/stripper process using a circulated amine
solvent. The prirnary obstacle to widespread tmplementation of this technology is the
cost of CO; capture. Estimates suggest that up to 1/3 of the total power output of the
plant would be consumed by the capture process. The conventional process is based
on amine treatment, where a lean amine {(amine largely devoid of CO,) 1s pumped
into the top of an absorber tower that is filled with packing or trays. Flue gas flows
wito the bottom of the tower and countercurrently countacts the downward flowing
amnine. The amine chemically absorbs the CO, from the flue gas. Treated gas that is
largely depleted of CO, exits the top of the tower and rich aroine {amine countaining
the absorbed CO;) leaves the bottom of the tower. The rich amine is pumped to a
regenerator where heat 1s applied in a rebotler at the bottorm of the column. The heat
releases CO; from the solvent, generating the lean amine for recycle to the absorber.
A mixture of water vapor and CO; countercurrently flows up the column, providing
mass transter throughout the packed section. The concentrated COy stream exits the

top of the column and can be compressed for sequestration or pipeline transport.

[6063] In the conventional configuration, the process is independent of the power
cycle with no advantageous integrations. The absorber typically operates between 40
and 70°C while the regenerator operates at 120 — 140°C. Thus, a significant portion
of the energy cousumed by the process is from sensible and latent heat requirements

imposed by the thermal swing, which reduces the net amount of power produced by
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the power plant. While the low pressure steam generated by the power plant can be

used as the heat source for the reboiler, the energy recovery is still inefficient.

[6064] There continues to be increasing interest in capturing CO; from the flue
gas of power plants. But as discussed, the conventional process configurations used
for CO; removal are challenged by high cost. The volume of flue gas is large,
requiring large equiproent to treat. CO; 1s difficult to efficiently capture due to the
low concentration of C{» and the low pressure of the raw flue gas. The
corresponding circulation rate of the amine is large, resulting m a large parasitic
power consumption from the power plant. Better methods of CO; consumption with

reduced costs are desirable.

BRIEF SUMMARY

[G305] The various embodiments of the disclosure relate generally to absorbent

processes, systems, and methods.

[6606] An embodiment of the disclosure can be a system for removing carbon
dioxide (COj) from a (COj-absorbent. The system can include a regenerator
configured to remove a portion of CO, from a COy-absorbent to produce a semi-lean
COs-absorbent. The system can mclude a stripper configured o contact at least a
portion of a fuel gas with the semi-lcan CO»-absorbent to remove at least a portion of
the CO, from the semi-lean COjy-absorbent to produce a lean absorbent and a CO»-
enriched fuel gas. In some embodiments, the regenerator can be configured to
thermally remove 4 portion of the CO; from the COy-absorbent to produce the semi-

fean CO»-absorbent,

{6807} In an embodiment, the systerm can further include an absorber configured
to countact at least a portion of a fluc gas with an absorbent to produce the
CQOy-absorbent.  In some instances, the system can include at least one cooler
configured to reduce the temperature of at least one of the serni-lean COj-absorbent
and the lean absorbent to produce at least one of a cooled serm-lean CO»-absorbent
and a cooled lean absorbent, and the absorber is configured to receive at least one of

the cooled semi-lean COy-absorbent and the cooled lean absorbent,
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[6008] In an embodiment, the absorber 1o the system can be configured to contact
at least a portion of the flue gas with at least one of a semi-lean CO,-absorbent and a
tean absorbent to prodace a CO»-absorbent. The system cau also include a combustor
configured to produce the flue gas. The combustor can also be configured to receive
the COy-enriched fuel gas. The absorbeunt can be an amine. The fuel gas can be a
natural gas. In some embodiments, the semi-lcan adsorbent can be about 5 to about
30% of the cyclic capacity of the absorbent, or about 5 to about 25% of the cyclic

capacity of the absorbent.

[3009] An embodiment of the disclosure can also be a method for removing
carbon dioxide {CO,) from a CO,-absorbent, including removing a portion of CO,
from the CO;-absorbent to produce a semi-lean COs-absorbent; and contacting a fuel
gas with the semi-lean CO»-absorbent to remove at least a portion of the COy from
the serni-lean COjy-absorbent to produce a lean absorbent and a COj-enriched fuel
gas. The removing a portion of CO, from the CO,-absorbent to produce the semi-
lean COy-absorbent can include heating the COs-absorbent. The moethod can also
include combusting at least one of a fuel gas and the C(Os-enriched fuel gas to
produce a fluc gas. In an embodiment, the macthod can further including contacting at
feast a portion of the flue gas with an absorbent to produce the C{hs-absorbent. As

with the system, the absorbent can be an amine. And the fuel gas can be a natural gas.

[6010] In some embodiment, reraoving a portion of CO;, from the COj-absorbent
to produce a semi-lean CO;-absorbent can include converting the COj-adsorbent
having about 95% to about 100% of the cyclic capacity of the absorbent to the semi-
lean adsorbent having about 5% to about 30% of the cychc capacity of the absorbent,
or converting the COj-adsorbent having about 95% to about 100% of the cyclic
capacity of the absorbent to the semi-lean adsorbent having about 5% to about 25% of

the cyclic capacity of the absorbent.

(6011 An embodiment of the disclosure can also be a system for removing
carbon dioxide from a flue gas. The system can include a corbustor configured to
produce a flue gas, an absorber configured to contact at least a portion of the flue gas
with an absorbent to produce a COy-absorbent, a regencrator configured to remove a

portion of €O, frow the COy-~absorbent to produce a semi-lean COz-absorbent; and a
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stripper configured to contact a fuel gas with the semi-lean COz-absorbent to remove
at least a portion of the COy from the semi-lean CO,-absorbent to produce a lean
absorbent and a CO;-enriched fuel gas. The combusior can be further configured to
receive the COjp-enriched fuel gas, and the absorber can be further configured to
receive the lean absorbent, In some embodiments, the regencrator is configured to
thermally remove a portion of the CO; from the CO»-absorbent to produce the semi-
lean CQOy-absorbent. In some embodiments, the semi-lean adsorbent can be about 5
to about 30% of the cyclic capacity of the absorbent, or about § to about 25% of the

cychic capacity of the absorbent.

[3012] An embodiment of the disclosure can also be a method for removing
carbon dioxide from a flue gas, wcluding contacting at least a portion of a flue gas
with an absorbent to produce a CO;-absorbent, removing a portion of CO; from the
0O ,-absorbent to produce a semi-lean COp-absorbent; and contacting a fuel gas with
the semi-lean CQO;-absorbent to remove at least a portion of the CO; from the semi-
lean COj-absorbent to produce a lean absorbent and a COy-enriched fuel gas. The
method can also include combusting at least one of the CO»-curiched fuel gas and a
lean fuel gas to produce the fluc gss. The removing a portion of CO; from the
{0;-absorbent to produce the semi-fean CO-absorbent can include heating the CO»-

absorbent,

[3013] In an embodiment, the removing a portion of CO, from the CO;-absorbent
to produce a semi-lean CO;-absorbent can include converting the COj-adsorbent
having about 95% to about 100% of the cyclic capacity of the absorbent to the semi-
lean adsorbent having about 5% to about 30% of the cychc capacity of the absorbent,
or can inchude converting the CO,-adsorbent having about 93% fo about 100% of the
cychic capacity of the absorbent to the semi-lean adsorbent having about S fo about

25% of the cyclic capacity of the absorbent,

6814} Aun embodiment of the disclosure can be a system for removing carbon
dioxide from a rich COj-absorbent which includes a regencration stage and a
stripping stage. The regeneration stage can be configured to thermally remove at least
a portion of the CO» from the CO»-absorbent. The stripping stage can be configured

to contact 4 stripping gas with the COs-absorbent to remove at least a portion of the
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CO» as a COo-siripping gas rowxture, such that the rich COz-absorbent mixture 18
converted to a lean absorbent via a semi-lean CO5-absorbent. In some embodiments,

the stripping gas is a fucl gas.

[B015] In an embodiment, the regeneration stage can precede the stripping stage,
and the regeneration stage can remove CO» and can convert the rich COs-absorbent to
the semi-lean COj-absorbent, and the sirippimg stage can convert the semi-lean
C(s-absorbent to the lean absorbent. In that case, the semi-lean COj-absorbent can

¢ about 5 to about 30% of the cyclic capacity of the adsorbent.

[6016] In an embodiment, the stripping stage can precede regeneration stage, and
the stripping stage can remove 03, and can convert the rich COj-absorbent to the
scrui-lean CO»-absorbent, and the rcgeneration stage can convert the semi-lean
(COs-absorbent to the lean absorbent. In that case, the semi-lean COr-absorbent can

be about 70 to about 95% of the cyclic capacity.

16817] In some embodiments, the system can further include an absorber
configured to contact at least a portion of a flue gas with an absorbent to produce the
CQO,-absorbent. The system can also further comprising a combustor configured to

produce the fluc gas.

BRIEYF DESCRIPTION OF THE DRAWINGS

[BOIR] Fig. 1 iilustrates a standard absorption-desorption, according to aspects of

the prior art,

[3019] Fig. 2 illustrates a gas assisted stripping process, in accordance with an

exemplary embodiment of the disclosure.

P

[602¢] Fig. 3 llustrates another gas assisted stripping process, in accordance with

an exeraplary emabodiment of the disclosure.

[6021] Fig. 4 llustrates a system for gas assisted stripping, in accordance with an

exemplary embodiment of the disclosure.
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(6622} Fig. 5 illustrates another system for gas assisted stripping, in accordance

with an cxemplary embodiment of the disclosure.

[6023] Fig. 6 illustrates an exemplary industrial process diagram applying gas

assisted stripping, 1 accordance with an exeraplary erobodiment of the disclosure.

[6624] Fig. 7 illustrates an exemplary industnial process diagram applying gas

assisted stripping, in accordance with an exemplary embodiment of the disclosure.

[3825] Fig. 8 illustrates an cxemplary industrial process diagram applying gas

assisted stripping, in accordance with an cxemplary embodiment of the disclosure.

$926 Fig. 9 illustrates a series of CO; concentration and partial pressure curves,
B ]

as applied using an exemplary embodiment of the disclosure.

DETAILED DESCRIPTION

(0271 Although preferred embodiments of the disclosure are explained in detail,
it is to be understood that other embodiments are contemplated. Accordingly, it is not
ntended that the disclosure is limited in its scope to the details of construction and
arrangement of components set forth in the following description or ilhustrated in the
drawings. The disclosure 1s capable of other embodiments and of being practiced or
carried out in various ways. Also, in describing the preferred embodiments, specific

terminelogy will be resorted to for the sake of clarity.

[6028] it must also be noted that, as used in the specification and the appended

claims, the singular forms “a,” “an” and “the” include plural referents unless the
» fel

context clearly dictates otherwise.

[6029] Also, in describing the preferred embodiments, terminology will be
resorted to for the sake of clarity. K is intended that cach term contermnplates its
broadest meaning as understood by those skilled i the art and includes ali technical

cquivalents which operate in a similar manner fo accomplish a similar purpose.

636 Ranges may be expressed herein as from “about” or “approximately” one
e X o

ariicular value and/or to “about” or “approximaiely” another particular value, When
¥
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such a range is expressed, another embodiment includes from the one particular value

and/or to the other particular value.

6031} By “comprising” or “containing” or “including” is meant that at least the
named compound, element, particle, or method step s present in the composition or
article or method, but does not exclude the presence of other compounds, materials,
particles, method sieps, even if the other such compounds, matenial, particles, method

steps have the same function as what is named.

168321 It is also to be understood that the mention of one or more method steps
does not preclude the presence of additional method steps or intervening racthod steps
between those steps expressly identified. Similarly, it is also to be understood that the
mention of gne or more components in a device or systermn docs not prechude the
presence of additional compouncots or intervening components between those

components expressly identified.

6633} A method and system are disclosed that include gas assisted stripping of
tiquid solvents for carbon dioxide capture and remwoval. The disclosure can include a
two-stage regencration scheme, which includes one stage that utilizes heat to strip
CO; from a CO;-absorbent mixture, and another stage that utilizes a stripping gas to
remove CO; from a COz-absorbent mixture. The two stages can be used in series in
order to more cffectively remove CO; frorn an absorbent and thereby regenerate the

absorbent at a significant cost and energy savings compared to typical systems.

[3034] A prior art system is shown in Figure 1. An absorbent 181 interacts with a
CO;-containing gas 183, such as a flue gas, to remove CO; to give a €Oy depleted
gas 184 and a COy-absorbent mixture 182, The vowxtare 102 can be regeverated by
heating to cvolve the CO; and regenerate the absorbent.  As discussed above, this
system requires significant cnergy use and capital expense priroaridy for heat

consumption driving the thermal evolution of CO; from the CO;-absorbent mixture.

[3835] In contrast, this disclosure utilizes a two-stage system and process, where a
partial thermal step 18 conducted in conjunction with a gas stripping step. In an
embodiment, the thermal step can be conducted prior to the gas stripping step, as

shown in Figure 2. An absorbent 2061 can be contacted with a CO, containing gas
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203, such as a flue gas, to remove CO; and give a CO, depleted gas 204 and CO»-
absorbent mixture 262, The CO»-absorbent mixture can be heated in a thermal step to
liberate a portion of the CO; as a gas, and yield a semi-lean COj-absorbent mixture
285, The semi-lean COj-absorbent mixture 285 would have some amount of
absorbent that was not otherwise ghsorbing the COy in the hquid. The nuxture 208
could then be treated with a stripping gas 286 to remove the O, and generate the

absorbent 281 which could be fed back into the cycle.

6836} In another embodiment, the gas stripping step can be conducted prior to
the thermal step, as shown in Figure 3. An absorbent 381 can be contacted with a
CO;,-containing gas 383, such as a flue gas, to remove COy and give a CO» depleted
gas 304 and COj-absorbent mixture 382, The CO,-absorbent mixture can be treated
with a stripping gas 386 to remove a portion of the CO» as a gas, and yield a semi-
tean C{On-absorbent mixture 385, The semi-lean COh-absorbent mixture 385 would
have some amount of absorbent that was not otherwise absorbing the CO; in the
hiquid. The nmuxture 288 could then be heated in a thermal step to liberate at least a
portion of the remaining CO; and generate the absorbent 361 which could be fed back

wnto the cycle.

[6637] The disclosed system and process can also be deseribed based on the
devices that the CO; stripping and CO, desorption can be conducted in. The €O,
desorption can be conducted in a regenerator, and the CO, siripping can be conducted
m a stripper. An emnbodiroent 1s shown in Figure 4, where a gas containiog CO, 463
is fod into an absorption bed 418, The absorption bed can include the lean absorbent
stream 481 that mixes with and absorbs the €O, from the gas containing the CO».
The €O, depleted gas 484 can exit from one end of the system while the rich
absorbent stream 402 can cxit from the systern and can be fed to a regencrator 428,
The regenerator can include a heat source that hiberates a portion of the CO; from the
rich absorbent strearn to produce a serni-lean absorbent stream 4065, The semi-lean
stream can be fed to stripper 430 and mixed with at stripping gas 406 to generate a
stripping gas-CO, mixture and the lean absorbent 481 which can be fed back to

absorber 410,
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[6038] In another embodiment, shown in Figure 5, the siripper 838 can precede
the regenerator 528, The gas-containing CO; 503 can be fed to absorption bed 5186,
which can include the lean absorbent sirearn 561 that mixes with and absorbs the CO»
from the gas contaiming the CO,. The CO; depleted gas 584 and the rich absorbent
strearn 302 can exit from the absorption bed, and the rich stream can be fed to stripper
53¢, where stripping gas 506 removes a portion of the CO; to generate a siripping
gas-CO» mixture and a semi-lcan absorbent stream 585, The semi-lean stream can be
fed to regenerator 820 to liberate €Oy and the lean absorbent 501, which can be fed

back to the absorber 518,

[6639] As noted above, one CO; removal step can be the regenerator and can be
melade a roass transfer device where heat supplies the driving force for separation.
The regencrator can be similar in operation to a regenerator in a conventional process;
however, because another stage is available to drive solvent regeneration, the heat
required for regeneration can be lower. That is, the tomperature of the regeneration
step can be lower. This cnergy savings could be achieved by providing a smaller heat
rate to the reboiler, or by providing a lower quality heat. If the vapor-liquid
cquilibriurn of the solvent is favorable, a very low tompersture {c.g. ~100°C) can be
sufficient, which can substantially lower the sensible heat requirements of the thermal
swing process. This can enable the use of low quality heat sources, lowering the

parasitic draw from the power cycle.

[60406] As noted above, the other CO» rewoval step can be the siripper and can
include a mass transfer device where the driving force can be provided by a stripping
gas. The stripping gas can operate by reducing the concentration of CQO» gas above
the absorbent, which shifts the equilibrium to release more CO; from the absorbent.
The mixture of stripping gas and CO» rerooved can be recyeled to the combustor with
an cffect similar to dilution gas {e.g. exhaust gas recycle). The energy required for
this type of removal 18 imited, assunung the availability of a suitable stripping gas.
Because part of the solvent regeneration s achieved by a partial pressure effect, some

of the latent heat requirements can also be reduced.

6041} A nonlimiting cxample of the disclosure can be described as part of the

system shown 1o Figure 6. Figure 6 includes an exarople where the absorbent is an



WO 2016/094036 PCT/US2015/060828
10

aroine and the stripping gas is the fuel gas used to as part of the power plant fuel,
including all or a portion of the fuel gas being used as the stripping gas. Combustor
640 produces power via a turbine 642 by burning a fuel source and air fed via a
compressor 641, Exhaust gas 643 exiting the turbine and can be split between an
exhaust gas recycle stream 644 and conditioner 845 which can act as a heat recovery
and stcam generator and feed conditioning. A flue gas 603 can exit the conditioner
645 and enter absorber 616, Lcan absorbent 681 fed at the top of the absorber 618
can flow countercurrently with the flue gas to produce a rich absorbent 682 out the
bottorn of the absorber and a vent gas 684 containing CO»-depleted gas. The rich
absorbent can pass through a cross-exchanger 661 and into a regenerator 626, where
the absorbent 1s heated to drive off a portion of the CO; as a gas and the semi-lean
absorbent 685 can exit out the bottorn. Serni-lean absorbent can pass through reboiler
664 in combination with low pressure steam from upstream parts of the process, and
move to stripper 638, Fuel gas 686 (which can optionally pass through turbine 632 to
generate power for compressor 651) can enter the stripper 638 strip off the COy from
the semi-lean absorbent to produce a COy-rich fucel gas 667, The COy-rich fuel gas
can be compressed at compressor 651 and re-blended with the feed to the combustor
640 for use 1o the power cycle, and its fuel value reclaimed. The rich absorbent 661
can pass through cross-exchanger 661 and cooler 662 to enter the absorber 618,
Depending on the ratio of fuel gas to CO» i the siripper overhead, the amount of

exhaust gas recycle 644 can be reduced to maintain proper fuel dilution.

13842} Another nonlirotting exarople of the disclosure can be described as part of
the system shown in Figure 7. Figure 7 also includes an example where the absorbent
is an amine and the siripping gas is a fuel gas. As in Figure 6, a combustor 748
produces power via the turbine 742 from fuel gas and air via compressor 741
Exhaust gas 743 and conditioner 745 act before to produce the flue gas 703 which
flows into the absorber 710 to interact with iean absorbent 781, This example takes
advantage of the natural break in the liguid regencration process to create g lcan
absorbent 701 and semi-lean absorbent 785 which are each fed back into the absorber.
The lean absorbent 781 can be recycled to the top of the absorber, while the semi-lean
absorbent 783 can be recycled to a widpownt in the absorber. This lean/semi-lean

configuration and its advantages are well known to those skilled in the art, but this
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configuration traditionally utilizes two heating stages to generate the required solvent
purity. The rich absorbent can pass through a cross-exchanger 761 and into a
regenerator 728, which produces the CO; stream and the semi-lean absorbent 788 can
exit out the bottom. Semi-lean absorbent can be split to send a portion back to the
absorber, and the remaining can pass through a reboiler 764 and on to stripper 738,
Fuel gas 706 (optionally pass through turbine 752 to gencrate power for compressor
751 can enter the stripper 738 and strip oft the CO, from the semi-lean absorbent to
produce a COy-rich fuel gas 787, The COu-rich fuel gas can be re-blended with the

feed to the cornbustor 746 for use in the power cyele.

(043} A third nonlimiting example of the disclosure can be described as part of
the system shown m Figure 8. Figure B also includes an amine as the absorbend, but
relics on an air stream instead of a fuel gas as the stripping gas. This example has the
similar configuration as with the above two, including combustor 848, corapressor
841 and turbine 842, conditioner 845 that produce the fluc gas 883, Fluc gas interacts
the lcan absorbent 801 to product the rich sbsorbent 802, Rich absorbent 862
proceeds to regenerator 828 to vield the €O, stream and semi-fean absorbent 865,
which procecds onto the stripper 838, This oxygen-enriched combined cycle process
can be shown which includes the advantages of a lower fuel gas requirement and a
closer approach to stoichiornctric cornbustion, which fraproves capture cfficiency by
increasing the CO, content in the flue gas. An air separation systern that provides
enriched oxygen 889 to the air feed can achicve additional value from the air
separation untt 878 by utilizing rejected nitrogen as the stripping gas 886, This
stripping gas passes through the stripper 83¢ to interact with semi-lean amine 885 and
produce the lean absorbent 881, which reenters absorber 81§ after crossexchanger 861
and cocler 862, The No/CO; mixture 887 produced in the stripper can be recycled
back to the combustor. Because only a ship stream of N» s used as the stripping gas,

the combustion cycle caun still be operated with enriched oxygen.

(844} Without wishing to be bound by theory, the disclosure can operate by
capttalizing on the CO, partial pressures at diffcrent temperaturcs and the ability to
remove additional €O, by reducing the partial pressure without further changing

temperatures. By way of example, data from Jou, F.Y. et al., (“The sohubtlity of CO»
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in a 30 mass percent monoethanolamine solution.” Canadian Journal of Chemical
Engineering, 73 (1993), 140-7), herein incorporated by reference, describes the €O
of solubility i 30% MEA solutious over a wide ranges of teraperatures and pressures.
A graph based on Jou’s data of the two partial pressure curves v. loadings curves, at
120°C and 60°C, 1s shown in Figure 9, mercly for the purpose of this discussion.
Assuming CO; is absorbed into the amine solution at ~60°C, in a gas power plant
with MEA, onc maximum solvent loading could be ~0.45 mol/mol. This can be
based on the liguid being unot quite in equilibrium with the incoming gas {perhaps
around 3% partial pressure of CO»). The cquilibrium condition 1s shown as point 1 in
the figure. Normally, the amine can passed to a regenerator at a higher pressure
{(~20psig) and can be heated to ~120°C. At this condition, the total pressure is
comprised of water and CO; partial pressure. An estitnate of water partial pressure at
this condition shows that the CO; partial pressure must be around 20 kPa. This is
shown as poiot 2w the figure. The resulting €O, loading 1u solution 18 ~0.3]
mol/mol. Thus, by moving between the two points, .14 mol C{k:/mol amine can be
removed (0.45 — 0.31 = .14 mol COy/ mol of amine). This roughly corresponds to
studies that bave shown the optimal heat input into these systems gives a lean loading

of ~0.3.

[6045] If the hguid 1s shifted to a sccond vessel, e.g. a stripper, which uses a hot
stripping  gas, the loading can be lowered. This can be achieved through a
combination of lowering the operating pressure of the vessel and introducing a
stripping gas, e.g. methane, natural gas fuel, ete., to lower the partial pressure of COo.
Assuming that the partial pressure of CO; could be reduced by about 90%, and a
constant teraperature roaintained, the lean aroine loading would be lowered by another
0.04 mol COy/mol amine. (Point 3}, As a result, fess mols of amine can be needed in
circulation to get the sarae CO; rerooval (0.04 / 0.14 = 28%).  As a first
approximation, the circulation rate could be lower by 28%. With a lower circulation
rate, less heat is required to regenerate the solvent.  Alternatively, the stripper
temperature could be lowered while maintaining the same circulation rate. Moreover,
the CO, which 1s stripped out by the fuel gas can be returned to the gas turbine as a
gas recycle. This raises the concentration of €O, going to the absorber and makes

capture easier.
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[6046] Several advantages can be realized based on this disclosure. The use of
stripping gas in an independent polishing stage, separate from the regenecration,
reduces the heat duty and beat quality required, thereby lowering the parasitic power
consumption of the process. The lower energy requirement reduces the size of
associated equipment such as reboilers. The CO; reroved by the stripping gas can be
recycled to the combustion step. This recycle can be similar to an exhaust gas recycle
and can increase the CO; concentration in the flue gas, tmproving efficiency of the

capture process with little impact on the power cycle.

6847} An embodiment of the disclosure can be a system for removing carbon
dioxide from a rich COj-absorbent using a regencrator and a stripper.  The
regencrator can be configured to remove a portion of the COy from a rich
CO,-absorbent to produce a semi-lean COj-absorbent.  The stripper can be
configured to countact at least a portion of a stiipping gas with the semi-lean
CO,-absorbent to remove at least a portion of the CO; from the semi-lean

CO;-absorbent to produce a lcan absorbent and 4 COg-enriched stripping gas.

[(048] Alternatively, the stripper can be configured to remove a least a portion of
the CO, from the rich COz-absorbent by contacting the rich CO»-absorbent with at
least a portion of a stripping gas to produce a scmu-lcan COs-absorbent and
{O-cnriched stripping gas. The regenerator can then be configured to remove the

CO; from a semi-lean CO»-absorbent to produce a lean absorbent.

[(049] As used herein, the term COy-absorbent means a CO; gas absorbed into an
absorbent; in other words, the mixture that results from contacting a gas stream
containing CO;, gas with an absorbent, primarily a liquid absorbent. The term
{CO,-absorbent can also 1nclude a COy~enriched absorbent, a COy-absorbent complex,

or a {0, -absorbent mixture.

[3850] The modifiers rich, semi-lean and lean indicate the amount of CO; present
in the absorbent.  For exaraple, the absorbent that exits an absorber can be g rich
absorbent, or a rich CQOj-absorbent.  Conversely, a lean absorbent, or a lean
CO,-absorbent, can be an absorbent containing a hmited amount of CO». Generally,

the absorbent that enters an absorber at the end furthesi from the CO; feed In 2
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countercurrent absorber 18 a lean absorbent, and the absorbent leaving an absorber (a
single stage absorber), where the absorbent is in equilibrivrn with inlet flue gas, is the
rich absorbent. A semi-lean absorbent can be an absorbent that contains some amount
of CO,, but which has been reduced between the amount in the rich absorbent and the

amnount in the lean absorbent.

(8051 While the ferms are relative, one of ordinary skill m the art would
understand that a rich absorbent can be converted to a semi-lean absorbent by
removing a portion of the CO,, and the semi-lean absorbent can be converted to a
fean absorbent by removing an additional amount of the CO» in the absorbent. At the
two theoretical extremes can be a rich absorbent that is completely saturated in €Oy,
and a leaun absorbent that is cowvopletely devord of CO,. However, as a practical
matter, neither of these theoretical extremes is attainable in 2 commereial process. An
absorbent saturated 1o CO; would cause breakouts i a process and upset the fows 1o
the process.  An absorbent completely devoid of €O, would require cxtensive
processing, potentially under high heat loads and/or under vacuum, netther of which 1s
practicable in an industrial setting. Moreover, the specific concentration of CO; in an
absorbent will depend on many factors, including the type the absorbent, termperature,
concentration, solvent, operating conditions, and so forth. Thus one of skill in the art
would understand that these terms are not defined based on the absolute capacity of

these absorbents, but instead can be discussed in terms of their operational capacities.

[B082] The terms rich absorbent, semi-lean absorbent, and lcan absorbent can be
described in terms of the cyclic capacity. The cyelic capacity in the process can be
the range from the operational mindrourn amount of CO; 1 the absorbent, 1.¢. the lean
absorbent, to the operational maximum amount of CO; in the absorbent, i.¢. the rich
absorbent. In an cmbodiment, the rich absorbent can be the absorbent having a CO,
content of about 95% to about 100% of the cyclic capacity, about 96% to about 130%
of the ¢cyclic capacity, about 97% to about 100% of the cychic capacity, about 98% to
about 100% of the cyclic capacity, about 99% to about 100% of the cyclic capacity, or
preferably about 100% of the cyclic capacity. The lean absorbent can be the
absorbent having a CO, content of about 0% to about 5% of the cyclic capacity, about

0% to about 4% of the cyclic capacity, about 0% to about 3% of the cyclic capacity,
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about 0% to about 2% of the cyclic capacity, about 0% to about 1% of the cychic
capacity, or preferably about (9 of the cyclic capacity. The semi-lean absorbent can
be an absorbent baving a CO; content of about 5% to about 953% of the cyclic
capacity. In an embodiment when the regenerator precedes the stripper, the semi-lean
absorbent can be about 5% to about 30% of the cyclic capacity, about 5% to about
25% of the cyclic capacity, about 5% to about 20% of the cyclic capacity, about 5% to
about 15% of the cyclic capacity, about 10% to about 30% of the cyclic capacity,
about 10% to about 25% of the cyclic capacity, or about 10% to about 20% of the
cychic capacity. In an cmbodiment when the stripper precedes the regenerator, the
semi-lean absorbent can be about 70% to about 95% of the cyclic capacity, about 75%
to about 95% of the cyclic capacity, about 80% to about 95% of the cyclic capacity,
about 75% to about 90% of the cyclic capacity, or about 80% to about 90% of the

cyclic capacity.

(6053} The absorbent can be any absorbent capable of absorbing €O, and being
transported i a liguid. In an embodiment, the absorbent can be an amine. The amine
can be any amine or mixture of amines capable of being transported in a hquid,
preferably transporied i water. Some common armine absorbents can include but not
imited to MEA (monocthanolamine), MDEA {(methyldicthanolamine), PZ
{(pipcrazine), DEA (dicthanolamine), DGA (diglycolamine), and combinations
thercof. Several classes of amines include primary, secondary, tertiary, and hindered
amines, and blends thercof can be used. Similarly, the COy-absorbent can be a

COs-arnine or a COs-enriched amine.

[6054] The stripping gas can be any gas suitable for use 1u a gas siripping system.
In an embodiment, the gas can be air, nitrogen, O;-depleted air, or a fuel gas, or a
mixture thercof. Preferably, the stripping gas can be a fuel gas. The fucl gas canbe a
combustible organic fuel, such as methane, ethane, propane, and mixtures thercof,
The fuel gas can preferably be natoral gas. In an embodiraent, the stripping gas can

be a rejected nitrogen stream from an air separation unit,

[B855] In an embodiment, the regenerator can be configured to thermally remove
a portion of the CO, from the COs-agbsorbent to produce the semi-lean

COs-absorbent. The desorption process i this case is a thermal swing absorption,
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where the €O, in the absorbent is driven out of solgtion via an increase in heat. The

regenerator can be any device that can drive CO; from the CO»-absorbent mixture.

[6056] The regencrator and stripper can be part of a larger system. In an
embodiment, the system caun further comprise an absorber. The absorber can be
configured to contact at least portion of a fhue gas with an absorbent to produce the
COs-absorbent. The flue gas can be any flue gas from a combustion process. In an
embodiment, the flue gas can be from a natural gas combustion process. Thus, in an
cmbodiment, the system can also include a combustor configured to produce the flue

2as.

(3857} In general, the absorber can operate according the processes typically used
by one of ordinary skill in the art for absorbing CO; on an absorbent. In an
erabodiment, a lean absorbent can be added to one end of the absorber, typically the
top end, and the flue gas can be added o an opposite end of the absorber, and the two
can flow countercurrently passed cach other, using the changing councentration
gradient to achieve optimal absorption. In another embodiment, a semi-lean
CQOy-absorbent that can be at least partially diverted from the first CO» desorption
step can be fed into the absorber as well, preferably at some imtermediate point
betwoen the lean absorbent entry point and the CO; absorbent entry point. Thus, in
an embodiment, the absorber is configured to contact at least a portion of the flue gas
with at least one of the cooled semi-lean COs-sbsorbent and the cooled lean sbsorbent

to produce a CO-absorbent.

[6058] The lean absorbent and the semi-lean absorbent can each optionally be
cooled prior to entering the absorber. In an embodiment, the system can further
wclude at least one cooler configured to reduce the temperature of at least one of the
semi-lean COy-absorbent and the lean absorbent to produce at least one of a cooled
semi-lean COq-absorbent and g cooled lean absorbent.  The absorber can be
configured to receive either or both of the cooled semi-lean COs-absorbent and the

cooled lean absorbent.

[6059] One advantage of the disclosure includes producing two CO; streams, one

from the regenerator and one from the stripper, which can each be used in an energy
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efficient manner. The CO, stream from the regenerator can be predomnately €O,
and some water, and can be easily processed, condensed, sequestered, transferred,
transported, pipelined, etc., thereby capturing at least a portion of the carbou created

i1 a combustion process.

[3868] The €O, stream from the stripper can also be handled to improve carbon
capture without additional thermal energy cost. In an embodiment, the CO;-coriched
stripping  gas can be recycled to a front part of the process. In a preferred
cmbodiment, the COj-enriched stripping gas can be fed into the combustor. This
embodiment can be preferred particularly when the stripping gas is a fuel gas. A
portion of the fuel gas used m combustion can be first diverted to the stripper, used to
strip the CO; from the absorbent, and then fed into the combustor. Thus, the fuel
value of the fuel gas can be reclaimed, and an additional stream for processing is not
required. Moreover, the CO, concentration of the flue gas can be increased by the
recycled CO; in the fuel gas, which can potentially increase the efficiency of the

absorber and the regenerator.

6061} The disclosure can also include an overall system for capturing the carbon
dioxide product from a combustion process. The system can include a combustor
configured to produce a fluc gas from a fucl gas, an absorber configured to contact at
feast a portion of the flue gas with an absorbent to produce a CQOj-absorbent, a
regencrator configured to remove a portion of CO; from the COj-absorbent to
produce a serm~-lean COsz-absorbent; and a stuipper coufigured to contact a fuel gas
with the semi-lean CQOy-absorbent to remove at least a portion of the CO; from the
semi-lean COy-absorbent {o produce a lean absorbent and a COj-enriched fuel gas.
The combustor can be further configured to receive the CO»-enriched fuel gas, and
wherein the absorber can be further configured to receive the lean absorbent. The

aspects discussed above apply equally to this system.

[6062] The disclosure also provides for a method of removing CO; from a
CO,-absorbent, inchuding the steps of removing a portion of the CO; from a
{C0,-absorbent with a regenerator and removing a portion of the CO» by contacting a
stripping gas with the COj-absorbent. In some embodiments, the method includes

reruoving a portion of CO; from the rich COs-absorbent moxture to produce a semi-
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lean COz-absorbent roixture, and contacting a fuel gas with the semu-lean
CO,-absorbent to romove at least a portion of the CO; from the semi-lean
CO,-absorbent to produce a lean absorbent and a COj-enriched siripping gas. In
alternate embodiments, the stripping step can be conducted first, with contacting a
stripping gas with the rich CO;-absorbent to remove a portion of CO; frorn the rich
C(O,-absorbent mixture and produce a semi-lean COj-absorbent mixture, and then
removing the CO; frora the semi-lean CO;-absorbent to produce a lean absorbent and
a CO; gas stream.  As in the discussion of the system above, the regenerator step,
where the portion of the CO» is removed from either the rich COp-absorbent or the
semi-lean CO;-absorbent, can include heating the CO, absorbent to thermally desorb

the CO».

6063} The method can also include combusting at least one of a fucl gas and the
COy-enriched stripping gas, preferably a COy-~enriched fuel gas, to produce a flue gas.
The fluc gas can be contacted with an absorbent to produce the COj-absorbent. The
absorbent can be a lean absorbent, and semi-lean absorbent, or both. The method can
also including cooling at lgast one of the semi-lean absorbent and the lean absorbent
to produce at least one of a cooled semi-lean absorbent and a cooled lean absorbent,

which can be contacted with the flue gas.

[3864] The method can also be a method for removing carbon dioxide (CO;) from
a combustion process. The method can include contacting at least a portion of a flue
gas frovo a combustion process with an absorbent to produce a rich COj-absorbent,
removing & portion of CO; from the COjy-absorbent to produce a semi-lean
O ,-absorbent; and contacting a fuel gas with the semi-lean CO4_absorbent to revoove
at least a portion of the CO, from the semi-lean COs-absorbent to produce a lean
absorbent and a COj-curiched fuel gas; and combusting at least one of the

COs-enriched fuel gas and a lean fuel gas to produce the flue gas.

EMBODIMENTS

[6063] Additionally, or alternately, the disclosure can include one or more of the

following embodiments.



WO 2016/094036 PCT/US2015/060828
19

[6066] Embodiment 11 A systern for rewoving carbon dioxide from a nch
CO,-absorbent comprising a regeneration stage and a stripping stage, wherein the
regeneration stage 1§ configured to therroally remove at least a portion of the €O,
from the CO;-absorbent, and wherein the stripping stage is configured to contact a
stripping gas with the CO»-absorbent to remove at least a portion of the CO» as a
CO,-stripping gas mixture, such that the rich CO;-absorbent mixture is converted to a

lean absorbent via a semi-ican CO,-gbsorbent.

[6067] Embodiment 2: A system for removing carbon dioxide (CO») from a
{C0,-absorbent comprising a regenerator configured to remove a portion of CO» from
a CO,-absorbent to produce a semi-lcan CO,-absorbent; and a stripper configured to
contact at least a portion of a fuel gas with the semi-lean COy-absorbent to remove at
least a portion of the CO; from the semi-lean COy-absorbent to produce a lecan

absorbent and a COj-enriched fuel gas.

[3068] Embodiment 3: A system for removing carbon dioxide (CO;) from a flue
gas comprising a combustor configured to produce a flue gas; an absorber configured
to countact at least a portion of the fluc gas with an absorbent to produce a
COs-absorbent; a regenerator configured to remove a portion of €Oy from the
CO,-absorbent to produce a semi-lean COz-absorbent; and a stripper configured to
contact a fuel gas with the semi-lean COj-absorbent to remove at least a portion of
the CO, from the seri-lean COp-absorbent to produce a lean absorbent and a
COs-enriched fuel gas; wherein the combustor is further configured to receive the
COy-enriched fuel gas, and wherein the absorber is further configured to receive the

lean absorbent.

[3069] Embodiment 4: A method for removing carbon dioxide (CO») from a
{0O;-absorbent comprising removing a portion of €O from the COs-absorbent to
produce a semi-lean CO;-absorbent; and contacting a fuel gas with the semi-lean
C(,-absorbent to remove at least a portion of the CO, from the semi-lean

C(O,-absorbent to produce a lean absorbent and a CO»-enriched fuel gas.

[BG76] Embodiment 5: A method for removing carbon dioxide (CO, ) from a flue

gas comprising contacting at least a portion of a flue gas with an absorbent to produce
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a COg-absorbent; reraoving a portion of CO» from the COs-absorbent to produce a
semi-lean COy-absorbent; and contacting a fuel gas with the semi-lean CO»-absorbent
to remove at least a portion of the CO, from the semi-lean CO;-absorbent to produce
a lcan absorbent and a COj-cnriched fuel gas; and combusting at least one of the

COs-cnriched tuel gas and a lean fucl gas to produce the flue gas.

6671} Embodiment 6: The systems and rocthods of any of these erobodiments,
wherein the regenerator is configured to thermally remove a portion of the €O, from
the COj-absorbent to produce the semi-lean COz-absorbent, or wherein removing a
portion of CO, from the COz-absorbent to produce the semi-lean C(j-absorbent

comprises heating the CO;-absorbent.

[3072] Embodiment 7: The systems and methods of any of these embodiments,
further comprising an absorber configured to contact at [east a portion of a flue gas
with an absorbent to produce the CO,-absorbent, or further comprising contacting at

least a portion of the flue gas with an absorbent to produce the CO;-absorbent.

6873} Embodiment 8: The systeras and methods of any of these embodiments,
wherein the regencration stage precedes the stripping stage, and the regeneration stage
removes C0, and converts the rich COj-absorbent to the semi-lean CQO» absorbent,
and the stripping stage converts the semi-lean C0-absorbent to the lean absorbent; or
wherein the stripping stage precedes regeneration stage, and the stripping stage
removes COs and converts the rich COh-abaorbent to the semi-lean CO;-absorbent,
and the regeneration stage converts the semi-lean COj-absorbent to the lean

absorbent,

6674} Embodiment 9 The systems and rocthods of any of these erobodiments,
wherein removing a portion of CO, from the COy-absorbent to produce a semi-lean
CO,-absorbent comprises converting the COy-adsorbent having about 95% to about
100% of the cyclic capacity of the absorbent to the semi-lean adsorbent having about
5% to about 30% of the eyclic capacity of the absorbent, or to the semi-lean adsorbent
having about 5% to about 25% of the cyclic capacity of the absorbent, or to the semi-

lean adsorbent having about S to about 20% of the cyclic capacity of the absorbent, or
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to the semi-lean adsorbent baving about 5 to about 15%o0f the cyclhic capacity of the

absorbent.

[6875] Embodiment 1¢: The systems and methods of any of these embodiments,
wherein the semu-lean adsorbent comprises about 5 to about 30% of the cyclic
capacity of the absorbent, or about 5 to about 25%, about 5 to about 20%, or about 5

1o about 15%.

[(3076] Embodiment 11 The systems and methods of any of these erabodiraents,

wherein the stripping gas is a fuel gas.

[6677] Embodiment 12: The systems and methods of any of these embodiments,

wherein the fuel gas comprises a natural gas.

[GG78] Embodiment 13: The systems and methods of any of these embodiments,

wherein the CO--absorbent is 3 COs-enriched amine,

13879} Embodiment 14: The systems and methods of any of these embodiments,
wherein the semi-lean CO,-absorbent comprises about 70 to about 95% of the cyelic

capacity, or about 75% to about 95%, or about 80% to about 95%.

[6080] Embodiment 15: The systems and methods of any of these erabodiroents,
further comprising a combustor, or combustion chamber, configured to produce the
fluc gas at least one of a fuel gas, or a stripping gas, or a COy-curiched fuel gas; or
further comprising combusting at least one of a fuel gas and the COy-enriched fuel

gas to produce & flue gas.

[B081] It is to be understood that the embodiments and claims disclosed herein are
not hmited in their application to the details of construction and arrangement of the
components set forth in the description and ilhustrated in the drawings. Rather, the
description and the drawings provide examples of the embodiments envisioved. The
embodiments and claims disclosed herein are further capable of other embodiments
and of being practiced and carried out in various ways. Also, it is to be understood
that the phraseology and terminology employed herein are for the purposes of

description and should not be regarded as limiting the claims.
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[6082] Accordingly, those skilled 1o the art will appreciate that the conception
upon which the application and claims are based may be readily utilized as a basis for
the design of other structures, methods, and systems for carrying out the several
purposecs of the embodiments and claims presented in this application. It is important,

therefore, that the claims be regarded as including such equivalent constructions.
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CLAIMS
We claim:
1. A gystern for removing carbon dioxide {CO») from a COy-absorbent
comprising:

a regencrator configured to remove a portion of CO; from a CO,-absorbent to

produce a semi~lean CO;-absorbent; and

a stripper configured to contact at least a portion of a fucl gas with the
semi-lean COj-absorbent to remove at least a portion of the CO; from the semi-lean

CO;-absorbent to produce a lean absorbent and a COy-enriched fuel gas.

2. The system of claim 1, wherein the regencrator is configured to
thermally reraove a portion of the CO, from the COs-absorbent fo produce the

semi-lean CO5-absorbent.

n
N

The system of claim 1, further comprising an absorber configured fo
contact at least a portion of a flue gas with an absorbent to produce the

{CO,-absorbent.

4. The system of claim 3, further comprising at least one cooler
configured to reduce the temperature of at least one of the semi-lean COj-absorbent
and the lean absorbent to produce at least one of a cooled semi-lean CO;-absorbent

and 4 cooled lean absorbent.

5. The systern of claim 4, wherein the absorber is configured to receive at

least one of the cooled semi-lean COn~-absorbent and the cooled lean absorbent.

6. The systern of claim S, wherein the absorber is configured to contact at
least a portion of the flue gas with at least one of the cooled semi-lean CO,-absorbent

and the cooled lean absorbent to produce a CO;z-absorbent.

7

7. The systern of claim 3, further comprising a combustor configured to

produce the flue gas.
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8. The system of claim 7, wherein the combustor s further configured to
receive the COj-enriched fuel gas.
9. The system of claim [, wherein the COj-absorbent comprises a
(O, -enriched argtne.
10, The system of claima 1, wherein the fuel gas comprises a natural gas.
11, The systern of Claim 1, wherein the semi-lean adsorbent comprises

about 5 to about 30% of the cyclic capacity of the absorbent.

12. The system of Claim 1, wherein the semi-lean adsorbent comprises

about 5 to about 25% of the cyclic capacity of the absorbent.

13, A method for removing carbon dioxide (CO,) from a COj-absorbent

comprising:

rerooving a portion of CO; from the COz-absorbent to produce a semi-lean

Oy -absorbent; and

contacting a fuel gas with the semi-lean CO;-absorbent to remove at least a
portion of the CO, from the semi-lean CO,-absorbeunt to produce a fean absorbent and

a COy-enriched fuel gas.

14.  The method of claim 13, wherein removing a portion of O, from the
COs.absorbent to produce the semi-lean COj-absorbent compriscs heating the

C(Oy-absorbent.

15, The method of claim 13, further comprising combusting at least one of

a fuel gas and the COy-enriched fuel gas to produce a flue gas.

16.  The method of claim 15, further comprising contacting at least a

portion of the flue gas with au absorbent to produce the COj-absorbent.

17.  The method of claim 13, further comprising cooling at least one of the
semi-lean COy-absorbent and the lean absorbent to produce at least one of a cooled

semi-lean G, -absorbent and a cooled lean absorbent.
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8. The method of claim 17, further coroprising contacting at least a
portion of the flue gas with at least one of the cooled semi-lean CO»-absorbent and

the cooled lean absorbent to produce a CO»-absorbent.

19. The method of claim 13, wheretn the COs-absorbent 15 2 COy-enriched
amine.

28, The method of claim 13, wherein the fuel gas is a natural gas.

21, The method of Claim 13, wherein the removing a portion of CG, from

the CO»-absorbent o produce a semi-lean COj-absorbent comprises converting the
COs-adsorbent having about 95% to about 100% of the cyclic capacity of the
absorbent to the semi-lean adsorbent having about 5% to about 30% of the cyclic

capacity of the absorbent.

22, The method of Claim 13, wherein the removing a portion of CO» from
the CO;-absorbent to produce a semi-lean CO,-absorbent comprises converting the
COs-adsorbent having about 95% to about 100% of the cyclhic capacity of the
absorbent to the semi-lean adsorbent having about 5% to about 25% of the cyclic

capacity of the absorbent.

23. A system for removing carbon dioxide (COj) from a fluc gas
comprising:

a combustor configured to produce a flue gas;

an absorber configured fo contact at least a portion of the flue gas with an

absorbent to produce a CO;-absorbent;

a regenerator configured to remove a portion of CO; from the CO;-absorbent

to produce a semi-lean COy-absorbent; and

a stripper counfigured o contact a fuel gas with the semi-lean COs-absorbent to
remove at least a portion of the CO, from the semi-lean COp-absorbent to produce a

tean absorbent and a CO;-enriched fuel gas;
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wherein  the combustor is further configured to receive the
COy-enriched fuel gas, and wherein the absorber is further configured to receive the

lean absorbent.

24, The system of claim 23, wherein the regenerator is configured to
thermally remove a portion of the €O, from the COj-absorbent to produce the

semi-iean COy-absorbent.

25, The system of claim 23, wherein the COj-absorbent comprises a

COs-enriched amine.
26, The system of claim 23, wherein the fuel gas comprises a natural gas.

27, The system of Claim 23, wherein the semi-lean adsorbent comprises

about 5 to about 30% of the cyclic capacity of the absorbent.

28, The system of Claim 23, wherein the semi-lean adsorbent comprises

about S to about 25% of the cyclic capacity of the absorbent.

29. A wmethod for removing carbon dioxide (CO2) from a flue gas

comprising:

contacting at lcast a portion of a flue gas with an absorbent to produce a

CQO;-absorbent;

reroving g portion of CO; from the COj-ahsorbent to produce a semi-lean

O -absorbent: and

contacting a fuel gas with the semi-lean CO,-absorbent to remove at least a
portion of the CO; from the semi-lean COy-absorbent to produce a lean absorbent and

a COy-enriched fuel gas; and

combusting at least one of the COs-enriched fuel gas and a lean fuel gas to

produce the flue gas.
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34, The method of clairo 29, wherein removing a portion of CO» froro the
COy,-absorbent to produce the semi-lean COj-absorbent comprises heating the

CO,-absorbent.

31, The method of claim 29, further comprising combusting at least one of

a fuel gas and the CO-enriched fuel gas to produce a fhue gas.

32, The method of claim 31, further comprising contacting at lecast a

portion of the flue gas with an absorbent to produce the COy-absorbent.

33, The method of claim 29, wherein the COj-gbsorbent coraprises a

COs-enriched amine.
34, The method of claim 29, wherein the fuel gas comprises a natural gas.

3S. The method of Claum 29,wherein the removing a portion of CO» from
the COy-absorbent to produce a semi-lean COz-absorbent comprises converting the
CO,-adsorbent having about 95% to about 100% of the cyclic capacity of the
absorbent to the semi-lean adsorbent having about 5% to about 30% of the cyclic

capacity of the absorbent.

36. The method of Claim 35, wherein the COy-adsorbent having about
895% to about 100% of the cyclic capacity of the absorbent is converted to the
serni-lean adsorbent having about 5 to about 25% of the cyclic capacity of the

absorbent.

37. A system for removing carbon dioxide from a rich C(;-absorbent

comprising a regeneration stage and a stripping stage,

wherein the regenceration stage is configured to thermally remove at least a

portion of the CO, from the COy-absorbent, and

wherein the stripping stage is configured to contact a siripping gas with the
COj,-absorbent to remove at least a portion of the CO, as a CO,-stripping gas

mixture,
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such that the rich COs-absorbent mixture is converied to 4 lean absorbent via a

semi-lean CO;-absorbent.
38,  The system of claim 37, wherein the stripping pas is a fuel gas.

39, The system of claim 37, wherein the regencration stage precedes the
stripping stage, and the regencration stage removes €O, and converts the rich
CQ,-absorbent fo the semi-lean COy-absorbent, and the stripping stage converts the

semi-lean COs-absorbent to the lean absorbent.,

44. The system of claim 39, wherein the semi-lean COj-absorbent

comprises about 3 to about 30% of the cyclic capacity of the adsorbent.

41, The system of claim 37, whercin the stripping stage precedes
regeneration stage, and the stripping stage removes €O, and converts the rich
{CO;-absorbent to the serui-lean COs-absorbent, and the regencration stage converts

the semi-lean CO;-absorbent to the lean absorbent.

42.  The system of Claim 41, wherein the semi-lcan COj-absorbent

corprises about 70 to about 95% of the cyclic capacity.

43. The system of claima 37, further comprising an absorber configured fo
contact at least a portion of a flue gas with an absorbent to produce the

CO,-absorbent.

44,  The system of claim 43, further comprising 4 combustor configured to

produce the flue gas.

45, The system of claim 44, wherein the CO; stripping gas mixture s a
CO; fuel gas mixture, and the combustor is further configured to receive the €Oy fuel

gas mxture.
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