WO 2024/025895 PCT/US2023/028602

AR CONTACTOR

CROSS-REFERENCE TO RELATED APPLICATION
[5661] This apphcation claims benefit of US. Provisional Application No, 63/392,018,

filed July 25, 2022, which is hereby mncorporated herein by reference in uts entirety.

FIELD
[6002] This disclosure relates to air contactors and, more specifically, to awr contactors

having pollutant capture media to remove one or more pollutants from the air,

BACKGROUND
[6083] Some carbon capture systems utilize air contactors to remove an air pollutant, such
as €Oz, from the air. Some of these air contactors have fill and a carbon capture solution
recirculation system that sprays carbon capture solution onto the fill. The air contactors have
fan assemblies to generate airflow across the fill The air contacts the carbon capture solution
and chemically reacts with the carbon capture solution such that carbon in the awr as U(h
transfers mto the carbon capture solution and forms a different molecule such as K2CGO3.
[6004] The fan assemblies of these known air contactors are downstream of the carbon
capture media. In some applications, the spraying of carbon capture selution onto the fill
creates droplets of the carbon capture solution that may accumulate on the fan assembly. The
carbon capture solutions may include harsh chemicals that can degrade the operation of the fan

assembly over time.

SUMMARY
{6005] In one aspect, an air contactor is provided that includes an air inlet, an air cutlet,
a fan assembly to produce an airflow from the air inlet to the air outlet, and a heat
exchanger operable to transfer heat between a process fluid and the airflow. The air
contactor has an air pollutant capture system configured to configured to selectively remove
an air pollutant from the airflow, the air pollutant capture system having an air pollutant
capture medium with an affinity for the air pollutant to remove the air pollutant from the

airflow. In one embodiment, the air pollutant capture medium is configured to remove an
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air pollutant in a gaseous state from the airflow. For example, the air pollutant capture
medium may be a liquid solution or a solid material configured to chemically react with one
or more air pollutants, such as CO», in the awr. In other embodiments, the air pollutant
capture medium utilizes physical absorption or physisorption to remove one or more air
pollutants from the awr.

[98006] The atr contactor further includes a controller operatively connected to the fan
assembly, heat exchanger, and the awr pollutant capture system. The controller has a process
fluid cooling and aur pollutant capture mode as well as a process fluid cooling mode. To the
process fhuid cooling and air pollutant capture mode, the controlier 15 configured to control
the fan assembly to facilitate the heat exchanger transferring heat between the process fluid
and the airflow and control the air pollutant capture system to remove the air pollutant from
the airflow. In the fhad cooling mode, the controller 15 configured to control the fan
assembly to facilitate the heat exchanger transferring heat between the process fluid and the
atrflow and controls the air poliutant capture system to remove less of the air poliutant from
the air than when the controller is n the fluid cooling and air pollutant capture mode. In this
manner, the air contactor is able to both remove an air pollutant from the airflow and
transfer heat between the airflow and the process fluid as the airflow travels between the air
mnlet and the air outlet. Further, the controller may operate in the process fluid cooling mode
when air pollutant capture 1s not needed, which conserves one or more resources (e.g.,
water, electrical energy, a gas used in solid sorbent-based system, etc.) used to remove the
air pollutant from the arflow.

18007} The present disclosure also provides an air contactor having a fan assembly
operable to produce an airflow, an indirect heat exchanger configured to exchange heat
between the airflow and a process fluid, and a liquid absorbent material configured to
permit the airflow to travel through the hiquid absorbent material. The awr contactor includes
a liguid distribution system comprising an air pollutant capture solution supply. The hiquid
distribution system is configured to provide an air poliutant capture solution from the air
pollutant capture solution supply to the liquid absorbent material

[6608] The air contactor further includes a controller operatively connected to the fan

assembly and the liquid distribution asserobly. The controller is configured to control the
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hiquid distribution system to provide the air pollutant capture solution to the liqmd
absorbent material. The controller is further configured to control the fan assembly to cause
air to flow through the liguid absorbent material having the air poliutant capture solution so
that the ai pollutant capture solution removes the air pollutant from the airflow and a
portion of the water of the air pollutant capture solution evaporates. The air contactor
thereby utilizes water evaporation during the iteraction between the aitflow and the air
pollutant capture solution to adiabatically cool the aiflow or increase the bumidity of the
atrflow as desired for a particular embodiment.

[8009] The present disclosure also provides an air contactor having an aurflow
generator operable to produce an airflow. The aur contactor has an au pollutant capture
system that mncludes an air pollutant capture apparatus to transfer an air pollutant from the
airflow to a fluid, a fhud regeneration apparatus configured to utilize heat from a heat
source to remove the air polhutant from the fluid, and a thermal energy storage operable to
either recetve heat from the fluid or provide heat to the flud regeneration apparatus. The
heat source may be an intermittent heat source, such as a heat source powered by solar or
wind power. The fluid may be an air pollutant captore fluid such as a hiquad carbon capture
sofution that is sprayed onto filf of the air pollutant capture apparatus. In another
embodiment, the air contactor includes a solid sorbent and the fhud is a carrier gas {e g,
nitrogen or steam) that is used to remove the air polhutant from the solid sorbent.

10016} The air pollutant capture system has a regeneration and charging mode wherein
the fluid regeneration apparatus receives heat from the heat source, the fluid regeneration
apparatus removes the air pollutant from the fluid, and the thermal energy storage receives
heat from the fluid. The air pollutant capture system also has a regeneration and discharging
mode wherein the fluid regeneration apparatus receives heat from the thermal energy
storage and the fluid regeneration apparatus removes the air pollutant from the fluid. The
air contactor further includes a controller operatively connected to the aur pollutant capture
system, the controlier configured to operate the air pollutant capture system in the
regeneration and discharging mode in response to a determination of the air pollutant
capture system in the regeneration and discharging mode satistying an operating criterion.

In this manoer, the air contactor may utifize the thermal energy storage to provide heat to
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the fluid regeneration apparatus when, for example, the heat source is unable to provide
adequate heat such as during nighttime when the heat source utilizes solar power.

001 1] In another aspect of the present disclosure, an air contactor is provided that
inchudes a fan assembly to generate an auflow and an air pollutant capture systern. The air
pollutant capture system imcludes an air poliutant capture apparatus to transfer an awr
pollutant from the airflow to a fluid and an fluid regeneration apparatus configured to
remove the awr pollutant from the fluid. The aw contactor further includes a mechanical heat
generator comprising at least one of a chiller and a heat purap, the mechanical heat
generator configured to receive a process flud from an industrial process (e.g.,
manufacturing, HVAC, energy production, data center) at a first temperature and to receive
a heat transfer fhud from the air pollutant capture system. The mechaunical heat generator i1s
operable to increase the temperature of the heat transfer fluid to a second temperature
higher than the first teraperature and return the heat transfer fhind to the fhud regeneration
apparatus at the second temperature to facilitate the fluid regeneration apparatus removing
the air pollutant from the fluid. Because the mechanical heat generator provides the heat
transter fhud at the higher, second temperature, the air contactor is able to regenerate the
fluid despite the process fluid having the first temperature which may be inadeqeate to

drive the regeneration process by iiself

BERIEF DESCRIPTION OF THE DRAWINGS
[6612] FIG. 1 1s a perspective view of an air contactor train having columns of air
contactors to remove pollutants from the air;
[6013] FIG. 2 15 a schematic representation of a carbon capture system including the

air contactor tramm of FIG. 1

[6014] FIG. 3 13 a cross-sectional view of an air contactor;

j0015] FIG. 4 1s an end elevational view of the air contactor of FIG. 3;

[6616] FIG. 3 15 a cross-sectional view of a stack of air contactors of FIG. 3;
j0017] FIG. 6 1s a plan view of a carbon capture facility having air contactor trains

oriented to inhibut the exhaust awr of one air contactor train entering another air contactor

tram;
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j0018] FIG. 7 1s a flow diagram of a method of liguid solvent-based carbon capture;
[6619] FIGS. 8 and 9 are schematic views of a solid sorbent-based air contactor;
6020} FIGS. 10 and 11 are schematic views of an electrochemical carbon capture
systern;

(6021} FIG. 12 13 a perspective view of a portion of an electrochemical cell of the

electrochemical carbon capture system of FIGS. 10 and 11;

j8022] FIG. 13 13 a schematic view of an awr contactor having a carbon capture medium
upstream of indirect heat exchangers;

j8023] FIG. 14 13 a schematic view of an awr contactor having a water roakeup supply
to compensate for water that evaporates from the carbon capture solution;

[8024] FIG. 1515 a schematic view of an air contactor having louvers, carbon capture
media, drift ebminators, and indirect heat exchangers;

(6025} FIG. 1615 a schematic view of an air contactor having carbon capture media
and three~way valves that permut the awr contactor to utilize etther carbon capture solution or
water on the carbon capture media;

18426] FIG. 17 A 1s a schematic view of an atr contacior having tubular membrane
mass exchangers that receive carbon capture solution from an enclosed sump;

10027} Fi(z. 178 15 an enlarged view of one of the tubular membranes shown in the
dashed circle in FIG. 17A;

{00258} FIG. 18 18 a schematic view of an air contactor having dehumidifiers upstream
of carbon capture media and indirect heat exchangers;

10029} FIG. 19 15 a schematic view of an air contactor having indirect heat exchangers
upstream of carbon capture media;

8030] FIG. 20 15 a schematic view of an air contactor having adiabatic cooling pads,
idirect heat exchangers, and carbon capture media;

j0031] FIG. 21 1s a schematic view of an air contactor having dehumudifiers, adiabatic
cooling pads, indirect heat exchangers, and carbon capture pads;

8032} FIG. 22 15 a schematic view of an air contactor having adiabatic cooling pads,
plate heat exchangers, and a carbon capture solution distribution systern operable to

distribute carbon capture solution onto the plate heat exchangers;
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[8033] FIG. 23 15 a schematic view of an awr contactor having solid sorbent-based
carbon capture media upstream of indirect heat exchangers;

8034] FIG. 24 15 a schematic view of an air contactor having adiabatic pads and
indirect heat exchangers upstream of a fan assembly and a carbon capture system
downstream of the fan assembly;

[8035] FIG, 25 15 a schematic view of au air contactor having an indirect evaporative
heat exchanger above a carbon capture system of the air contactor;

[8636] FIG. 26 13 a schematic view of an air contactor having an indirect heat
exchanger with serpentine coils above a carbon capture system of the ait contactor;

(8637} FIG. 27 15 a schematic view of an air contactor having a controller that operates
the air contactor based at least in part upon data from air sensors, carbon capture solution
sensors, and heat exchanger sensors;

[6038] FIG. 28 15 3 schematic view of an air contactor having a controller in
communication with a sump level sensor, the controller operating a makeup water valve m
response to data from the sump level sensor;

18439] FIG. 29 15 a schematic view of an air contactor having a controller that gses
sensors to momtor parameters of the air contactor and controls water and carbon capture
sohution distribution systems of the air contactor;

[604G] FIG. 30 15 a schematic view of an air contactor having a controller that operates
a water makeup valve of a carbon capture solution distribution system in response to a level
of carbon capture solution in a sump of the air contactor falling below a threshold value due
to evaporation of water from the carbon capture solution;

(6041 FIG. 31 15 a schematic view of an air contactor having a solid state carbon
capture media and a controller that operates valves to release CO2 collected by the solid
state carbon capture media;

j8042] FIG. 32 1s a schematic view of an air contactor having a heat pump cold
component upstream of a CO: capture apparatus of the air contactor;

j0043] FIG. 33 15 a schematic view of an air contactor having an evaporator with a
temperature lower than the dewpoint temperature of the inlet sweepgas and a makeup

control system that collects condensed water from the evaporator and directs the collected
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water to an air poliutant capture solution regenerator of the air contactor;

[6044] FIG. 34 15 a schematic view of an air contactor having an air pollutant capture
solution regenerator that receives process heat instead of or in addition to heat from a
condenser of the air contactor;

[8043] FIG. 35 15 a schematic view of an air contactor having an evaporator upstream
of a CO: capture apparatus and a heat exchanger downstream of the CO» capture apparatus;
j8046] FIG. 3615 a schematic view of an awr contactor having an evaporator at a
temperature lower than the dewpoint temperature of the inlet sweepgas, the air contactor
having a makeup control system to direct condensed water from the evaporator fo an air
pollutant capture solution regenerator;

(8047} FIG. 37 15 a schematic view of an air contactor having a controller operable to
selectively release capture solution regeneration material from a storage tank to an
endothernmic regenerative process and provide heat to a process;

{0048] FIG. 38 13 a schematic view of a hyperbolic cooling tower having a CO2 capture
apparatus and a waste heat source that generates airflow across the COz capture apparatus
due to the temperature-buoyancy effect;

[6049] FIG. 39 4s a schematic view of an air contactor systemn having thermal energy
storage systems for selectively providing heat to an endothermic regenerative process, FIG.
39 showing the system in a charging mode wherein the endothermic process is powered by
a heat source and the thermal energy storage systems are being charged;

(60506 FIG. 4015 a view similar to FIG. 39 showing the system in a mode wherein one
of the thermal energy storage systems is discharging heat to the endothermic regenerative
process and the other thermal energy storage system is fully charged;

0051} FIG. 41 1s a view similar to FIG. 39 showing the system in a mode wherein the
thermal energy storage system that was discharging in FIG. 40 1s now being charged and
the other thermal energy storage system is discharging heat to the endothermic regenerative
process;

j8052] FIG. 42 15 a view sumtlar to FIG. 39 showing the system in a mode wherein the
thermal energy storage system discharging heat to the endothermic regenerative process in

FIG. 40 1s again discharging heat, except that the other thermal energy storage system s
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now charging;

10053} FIG. 43 15 a view similar to FIG. 39 showing the system in a mode wherein
both of the thermal energy storage systems are discharging heat to the endothermic

regenerative process;

{8054] FIG 44 15 a schematic view of an air contactor system having an intermiitent
renewable heat source for providing heat to an endothermic regenerative process and a
thermal energy storage for storing thermal energy for time periods when the renewable heat

source is not available;

[6035] FIG. 45 is a schematic view of a building having a natoral gas botler and a
cooling tower;

{8056} FIG. 40 15 a schematic view of a building having a building having air contactor
to remove COz from the ambient air, a natural gas boiler, and a carbon capture system that
removes COz from flue gas of the natural gas boiler and a CO2-rich exhaust gas of the air
contactor;

{8857} FIG 47 15 a schematic view of an air contactor having a heat exchanger for a
carbon capture regeneration process outside of an air path of the air contactor;

[8058] FIG. 48 15 a schematic view of an aur contactor having a heat pump for
transferring heat from a process fluid to a carbon capture regeneration progcess;

[0059] FIG. 49 15 a schematic view of an air contactor having a chiller for transferring

heat from a process fluid to a carbon capiure regeneration process;

6060} FIG. 50 18 a schematic view of an air contactor having an air-cooled heat
exchanger downstream of a carbon capture media and a heat pump for transferring heat

from a process fhnd 1o a carbon capture regeneration process,;

[8061] FIG 51 18 a schematic view of an air contactor having an atr-cooled heat
exchanger downstream of a carbon capture media and a chiller to transfer heat from a

process fluid o a regeneration process,

{8062] FIG 52 15 a schematic view of an air contactor having an air-cooled heat
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exchanger and an evaporator downstream of a carbon capture media, the evaporator
connected to a heat pump for providing heat to a carbon capture regeneration process,;
[8063] FIG. 53 1s a schematic view of an awr contactor having an air-cooled heat
exchanger and an evaporator downstream of a carbon capture media, the evaporator
connected to a chuller for providing heat to a carbon capture regeneration process;

[8664] FIG, 54 15 a schematic view of an air contactor having open maiu louvers and
closed first and second intermediate louvers such that ar flows through a dehumidifier, an
atr pollutant capture media, and a heat exchanger of the air contactor,

[8063] FIG. 55 13 a schematic view simtar to FIG. 54 showing the main louvers and
the second mtermediate louvers closed and the first intermediate louvers open such that awr
bypasses the dehumidifier;

{8366] I 56 15 a schematic view sunilar to FIG. 54 showing the main louvers and
first intermediate louvers closed and the second mitermediate louvers open such that arr
bypasses the dehumidifier and the capture media;

(6067} FIG. 57 1s a schematic view similar to FIG. 54 showing the main louvers and
the second intermediate louvers open and the first intermediate louvers closed such that
ambient air may be drawn directly mto the heat exchanger,

100638] FIG. 58 18 a schematic view of an asymmetric air contactor having one side of
the air contactor configured to provide air pollutant capture and the other side of the air
contactor configured to provide heat exchange; and

(6069} FIG. 59 15 a schematic view of an asymimetric air contactor having louvers to
selectively control atrflow through dehumidification, air pollutant capture, heat exchange,

and pre-cooling components of the air contactor.

DETAILED DESCRIPTION
j8070] With reference to FIG. 1, an air contactor train 10 is provided having an array
of air contactors 12 that draw air in direction 16 into the air contactors 12, The aw
contactors 12 are configured to remove one or more air pollutanis from the air, such as COa,
methane, volatile organic compounds (VOC), and/or volatile halogenated organic carbons

(VOX),
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6071} Regarding FIG. 2, an air pollutant capture system 20 is provided that includes
the air contactor train 10 for removing one or more pollutants from air 22. In one example,
the air pollutant capture system 20 is configured to remove CO2 from the air 22, The air
contactor train 10 receives a carbon capture solution 24 with a lower COz content and
discharges a carbonate solution 28 having a higher COz content due to the COz being
entrained 10to the carbonate solution 28. The carbou capture solution 24 may include, for
example, KOH or NaQOH. The carbonate solution 28 may include, for example, KoCO3,
[9672] The awr pollutant capture system 20 includes a pellet reactor 26 that receives the
carbonate solution 28 and contains a chemical that reacts with the carbonate solution 28 to
cause carbon in the carbonate solution 28 to precipitate out of the solution as a sobid 29
such as pellets. For example, the pellet reactor 26 may contain CaOlz. The CalH, n the
pellet reactor 26 react with the K2CO3 1n the carbonate solation 28 to form ligaud KOH and
precipitate CaCC(03 as solids 29 such as pellets. The solids 29 that precipitate in the peliet
reactor 26 s collected and provided to a calciner 30, The caleiner 31 burns natural gas and
oxygen 32 In one embodiment, the calciner 31 releases COn and forms CaQ. The €02 13
released as an output 34, such as in gas form.

[6073] The Ca0 is sent to a slacker 40 and mixed with water to form CaQH. The
system 20 may also include a steam turbine 36 that uses waste heat from the calcmner 31 to
make electricity and a cryogenic air separation unit 38. The cryogenic air separation unit 38
produces highly concenirated oxygen under pressure to feed to the calciner 31, such as 99%
or higher pure (n at 16 MPa. In this manner, the system 20 generates pure CO2 34 from air
passing through the air contactor train 10,

(6074} With reference to FIG. 3, the air contactor 12 has a housing 50, an air inlet 34,
and an air outlet 80, The air contactor 12 has an aurflow generator, such as a fan assembly
56, that draws COz-rich ambient air in direction 38 into the air inlet 54. The fan assembly
56 has a fan 60 and a motor 62 generally upstream of a COx capture system 64 of the air
contactor 12. The CO: capture system has a CO capture medium, such as a liquid carbon
capture solution 27, distributed onto a support such as fill 67. As another example, the
support may be a liquid absorbent material such as a pad.

[8875] The CO2 capture systern 64 ncludes a carbon capture solution distribution

10
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system 66 for distributing the liquid carbon capture solution 27 onto the fill 67, The fill 67
is hung or otherwise supported in the housing 50 between the air inlet 34 and the air outlet
80. The carbon capture solution distribution system 66 has one or more nozzles 70 for
distributing the carbon capture solution 24 onto the fill 67.

{8076} The fan assembly 56 duects airflow i direction 72 withun the housing 50 and
across the fil 67. The carbon capture solution 24 on the surfaces of the fill 67 chemically
reacts with the CO2 1n the aw to entrain CO:z i the air into the carbon capture solution 24
which 13 collected (see discussion of FIG. 7 below). The air flows across the fill 67 and
exits the housing 50 via the outlet 80 in drection 82, The awr exiting the housing 50 via the
outlet 80 1s COu-poor or depleted cormpared to the COz-rich ambient air entering the awr
ilet 54, The atr contactor 12 may include a drift eliminator 84 to collect droplets of carbon
capture solution in the air downstream of the fill 67. Because the carbon capture
distribution systern 66 is downstream of the fan assembly 56, there s hitle risk of droplets
of the carbon capture solution 24 contacting the fan assembly 56, The operational lifespan
of the fan assembly 506 is thereby increased by keeping the carbon capture sofution 24 from
contacting the fan assembly 56, which improves the durability of the air contactor 12. In
one embodiment, the fan 60 has a diameter 90 of 11 feet, the housing 50 has a length 92 of
25 feet 4 mnches, the housing 50 has a height 94 of 13 feet, and the fill 67 inchudes
rectangular {1l sheets having a height 98 of 9 feet 4 inches, and a length 100 of 13 feet 4
inches.

(6677} Regarding FIG. 4, the fan 60 has four blades, although other blade
configurations may be used. The air contactors 12 of the air contactor train 10 may each
have their own motor 62 driving the fan 60 of the air contactor 12 or may have a single
motor driving multiple fans 60. The awr contactor 12 has a width 102 that may be, for
example, 14 feet.

j0078] Regarding FIG. 5, the air contactor tran 10 includes a number of air contactor
stacks 110 having multiple air contactors 12 assembled one on top of another. For example,
air contactors 12A, 12B, 12C, 12C are shown stacked on top of one another. In the
embodirnent of FIG. 5, the air contactor stack 110 includes a carbon capture solution supply

111 that provides carbon capture solution 24 to the carbon capture solution distribution

11
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system 66 of the air contactors 12A, 12B, 12C, 12D The air contactors 12A, 128, 12C,
120 have floors 68 with one or more openings that permit the carbon capture solution 24 to
fall from the fill 67 of each air contactor 12 into the interior 52 of the air contactor 12
below. The carbon capture solution supply 111 has a primary distribution head in the aw
contactor 12A and interstitial distribution heads in the awr contactors 128, 12C, 1213 that
provide a lower flowrate than the primary distribution head. The oterstitial distribution
heads operate to provide make-up carbon capture solution to compensate for leaks or drift
toss or operate to provide fresh carbon capture solution along the flow of carbon capture
solution through the stack 110. In another ernbodiment, the carbon capiure solution supply
111 only provides carbon capture solution to the awr contactor 12A and the carbon capture
solution trickles down from air contactor to air contactor.

{8879} The atr contactor stack 111 has a basin 116 that collects the carbon capture
sofution 24 after the carbon capture solution 24 has traveled in direction 113 through the ar
contactors 12A-12D. The air contactor stack 110 has a carbon capture solution return 119
that provides the C(Onz-rich carbonate solution 28 to the pellet reactor 26. In one
embodiment, the air contactor stack 111 has meltiple basing 116 and multiple carbon
capture solution returns 119 such as a basin 116 and a carbon capture solotion refurn 119
for each air contactor 12A-121

[608G] With reference to FIG. 6, a plan view 1s provided of an example air contactor
facility 150, The air contactor facility 150 has air contactor trains 152, 154, 156, 158 that
are similar to the air contactor train 10 discussed above. The air contactor trains 152, 154,
156, 158 each have an air inlet 160 and air cutlet 162 thereof oriented to limit the air inlet
of one of the air contactor trains 152, 154, 156, 158 receiving air from the air outlet 162 of
the nearby air contactor train 152, 154, 136, 158. To this end, the air contactor facility 150
has intermediate spacings 166 between the air inlets 160 of nearby air contactor trains 152,
154, 156, 158. Air may travel downward (into the page in FIG. 6) and travel generally
horizontally along the ground 139 into the air inlets 160, The spacings 166 may be, for
example, 160 feet. The air contactor facility 150 has a central spacing 170 between the air
outlets 162 of air contactor trains 154, 156, The central spacing 170 is between the air

outlets 162 and 15, for example, 640 feet, which 1s larger than the intermediate spacings

12
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166. The larger central spacing 170 keeps the air outlets 162 away from the air inlets 160 of
the air contactor trains 154, 156. Keeping the air from the air outlets 162 away from the air
inlets 160, ensures COo-rich air 1s being drawn into the air mlets 160 and improves the
efficiency of the carboun capture process.

{0081} With reference to FIG. 7, a iquid solution-based carbon capture method 200 18
provided that includes air 202 containing CO» entering an air contactor 204 such as the air
contactor 12 discussed above. The air contactor 204 discharges air 206 having a reduced
CO; content than the air 202. In the air contactor 204, CO» 208 i the awr contacts a carbon
capture solution 210, such as KOH, that 1s being distributed onto support such as fill ora
tiquid-absorbent pad. The CO2 1o the air reacts with the carbon capture solution 210 to form
water 212 and a carbonate solution 214 that is then removed from the air contactor 204
Part of the water 212 and the water in the carbonate solution 214 may be lost to
evaporation. In one approach the carbonate solution 214 15 a molar solution, 1.e., the
carbonate solution 214 has one gram of KoC0O3 dissolved i water to make one liter of
carbonate solution 214, The carbonate solution 214 1s provided to a pellet reactor 216, such
as the pellet reactor 26 discussed above.

[6082] In the pellet reactor 30, the carbonate solution 214 reacts with CA{OH» 216
provided as pellets to the pellet reactor 216. The chemical reaction in the pellet reactor 216
produces the carbon capture solution 210 and CaCO5 220. The CaCO: 1s provided to a
calciner 224 that receives heat 226 from, for example, a geothermal heat source or burning
a fuel such as natural gas. The calciner 226 produces CO» as a gas that is captured 228 and
guicklime or CaQ 230 as a solid. The CO2 gas captured at operaiion 228 is directed to a
compressor to compress the COx and hiquily the COn for storage and transport.

|0083] The Ca0 230 1s provided to a slaker 232 which combines the Ca0 230 with
water to form hydrated lime CA{OH) as a solid. The chemical reaction of the slaker 232 is
exothermic and releases heat 234 that may be captured. The captured heat 234 may be used
to reduce the heat required at operation 226 or be used for another industrial process.
Although the method 200 discussed uses a KOH carbon capture solution, other solutions
may be used as appropriate for a particular application.

(6084} With reference to FIGS. 8-9, in another embodiment one or more of the air

13
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contactors 12 utilize a solid sorbent-based CO: capture method 250. For example, an awr
contactor 252 has a first mode 254 and a second mode 256. In the first mode 254, the
arabient air 238 is drawn into an air inlet 260 such as by a fan of the air contactor 252 and
travels through a carboun capture medium such as a mass exchanger. The mass exchanger
operates using adsorption or absorption to remove a pollutant such as CO2 from the air. In
one embodument, the mass exchanger includes a filter 262, The air travels through the filter
262 and outward from the awr contactor 252 via an au outlet 264,

[5085] The COz in the ambient air attaches to the filter 262 such that discharged awr
266 has a reduced COz content. Onge the filter 262 has been saturated, the air contactor 252
is reconfigured to the second mode 256 wherein the air contactor 252 heats the filter 262 to
a temperature of, for example, 100° . The air contactor 252 has a CO» capture system 263
to remove the captured CO» from the filter 262. For example, the COz capture system 268
may include a vacuum and a contaner 270 to collect the CO: released from the filter 262
{0086} With reference to FIGS. 10-12, mn another embodiment one or more of the air
contactors 12 utilize an electrochemical Tk capture method 300 of FIGS. 10 and 11 The
method 300 inclodes utilizing a carbon capture system 302 including a carbon capture
medium, such as as an electrochemical cell assembly 304, and a control system 306 having
a power source 308. The electrochemical cell assembly 304 includes an mner electrode 309

=
I
i

and outer electrodes 307. The outer electrodes 307 are coated with poly-1,4-anthraquinone
compostie and are operable to capture COz via a carboxylation of quinone. The inner
electrode 304 contains polyvinylferrocene and operates as an electron source or sink for
guinone reduction and quinone oxidation. The inner electrode 304 s the driving force for
the outer electrodes 307 to collect or release COx from/into the atrstream.

[0087) Depending on the polarity of the power source 308 applied to the
electrochemical celi assembly 304, air traveling in direction 312 through the awr flow
channel 310 will either lose COx to the outer electrodes 307 or gain CO; from the electrodes
307.

j0088] For example and with reference to FIG. 10, the control system 306 has a carbon
capture configuration wherein a negative polarity 320 is applied to the outer electrodes 307

-3

and a positive polarity 322 1s applied to the inner electrode 308, Conversely, the control
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system 306 is shown in a C0O» discharging configuration in FIG. 11 wherein the power

source 308 applies a negative polarity 326 to the inner electrode 309 and a positive polarity
328 1o the outer electrodes 307, The control system 306 1s reconfigured from the carbon
capture configuration of FIG. 10 to the carbon discharging configuration of FIG. 11 once

the electrochemical cell assembly 304 has become saturated with CO2. The carbon capture
systern 302 may be used in a batch process approach wherein air 15 provided to a sealed
chamber containing the electrochemical celi assembly 304, the control system 306 1s

operated in the carbon capture configuration to capture COz, the COr-free air 15 released,

the control system 306 1s switched to the CO2 discharging configuration, and a carrier gas is
injected into the sealed chamber to flush the CO: from the chamber.

[0089] In another approach, the carbon capture system 302 may be used in a flow

process wherein air flows over the electrochemical cell assembly 304 until the outer

electrodes 307 are full of COz. The airflow over the outer electrodes 307 1s stopped, then a
carrier gas 1s directed over the outer electrodes 307 while the control system 306 15 in the
carbon discharge configuration to remove the C(Qn from the outer electrodes 307

18096} With respect to FIG. 13, an air contactor systern 350 1s provided including an air
contactor 352 that 1s similar in many respects to the air contactor 12 discussed above. The air
contactor system 350 includes a controller 354 integrated with, or operatively connected to, the
air contactor 352. The controller includes a memory 356 for storing non-transitory instructions
for operating the air contactor 352, such as logic, programs, etc. The controller 354 includes a
processor 358 operatively connected to the memory 356 and commumication circuitry 360. The
processor 358 may include, for example, a microprocessor, a gate array, a system-on-a-chip,
and/or an application-specific integrated circuit, as some examples. The communication
circuitry 360 is configured to communicate via one or more remote devices via a network 362,
The one or more remote devices may include, for example, an HVAC system coniroller 366, a
server computer 364, and/or one or more portable electronic devices such as a smartphone 368,
The communication circuttry 360 may receive a carbon capture request trom a remote device
for the air contactor system 350 to operate a U0z capture system 380 of the awr contactor 352,
[6051] The air contactor 352 will be described as being configured to remove CO: from

the air, although the air contactor 352 may be configured to remove additional or alternative
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pollutants from the air using an appropriate a capture medium. The capture medium may
include, for example, a carbon capture solution distributed onto fill sheets, blocks of fill)
and/or pads. Alternative capture mediums may be used, such as a liquid solvent-based air
pollutant capture system that utilizes a spray of fine capture solution droplets that the air 15
directed through. Other capture mediums may be utilized, such as a solid sorbent- or
electrochemical-based air poliutant capture system.

10092} With reference to FIG. 13, the air contactor 352 has an outer structure ot housing
370, awr malets 372, and an air outlet 374, COz-rich atr enters the air inlets 372 in direction 375
and COz-depleted air exits the aw outlet 374 1o divection 377, The air contactor 352 has a fan
assernbly 35S for generating airflow between the air inlets 372 and the air outlet 374, The fan
assembly 355 inclades a motor having a drive shaft and fan blades mounted to the drive shaft.
{8093] To remove the CO from the air, the air contactor 352 has the COz capture system
380 that mncludes a carbon capture solution distribution system 382 having one or more outlets
such as spray nozzles 384 for distributing carbon capture sohution 391 onto capture medium
390. In one embodiment, the capture mediaom 390 are fill sheets such as rubber or plastic
sheets.

[6094] COnerich atr travels in direction 375 from the air inlets 372 into contact with the
carbon capture solution on the surfaces of the capture medium 390, The carbon capture
solution chemically reacts with the COz in the COn-rich air and entrains the CO2 into the
carbon capture solution traveling generally downward along the capture medium 390 due to
the effect of gravity.

10095] The CO2 capture system 380 includes troughs 392 that collect carbon capture
solution 391 from the capture medium 390, a sump 394, and a pump 396 to recirculate the
carbon capture solution 391 back to the spray nozzles 384. The sump 394 may be open or
enclosed. In one embodiment, the CO» capture system 380 may normally operate as a closed
foop within the air contactor 352, with the carbon capture solution 391 traveling from the
sump 394, to the capture medium 390, and back to the sump 394. The concentration of COz in
the carbon capture solution 391 increases over time as the carbon capture solution 391
continues to entrain CO2 from the air. In another embodiment the CO» capture system 380

discharges the CO: rich carbon capture solution 391 from the air contactor 352 for processing.
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8096} In one embodiment, the air contactor 352 has a sensor 398 to detect a variable,
such as pH, indicative of the concentration of carbon in the carbon capture solution 391, Upon
the parameter satisfying & concentration condition, such as exceeding a threshold concentration
parameter, the controller 354 may opeun a valve 400 to direct the now CQOr-tich carbon capture
solution 391 or carbonate from the sump 394 1o a drain 402, The drain 402 directs the COn-
rich carbon capture solution 391 to a tank, such as a pellet reactor 26 discussed above. In
another approach, the controller 354 may operate the valve 400 after a predetermined period of
time, such as a few hours, days, or a time period based on the duration of operation of the aw
contactor 352, Once the sump 394 has been partially or completely drained, the coutroller 354
may operate a valve 404 to open a carbon capture solution supply 406 and provide fresh
carbon capture solution 391 to the sump 394

{8097} The atr contactor 352 also includes a heat exchanger, such as an indirect heat
exchanger 410, The indirect heat exchanger 410 has an mnlet 412 for receiving a fluid, such as
a process fhuid or a refrigerant, and an outlet 414, The flow of air across the external surfaces
of the dry heat exchanger 410 indirectly cools the fluid within the mdirect heat exchanger 410
18098] in one embodiment, the capture medium 390 provides adiabatic cooling to the air
traveling across the capture medium 390 by way of evaporation of water in the carbon capture
sohution 391, The capiure medium 390 may include a carbon capture solution 391 that
permeates a liquid absorbent material while the Hquid absorbent material permits air to travel
through the material. For example, the capture medium 390 may include adiabatic cooling
pads. The adiabaiic cooling provided by the carbon capture solution 391 on the capture
medium 390 reduces the dry bulb temperature of the air before the air reaches the indirect heat
exchanger 410 which improves the efficiency of the heat exchange between the air and the
indirect heat exchanger 410,

[0099] The air contactors 12, 352 and the other air contactors discussed herein are similar
in many respects. The discussion of the following embodiments will focus on differences
between the various embodiments, although the similarities in structure and operation between
the embodimenis will be apparent to the reader.

[00106]  With reference to FIG. 14, the aw contactor 450 mcludes a COx capture system

432 wehuding a capture medium 434, a carbon capture solution distribution system 456, a
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sump 458, and a pump 459. The air contactor 450 has a drain valve 460 for draining carbon
capture solution having a concentration above a predetermined threshold from the surmp 458
The air contactor 450 further includes a carbon capture supply valve 462 for providing fresh
carbon capture solution to the surmp 458, and a water roakeup valve 464 for providing makeup
water 466 to the sump 458. The water makeup valve 464 roay be opened 1o provide the
makeup water 466 to the sump 458 to compensate for evaporation of water from the carbon
capture solution 453, Water may evaporate from the carbon capture solution 433, for example,
when the COz-rich awr traveling 10 direction 467 1uto the aur contactor 450 contacts the carbon
capture solution 453 sprayed on the capture mediurn 454, In one erobodiment, the carbon
capture solution may be purged and replaced with water so that the air contactor 450 may
operate i a water-only mode. The capture medium 454 may include adiabatic cooling pads
and the air contactor 450 may operate as an adiabatic cooler or condenser in the water-only
mode. The air contactor 450 may be operated in the water-only mode in predetermined
situations, such as due to a heightened required cooling capacity, msufficient capacity in an
associated COz processing system to regenerate the carbon capture solution, and/or an
associated COn utilization process (e.g., producing fuel from the captured CO2) not currently
requesting COn.

100161] Regarding FIG. 15, an air contactor 500 1s provided having a C(O» capture system
500 that distributes a carbon capture solution 502 onto a carbon capture medium 504 of the
Oz capture system 501, The carbon capture solution 502 may be corrosive to metals. The air
contactor SO0 has louvers 506 upstream at inlets 508 of the air contactor 500 and drift
eliminators 510 downstream of the capture medium 504, The drift eliminators 510 inhibit
carbon capture solution droplet carryover and splash out from the capture medium 504 to heat
exchangers 512 of the air contactor 300. In one embodiment, the drift eliminators 510 are
operably connected to troughs 514 of the CO: capture system 501 to direct collected carbon
capture solution into the troughs 314 so that the solution may be directed to a sump 516 of the
C O, capture system 500, In ancther embodiment, louvers may be utilized to direct CO2
capture solution mto a sump, such as fill sheets having louvers.

[06102]  With reference to FIG. 16, an air contactor 550 is provided that is operable either

as a carbon capture apparatus, or a fluid cooler with a pre-cooling option such as a condenser.
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More specifically, the air contactor 550 has a liquid distribution system 552 operable to
distribute hquid 554 onto a capture medium 556. The liquid 554 may be an air pollutant
capture solution or water depending on the operating mode of the air contactor 550,

[00103]  Inoue embodiment, the capture medium 556 comprises a liqud absorbent
material. The hquad 554 sprayed onto the capture medium 556 saturates the capture mediurm
356 and excess hiquid collects in a trough 558 for traveling via a return tubing 560 to a sump
562. The surap 562 is shown i FIG. 16 having an open top, but 1o other embodiments the
sump 562 may be enclosed.

601 04] In one embodiument, the capture medium 556 permuts air to travel through the
saturated capture medium 556 to cool the awr. For example, the capture medium 556 may
imclude a pad such as an adabatic cooling pad. The pad may include, for example, cellulose
fibers, and/or aspen fibers coated for biocontrolf and fireproofing. Alternatively or additionally,
the pad may include polymers (e.g., PVC), ceramics, and/or coated metals.

{001 05] The air contactor S50 has a pump 564 to recirculate the hquid from a sump 562
back to the capture medium 556, The air contactor 550 has a heat exchanger, such as an
mdirect heat exchanger 566, that may be a dry heat exchanger. In another embodiment, the
hguid distribution system 552 may be configured to distribute ligpud onto the indirect heat
exchanger 566 when the air contacior 550 is operated in a wet mode.

(60166}  The air contactor 550 has one or more valves operable to direct either air pollutant
capture solution {e.g., carbon capture solution} or water into the liquid distribution system 552,
For example, the air contactor 550 may include a supply three-way valve 567 and a drain
three~way valve 568. The supply three-way valve 567 is operable to connect a supply line 569
for the sump 562 to either a water supply 370 or a carbon capture solution supply 572. The
drain three-way valve 568 is operable to connect a drain 374 from the sump 562 to etther a
water drain $76 or a COz-rich carbon capture solution drain 578

j80107]  The supply three-way valve 567 may be opened to the carbon capture solution
supply 372 to fill the sump 562 in response to the air contactor 530 being in a carbon capture
maode. Once the carbon capture mode has ended, or during a recharge operation, the drain
three-way valve 568 may direct the COr-rich carbon capture solution from the sump 562 to the

COn-rich carbon capture solution drain 578, If the carbon capture solution 1s being drained
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from the liquid distribution system 552 to recharge the system with fresh carbon capture
solution, the supply three-way valve 567 is operated to direct carbon capture solution from the
carbon capture solution supply 572 to the sump 562. In another embodiment, air contactor 550
is operated 1n a “once through” approach where the carbon capture solution is directed into the
air contactor 550, distributed onto the capture medium 556, collected, and directed out of the
air contactor 550 for CO» removal from the carbon capture solution. If the air contactor 350 13
being reconfigured from the carbon capture mode to a wet heat exchange mode, the aw
contactors 550 operates the supply three~way valve 567 to direct water from the water supply
570 1oto the sump 374 after the sump 574 has been emptied of carbon capture solution. The
hiquid distribution system 552 thereafter distributes water onto the capture medium 556, The
water traveling across the capiure medium 556 may directly cool the air upstream of the
mdirect heat exchanger 566 which improves the efficiency of heat exchange between the air
and the indirect heat exchanger 566, In one embodiment, the three-way valve 567 may be
operated to provide water to replenish water that evaporates from the carbon capture solution.
In another embodiment, the three-way valve 367 and the pump 564 may be operated to provide
water Tor cleanmg the capture medium 556,

[60188]  The air contactor 550 may have a dry heat exchanger mode wherein the pomp 564
is not operated to distribute liquid onto the capture medium 556, In the dry mode, the air
contactor S50 utilize the flow of air over the indirect heat exchanger 566 to remove heat from
the fluid in the indirect heat exchanger 566.

[66109]  Regarding FIGS. 17A and 178, an air contactor 600 is provided having a
contained carbon capture solution, eliminating the risk of splash out and droplet carryover
from the carbon capture medium and reducing water loss in some embodiments. More
specifically, the air contactor 600 has a liguid distribution system 602 that directs an air
pollutant capture solution, such as carbon capture solution, from an enclosed sump 604 via
pump 606 to a membrane assembly such as tubular membrane assembly 608. The tubular
membrane heat assembly 608 includes an inlet header 610, an outlet header 612, and tubular
membranes 614 having canmulas or interiors 616 to direct the carbon capture solution from the
inlet header 610 to the outlet header 612, In other embodiments, different membranes may be

used such as flat sheets.
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[00118]  Wrth reference to FIG. 178, the tubular membranes 614 each include an interior
616 and a side wall 618 extending thereabout. The side wall 618 1s made of one or more
materials configured to be highly selective to the air pollutant to be captured. Inone
embodiroent, the air pollutant to be captured 18 CO2 and the tubular membranes 614 have a
high permeance to CO: for a given surface area and concentration gradient.

[00113]  The awr contactor 600 has a fan assembly 615 operable to generate airflow from an
air inlet 617 of the air contactor 600, through the tubular membrane assembly 608, through the
indirect heat exchanger 630, and to an aw outlet 619 of the air contactor 600, The flows across
the outer surfaces 622 of the tubular membranes 610 as the air flows through the tubular
membrane assembly 608 The CO1 in the air permeates through the side wall 618 from the
outer surface 622 to an inner surface 624 of the tubular mernbranes 610. Onee the Cz reaches
the interior 616 of the tubular membranes 610, the £z 15 absorbed into the carbon capture
sofution flowing i the mterior 616, The CO2 m the air 15 thereby captured by the solution n
the interior 616 of the tubular membranes 614,

[06112] The air contactor 600 has a heat exchanger 630 that may be, for example, an
mdirect heat exchanger. The air contactor 600 includes a carbon capture solution supply valve
632 and a COz-rich carbon captore solution drain valve 634,

100113] In one embodiment, the air contactor 600 has a wet precooling mode wherein
water is provided to the tubular membranes 614 instead of carbon capture solution. The
material of the tubular membranes 614 may be selected to be permeable to C(0: and water
vapor such that water may be used in the tubular membranes 608 to precoo! air for reaching
the heat exchanger 630 instead of the tubular membrane assembly 608 capturing CO:2 from the
atr. The water vapor emitted from the tubular membrane 614 may cool the air upstream of the
heat exchanger 630 and approve the efficiency of the heat exchange between the air and the
heat exchanger 630.

[00114}  In another embodiment, the air contactor 600 has a vacuum in the interior 616
rather than a carbon capture solution. The pump 606 may be a vacuum pump that collects the
CO» which permeates through the side wall 618 of the tubular membranes 610. The sump 604
may be replaced with a storage unit for storing the captured CO» until the COn ts removed

from the storage unit.
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{00115}  In vet another embodiment, the air contactor 600 may be provided with a solid
sorbent and a membrane {e.g., a sheet) associated with the solid sorbent to selectively hmit
which components of the air may contact the solid sorbent. For example, the aur contactor 600
may have a membrane that 1s water-impermeable and COz-permeable to prevent water vapor
in the air from contacting the solid sorbent while perrattting CO» 1n the ait to be absorbed or
adsorbed by the sohid sorbent. In this manner, a membrane may be used to improve the
efficiency of a solid sorbent.

[90116]  With reference to FIG, 18, an air contactor 700 is provided that has a debummdifier
702 upstream of an air pollutant capture system 704, The air pollutant capture system 704
includes a hiquid distribution system 706 that distributes a liquid, such as a carbon capture
solution 708, onto a capture medium 710. The air contactor 700 further includes a heat
exchanger 711 downstream of the capture mediom 710. The dehumudifier 702 collects water
712 that may be used as a water makeup to compensate for water that evaporates from the
carbon capture solution 708 during operation of the air contactor 700, The use of the collected
water 712 may reduce the fresh water needed to regenerate the carbon capture solution.
(86117}  The dehumdifier 702 may mnclude, for example, a vacoum driven membrane heat
exchanger and/or a mass exchanger. Other examples of the dehumudifigr 702 include a hquid
desiccant driven membrane heat exchanger and a mass exchanger. Further examples include a
fin-tube heat exchanger coated with desiccant material, a desiccant wheel, and/or a sub-dew
point cooling heat exchanger. Dehumidification of the air upstream of the capture medium 710
improves the efficiency of the capture system 704 for some embodiments. For example,
removing humidity may increase the efficiency of solid sorbents such as zeolites.
Dehumidifving the air decreases the water the zeolite media captures from the air, which
increases the capacity of the zeolite media to store CO2. The dehumidifier also provides water
in situ at the air contactor 700 that may be used as makeup water or a fresh water source for
another process. In another embadiment, the pollutant capture medium benefits from having
higher humidity such that the dehunidifier 702 may be onutted.

{00118}  The air contactor 700 may have a wet precooler mode wherein the air poliutant
capture system 704 recirculates water instead of carbon capture solution. The air pollutant

capture systern 704 sprays the water onto the capture medium 710, which cools the air before
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the air reaches the heat exchanger 711 and improves the efficiency of the heat exchanger 711,
The dehumidifier 702 removes moisture from the air which reduces the wet bulb temperature
of the air. The decrease in wet bulb temperature increases the amount of adiabatic pre-cooling
achievable by the water-moistened capture mediom 710 {(which may be one or more pads).
The water-moistened capture medium 710 may then decrease the dry bulb temperature of the
air flowing across the capture medium 710, In another embodument, dry or sensible cooling
may be used instead of the adiabatic cooling provided by the capture medium 710. The
sensible cooling may be provided using a refrigerant such as chulled water or glycol from a
chilier. The sensible cooling may be provided by an evaporator of a refrigeration system.
(90119 Ifthe capture medium 710 mcludes adiabatic pads and the air contactor 700 1s
operating tn a water-only or wet precooler mode, the dehumidification of the air upstream of
the capture medism 710 improves the efficiency of the adiabatic heat exchange at the adiabatic
pads. Further, if the air contactor 700 15 operating in water-only mode and the adiabatic pads of
the capture medium 710 are lowering the dry bulb temperature, the efficiency of the heat
exchanger 711 15 mcreased due to the debumidification of the air upstream of the capture
mediumn 710,

(601206  With reference to FIG. 19, an air contactor 750 15 provided that is simifar in many
respects to the air contactor 750. The air contactor 750 has a carbon capture solution
distribution system 752 with a support such as a pad 754 downstream of a heat exchanger 756,
The heat exchanger 756 may include a dry heat exchanger and/or a wet indirect heat
exchanger.

100128}  The heat exchanger 756 recetves air from an inlet 758 of the air contactor 750,
heats the air, and discharges heat 760 to capture medium 754. Because the carbon capture
sofution distribution system 752 distributes carbon capture solution 762 onto the pad 7534
downstream of the heat exchanger 756, the risk of drift of carbon capture solution from the
carbon capture medium 754 onto the heat exchanger 756 is reduced. Further, the heat
exchanger 736 heats the air before it reaches the pad 754 which may improve the efficiency of
some types of carbon capture solution 762. For example, some sorbents are known to be more

effective at higher temperatures. The pre-heating of the hear by the heat exchanger 756
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reduces the relative humidity of the air which may be beneficial for some types of carbon
capture solution 762.

{00122}  Inanother embodiment, the heat exchanger 756 mcludes a direct heat exchanger
such as a system that distributes process fluid onto fill sheets. The direct heat exchanger may
increase the humidity of the air upstrean of the pad 754 which may aprove the efficiency of
some types of carboun capture solution 762, Utilizing the evaporating water in the process flud
of the direct heat exchanger to hunudity the air upstream of the pad 754 may facilitate a water-
neutral carbon capture process.

1001231 With reference to FIG. 20, an air contactor 800 15 provided that may
simultaneously use water to precool air entering an air inlet 802 and carbon capture solution to
remove CO from air within the air contactor 800 before the atr exits an air outlet 804. More
specifically, the air contactor 800 includes a carbon capture system 810 having a carbon
capture solution distribution system 812, a carbon capture medium 814, a carbon capture
sohution sump 816, and a pump 818, The awr contactor 300 has valves 820, 822 for selectively
permutting carbon capture solution to enter the sump 816 from a carbon capture solution
source 824 or to exit the sump 816 t0 a COz-rich carbon capture solution drain 826,

{66124} The air contactor 800 has an indirect heat exchanger 830 upstream of the carbon
capture medium 814 and a precooler 832 upstream of the dry heat exchanger 830. The
precooler 832 includes a water distribution system &34 that distributes water onto a liquid
absorbent material 836. The liquid absorbent material 836 is configured to become saturated
with water while permitting air to flow through the liquid absorbent material 836, The air
traveling through the lguid absorbent material 836 becomes cooler and more humid before
reaching the indirect heat exchanger 830 which improves the efficiency of operation of the
indirect heat exchanger 830 In another embodiment the precooler 832 is a membrane heat
exchanger, a dry heat exchanger with an internal fluid that is cooler than the air, and/or a higuid
desiccant dehumidifier,

[66125] The water distribution system 834 further includes a trough 838 to collect water
from the liquid absorbent material 836 and direct the water to a water sump 840. Further, a
pump 842 is operable to recirculate the water from the sump 840 to outlets such as spray

nozzies 844 of the water distribution systern 834, The air contactor 800 further includes valves

24



WO 2024/025895 PCT/US2023/028602

850, 852 selectively operable to remove water from the sump 842 to a drain 854 and provide
water to the sump 840 from a water source 856

[00126]  With reference to FIG. 21, an air contactor 200 1s provided having a CO2 capture
systern 902 mcluding a carbon capture medium 904, an indirect heat exchanger 906, a
precooler systemn 908, and a dehuonndifier 910, The precooler 908 mcludes a water distribution
systern 912 having a purap 914 that circulates water from a water sump 916 1o a hiqud
absorbent material 918 of the precooler system 908, The water distribution system 912
includes outlets such as nozzles 920 that spray the water onto the higuid absorbent material
918. The CO: capture systern 904 has a carbon capture solution distribution system 930
mehuding one or more nozzles 932 to spray the carbon capture solution onto the carbou capture
medium 904 and a trough 934 to collect the carbon capture solution from the carbon capture
medium 904, The CGn capture systern 904 inchudes a carbon capture solation sump 936 and a
pump 938 to circulate the carbon capture solution. The air contactor 900 includes a water drain
valve 940, 3 water supply valve 942, a carbon capture solution drain valve 944, and a carbon
capture solution supply 946.

{86127}  The air contactor 900 has a fan assembly 958 that moves air from the air inlet 950,
through the dehumidifier 910, through the precoocler system 908, through the indirect heat
exchanger 206, through the carbon capture medium 904, and out from the air cutlet 960 of the
air contactor 900. The dehumidifier 910 provides dehumidified air 952 upsiream of the
precooler 908, the preconler 908 provides cooler and slightly more humid air 954 upstream of
the indirect heat exchanger 906, and the indirect heat exchanger 906 reduces the humidity and
provides heated air 956 upstream of the carbon capture medium 904, The dehumidification and
cooling of the air upstream of the indirect heat exchanger 906 improves the efficiency of the
indirect heat exchanger 906. Another benetit of the air contactor 900 is that the air contactor
900 provides flexihility in providing optimally conditioned air to the indirect heat exchanger
906 and/or CO: capture process. The air contactor 900 alse provides flexibility in optimizing
water and energy use for heat rejection and/or CO2 capture process.

{00128}  Regarding FIG. 22, an air contactor 1000 1s provided that has a CO» capture
systermn 1002 and a precooler 1004, The CO» capture system 1002 has a carbon capture

solution distribution system 1006 including one or more outlets such as nozzies 1008 to
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distribute carbon capture solution onto an indirect heat exchanger 1010, The nozzles 1008 are
configured cover the external surfaces of the indirect heat exchanger 1010 with carbon capture
solution. The flow rate of carbon capture solution may be adjusted to optimize capture
efficiency and minirnize energy use, e.g., pumping power and airside pressure drop.

{80129}  The indirect heat exchanger 1010 may be a pillow-type indirect heat exchanger
that meludes an inlet 1014 to recerve a fluid and an outlet 1016 for a fluid. The indirect heat
exchanger 1010 may be made of a material selected to withstand the carbon capture solution,
such as galvanized steel, alumimurm, stainless steel, platinum, polymeric matenial, and/or
ceramics as appropriate for a particular embodiroent.

[36136]  The arr contactor 1000 includes a drift eliminator 1039 intermediate the indirect
heat exchanger 1010 and a fan assembly 1041, The drift eliminator 1039 s configured to
mhibit carbon capture solution drift from reaching the fan assembly 1041,

{60131}  The carbon capture solution distribution system 1002 includes a trough 1012 to
collect carbon capture solution 1009 after the carbon capture sohution 1009 has traveled along
outer surfaces of the indirect heat exchanger 1010. The flow of awr across the outer surfaces of
the indirect heat exchanger 1010 with the carbon capture solution 1009 thereon indirectly
cools the fluid inside of the indirect heat exchanger 1010. Further, some of the water in the
carbon capture solution 1009 may evaporate as the carbon capture solution 1009 travels along
the exterior surfaces of the indirect heat exchanger 1010. The evaporating water removes
additional heat from the indirect heat exchanger 1010,

{66132}  The carbon capture solution 1009 on the exterior surfaces of the indirect heat
exchanger 1010 1s positioned to entrain CO2 into the carbon capture solution 1009 as air
travels through the indirect heat exchanger 1010, The CO» capture system 1002 includes a
carbon capture solution sump 1020, a pump 1022, and valves 1024, 1026 to provide COn-rich
carbon capture solution to a drain 1028 or to receive fresh carbon capture solution from a
supply 1030,

[06133]  The precooler 1004 includes a water distribution system 1040 having one or more
outlets such as nozzles 1042 to distribute water 1044 onto a liquid absorbent material 1046.
The water distribution system 1040 further includes a trough 1048 to collect water from the

hquad absorbent material 1046, a water sump 1050, a water pump 1052, and valves 1054, 1056
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to receive water from a water supply 1058 or direct water from the water sump 1050 to a water
drain 1060.

{00134}  The air contactor 1000 1s operable in different moedes of operation. For example,
the awr contactor 1000 has a drv cooling mode wherein awr flows over the indirect heat
exchangers 1010 and the pumps 1024, 1052 are turned off. The aur contactor 1000 has a pure
Oz capture mode wherein the pump 1024 operates to distribute carbon capture solution onto
the indirect heat exchanger 1010 but there 18 vo fluid traveling through the nterior of the
ndirect heat exchanger 1010, The air contactor 1000 has an adiabatic cooling rnode wherein
the pump 1024 13 off, the purmp 1052 is on to pump water to the hiquid absorbent matenal
1046, and there is fluid traveling through the interior of the indirect heat exchanger 1010, The
air contactor 1000 has a COn capture and flaid cooling mode, wherein the pump 1024 15 on
and the indirect heat exchanger 1010 has fluid traveling through the nterior of the indirect heat

g and adiabatic

=

exchanger 1010. The air contactor 1000 has a COn capture, fluid coolin
precooling mode wherein the pumps 1024, 1052 are on and the indirect heat exchanger 1010
has flind travehling through the interior thereof.

(86135}  Insome embodiments, the precooler 1004 and the indirect heat exchanger 1010
may include, for example, a serpentine tube, a membrane heat exchanger, and/or a spray on
dry heat exchanger. In some embodiments, the air contactor 1000 may include three-way
valves to permit switching between the COz capture system 1002 utilizing carbon capture
sohution and utilizing water. In one embodiment, the component at reference numeral 1004
may be an air pollutant capture apparatus and the component at 1002 may be a wetted indirect
heat exchanger and/or a direct heat exchanger such as fill.

[00136]  With reference to FIG. 23, an air contactor 1100 1s provided that includes an air
inlet 1102, an air cutlet 1104, and a fan assembly 1106 to generate air flow therebetween. The
air contactor 1100 has a solid sorbent-based carbon capture medium system 1110, The solid
sorbent-based carbon capture medium system 1110 may include, for example, amines,
zeolites, and/or metal organic frameworks. In one embodiment, the carbon capture medium
system 1110 includes a carbon capture media comprising a filter 1112 that captures COz from
the air traveling through the air contactor 1100, The solid sorbent-based carbon capture

medium system 1110 includes a heat source 1114 to heat the filter 1112 once the filter 1112
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has been saturated to release COs from the filter 1112 The solid sorbent-based carbon capture
medium system 1110 further includes a CO2 exhaust 1116 to remove the CO» from the filter
1112, For example, the CO» exhaust 1116 may include a vacuum. In one embodiment, the awr
inlet 1102 and the aw outlet 1104 may have features, such as louvers or movable panels, to
close the air indets and outlets 1102, 1104 during removal of CO» from the filter 1112, Other
embodiroents may utilize a vacoum-only approach to remove CO2 from the filter. Stdl further,
some embodiments may utilize heat and a carrier gas to flush the sorbent matenial after
releasing much of the COz using a heating and vacuum operation,

160137} The air contactor 1100 includes a heat exchanger 1120 downstream of the filter
1112, Examples of solid sorbent materials mclude alkaline earth oxides, amines, zeolites,
and/or metal organic frameworks. In one embodiment, the air contactor 1100 may include an
electrochemical COz capture medium (see FIGS. 10-12 and associated discussion) instead of
or 1 addition to the solid sorbent-based carbon capture mediom system 1110,

{06138] With reference to FIG. 24, an air contactor 1150 1s provided that 13 similar in many
respects to the atr contactors discussed above. The air contactor 1150 has a precooler 1152, a
heat exchanger 1154, and a carbon capture system 1156, The carbon capture system 1156 18
intermediate a fan assermbly 1158 and an air outlet 1160 of the air contactor 1150, The carbon
capture system 1156 may include, for example, a solid sorbent, a liquid solvent, and/or an
electrochemical sorbeni-based approach o remove CO: from air flowing through the air
contactor 1150, The heat exchanger 1154 may be include an indirect evaporative heat
exchanger. The precosier 1152 includes a water distribution system 1162, liquid absorbent
material 1164, a sump 1166, a pump 1168, and valves 1170, 1172. The valves 1170, 1172
control water flow from a water supply 1174 and water flow to a water drain 1176. The carbon
capture system 1156 is downstream of a fan assembly 1158 which may be desirable for some
embodiments as a way to protect the fan assembly 1138 while making the carbon capture
system 1136 readily serviceable. Positioning the carbon capture system 1156 downstream of
the fan assembly 1158 may in some instances reduce the risk of plume and contamination of
the ambient air with microorganisms. In one embodiment, the carbon capture system 1156 is
configured to be retrofit to an existing cooling tower, which permiis the cooling tower to

provide CO:z capture capability without increasing the footprint of the cooling tower. The air
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contactor utihizing the carbon capture system 1156 may have a forced-draft configuration with
a larger discharge area and a lower pressure drop across the air contactor. The lower pressure
drop and large discharge area may permit a move efficient carbon capture operation in some
embodirents.

[60139]  With reference to FIG. 23, an air contactor 1200 15 provided having an evaporative
mdirect heat exchanger system 1202 and a €Oz capture systern 1204 that may be operated
independently of one another. Further, the mdirect evaporative heat exchanger system 1202
may be operated i a dry mode or in a wet mode regardiess of whether the carbon capture
system 1204 15 operating. More specifically, the indirect evaporative heat exchanger system
1202 includes indirect heat exchanger 1206 having an inlet header 1208 with an inlet 1210 to
receive a fluid, a coil such as one or more serpentine tubes 1212, and an outlet header 1214
with a fluid outlet 1216

{60148}  The indirect evaporative indirect heat exchanger 1202 meludes a higund
distribution system 1220 having nozzles 1226 to distribute an evaporative hiquid onto the
serpentine tubes 1212, a sump 1222 that collects the evaporative liqud, and a pump 1224 10
circulate the evaporative liquid back to the nozzles 1226 of the hiquid distribution system 1220
The air contactor 1200 has a fan assembly 1250 that generates airflow from an air infet 1230,
through the indirect heat exchanger 1206, through a drift eliminator 1232, and outward from
an air outlet 1234 of the air contactor 1200.

{00141}  The air contactor 1200 includes another air inlet 1240 with louvers 1242 that may
be opened to permit air to enter the interior of the housing 1244 of the air contactor 1200 and
travel across a carbon capture medium 1246 of the CO2 capture system 1204, The carbon
capture medium 1246 may include, for example, a carbon capture solution distributed onto fill
sheets. The louvers 1242 may be closed when the CO» capture system is not operating. With
the louvers 1242 open, the fan assembly 1250 may generate aurflow from the air infet 1240,
through the carbon capture medium 1246, and to the air outlet 1234,

{60142}  The CO: capture system 1204 includes a carbon capture solution distribution
system 1260 with one or more outlets such as nozzles 1262 to direct carbon capture solution

onto the carbon capture medium 1246. The CO2 capture system 1204 further includes a sump
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1264 to collect the carbon capture solution from the carbon capture medium 1246 as well as a
pump 1266 to recirculate the carbon capture solution back to the nozzles 1262,

{00143}  The air contactor 1200 mncludes a supply valve 1270 and a drain valve 1272 to
control the flow of water from a water supply 1274 to the sump 1222 and to control the flow of
water from the sump 1222 to a dram 1276, Similarly, the air contactor 1200 mcludes valves
1280, 1282 for conirolling the flow of fresh carbon capture solution from the supply 1284 1o
the sump 1264 and for controlling the flow of COz-rich carboun capture solution to the drain
1286. In one embodiment, the air contactor 1200 1s configured to flow carbon capture solution
or water over both the indirect evaporative heat exchanger 1202 and the carbon capture
medium 1264 depending on the operation mode of the air contactor 1200, In vet another
embodiment, the air contactor 1200 may be provided with a carbon capture system {e.g., a
systern that distributes carbon capture solution onto adabatic pads) upstream and/or
downstream of the indirect evaporative heat exchanger 1202 and the carbon capture medium
1264.

(00144}  With reference to FIG. 26, an air contactor 1300 15 provided that 1s suvular in many
respects to the air contactor 1200, The air contactor 1300 has awr inlets 1302, 1304 and an air
outlet 1306, The air contactor 1300 has a heat exchanger system 1310 including a dry heat
exchanger system 1312 at the air outlet 1306 and an evaporative heat exchanger system 1314
at the air inlet 1302. The dry heat exchanger system 1312 include an indirect heat exchanger
1313 such as a tube-and-fin heat exchanger, a fluid mnlet 1316 o receive fluid, such as a hot
process tluid, and a tluid outlet 1318 to direct the process fluid to the evaporative heat
exchange system 1314 after fluid has been cooled by way of indirect contact between the fluid
in the indirect heat exchanger 1313 and air flow traveling thereacross generated by a fan
assembly 1320 of the air contactor 1300, The fluid flows from the fluid cutlet 1318 of the dry
heat exchanger 1311 to an indirect heat exchanger 1315 of the evaporative heat exchanger
system 1314

[06145]  The indirect heat exchanger 1315 may mclhude, for example, a coil such as one or
more serpentine tubes and/or a plate heat exchanger. In one embodiment, the indirect heat
exchanger 1313 includes an inlet header 1324 with an inlet 1322 that receives fluid from the

fluid outlet 1318 of the dry heat exchanger 1311, The indirect heat exchanger 1315 further
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mncludes an outlet header 1326 and serpentine tubes 1328 connecting that nlet and outlet
headers 1324, 1326,

{00146}  The evaporative heat exchanger system 1314 has a liguid distribution system 1330
including one or more outlets such as nozzles 1332 to distribute evaporative hiqud onto the
serpentine tubes 1328, a surap 1347 to collect the evaporative liquid from the serpentine tubes
1328, and a pump 1342 to cureulate the evaporative fluid. The evaporative heat exchanger
system 1314 further includes a water makeup valve 1344 and a drain valve 1346 to control the
flow of hiqud nto and out of the sump 1347,

160147} The air contactor 1300 further includes a CO» capture system 1350 having a
carbon capture solution distribution system 1352 operable to distribute a carbon capture
medium such as carbon capture solution onto a support 1354 such as fill sheets. The carbon
capture solution distribution aystern 1352 includes a sump 1356 for collecting carbon capture
solution as the carbon captore solution travels off of the fill 1354 and a pump 1338 1o circulate
the carbon capture solution. The COz capture system 1350 further inclades a carbon capture
sofution supply valve 1360 and a carbon capture solution drain valve 1362, The evaporative
heat exchanger system 1314 may be operated in a dry mode wherein the pump 1342 1s turned
off to permit cooling of the process fluid via indirect heat exchange between the air traveling
through the air contactor 1300 and the fluid in the heat exchangers 1313, 1315, By removing
heat from the fluid before the fluid reaches the indirect heat exchanger 1315, the dry heat
exchanger system 1312 provides additional cooling capacity for the air contactor 1300,
Further, the dry heat exchanger system 1312 may reduce plume in some embodimenis by
raising the temperature of the air exiting the air contactor 1300,

[00148]  Inanother embodiment, the air contactor 1300 has a full CO» capture mode
wherein the air contactor 1300 distributes the carbon capture solution onto both the support
1354 and the serpentine tubes 1328, This permits both the serpentine tubes 1328 and the
capture medium 1354 to both be used as media to exchange CO: to the carbon capture
solution. In one embodiment, a solid sorbent-based electrochemical carbon capture medium
may be used in the air contactor 1300, In one embodiment, the air contactor 1300 has a carbon
capture system {e.g., a systemn that distributes carbon capiure solution onto adiabatic pads)

upstream and/or downstream of the evaporative heat exchanger system 1314 and the CO»
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capture system 1350, In yet another embodiment, the air contactor 1300 has a solid sorbent-
based capture medium instead of or in addition to the dry heat exchanger system 1312,
[00149]  With reference to FIG. 27, the air contactor 1400 is provided that 15 sumilar to the
air contactor 352 discussed above. The awr contactor 1400 includes an air pollutant capture
system such as a CO» capture system 1402 having a support such as a hiquid absorbent
material 1404, a carbon capture solution sump 1406, a pump 1408, and one or roore outlets
such as nozzles for disiributing a carbon capture solution 1410 onto the liquid absorbent
material 1404, The capture solution may be suttable for captoring CO2, methane, or VOC as
some examples. The air contactor 1400 has an aiv indet 1420 and an air outlet 1422, a heat
exchanger 1424, and a controller 1426, To monttor and control operation of the air contactor
1400, the controller 1426 1s operably connected to air sensors 1430, 1432, one or more fluid
sensors 1436, and one or more carbon capture solution sensors 1438, The air sensors 1430,
1432 may measure one or more of, for example, temperature, relative hummdity, carbon
dioxade concentration, carbon monoxide concentration, volatile organic compounds {(VOX)
concentration, ozone concentration, sulfuric dioxide concentration, nitrogen dioxide
concentration, and/or a particular matter (for example, 2.5 and/or 10 micrometer diameter}
conceniration. The one or more fluid sensors 1436 may measure, for example, inlet
temperature, outlet temperature, flow rate, and/or pressure of the fluid of the heat exchanger
1424 The one or more liquid sensors 1438 may measure temperature, conductivity, pH, sohids,
carbon dioxide concentration, carbon monoxide concentration, volatile organic compounds
conceniration, ozone concentration, sulfuric dioxide conceniration, and/or nitrogen dioxide
concentration.

[606156]  The controller 1426 may operate a fan motor 1430 of the air contactor 1400 to
ensure a process fluid temperature set point and/or pressure set point by monitoring the fluid
temperature and/or fluid pressure via the sensors 1436 and controlling a speed of a fan 1452
accordingly. The controller 1426 ensures the optimal operation of the CO; capiure process by
measuring air side capture performance over time, e.g., the difference between entering and
leaving C(Oz concentration, and/or by measuring certain parameters of the carbon capture
solution to verify that the capture solution does not exceed a preset COz saturation threshold. If

the CO» saturation threshold is reached, the controller 1426 operates the drain valve 1456 1o
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drain the saturated carbon capture solution. The controller 1426 then closes the drain valve
1456 and opens a makeup carbon capture solution valve 1438 to provide fresh carbon capture
solution to the sump 1406, The controller 1426 may switch on/off the operation of the heat
exchanger 1424 and/or the CO2 capture process as needed.

{80151}  The controller 1426 may perform other operations to maiuntain the air contactor
1400. For example, the controller 1426 may turn off the pump 1408 and operate the fan 1452
in a reverse direction to clean the liquid absorbent material 1404 if the liguid absorbent
material 1404 ncludes liguid absorbent material. The controller 1426 may reduce fan speed
and/or reduce distribution of fluid onto the liquid absorbent material 1404 in response to an
merease of drift and/or occurrence of plume. The air contactor 1400 may open the carbon
capture solution valve 1458 to add carbon capture solution to compensate drift losses, losses
for leaks, and/or splashout.

[86152]  In one embodiment, the controller 1426 may operate the motor 1450 to optimize
the pollutant capture process. In one approach, the control system may optimize both the
poihtant capture and fhud cooling processes. The controlier 1426 may utilize logic that takes
mito account other parameters such as ambient air teraperature, relative humidity, time of day,
total pollutants capture over a relevant period of time, and/or energy cost as some examples.
100153] The controllers of the air contactors disclosed herein may optimize (e.g.,
minimize) one or more operating parameters such as energy consumpiion, water consumption,
carbon footprint (for CO: capture processes), and operating cost(s). The optimization allows
for optimal control of the fan speed (directly or by setting a different leaving water
temperature setpoint, and/or leaving air CO2 concentration setpoint) and/or ligpaid supply to the
carbon capture system to minimize one or more of the operating parameters. The optimization
may be bounded by some minimum and maximum values, e g, for leaving water temperature,
process tluid temperature/pressure, and/or leaving air CO2 concentration as some examples.
The optimization may therefore be based on cooling performance and/or efficiency of the COz
capture process.

[00134}  The controllers of the air contactors operate the air contaciors based upon the
intermittent nature of the COn capture process, especially for solid state capture materials. For

example, the controller of an awr contactor may peniodically alter the operator of the awr
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contactor to allow for isolation of the carbon capture system and desorption of the captured
Cn. The controller may optimize the tinung of the isolation/desorption operation based upon,
for example, cooling requirements, time of day, and energy pricing. The controller may
optimize the rate at which the CO» 15 absorbed to ensure that the desorption process happens
during a downtime of the cooling process such as at night and/or on weekends.

[00188] With reference to FIG, 28, an air contactor 1500 1s provided that 1s similar to the
air contactor 1400 discussed above. The air contactor 1500 has a carbon capture solution
systern 1502 with a carbon capture solution sump 1304 and a water makeup valve 1506 that
condrols a flow of makeup water into the carbon capture solution sump 1504, The awr contactor
1500 has one or more sensors 1508 similar to the sensors discussed above with respect to the
air contactor 1400 as well as a level sensor 1510 that detects a level of carbon capture solution
i the capture solution sump 1504, The air contactor 1500 includes a controller 1516 that may
open the valve 1506 to replenish water lost via evaporation from the carbon capture solution.
The coniroller 1516 may monitor the evaporative water loss using the level sensor 1510 of the
capture solution sump 1504 because the volume of carbon capture solution in the sump 1504
will decrease as water evaporates from the carbon capture solution. Once a lower threshold of
the carbon capture solution in the capture solution sump 1504 has been reached, the controller
1516 opens the valve 1506. Once a high-level threshold of capture sohution in the capture
sobution sump 1504 is reached due to the addition of makeup water to the sump 1504, the
controller 1516 closes the valve 1506,

[66156]  Water loss by evaporation of the capture solution may also be determined
indirectly. For example, the controller 1516 may determine evaporative loss via a difference in
the humidity between air entering an air inlet 1520 of the air contactor 1500 and air exiting an
air outlet 1522 of the air contactor 15300. As another example, the controller 1516 may detecta
change in concentiration of one or more parameters of the carbon capture solution such as pH,
conductivity, and/or CO: conceniration, etc.

[061587]  With respect to FIG. 29, an aur contactor 1550 15 provided that is similar to the air
contactor 900 discussed above. The air contactor 1530 has an air infet 1552, a dehumidifier
1554, a precooler system 1556, a heat exchanger 1558, an air pollutant capture system such as

COn capture system 1560, a fan assembly 1562, and a controlier 1564, The controller 1564
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operates pumps 1570, 1572 of the precooler system 1556 and the CO» capture system 1560,
the dehumudifier 1554, the fan assembly 1562, the water drain and supply valves 1576, 1578
and carbon capture solution supply and drain valves 1580, 1382,

[86158]  The controller 1564 incorporates logic to control the various components of the air
contactor 1550 based at least in part upon data from an air sensor 1584, a fluid sensor 1586, a
hiquid seosor 1588, and a level sensor 15390, The controller 1564 utilizes similar logic to the
operation of the air contactor 900 discussed above. Further, the controller 1564 roay jncrease
heat transfer capacity by turning on the pump 1570 to enable the precooling of air upstream of
the heat exchanger 1558, The controlier 1564 may monitor the level of water 10 the sump 1571
and other parameters of the water to drain and/or replenish the water as needed. In one
approach, the controlier 1564 may utilize relative burmdity and/or temperature information
detected by the air sensor 1584 to determine whether 1t will be worthwhile to enable
precooling.

{00159] The controller 1564 may also determine whether to operate the dehumidifier 1554
to mcrease cooling capacity and/or to produce water. The dehamudifier 1554 may include, for
example, controlling a vacoum pump, motor, valves, or other mechanical components of the
dehumidifier 1554. The controller 1564 may utilize the relative humidity of air and/or
temperature detected by the air sensors 1584 to determine whether it will be useful to operate
the dehunudifier 1554,

{00166}  The controller 1564 may be configured to optimize operation of the air pollutant
capture process by, for example, measuring air side capture performance over time such as the
difference between the CO2 concentration of the air inlet 1552 versus the concentration of C(O2
in the air exiting at the air outlet 1553, Alternatively or additionally, the optimizing of the
operation of the air pollutant capture process may include a measuring set of parameters of the
capture solution, such as using data from the liquid sensors 1558, 1o verify that the capture
sofution does not exceed a preset saturation level If the saturation level is reached, the
controller 1564 may operate the capture solution drain valve 1580 to drain the saturated
sofution and subsequenily operate the capture solution supply valve 1580 to replace the

capture solution with fresh capture solution.
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[00161}  The controller 1564 may be used to switch on or off the fluid cooling and/or air
pollutant capture process. The controller 1564 may also operate the fan assembly 1562 to
optimize the air pollutant capture process primarily, or to co-optimize the air poliutant capture
process and the cooling process. The controller 1564 may take into account parameters such as
air temperature, relative humidity, time of day, total air pollutant capture over a period of time,
and/or energy cost as some variables that are monitored to control operation of the air
contactor 1530,

[86162] The controller 1564 may switch to the wet cooling mode or the dry cooling mode
based upon the cooling capacity required. For example, the controller 1564 may operate the
precoohing system 1554 when the cooling capacity required 1s hugher and may not operate the
precooling system 1554 when the cooling capacity required 1s lower. Further, for embodiments
wheretn the air contactor 1550 may utilize water or carbon capture solution in the precooler
system 15356, the controller 1564 may utilize water in the precooler system 1556 when a higher
cooling capacity 1s required rather than carbon capture solution,

{08163} The controller 1564 may also determine whether 1o operate the CO2 capture
systern 1560 based upon a signal from the CO:z utilization process. For example, f COq storage
tanks are full and/or there s insufficient value for capturing COz, the controller 1564 may not
operate the Oz capture system 1560

[60164]  The air contactor 1550 may recirculate carbon capture solution in the CO» capture
system 1560 or may utilize a once-through approach. The air contactor 1550 may have a time-
based bleed or drain of recirculating water, or a drain based on conductivity of water to avoid
excessive scaling and/or corrosion of the unit.

[00168]  With reference to FIG. 30, air contactor 1600 is provided that 1s similar i many
respects to the air contactor 1350 discussed above. The air contactor 1600 includes an air
pollutant capture system such as a CO2 capture system 1602 having a sump 1604 with a level
sensor 1606, The air contactor 1600 has a controller 1608 operably connected to the level
sensor 1606 and a water supply valve 1610 such that the controller 1608 may selectively
provide makeup water to the sump 1604 to compensate for evaporation of water from the
carbon capture solution. The level sensor 1606 permits the controller 1608 to directly measure

the evaporative water loss and control the valve 1610 in response to the level of capture
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sclution being lowered in a predetermined threshold. Alternatively or additionally, the
controller 1608 may determine water loss indirectly using other sensors of the air contactor
1600 1n a manner similar to the approaches discussed above. For example, water loss may be
estumated via a difference 1o humidity of air entering and leaving the air contactor 1600 or a
change 11 concentration parameters of the carbon capture solution such as pH, conductivity,
and/or pollutant concentration.

[80166]  With respect to FIG. 31, the atr contactor 1650 1s provided that is sioilar in many
respects to the air contactor 1100 discussed above. The air contactor 1650 has an awr nlet
1652, CO: capture systern 1651, a beat exchanger 1654, a fan assembly 1656, an aw outlet
1658, and a controller 1660. The CO: capture system 1631 has a CO2 capture medium 1653
which may nchide, for example, a solid sorbent and/or electrochemical absorption/desorption
process apparatus. The air contactor 1650 mcludes an air sensor 1662, a fluid sensor 1664, and
a COs capture medium sensor 1668 of the COz capture medium 16353,

{06167} The controller 1660 may control operation of the T capture system 1651, such
as by controliing a resistive heater of the CO:z capture medium 1653, the fan assembly 1656,
and a COh exhaust valve 1680, The controller 1660 may close the CO2 exhaust valve 1680
when the COn capture system 1651 18 an operating mode whereby the CO: capture medium
1653 collects COn. The controller 1660 may transition to a COz removal mode wherein the
controller 1660 stops operation of the fan assembly 1656, closes the air inlet 1652 and air
outlet 1658, opens the COz exhaust valve 1680, and operates a vacuum of the C(: capture
system 1651 to draw C(On from the COr capture medium 1653 through the C0; exhaust valve
1680 to a CO:2 storage container.

[66168]  The air sensor 1662 may measure parameters similar to the parameters discussed
above with respect to the air sensors of other air contactors discussed above. Similarly, the
fluid sensor 1664 may measure at least one of temperature, flow rate, and pressure of the fluid
of the heat exchanger 1654, The CO» capture medium sensor 1668 may detect at least one of]
temperature, electrical potential/resistivity, carbon dioxide concentration, carbon monoxide
concentration, volatile organic compounds (VOC) concentration, ozone concentration, sulfuric

dioxide concentration, and nitrogen dioxide concentration.
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[00169]  The controller 1660 may operate the air contactor 1650 using logic similar to the
logic discussed above, such as operating the fan assembly 1656 to adjust fan speed to provide
a requesied process fluid temperature set point and/or process fluid pressure set point,

[06176] The controller 1660 may ensure optimum operation of the CO: capture process
measuring air side capture performance over time, such as the difference in CO: concentration
entering at air inlet 1652 and exyting at awr outlet 1658 via data from the air sensor 1662,
Alternatively or additionally, the controller 1660 may optimize the air pollutant capture
process by using one or more parareters of the CO: capture mediur 1653 to venity that the aw
pollutant capture mediurn 1650 does not exceed a preset saturation level. Upon the saturation
tevel being reached, the controller 1660 may change from the COn capture phase to the CO2
removal phase. For example, the controlier 1660 may operate the CO: capture medium 1650 to
apply a different voltage potential to the COz capture medium 1653, increase or decrease the
temperature of the COn capture medium 1653, and/or cause a hquid distribution system to
wash the captured CO2 from the capture medium 1653, Another embodiment utihizes a gas to
remove the captured CO: from the capture medium 1653

186171}  With reference to FIG. 32, an air contactor such as a chiller or heat purap 1700 s
provided. The heat pump 1700 has a OOz capture apparatus 1702 that is configured to uitlize
either absorption or adsorption to capture COq. In another embodiment, the capture apparatus
1702 may be configured to remove another air pollutant such as methane, or a combination of
air pollutants. In one embodiment, the COn capture apparatus 1702 uses a liguid capture
solution that is directed to a regenerator 1704 to regenerate the capture fluid by removing COz
from the liquid capture solution. The regenerator 1704 cutpuis pollutant 1705 for collection
such as COz in a gaseous form.

[06172}  The heat pump 1700 further includes a heat pump 1706 having a hot component
1708 that may include, for example, a condenser. The heat pump 1706 has a cold component
1710 that may include, for example, an evaporator. In another embodiment, the heat pump
cold component 1710 may include an intercooler between two COz capture apparatuses. The
heat pump cold component 1710 operates as an air conditioner that removes heat from the

sweep gas, such as air 1712, traveling through the heat pump 1700, The heat pump 1700 has a
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fan assembly 1714 to generate movement of the air 1712 within an outer structure 1716 of the
heat pump 1700.

{00173}  In one embodiment, the temperature of the heat pump cold component 1710 1s
higher than the dew point of the air 1712, This reduces the dry bulb temperature of the air
1712 and increases the relative bumidity of the aw 1712 downstream of the heat pump cold
component 1710, Depending on the air pollutant capture medium utilized, the CO: capture
apparatus 1702 may benefit from a ligher relative humidity as part of the air pollutant {e.g.,
Oz} removal process,

[00174]  With reference to FIG. 33, a heat pump 1750 18 provided having a CO» capture
apparatus 1752, a regenerator 1754, an evaporator 1756, and a condenser 1758, The
temperature of the evaporator 1756 may be less than the dew poiut of sweep gas 1760 entening
the heat pump 1710, The lower temperature of the evaporator 1756 reduces the humidity of the
air and operates as a dehummdifier. The redaced homidity of the air downstream of the
evaporator 1756 1s beneficial for the CO: capture apparatus 1752 that utilizes low humdity air
as part of the air pollutant removal process. The heat pump 1750 has a makeup control system
1764 that collects water 1762 from the evaporator 17536 and directs the collected water 1762 to
the regenerator 1734 For example, the CO2 capture apparatus 1752 may utilize a liquid carbon
capture fluid and the makeup water 1766 is used to make up for water that evaporates from the
carbon capture solution. As another example, the water 1762 collected from the evaporator
1756 may be used for another process such as an industrial process that utilizes potable water.
[66175]  Regarding FIG. 34, a heat pump 1800 s provided that is similar in many respects
to the heat pumps discussed above. The heat pump 1800 includes a €Oz capture apparatus
1802, a regenerator 1804, an evaporator 1806, and a condenser 1808, The heat required by the
regenerator 1804 to regenerate the air pollutant capture solution significantly exceeds a
temperature of the condenser 1808, To provide the required heat, heat from a heat source 1810
is used heat to the regenerator 1804 The heat source 1810 may include, for example, a resistor
heating element, direct fire, nuclear power, solar, fission, a heat exchanger between plasma
fusion, geothermal, and/or magma under the earth’s crust.

[66176] The heat from the condenser 1808 may be combined with the heat from the heat

source 1810 or used for a different purpose, such as to provide heat for district heating or an
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industrial process. The presence of the evaporator 1800 in the path of sweep gas flow 1812
through the heat pump 1800 mproves the efficiency of the CO» capture apparatus 1802 in
some embodiments by removing heat from the sweep gas flow 1812 upstream of the COh
capture apparatus 1802,

(80177} With respect to FIG. 35, a heat purnp 1850 is provided that 1s simtlar to the heat
pump 1800 discussed above. The heat pump 1850 includes a COz capture apparatus 1852, a
regenerator 1854, an evaporator 1856, a condenser 1858, and a heat source 1860, The heat
putnp 1850 further includes a heat exchanger 1862 downstream of the COz capture apparatus
1852, The heat exchanger 1862 may be wet or dry and may be a direct or indirect heat
exchanger. Examples of the heat exchanger 1862 mclude a hiquad spray/fill system, fin-tube
heat exchanger, and a serpentine coil. The heat exchanger 1862 rgjects heat into the sweep gas
1864, The evaporator 1856 reduces the wet bulb temperature of the sweep gas 1864 below the
wet bulb temperature of the ambient air and the CO2 capture apparatus 1852 reduces the dry
bulb temperature of the sweepgas (e.g., air} to be below the dry bulb temperature of the
ambient air. The heat exchanger 1362 rejects heat into the sweep gas 1364 and has a higher
heat exchange capacity because the heat exchanger 1862 is rejecting the heat into the awr
having lower dry bulb and wet bulb temperatures than the ambient air. In another
embodiment, the evaporator 1856 is downstream of the heat exchanger 1862 so that water may
be condensed from the sweepgas 1864 which provides a source of water and may reduce the
risk of plume. In certain applications, the evaporator 1856 being positioned downstream of the
heat exchanger 1862 may provide higher condenser temperatures.

100178}  With reference to FIG. 36, a heat pump 1900 is provided having an evaporator
1902 with a temperature that is lower than the dew point temperature. The heat pump 1900
further includes a makeup control system 1904 that directs collected water 1906 from the
evaporator 1902 as makeup water 1908 to a regenerator 1910, The heat pump 1900 further
includes a CO» capture apparatus 1912, a condenser 1914, and a heat exchanger 1916
intermediate the evaporator 1902 and the CQ» capture apparatus 1912, In this embodiment, the
CQO; capture apparatus 1912 performs betier with dry air. The temperature of the evaporator
1916 s less than the dry bulb temperature but is upstream of the CO2 capture apparatus 1912,

The evaporator 1916 reduces the relative humidity of the sweepgas 1920 (e.g., air) by
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increasing the dry bulb temperature of the air after the evaporator 1902 has removed water
from the sweepgas 1920. Positioning the heat exchanger 1916 upstream of the CO: capture
apparatus 1912 provides several advantages for some embodiments. First, the operation of the
Oz capture apparatus 1912 may increase dry bulb temperature and/or wet bulb temperature of
the sweepgas 1920 which may adversely affect the efficiency of a heat exchanger downstream
of the CO: capture apparatus 1912 Second, the operation of the COz capture apparatus 1912
may benefit from warmer air and the heat exchanger 1916 may compensate for cooling
provided by the evaporator 1902, Third, the tisk of solvent of the CO: capture apparatus 1912
being carried onto the heat exchanger 1916 1s reduced.

(061797 With reference to FIG. 37, an air contactor system 1950 15 provided that includes a
COn capture apparatus 1952, a fan assembly 1954, an endothermic regenerative process 1956,
an exothermic regenerative process 1958, and storage tanks 1960, 1962. The air contactor
system 1950 includes a controller 1964 that operates the storage tank 1960 to selectively
release one or more chenucals to the exothermic regenerative process 1958 to selectively
provide heat to a process 1970 that utilizes the heat. For example, the controlier 1964 may run
the exothermic regenerative process 1958 at night to supply heat to the process 1970 which
uses air source heat pomps during the day. As one example, the process 1970 may mclude
district heating. The controller 1964 may receive data from a data source 1972 such as
weather, power cost, process demand, or other information that is utilized by the controller
1964 1o determine when to operate the exothermic regenerative process 1958.

[60180]  For example, the carbon capture solution utilized by the €Oz capture apparatus
1952 may be lye (NaOH) that will entrain carbon from the air and reacts with the air to form
potassium carbonate. An output 1974 of the CO: capture apparatus 1952 includes a solution of
flakes of potassium carbonate and solution. The endothermic regenerative process 1936 bakes
the flakes at, for example, 900° C. The baked carbonate flakes are stored in the storage tank
1960 until the controlier 1964 directs the storage tank 1960 to release the baked flakes into the
exothermic regenerative process 1958, The exothermic regenerative process 1938 may
involve, for example, adding water to the carbonate flakes. The water (H20) donates hydrogen
atoms to the carbonate to provide a carbon capture solution at an output 1976 of the

exothermic regenerative process 1938, Further, the combination of water and the carbonate
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flakes generates heat that 1s transferred to the process 1970 The carbon capture solution from
the exothermic regenerative process is stored in the storage tank 1962 until needed by the COn
capture apparatus 1952, The controller 1964 may operate the storage tank 1962 to direct
carbon capture solution to the COz capture apparatus 1952 to recharge the CO» capture
apparatus 1952 with fresh carbon capture solution.

[00181]  Writh reference to FIG, 38, an air contactor 2000 i provided baving an auflow
generator such as a heat source 2002, 3 COn capture apparatus 2004, and a hyperbolic outer
structure 2006, The heat source 2002 may be, for example, waste heat from an ndustrial
process or a geothermal heat source. The heating of sweep gas 2008 by the heat source 2002
moves air upwardly and through the hyperbolic outer structure 2006 due to the temperature-
buovancy effect of air. In this manner, the heat source 2002 operates as an air flow generator
to cause movement of sweep gas across the sorper 2004 Tn this manner, the air contactor 2000
provides air flow across the CO» captore apparatus 2004 without having o power fans,
although fans may be used in some applications.

[60182]  With reference to FIGS. 39-43, an air pollutant capture system 2500 1s provided
that 13 sirmilar in many respects to the embodiments discussed above. Some carbon capture
systems include a regeneration process that is driven by heat. The heat is then dissipated into
the atmosphere using a heat exchanger. The air pollutant capture system 2500 uses thermal
energy storage to recover at least a portion of the heat utilized for regeneration and
significantly reduces the amount of external heat to be provided into the system.

[6G6183]  More specifically and with reference to FIG. 39, the air pollutant capture system
2500 mcludes an air contactor 2502 having a CO: capture apparatus 2504 that utilizes a
capture solution. The capture solution entrains an air pollutant, such as CO2, via contact with
the air. The capture solution may be circulated in the air contactor 2502 until the capture
solution has a concentration of the air pollutant that is in excess of a predetermined threshold.
The air pollutant capture system 2500 may include a pump 2503 for pumping the capture
solution between the components of the air pollutant capture system 2500,

{00184}  Once the capture solution has become saturated with the air pollutant, the capture
solution s regenerated and the captured air pollutant 1s removed from the capture solution

using an endothernic regenerative process 2506 and an optional exothernuc regenerative
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process 2508, More specifically, some carbon capture mediums {solid or liquid) need
increased temperature conditions to be regenerated. The output of the CO» capture apparatus
2504 may be, for example, carbon capture solution if the COn capture apparatus 2504 utilizes a
hiquid capture solvent. Alternatively, the output of the CO» capture apparatus 2504 may bea
heat carrving fluid such as Nz gas if the COu capture apparatus 2504 utilizes a sohid sorbent.
[00185]  The exothermic regenerative process 2508 may, in one form, simply be a cooling
step of a liquid capture solvent. The air pollutant capture system 2500 may include
intermediate operations between the endothermic regenerative process 2506 and the
exothernuc regenerative process 2508, such as the operations discussed above with respect to
FIG 7.

[00186]  The endothermic regenerative process 2506 receives heat from a heat source 2510
and outputs regeneration material 2512 that is directed to one or more process controls, such as
three~-way vaives 2514, 2516, An example of the endothermic regenerative process 2506
mchude the regeneration process for KOH; specifically, the regeneration of pellets ina
calciner. For solid sorbents, zeolites and amines {and other matenals) require higher
temperatures to expel the molecules, etc. the solid sorbents have absorbed.

{60187}  The regenerated material 2512 may be a hiquid or a slurry for a capture system that
utilizes a liquid solvent. For solid sorbents, the regenerated material 2512 may be a carrier
fluid {e.g., gas) used to remove CO: from a solid sorbent.

[00188] The three-way valves 2514, 2516 have inlets 2520, 2522 and outlets 2524, 2526,
2528, 2530 that are selectively put in communication with one another to control flow of the
regeneration material 2512 to the exothermic regenerative process 2508 and to thermal energy
storages 2532, 2534, The thermal energy storages 2532, 2334 may include, for example,
storage tanks. For example, the thermal energy storages 2332, 2534 may include a storage tank
{e.g., made of metal and/or plastic) and contain one or more heat exchangers made of metal,
plastic, and/or ceramic materials. The heat exchangers may include, for example, serpentine
coils, pillow plate heat exchangers, plate heat exchangers, fin-tube heat exchangers, etc. The
storage tanks of the thermal energy storages 2532, 2534 may be filled with water or another
tiquid for single-phase storage. The liquid may be under pressure so as not to exceed a boiling

point, in one embodiment. Alternatively or additionally, the storage tanks of the thermal
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energy storages 2532, 2534 may be filed with a solid having high heat capacity {e.g., concrete
or metal), or a phase change material with a temperature of fusion selected to closely match
the process temperature. Example phase change materials include a molten metal, hydrated
salt, paraffin, or hio-based phase change material (PCM).

[0018%]  The air pollutant capture system 2500 further includes a controller 2540 1n
commurucation with the components of the systern 2500 that operates the various components
of the systern 2500 based upon data from sensors 25342, The sensors 2542 include temperatore
sensors 2550, 2532, 2554, 2556, 2558, 2560, 2562 for detecting a temperature of the
regeneration material 2512, The sensors 2542 may measure, for example, flow rate, pH (such
as for KOH or NaOH solvents), CO2 concentration {e.g., 1f using a gaseous carrier fluid),
pressure {positive pressure of vacuum), water content (e.g., if using an aqueous solution},
and/or relative humudity (e.g., for a gaseous stream).

(66190} The sensors 2542 further include storage sensors 2570, 2572 o generate data
indicative of the state of charge of the thermal energy storages 2532, 2534, The storage sensors
2570, 2572 may detect, for example temperature, level (e g., volume in tank}, and density.
Phase change materials (PCMs) may have sigruficant variations in densily between solids and
hgued states such that detecting the density of the PCM in the thermal energy storages 2532,
2534 may be used to determine the energy stored in the thermal energy storages 2532, 2534
(60191}  As an example with a PCM, the controller 2540 may determine the level of the
PCM in the storage tank when the PCM s liquid or fully melted (0% charge)} and when the
PCM 1s solid or fully fused (100% charge). The controller 2540 may then interpolate between
the levels of the PCM in real-time to get an indication of the instantaneous level of charge of
the PCM.

[00192}  Alternatively or additionally, the controlier 2540 may use the temperature of the
PCM to determine the charge of the PCM. For example, if fusion temperature is 80°F, the
controller 2540 may utilize data from one or more of the sensors 23472 to estimate the charge
fevel of the BCM. If the sensor 2542 detects a temperature of the POCM of approximately 80°F
and then the sensor 2542 begins detecting an increase in temperature, the controller 2340 may
determine that the PCM has melted at the location of the sensor 2542, Conversely, if

temperature drops from 90°F gradually to around 80°F, and then remains constant {and
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possibly starts cooling very slowly below 80°F), the controller 2540 may determine the PCM
has melted at the location of the sensor 2542,

{00193}  For single phase storage, the controller 2540 may determine charge level using
temperature data from one or more sensors 2342, The controller 2540 correlates the level of
charge based on the temperature difference between the storage media and the fluid to be
heated/cooled. As the difference between the teraperatures gets smaller {e.g., 2°F), #t may be
increasingly difficult to charge and discharge the thermal storage up to a fully charged or fully
discharged point. The controlier 2540 roay therefore operate the systern to maintain a
predetermived difference 1u temperatures between the storage media and the fluid to be heated
or cooled.

[80194]  The air pollutant capture system 2500 further inclodes thermal energy store
thermal energy transfer circuits 2580 having condwits 2582, 2584 and discharge pumps 2586,
2588 to transfer heat between the thermal energy storages 2532, 2534 and the endothermic
regenerative process 2506. In one embodiment, the heat transfer flud 1s water, such as water
under 212 °F. In another embodiment, the heat transfer fhad is steam and the discharge pumps
2586, 2588 include a blower and/or compressor 4s some examples.

[60193]  Dnfferent high ternperature carrier fluids may be used to transfer heat between the
thermal energy storages 2532, 2534 and the endothermic regenerative process 2506, In another
embodiment, the endothermic regenerative process 2506 may take place in the tanks of the
thermal energy storages 2532, 2534, An external heat source may be used to provide heat to
the endothermic regenerative process 2506 in the tanks.

100196}  The air pollutant capture system 2500 has a regeneration and charging mode as
shown in FIG. 39. The regeneration occurs in parallel with charging of the thermal energy
storage 2532 and the thermal energy storage 2534 More specifically, the outlets 2526 and
2530 of the three-way valves 2514, 2516 are closed so that regeneration material 2512 from
the endothermic regenerative process 2506 is directed to the thermal energy storages 2532,
2534. The regeneration material 2512 transfers heat from the regenerative material 2512 to the
thermal energy storages 2532, 2534, The regenerative material 2512 is then directed from the

thermal energy storages 2532, 2534 to the exothermic regenerative process 2508, The
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regenerative material 2512 undergoes an exothermic chemical reaction in the exothermic
regenerative process 2508 before being directed to the CO» capture apparatus 2504

{00197}  Regarding FIG. 40, the air pollutant capture system 2500 is shown in a
regeneration, discharging, and storage rnode. More specifically, the heat source 2510 provides
supplemental heat if necessary but may not be the primary heat source for the endothermic
reaction of the endothermic regenerative process 2506, Instead, the discharge pump 2586 15
operated to transfer thermal energy from the therroal energy storage 2532 to the endothermic
regenerative process 2506, Further, the outlet 2524 of the three-way valve 2514 1s closed so
that the regenerative material 2512 from the endotherruic regenerative process 2506 s directed
to the exothermuc regenerative process 2508 rather than entering the thermal energy storage
2532.

(00188]  In FIG 40, the thermal energy storage 2534 1s fully charged and 1s storing thermal
energy. More specifically, the discharge pump 2588 13 off so that the stored thermal energy of
the thermal energy storage 2534 15 not being supplied to the endothermic regenerative process
2506, Further, the outlet 2528 of the three-way valve 2516 1s closed such that the regenerative
material 2512 from the endothermic regenerative process 2506 is not directed to the thermal
energy storage 2334 and mstead travels to the exothermic regenerative process 2508.

100199] Regarding FIG. 41, the air pollutant capture system 2500 has a regenerating,

charging, and discharge mode. The heat source 2510 provides supplemental heat if needed to

the endothermic regenerative process 2506. The thermal energy storage 2534 is fully charged
and the discharge pump 2588 15 pumping stored thermal energy from the full thermal energy
storage 2534 to the endothermic regenerative process 2506. The thermal energy storage 2532
has been exhausted, and the discharge pump 2586 has been turned off.

1002008}  In FIG 41, the outlet 2526 of valve 2514 is closed and the outlet 2524 is open to
direct regenerative material 2512 into the storage 2532 to charge the storage 2332 The
regenerative material 2312 travels from the storage 2532 to the exothermic regenerative
process 2508, The let 2522 and outlets 2528, 2530 of the valve 2516 are closed to keep
regenerative material 2312 from traveling to the storage 2534,

[00203]  With reference to FIG. 42, the aur pollutant capture system 2500 has a

regenerating, discharge, and charging mode. The storage 2532 15 fully charged and the pump
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2586 directs stored thermal energy to the endothermic regenerative process 2506. The valve
2514 s closed to keep regenerative material 2512 from flowing into or out of the thermal
storage 2332,

(002021  InFIG 42, the thermal energy storage 2534 13 being recharged. Specifically, the
pump 2588 13 off. The inlet 2522 and outlet 2528 of the three-way valve 2516 are opened o
direct regenerative material 2512 toward the thermal energy storage 2534, The therroal energy
storage 2534 absorbs heat from the regenerative material 2512, then the regenerative matenal
2512 15 directed to the exothermic regeverative process 2508
160203}  Regarding FIG. 43, the air poliutant capture system 2500 has a regeneration and a
dual discharge mode. In this mode, the thermal energy storages 2532, 2534 are both
discharging to provide heat to the endothermic regenerative process 2506, More specifically,
the outlets 2526, 2530 of the three-way valves 2514, 2516 are closed while the inlets 2520,
2522 and outlets 2524, 2528 are open to permit the regenerative material to flow from the
endothermic regenerative process 25066 to the thermal energy storages 2532, 2534, Further, the
discharge pumps 2536, 2588 are being operated to transfer stored thermal energy from the
thermal energy storages 2332, 25334 1o the endothermic regenerative process 2506,

(66204} The controller 2540 may switch between the various modes of operation of the air
pollutant capture system 2500 based upon data from the various sensors 2542, For example,
the controller 2542 may charge one thermal energy storage 2532 while discharging the other
thermal energy storage 2534 so that there is at least one thermal energy storage 2532, 2534
providing stored thermal energy to the endothermic regenerative process 2506 to reduce the
external heat from the heat source 2510,

[002058]  With reference to FIG. 44, an air pollutant capture system 2600 is provided that is
simifar in many respects 1o the air pollutant capture system 2500 discussed above. The air
pollutant capture system 2600 includes an air contactor 2602 having a COz capture apparatus
2604, a pump 2603, an endothermic regenerative process 2606, and an optional exothermic
regenerative process 2608, The excthermic regenerative process 2608 may not be utilized for
some air pollutant capture techniques.

[66206]  The air pollutant capture system 2600 includes an intermittent renewable heat

source 2608, such as concentrated solar power or wind power as some exarnples. The air

47



WO 2024/025895 PCT/US2023/028602

pollutant capture system 2600 1ncludes a discharge pump 2610 for circulating a heat exchange
fluid 2612, such as water, to a valve 2614 that controls the flow of the heat exchange fluid
2612 to either the endothermic regenerative process 2602 or a thermal energy storage 2630
The heat exchange flnd 2612 may be, for example, water, steam, oil, molten salts, hquid
metals, nanoparticles, and/or a slurry.

[00207]  The valve 2614 has an miet 2616, an outlet 2618 to direct fluid to the exotherric
regenerative process 2606, and an outlet 2620 to drect fluid to the thermal energy storage
2630. The thermal energy storage 2630 15 configured to store thermal evergy for use by the
endothermic regenerative process 2006 when the removable heat source 2608 ts unavailable,
such as rught for the example of concentrated solar power.

[00208]  The air polhutant capture system 2600 includes a discharge pump 2632 for
pumnping a heat exchange fluid from the thermal energy storage 2630 to the endothermic
regenerative process 2602 as requested by a controller 2634 of the air pollotant capture system
2600. The controller 2634 may be operably connected to a sensor 2636 of the thermal energy
storage 2030 to deternune the capacity of the thermal energy storage 2630, The controller
2634 15 also operatively connecied to the discharge pumps 2610, 2632 and valve 2614
[60209]  The thermal energy storage 2630 may be charged when the removable heat source
2608 13 providing heat such as by the conirolier 2634 operating the valve 2614 to close the
outlet 2618, opening the inlet 2616 and the outlet 2620, and operating the pump 2610 to direct
heat transfer fluid to the thermal energy storage 2630,

(662161  Inancther example, the renewable heat source 2608 may provide heat to both the
thermal energy storage 2630 and the endothermic regenerative process 2600, More
specifically, the controller 2634 operates the valve 2614 to open the inlet 2616, outlet 2618,
and outlet 2620 and operates the pump 2610 to direct heat transter fluid from the renewable
heat source 2608 to both the endothermic regenerative process 2606 and the thermal energy
storage 2630.

[06213]  When the thermal energy storage 2630 is fully charged, the controller 2634 may
operate the valve 2614 to close the outlet 2620 while leaving the inlet 2612 and outlet 2618
open. The pump 2610 continues to direct heat exchange fluid to the endothermic regenerative

process 2006,

48



WO 2024/025895 PCT/US2023/028602

[80212}  The air pollutant capture system 2600 also includes valves 2640, 2642 and thermal
energy storages 2644, 2646, and discharge pumps 2648, 2650 that permit storage and
discharge of thermal energy to the endothermic regenerative process 2606 as desired.

(002131  Inone embodiment, the CO2 capture apparatus 2604 mcludes a solid sorbent and
the pump 2603 directs a carrier gas {e.g., N2 or stearn) to the endothermic regenerative process
2606. The solid sorbent may be heated by the carrier gas or another heat source mthe CO
capture apparatus 2604, Alternatively or additionally, a vacuum may be utilized to remove the
atr pollutant from the solid sorbent of the CO: capture apparatus 2604. In vet another
erobodiment, Nz gas 15 provided from a pressurized container to the CO2 capture apparatus
2604 rather than using a pump to direct the N2 gas.

[00214]  With reference to FIG. 45, a building 2700 1s shown that has a cooling tower 2702
and a natural gas botler 2704. The natural gas boiler 2704 has a flue 2706 that emits a floe gas
2708 within a C0On concentration of approximately ten percent. The cooling tower 2702 draws
i ambient air 2710 and discharges humidified ambient air 2712, As shown i FIG. 45, the flue
gas has a significantly higher concentration of CQG: than the humdified atr exiting the cooling
tower 2702,

[60215] Regarding FIG. 46, a point source capture and direct air capture system 2800 is
provided for a building 2801, The system 280C inchudes an air contactor 2802 with a heat
exchanger, such as a wet heat exchanger, to transfer heat between ambient air 2804 and a
process fluid. The air contactor 2802 also includes a COn capture system 2806 that captures
(O3 from the ambient air. For example, the COz capture system 2806 may utilize one of the
solvent-based or other U capture approaches discussed herein. The air contacior 2802
discharges a CO» rich gas stream 28135 having a higher COz concentration than the ambient air.
[00216}  The system 2800 includes a COz scrubber such as a boiler flue gas carbon capture
system 2810 that is configured to remove COn from a flue gas 2819 exiting a boiler 2814, For
example, the flue gas 2819 exiting the boiler 2814 has a COn content of approximately ten
percent, while flue gas 2812 exiting the building 2801 has a CO» content of approximately one
percent. The botler 2814 may be a natural gas or coal fire process as used in various

commercial, residential, and/or industrial buildings.
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100217}  The system 2800 further includes an ambient air scurce 2820 and an ambient air
mixer 2817 that introduces ambient atr into the CO» rich gas stream 2815 to reduce the COx
concentration of the CO: rich gas stream 28135 to a concentration that matches a COn
concentration of the flue gas 2815 exiting the bouer 2814, The arobient air mixer 2817 may
include, for example, a fan, a valve, louvers, an actuator, a motor, and/or movable ducting to
selectively direct ambient air into the €Oz rich gas stream 2815

[60218]  The system 2800 operates the ambient aiv muxer 2817 to cause the CO: rich gas
stream 2813 1o have a simiar CO2 concentration as the flue gas 2819 leaving the boiler 2814
to pernut the boiler tlue gas carbon capture system 2810 to remove CO: from both the CO»
rich gas stream 2815 and the flue gas 2819, The boiler flue gas carbon capture system 2810
can use the same chemical process to remove CO2 from the COn rich gas stream 28135 and the
flue gas 2819 due to the sinular CO2 concentration in the flue gas 2819 and the COo rich gas
stream 2815, In this manner, the air contactor 2802 may be retrofit onto a building 2801
having the boiler flue gas carbon capture system 2810 to add ambient air carbon capture ability
to the building 2801,

(88218}  Matching CO: concentrations may facilitate a high efficiency of COz removal
from both flue gas 2819 and CO: rich gas stream 2815 working with separation, purtfication,
and liquefaction processes that have an expected UG and Nz concentration. In one
embodiment, the air contactor 2802 utilizes a sohid sorbent and N2 gas discharged from the air
contactor 2802 as the carrier gas for captured {02 rather than ambient air 2820,

[66226]  The boiler flue gas carbon capture system 2810 removes U0z from the flue gas
2819 by diverting the flue gas 2812 via a conduit 2830 from the flue 2831 into the system
2810. The system 2810 also receives the C(On rich exhaust gas 2815 via conduit 2833, Next,
the system 2810 separates the CO», nitrogen, and oxygen. The CO» is converted to liquid CO»
2822 and s collected such as in a tank.

{00221}  In one embodimeni, the CO: rich gas stream 2815 may have a CO: concentration
that already matches the CO2 content of the flue gas 2819 such that ambient air is not added to
the COx rich gas stream 2815, The ambient air mixer 2817 may not be provided in this

embodiment. Alternatively, the ambient air mixer 2817 have a COz sensor that detects the
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simitar U0y concentrations and inhibits the addition of ambient air to the COz rich gas stream
2815,

180222}  Anr Contagtor Pesign Qptimization

[80223]  For some embodiments, there are a few design parameters that can be optinuzed to
iraprove the COn capture performance of the air contactor and decrease operating cost and

equipment costs. These design parameters mclude:

Primary Design Parameter Secondary Desicn Parameter

Materials of construction

Construction mechanism, 1.e., whether field

erected or factory assembiled

Packing

Material of construction

Shape - simplified to surface area per umit

volume

Pressure drop

Height

Depth

Unit layout

Width

Height

Fan position and number of fans

Operating air flow rate

Operating solvent flow rate

Liquid solvent type

{00224}  One approach to optinmizing design of air contactors utilizes a “coarse” set of
assumpiions, namely focusing on volume of packing (assumed to be the most expensive part
of the equipment} and a rate of energy consumed per given amount of CO» captured.

[60225] A more detailed approach to optimizing design of air contactors includes operating

costs {pumping power, solvent and water costs, among others) and a net CO2 capture rate. This
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more detalled approach may indicate that the air contactor equipment iiself carries a negative
carbon “charge” from s production, installation, use, and end of life {i e, embodied carbon).
Further, the operation of the equipment 1tself may result in CO» emissions from energy, water,
and solvent consumption perspectives.

[80226]  The net rate of carbon capture roay therefore calculated as follows:
3"ﬁ"':’ﬂ',;",rLet = m'coz,camured - m’2(-‘6’2.embodied '/ téifetimg - n@COZ.Gperating E}:q 1]

e a I3 3 M i goey Pl T e YR 3 ) 3 so BT O
100227}  Where ey, is the net rate of CO2 captured inkg/s, g, 000, 18 the average
rate of COh captured in kg/s {to be estimated using test data, fundamental mass transfer
models, and/or numerical simulation), meg, 18 the mass of embodied CO2 of the

2 embodied
equipment 10 Kg, Ly rerime 15 the expected operating life of the equiproent in seconds, and
Moo . is the rate of CO2 emitied from the operation of the equipment in kg/s.
Uz operating

[80228]  The rate of COz enmussions from operation 1s defined as follows:

m.f{)z’opemmg = ((F an Power + Pump Power) X Electricity Carbon imanu‘ty} -+
(Water Consumption X Water Carbon Intensity) + (Selvent Consumption X

Soivent Carbon Intensity) {Eq. 2]

[06229]  Where Fan Power and Pump Power are in kW {to be estimated using test data, fan
and pump manufacturer data, fundamental air and Liquid flow models, and/or a numerical
simulation), electricity carbon intensity is in kgCO2/kW, water consumption is in kg/s and
defined as the sum of the water evaporation rate in kg/s (to be estimated using test data,
fundamenial heat and mass transfer models, and/or numerical simulation), and the water drift
rate in kg/s {defined as overall drift rate in kg/s multiplied by the mass fraction of water in the
solution in kg/kg), water carbon intensity s 1 kgCOx/kg, solvent consumaption is in kg/s, and
defined as the sum of the solvent renewal rate in kg/s (i.e., assuming the solvent will not last

the entire lifetime of the urut, and will bave to be “refreshed”} and the solvent drift rate in kg/'s
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(defined as overall drift rate in kg/s multiplied by the mass fraction of sclvent in the solution in
ke/kg). The solvent carbon intensity 1s in kgCQOr/kg,

100230} A given contactor design may include electricity generation {e.g., heat recovery
and reuse, solar photovoltaics (PV)), in which case the rate of CO2 emssions from operation

would be defined as follows:

Weog, o = ((F an Power + Pump Power — Power Generation) X
«M2operating .

Electricity Carbon Intaznsity} + (Water Consumption %
Water Carbon Intensity) + (Solvent Consumpftion x

Solvent Carbon Intensity) [Eq 3]

{06231]  With power generation i kW, assumed to be net power generated, as the
generation device may iself consume energy. In some cases, power generation may be greater
than power consumption, which could mean that power could be sold and/or utihized 1 other
areas of the carbon capture facility.

100232}  Smmlarly, a contactor design may include embedded water generation equipment
{e.g., dehumidification of inlet and/or discharge air streams), in which case the rate of COn

emissions from operation would be defined as follows:

mmm}m ving {(F an Power + Pump Power + Water Generation Power) X
Electricity Carbon Ezztensii‘y) + {(Wm’:er Consumption — Waler Generation) X
Water Carbon Intensity} + (Solvent Consumption X

Solvent Carbon Intensity) [Bg 4]

[06233f  With water generation power in kW, and water generation in kg/s. In some cases,
water generation may be greater than water consumption, which could mean that water could
be sold and/or utilized in other areas of the carbon capture facility.

100234}  In one approach, awr contactor design is optimized using the following
optimization criteria or figures of merit (FOMs): Cost of capture (CoC — in USDV/kgCO2);

Water intensity of capture {WloC — in kgwater/kgCOn2); Energy intensity of capture (EloC — in
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kJ/kgCOz), and Footprint of capture (FoC — in 1/kgCOn). These optimization criteria are each
discussed in greater detail below.

[80235]  Costof capture (CoC — in USD/kaca)

[80236]  The cost of capture may be calculated using the following equation:

{Capital Cost / tyiferimetOperating Cost)

o =

{Eq. 5]

(‘mCUZ,net)}
100237}  Where Capital Cost s total insialled cost of the equipment, including maintenance

{and possibly decommissioning) in USD, and operating cost is defined as:

Operating Cost = {(F an Power + Pump Power) X Electricity Cast} +
(Water Consumpiion X Water Cost) + (Solvent Consumption x Solvent Cost)

[Eq. 6]

{00238} Where electricity cost in USD/KW, water cost 1s in USDVkg, and the solvent cost is
in USD/ke. A given contactor design may include electricity generation {e.g., heat recovery

and reuse, solar PV}, in which case the operating cost would be defined as follows:

Electricity Casat} + {Water Consumption X Water Cost) +

(Solvent Consumption X Solvent Cost) {Eq. 7]

(802398  Similarly, a contactor design may include embedded water generation equipment
{e.g., dehumudification of mnlet and/or discharge air streams), in which case the operating cost

would be defined as follows:

Operating Cost = ((F an Power + Pump Power + Water Generation Power) X
Electricity € ast) + ((Water Consumption — Water Generation) X

Water © ast) + (Selvent Consumption x Solvent Cost) [Eq. 8]
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(062461  Water intensity of capture (WloC — in kowaerkooos)
(060241} The water wtensity of capture may be determined using the following equation:
Wiel = {(Water meum\pte‘on) [Fq 9}
(:m{"ﬂz.net/]
[66242]  Where water consumption is inn kg/s and is defined as the sum of the water

evaporation rate in kg/s {which may be estimated using test data, fundamental heat and mass
transfer models, numerical simulation, or a combination of each), and the water drift rate in
ko/s (defined as overall drift rate in kg/s multiplied by the mass fraction of water in the
solution in kg/ke). Water consumption may include in situ water generation, as presented in an
earbier paragraph.

[00243]  Another expression of water mtensity could include the water intensity of the power

generation process, in which case the water intensity of capture would be defined as followed:

Wiol =

(Water Consumption+{Power Consumption xXGrid Water {ntensity ) ) {hq 1 0}
7 3 Bate}
\mcaz.net)

[60244]  Where power consumption 13 1n kW, and defined as one of the ways presented in an

earhier paragraph, and the grid water intensity 18 in kg/kW.

[00245]  Energy ntensity of capture (EloC ~in kl/kacoz)

[80246]  The Energy intensity of capture may be defined using the following equation:

{(Power Consumption)
P2 [Eq 1]

{:zncoz.net}

Eiol =

{00247}  Where power consumption is in kg/s and defined as the sum of the power
consumption of the fans and pumps {(and ancillary equipment as defined in an earlier paragraph).

Power consumpticn may include in situ water generation, as presented in an earlier paragraph.
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{00248}  Anocther expression of energy intensity could include the power consumption of the
water production process, in which case the energy intensity of capture would be defined as
followed:

{(Power Consumption+(Water Consumption xWater Production Energy ndensity))

7 Y
(ma’}i.net}'

EloC =

[Eq 17]

(80249}  Where water consumption 1§ in kg/s and defined as one of the ways presented i an
earlier paragraph, and the water production energy intensity s in kWke.

100256}  Design Optumization

[66258]  The optimal design for a particular embodiment will be the one satisfying one of the

following equations, depending on the preferred optimization target{s}:
Optimal Design = min(cggi)esi‘gn 1 gﬂcl)esiyn 2 COCD&sign LT ggcﬂsesign n) {Eq. 13]

Optimal Design = min(WIaCBesign_ L WieChogana WioChegigna, . WIoCh, 00 .R)

[Eq. 14]

Optimal Design = min{EIoC o n 1, EY0Cpe0ign 2o ET0Checigna, o EY6C pagignn) 1Eq.

15}

(60252}  In one approach, optimization may be based on a given optimization parameters,
but with “not to exceed” thresholds for one or both of the remaining optimization parameters.
For example, it may be desirable to minimize CoC, but ensure that WioC < 2.5 kewawrkgco,
and EloC < 2e™3 kl/kegCOn.

(002531 Footprint of capture (FoC —in Vkecos)

100234}  One design optimization approach may include weighing factors A, B, and C based
on specific regulatory requirements, design philosophy, or other criteria of interest, and defining

an overall footprint of capture as follows:

Fol =A X €oC + B X WIeC + € % EloC [Eq. 16]
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[06255] Where A 15 in 1/US dollars, B in Vkgwater, and C i Uk
100236}  The optimal design will thus be one satisfying the following equation:

Optimal Design = min(F@CBesign 0 F0Upogign 2. FOlpegigns o) FUCDmg,“J [Eg. 17]

[80257] With reference to FIG. 47, an air contactor 2900 is provided having a carbon
capture apparatus 2902 and a regeneration process 2904 for regenerating the carbon capture
apparatus 2902 such as by removing carbon from a carbon capture solution. In another
embodiment, the carbon capture apparatus 2902 may include a solid sorbent capture apparatus
and the regeneration process 2904 removes CO2 from a carrier gas used to remove CO» from
the solid sorbent capture apparatus.

[80238]  The air contactor 2900 has a fan assembly 2906 that generates a flow of air 2908
through the air contactor 2900 and through the carbon capture apparatus 2902, The awr
contactor 2900 18 similar to the air contactor of FIG. 35, however the air contactor 2900 has a
heat exchanger 2910 out of the path of the air 2908 as the awr 2908 travels through the air
contactor 2500, In some embodiments, the heat exchanger 2910 outside of the air path may
reduce energy consumpiion by lowering the pressure drop of air through the air contactor
2900. The heat exchanger 2910 receives hot process fluid 2912 and returns cooled process
fluid 2914. The heat exchanger 2910 exchanges heat between hot process fhud 2912 and a
regeneration fhuid 2916. The regeneration fluid 2916 may include, for example, a fluid {e.g.,
water} to provide heat to the regeneration process 2904 and/or carbon capture solution that is
heated by the heat exchanger 2910. The heat exchanger 2910 returns regeneration fluid 2918
back to the regeneration process 2904. The regeneration process 2904 utilizes heat from the
heat exchanger 2910 to refresh or remove carbon from capture fluid 2922, The regeneration
process 2904 directs regenerated capture fhuid 2920 to the carbon capture solution 2902,
wherein the regenerated capture fluid 2920 has a lower carbon content than capture fluid 292,
The regeneration process 2904 stores or cutputs the carbon removed from the capture fluid
2922 As discussed above, the capture solution 2922 may be continuously or intermittently

directed from the carbon capture apparatus 2902 to the regeneration process 2904,
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[00289]  Wrth reference to FIG. 48, an air contactor 3000 1s provided having a carbon
capture apparatus 3002, a regeneration process 3004, and a heat pump 3006 to transfer heat
from a hot process fluid 3008 to a regeneration fluid 3010 from the regeneration process 3004
Instead of directly heating the regeneration fluid 3010 using the hot process fluid 3008, the
heat purnp 3006 has a closed circuit for a heat pump fluid 3017 that operates as an
imterroediary between the hot process fluid 3008 and the regeneration fluid 3010, The heat
pump fhuid 3017 may inclade, for example, hydrofluorocarbons {e.g., R410A, R134A, R407C,
R32, RI2347%), propane (e.g., R290, R744), carbon dioxide, or ammonia {e.g., R717).
160260}  The heat purnp 30006 has a condenser 3014 that operates at a higher temperature
than the hot process fluid 3008 because the heat pump 3006 has a compressor 3106 that
mcreases the temperature and pressure of the heat pump fluid 3017 as the heat pump fhud
3017 travels from the evaporator 3012 to the condenser 3014, For example, the evaporator
3012 of the heat pomp 3006 transfers heat from the hot process fluid 3008 to the heat pamp
fluid 3017, In one embodiment, the heat pump fhuid 3017 enters the evaporator 3012 as a
hued, the heat pump floid 3017 18 boiled in the evaporator 3612 by the heat from the process
fluid 3008, and the heat pumyp fhud 3017 exits the evaporator 3012 as a gas.

(60261} At the condenser 3014 of the heat pump 3006, the fluid of the heat pump 3006

£as

2 &

foses heat 1o the regeneration fluid 3010, In the condenser 3014, phase change occurs (e g.
condensing into liguud) while the temperature and pressure remain generally constant. The heat
pump 3006 further includes a compressor 3016 and an expansion valve 3018. The expansion
valve 3018 provides a rapid pressure decrease of the heat pump fhiid 3017 and an associated
rapid temperature drop of the heat pump fluid 3017, The heat pump 3006 may heat the capture
fluid 3010 more efficiently than an eleciric heater because the coefficient of performance of
the heat pump 3006 is greater than one. More specifically, the energy the heat pump 3006
transfers to the regeneration fluid 3010 is greater than the energy consumed by the compressor
3106.

[00262]  With reference to FIG. 49, an air contactor 3100 is provided having a carbon
capture apparatus 3102, a regeneration process 3104, and a chiller 3106. The chiller 3106 has a
chiller fluid 3107 that receives heat from a process fluid 3108, The chiller 3106 has a

compressor 3116 that increases the temperature of the process fluid 3108, a condenser 3114 to
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transfer heat to regeneration fluid 3110, and an expansion valve 3109, The air contactor 3100
is similar to the air contactor 3000, except that the air contactor 3100 has a chuiller 3106 instead
of the heat pump 30006. The evaporator 3112 and condenser 3114 of the chiller 3106 have
fower temperatures than the evaporator 3012 and condenser 3014 of the aur contactor 3000,
which may umprove the efficiency of the process that receives cooled process flud 3120 from
the chiller 3106. More specifically, the chiller 3106 may operate at cooler temperatures than
the heat pump 3006 because the chiller 3106 13 sized to provide a particular cooling capacity
for the process fluid 3120. By coutrast, the heat pump 3006 may be configured to mcrease the
temperature of the regeneration fluid 3110 and operates at a lugher temperature than the chiller
3106 since the primary function of the heat pump 3006 13 to heat the regeneration fluid 3110
[80263]  Regarding FIG. 50, an air contactor 3200 1s provided having a carbou capture
apparatus 3202, an air~cooled heat exchanger 3204, a heat pump 3206, and a regeneration
process 3208, The air-cooled heat exchanger 3204 may mclude, for example, a direct heat
exchanger, a dry indirect heat exchanger, a wet indirect heat exchanger, 8 hybrid wet/dry heat
exchanger, and/or adiabatic heat exchanger. The heat pump 3206 has an evaporator 3210 that
receives hot process fluid 3212 and absorbs heat therefrom. The evaporator 3210 directs the
process fhed 3212 to the awr-cooled heat exchanger 3204 wherein the process floid loses
additional heat to the air flow through the air contactor 3200, The air contactor 3200 directs
cooled process fluid 3214 from the air-cooled heat exchanger 3204 back to the associated
process. The heat pump 3206 has a condenser 3220 that transfers heat to a regeneration fluid
222. The regeneration process 3208 utilizes the heated regeneration fluid 3222 to replenish or
produce a regenerated capture fluid 3224 for the carbon capture apparatus 3202, The heat
pump 3206 provides exira heat rejection capacity to the air contactor 3200, Additionally or
alternatively to the carbon capture apparatus 3202, the air contactor 3200 may include a
system to distribuie (e g., spray or flood) an indirect heat exchanger of the air-cooled heat
exchanger 3204 with carbon capture solution to increase the overall CO2 capture capacity and
provide some additionally heat rejection capacity via evaporation of water in the carbon
capture solution.
[00264]  With reference to FIG. S1, an air contactor 3300 is provided that 1s similar in many

respects to the air contactor 3200 discussed above, with the exception of the air contactor 3300
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including a chiller 3302 instead of a heat exchanger. Due to the lower temperatures of an
evaporator 3304 and condenser 3306 of the chiller 3302, a controller of the air contactor 3300
may reduce the speed of a fan assembly 3308 and reduce power consumption for a lower heat
rejection capacity requirement,

[80263]  With reference to FIG. 52, an air contactor 3400 is provided having a carbon
capture apparatus 3402, an air-cooled heat exchanger 3404, an evaporator 3406, a heat pump
3408, and a regeneration process 3410, The au-cooled heat exchanger 3404 receives hot
process fluid 3412 and transfers heat to ar 3414 traveling through the awr contactor 3400
upstream of the evaporator 3406, In one embodiment, the evaporator 3406 includes a fin-tube
heat exchanger. The evaporator 3406 receives the heated air 3414 downstream of the air-
cooled heat exchanger 3404 and transfers heat from the heated aw flow to a fluid of the heat
purmp 3408. The heat pump 3408 has a condenser 3420 for transferring heat to a regeneration
fluid 3422 of the regeneration process 3410, Positioning the evaporator 3406 in the air stream
pernuts high-temperature awr from the air-cooled heat exchanger 3404 1o be used as a heat
source for the heat pump 3408, In this manner, high temperatures may be provided at the
condenser 3420 with increased energy efficiency for the regeneration process 3410

[60266] With reference to FIG. 53, an air contactor 3500 1s provided that 1s similar in
many respects to the air contactor 3400 discussed above. One difference between the air
contactors 3500, 3400 is that the air contactor 3500 includes a chiller 3502 instead of the heat
pump 3408 of the air contactor 3400. The chiller 3502 provides chiller fluid to an evaporator
3504 in the siream of air flowing through the air contactor 3500, The evaporator 3504 absorbs
heat from the air downsiream of an air cooled heat exchanger 3506, which cosls the air after
the air travels through air cooled heat exchanger 3506. The cooling provided by the evaporator
3504 may reduce the risk of plume. Further, the evaporator 3504 may include a water recovery
systern 3505 and the cooling provided by the evaporator 3504 may condense water from the
air that may be used in another process, such as a makeup water source. The water recovery
systern 3505 may include, for example, a trough arranged to collect condensed water that falls
from an indirect heat exchanger of the evaporator 3504,

[00267]  With reference to FIG. 54, an air contactor 3600 1s provided having an outer

structure, such as housing 3602, with darapers 3604 to control the auflow traveling through
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the air contactor 3600. The dampers 3604 may each be closed, open, or partially open to
control air flow through the damper 3604. In one embodiment, the dampers 3604 include main
fouvers 3600 at an inlet 3608 of the air contactor 3600, first intermediate louvers 3610, and
second intermediate louvers 3612, The air contactor 3600 has a fan assembly 3614 to generate
air flow through one or more of the louvers 3606, 3610, 3612 and out from an outlet 3616 of
the awr contactor 3600

[60268]  The air contactor 3600 includes a dehurndifier 3620, capture apparatus 3622, and
a heat exchanger 3624, The dehumudifier 3620, capture apparatus 3622, and heat exchanger
3624 roay be sumilar to the associated components discussed above. The heat exchanger 3624
receives process fhud via a process fhud return 3630 and exchanges heat with air flowing
through the air contactor 3600. The heat exchanger 3624 retomns the process fluid to the
process via a process fluid supply 3632, In one embodiment, the process fluid return 363015
providing heated process fluid and the heat exchanger 3624 and removes heat from the process
fhuid before directing the process fluad to the process fluid supply 3632,

[0826%]  In FIG. 54, the atr contactor 3600 15 shown m a first configuration wherein the
main louvers 3606 are open and the first and second intermediate 3610, 3612 are closed. In the
first configuration, drawn into the air contactor 3600 by the fan assembly 3614 15 directad
through the dehumidifier 3620, the capture medium 3622, and the heat exchanger 3624, The
air contactor 3600 may be operated in the first configuration when the capture medium 3622 is
removing ah air potlutant from the air, dehumidification is desired upstream of the capture
medium 3622, and the heat exchanger 3624 1s exchanging heat between the air and the process
fluid,

[00276]  With reference to FIG. §S, the air contactor 3600 is shown in a second
configuration wherein the main louvers 3606 and the second intermediate louvers 3612 are
closed and the first intermediate louvers 3610 are open. A controlier associated with the air
contactor 3600 may cause the air contactor 3600 to reconfigure from the first configuration of
FIG. 54 to the second configuration of FIG. 35, or any of the other configurations discussed
below, such as by operating linear actuators of air contactor 3600 1o adjust the louvers 3606,

3610, 3612
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{00271}  In the second configuration, the air flow enters the air contactor 3600 generally in
directions 3650 via the first intermediate louvers 3610, travels through the capture medium
3622 and heat exchanger 3624, before exiting via the outlet 3616, In the second configuration,
the dehumidifier 3620 15 bypassed by the air flow. The air contactor 3600 may be operated i
the second configuration when the capture medium 3622 and heat exchanger 3624 are
operating, but dehumidification 1s vot required. Bypassing the dehumidifier 3620 may reduce
the power consumed by the fan asserobly 3614 when the dehumidifier 13 not operating.
(902721 With reference to FIG, 56, the aw contactor 3600 s shown n a third configuration
wherein the main louvers 3606 and the first intermediate louvers 3610 are closed and the
second intermediate Jouvers 3612 are opened. The air flow enters the air contactor 3600
generally in directions 3652 via the second intermediate Jouvers 3612, travels through the heat
exchanger 3024, and exits the air contactor via the outlet 3616. Because the mam louvers 3606
and first intermediate louvers 3610 are ¢losed, the air flow bypasses the debumidifier 3620 and
the capture medium 3622, The air contactor 3600 may be shifted to the third configuration, for
example, when the capture medium 3622 18 not used to reduce the power draw of the fan
assembly 3614,

[60273]  With reference to FIG. 57, the air contactor 3600 is shown in a fourth
configuration wherein the main louvers 3606 and the second intermediate louvers 3612 are
open while the first intermediate louvers 3610 are closed. In this manner, air flow may enter
the air contactor 3600 via the main louvers 3606, travel through the dehumidifier 3620, the
capture medium 3622, and the heat exchanger 3624 The open, second intermediate louvers
3612 permit air to be directed through the heat exchanger 3624 in addition to the air that enters
the air contactor 3600 via the main louvers 3606. The air that enters via the second
intermediate louvers 3612 may have a different makeup (e.g., has not been in contact with
carbon capture solution) and/or may be cooler than the air traveling from the capture medium
3622 o the heat exchanger 3624, The air drawn into the open, second intermediate louvers
3612 may dilute the auflow coming from the air pollutant capture process, which in some
embodiments reduces the concentration of corrosive chemicals i the aur stream. The air drawn
into the open, second intermediate louvers 3612 may also reduce plume in an embodiment

where operation of the capture medium 3622 increases the hurmidity of the aw stream.

62



WO 2024/025895 PCT/US2023/028602

{00274}  Further, the air that enters via the second intermediate louvers 3612 may provide
an additional volume of air such that the heat exchanger 3624 has a higher flow rate of awr
traveling therethrough than does the dehumidifier 3620 and the capture medium 3622, The
ability to provide different air flow rates through the capture medium 3622 and the heat
exchanger 3624 enables the precise control of the air pollutant capture process and heat
rejection process. In some embodimuents, one or more of the louvers 3606, 3610, 3612 may be
partially opened to optimize air path distribution, flow rate, and/or awr veloeity. The louvers
3606, 3610, 3612 may be located on one or more vertical, horizontal, nclined, top, bottom,
and/or side walls of the air contactor 3600,

(080275 The mternal coraponeuts of the air contactors of FIGS. 50-57 may be organized
so that the air contacts the components in a desired order generally as discussed above with
respect to FIGS. 13-37. For example, the air contactors of FIGS. 50-57 may be provided with
heat exchangers upstream of the capture apparatus in some embodiments. Peburmnidifiers
and/or evaporators may likewise be positioned upstream or downstream of the capture
apparatus. As an example i this regard, the heat rejection section 3506 and evaporator 3504 of
the cooling tower 3500 may be provided upsiream of capture apparatus 3501, As yet another
example, the heat rejection section 3506 may be upstream of the capture apparatus 3501 while
the evaporator 3504 1s downstream of the capture apparatus 3501,

(60276} Regarding FIG. 58, an air contactor 3700 is provided that has a first air inlet 3702, a
second air inlet 3704, and an air outlet 3706. The air contactor 3700 has a dehumidifier 3706
and capture apparatus3708 on one side of the air contactor 3700 and a heat exchanger 3710
and a precooler 3712 on the opposite side of the air contactor 3700. In this manner, the air
contactor 3700 is asymumetric such that one side of the air contactor 3700 provides air pollutant
capture operability and the opposite side of the air contactor 3700 provides heat exchange
operability. The precooler 3712 may include, for example, an adiabatic pad system. Air that
travels from the capture apparatus3708 and the heat exchanger 3710 are combined and
discharged through the air cutlet 3706 via operation of a fan assembly 3714,

100277} Regarding FIG. 59, an air contactor 3800 is provided that is similar in many
respects to the air contactor 3700, The air contactor 3800 includes a dehumidifier 3802,

capture apparatus 3804, a heat exchanger 3806, and a precooler 3808, The air contactor 3800
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has a first air inlet 3810 with first main louvers 3812, a second air inlet 3814 with main louvers
3816, and first and second intermediate louvers 3820, 3822, The louvers 3812, 3816, 3820,
3822 may be opened or closed to contrel atr flow to the different sections of the aw contactor
3800. The louvers 3812, 3816, 3820, 3822 may be partially opened or closed depending on the
air velocity and/or flow rate requurements of the air contactor 3800, expected energy and/or
water consuraption, and/or heat transter load required for the air contactor 3800. The louvers
of the air contactor 3800 may enable independent operation of the air pollutant capture and aw
rejection operability of the unit. For example, the main louvers 3812 and first intermediate
fouvers 3820 may be closed so that ait bypasses the dehurmidifier 3802 and the capture
apparatus 3804 when awr pollutant capture 15 not required. Bypassing the dehumidifier and the
capture apparatus 3804 may reduce power consumption of a fan assembly 3830 of the awr
contactor 3800, Conversely, the main louvers 3812 and first intermediate louvers 3820 may be
opened while the louvers 3816, 3822 are closed to enable air pollutant capture operability
while bypassing the heat exchanger 3806 and the precooler 3808 when heat exchanger
operability 1s not requured.

186278}  Uses of singular terms such as “a,” “an,” are intended to cover both the simngular
and the plural, unless otherwise indicated herein or clearly coniradicted by context. The terms
“comprising,” “having,” “including,” and “containing” are to be construed as open-ended
terms. It is intended that the phrase “at least one of” as used herein be interpreted in the
disjunctive sense. For example, the phrase “at least one of A and B” is mtended to encompass
A, B, orboth Aand B.

100278  Whle there have been illustrated and described particular embodiments of the
present invention, those skilled in the art will recognize that a wide variety of modifications,
alterations, and combinations can be made with respect to the above-described embodiments
without departing from the scope of the inveniion, and that such modifications, alterations, and
combinations are to be viewed as being within the ambit of the inventive concept. For
example, various embodiments of air contactors are described herein as being configured to
remove COn from the air, but it will be apparent that the air contactors may be configured to
remove other air pollutants in addition to or instead of C Oz, such as methane, VOC and VOX

by utilizing the appropriate capture technique. As another example, water makeup systems are
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described for some air contactors, but 1t will be appreciated that the water makeup systems

may be used with any of the air contactors where water makeup would be useful
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CLAIMS

What s claimed 1s:

1 An air contactor comprising;
an awr nlet;
an air outlet;
a fan assenbly to produce an auflow from the air inlet 1o the air outlet;
a heat exchanger operable to transfer heat between a process fluid and the auflow;
an air pollutant capture system configured to selectively remove an air pollutant from
the auflow, the air pollutant capture system having an air pollutant capture roediu with an
affinity for the air poliutant to remove the air poliutant from the airflow,;
a controtler operatively connected to the fan assembly, heat exchanger, and the air
pollutant capture system, the controlier having:
a process fluid cooling and air pollutant capture mode wherein the controller 15
configured to:
control the fan assembly to facilitate the heat exchanger transferring
heat between the process fluid and the anflow; and
control the air poliutant capture system to remove the air poliutant from
the airflow; and
a process fluid cooling mode wherein the controller is configured to:
control the fan assembly to facilitate the heat exchanger transferring
heat between the process fluid and the airflow; and
control the air pollutant capture system to remove less of the air
pollutant from the air than when the coniroller 1s in the process fluid cooling and awr pollutant
capture mode.
2, The air contactor of claim | wherein the air pollutant capture medium comprises an air
pollutant capture liguid;
wherein the air pollutant capture system includes a hquid absorbent material and an awr

pollutant capture hguid distribution system;
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wherein the controller, in the process fluid cooling and air pollutant capture mode,
controls the fan assembly to cause the airflow to travel through the liquid absorbent material
and controls the air pollutant capture hiquid distribution system to provide the air pollutant
capture liquud to the ligud absorbent material.
3. The air contactor of claim | wherein the air poliutant capture medium comprises an air
poilutant capture hgqud;

wherein the air poliutant capture system ncludes a support and ao air pollutant capture
hquid distribution system for providing the air pollutant capture hquid to the support, the air
poitutant capture biqund distribution system having a pump and a sump,

wheremn the controller i the process fluid cooling and arr pollutant capture mode
controls the pump to direct the air pollutant capiure liquad from the sump to the air polluiant
capture medium; and

wherein the controller in the process fluid cooling mode inhibits the pump from

directing the air pollutant capture higuid from the sump to the support.

4. The air contactor of claim 1 wherein the air polistant capture medium comprises an air
poilutant capture Hqund;

wherein the air pollutant capture system comprises a liquid absorbent material and an
air pollutant capture hqund distribution system operable to provide either the air pollutant
capture hiquid or water to the hquid absorbent matenial;

wherein the controller i the process fhud cosling and air poliutant capture mode
controls the air pollutant capture hiquid distribution system to provide the air pollutant capture
hiquid to the hiquid absorbent material;

wherein the controller in the process fluid cooling mode controls the air pollutant

capture liquid distribution system to provide the water to the liquid absorbent material.
5. The air contactor of claim 1 wherein the heat exchanger comprises an indirect heat

exchanger and an adiabatic cocler upstream of the indirect heat exchanger, the indirect heat

exchanger configured to transfer heat between the process fluid and the aitflow,
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wherein the controller has an adiabatic precooling, process fluid cooling, and air
poilitant capture mode wherein the controller is configured to:
control the adiabatic cooler to precool the airflow upstream of the indirect heat
exchanger,
control the fan assembly to facilitate the indirect heat exchanger transferting
heat between the process fluid and the airflow; and
control the air pollutant capture system to remove the air pollutant from the

auflow.

5. The atr contactor of claim | further comprising a dehomudifier upstream of the air
pollutant capture system;
wherein the controller has a dehumdification, process fluid cooling, and air poltutant

capture mode wheren the controller 1s configured to

controf the dehumndifier to delumidify the airflow upstream of the awr poliutant
capture sysiern;

controf the fan assembly to facilitate the heat exchanger transferring heat
between the process fluid and the airflow; and

control the air pollutant capiure system to remove the air poliutant from the

airflow.

7. The air contactor of claim 1 wherein the controlier has an air pollutant capture mode
wherein the heat exchanger transfer less heat between the process fluid and the air than when

the controller is in the process fluid cooling mode.

8. The air contactor of claim 1 wherein the air pollutant capture system comprises at least
one of:

a hiquid solvent-based air pollutant capture system;

a solid sorbent-based air pollutant capture system;

an electrochemical-based air pollutant capture system; and

a membravne-based aur pollutant capture system.

68



WO 2024/025895 PCT/US2023/028602

9, The air contactor of claim 1 wherein the air pollutant capture medium comprises an air
pollutant capture liquid;

wherein the heat exchanger mcludes an mdirect heat exchanger, an adiabatic precooler,
and a heat exchanger hquid circuit comprising a first sump and a first pump associated with
the adiabatic precooler;

wherein the air pollutant capture system includes an air pollutant capture hguid circut
comprising a second sump and a second purop;

wherein the heat exchanger biquid circuit and the air pollutant capture hiqud circuit are
independent of one another; and

wheremn the controller i the process fluid cooling and arr pollutant capture mode
controls the first pump to circulate a heat exchanger liguid n the heat exchanger liquid circutt
and controls the second pump to circulate the arr capture higund in the air pollutant capture

hiquid ciroutt.

10, The awr contactor of claim 1 wherein the air pollutant capture system comprises:
a fluid to receive the air pollutant;
a fluid regeneration system to remove the air pollutant from the fhuid; and

a thermal energy storage operable to provide heat to the fluid regeneration system.

11 The air contactor of claim 1 wherein the air pollutant capture system mncludes an air
pollutant capture medium downstream of the heat exchanger to remove the air pollutant from
the auflow after the heat exchanger has transferred heat between the airflow and the process
fluid.

12. The air contactor of clatm 1 wherein the air pollutant capture system comprises:
a fluid to receive the air pollutant;
a fluid regeneration system to remove the air pollutant from the fluid; and
a mechanical cooler comprising at least one of a heat pump and a chiller, the

mechanical cooler operable to provide heat to the fluid regeneration system.
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13. The air contactor of claim 12 wherein the mechanical cooler comprises:

a first heat exchanger to transfer heat between the fluid and a mechanical cooler fluid;
and

a second heat exchanger to transfer heat between the mechanical cooler flnd and a

regenerative fluid of the regenerator.

14. The air contactor of clabm 1 wherem the air pollutant capture system comprises:

an air pollutant capture apparatus configured to transfer the air pollutant from the
atrflow to a fluid;

a regenerator operable (o remove the air pollutant from the fluid; and

a mechanical cooler comprising at least one of a heat pump and a chuller, the
mechanical cooler having a heat rejecting portion and a heat absorbing portion, the heat
rejecting portion operable 1o reject heat o the airflow upstream of the air pollutant capure

medium, the heat absorbing portion operable to absorb heat associated with the regenerator.

15. The air contactor of claim 1 wherein the air inlet comprises a plurality of air inlets;
dampers associated with the air inlets; and
the controller connected to the dampers and operable to selectively open and close the
air inlets to facilitate the airflow bypassing either the heat exchanger or the air poliutant

capture sysient.

16. The air contactor of claim 1 further comprising a drift eliminator to reduce drift in the

airflow intermediate the heat exchanger and the air pollutant capiure system.

17. The air contactor of claim 1 further comprising a single outer structure that includes the
air inlet and the air outlet;

wherein the heat exchanger 15 in the single outer structure; and

wherein the air pollutant capture system includes an air pollutant capture apparatus in

the single outer structure,

70



WO 2024/025895 PCT/US2023/028602

18. The air contactor of claim | wherein the air inlet comprises a first air inlet and a second
air indet;
wherein the airflow comprises a first auflow and a second auflow;
wherein the controller in the process fluid cooling and air pollutant capture mode
controls the fan assembly to:
cause the first airflow to contact the air pollutant capture system as the first
aurflow travels from the first air inlet to the air outlet; and
cause the second airflow to contact the heat exchanger as the second airflow

travels from the second air indet to the air outlet.

19, The air contactor of claim 1 wherein the air pollutant capture medium comprises 4

membrane configured to be selectively permeable 1o the air pollutant.

20, The air contactor of claim T wherein the air polistant 1s carbon dioxide.

21 The air contactor of claim 1 the air pollntant is carbon dioxide (CO2), methane (CHa},

volatile organic compound (VO(C), volatile halogenated organic carbons (VOX]), ora

combination thereof.

22. An air contactor comprising;

a fan assembly operable to produce an airflow;

an indirect heat exchanger configured to exchange heat between the airflow and a
process fluid;

a hiquid absorbent material configured to permit the airflow to travel through the liqud
absorbent material;

a hiquid distribution system comprising an air pollutant capture liquid supply, the liquid
distribution system configured to provide an air poliutant capture solution from the air

pollutant capture liquid supply to the higuid absorbent material; and
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a controtler operatively connected to the fan assembly and the hiquid distribution
assembly, the controller configured to:
control the liquid distribution system to provide the air pollutant capture
solution to the hquid absorbent matenal; and
control the fan assembly to divect the airflow through the hiquid absorbent
material having the air pollutant capture solution so that the air pollutant capture solution
removes the air pollutant from the atrflow and a portion of the water of the air pollutant

capture solution evaporates,

23. The air contactor of claim 22 wherein the controller has a process fluid cooling and air
pollutant capture mode wherein the controller is configured to

control the hiqud distribution system to provide the air pollutant capture
sofution to the liquid absorbent materal;

controf the fan assembly to cause air to flow through the hiquid absorbent
material having the air pollutant capture solution; and

controf the fan assembly to cause air to contact the indirect heat exchanger;

wherein the controlier has a process fluid cooling mode wherein the controller:

control the liquid distribution system to provide less of the air poliutant capture
solution to the hiquid absorbent material than when the controller is in the process fhuid cooling
and atr poliutant capture mode; and

control the fan assembly to cause air to contact the indirect heat exchanger.

24, The air contactor of claim 22 wherein the hquid distribution system further comprises a
water supply, the liquid distribution system operable to provide etther the air pollutant capture
solution or water from the water supply to the liquid absorbent material;
wherein the controller has a process fluid cooling and air pollutant capture mode
wherein the controller 1s configured to:
control the liquid distribution system to provide the air pollutant capture

solution to the liquid absorbent material;
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control the fan assembly to cause air to flow through the hiquid absorbent
material having the air pollutant capture solution; and

control the fan assembly to cause air to contact the indirect heat exchanger;

wherein the controller has a process fluid cooling mode wherein the controller:

control the liquid distribution system to provide water from the water supply to
the liquid absorbent material;

control the fan assembly to cause air to flow through the Hquid absorbent
material having the water from the water supply; and

control the fan assembly to cause air to contact the indirect heat exchanger,

25. The air contactor of claim 22 further comprising a debumidifier upstream of the hiquid
absorbent material;
the controller operatively connected to the dehunudifier and configured to control the

dehumidifier to debumidify the air upstream of the iquid absorbent material.

26, The air contactor of claim 22 wherein the hqued absorbent material comprises a pad.

27. The air contactor of claim 22 wherein the air pollutant capture solution supply

comprises a sump and a pump.

28, The air contactor of claim 22 wherein the air pollutant 1s carbon dioxide (COn).
29, The air contactor of claim 22 wherein the air pollutant 1s carbon dioxide (COn),
methane (CHa), volatile organic compounds {(VO(), volatile halogenated organic carbons
{(VOX), or a combination thereof.

30. An air contactor comprising;

an aurflow generator operable to produce an airflow;

an air pollutant capture system comprising;
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an air pollutant capture apparatus to transfer an air pollutant from the airflow
and to a fluid;

a fluid regeneration apparatus configured to utilize heat from a heat source to
remove the air pollutant from the fliad; and

a thermal energy storage operable to either receive heat from the fhud or
provide heat to the fluid regeneration apparatus;

the air pollutant capture system having:

a regeneration and charging mode wherein the fluid regeneration apparatus
receives heat from the heat source, the fluid regeneration apparatus removes the awr poliutant
from the fluid, and the thermal energy storage receives heat from the fluid; and

a regeneration and discharging mode wherein the fhud regeneration apparatus
receives heat from the thermal energy storage and the fluid regeneration apparatus removes the
air poilutant from the fluid; and

a controller operatively connecied fo the air pollutant capture system, the controller
configured to operate the air pollutant capture system in the regeneration and discharging
maode in response to a deternunation of the air pollutant capture system n the regeneration and

discharging mode satisfying an operating criterion.

31 The air contactor of ¢laim 30 wherein the operating criterion comprises the flud
regenerator apparatus being able fo remove the air pollutant from the fluid despite the heat
source being unable o provide sufficient heat to operate the fluid regenerator apparatus.

32 The air contactor of claim 30 wherein the operating criterion COmprises saving energy.
33. The air contactor of claim 30 wherein the controller is configured to operate the air
pollutant capture system in the regeneration and charging mode in response to a determination

of the heat source being able o provide sufficient heat to the fluid regeneration process and a

determination of an inadequate charge of the thermal energy storage.
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34 The air contactor of ¢clatm 30 wherein the awr pollutant capture system has a
regeneration mode wherein:

the fluid regeneration apparatus receives heat from the heat source, the fluid
regeneration apparatus removes the air pollutant from the flnd, and the thermal energy storage
receives less heat from the fluid than when the aur pollutant capture system is in the

regeneration and charging mode.

38, The air contactor of claim 30 wherein the air pollutant capture system comprises a
pump operable to pump a heat transfer fluid between the thermal energy storage and the fluid
regeneration apparatus; and

wherein, with the air pollutant capture system in the regeneration and discharging
mode, the pump pumps the heat transfer fhad between the thermal energy storage and the fluid
regeneration apparatus to cause the fluid regeneration apparatus to receive heat from the

thermal energy storage.

36, The air contactor of claim 30 wherein the air pollutant capture system comprises a
valve mtermediate the fluid regeneration apparatus and the thermal energy storage;

wherein, with the air pollutant capture system in the regeneration and charging mode,
the valve has a first configuration wherein the valve directs the fluid from the flind
regeneration apparatus to the thermal energy storage; and

wherein, with the air pollutant capture system in the regeneration and discharge mode,

the valve has a second configuration wherein the fhuid bypasses the thermal energy siorage.

37 The air contactor of claim 30 wherein the thermal energy storage comprises a plurality
of thermal energy storages; and
wherein, with the air pollutant capture system in the regeneration and discharging

mode, the fluid regeneration apparatus receives heat from the thermal energy storages.

38. The air contactor of claim 30 wherein the thermal energy storage comprises a first

thermal energy storage and a second thermal energy storage;
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wherein the air pollutant capture system has a regeneration, charging, and discharging
mode wherein:
the fluid regeneration apparatus receives heat from the heat source;
the fluid regeneration apparatus removes the air pollutant from the fluid;
the first thermal energy storage receives heat from the fluid; and
the fluid regeneration apparatus receives heat from the second thermal energy

storage.

39, The air contactor of claim 38 wherem the controller 1s configured to operate the awr
poltutant capture system in the regeneration, charging, and discharging mode in response to:
a determination of the heat source being unable to provide sufficient heat to the fhad
regeneration apparatus; and
a determination of an inadequate charge of the first thermal energy storage and an

adequate charge of the second thermal energy storage.

40, The air contactor of claim 30 wherein the fluid regeneration apparatus comprises an
endothermic regenerative apparatus configured to recetve the fluid from the air pollutant

capture apparatus.

41 The air contactor of claim 40 wherein the air pollution capture fluid regeneration
apparatus further includes an exothermic regenerative process configured to receive the fluid

from the endothermic regenerative apparatus.

42. The air contactor of claim 30 wherein the air pollutant capture system includes a heat
source thermal energy storage;
wherein the air pollutant capture system has a regeneration, charging, and heat source
active mode wherein:
the fluid regeneration apparatus receives heat from the heat source and removes
the air pollutant from the fluid;

the thermal energy storage receives heat from the fluid; and
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the heat source thermal energy storage receives heat from the heat source;
wherein the air pollutant capture system has a regeneration, charging, and heat source
inactive mode wherein:
the fluid regeneration apparatus receives heat from the heat source thermal
energy storage and remaoves the air pollutant from the flud; and
the thermal energy storage receives heat from the fluid.
43, The air contactor of claim 30 wherein the air pollutant capture system includes a heat
source thermal energy storage;
wherein the air poliutant capture system has a regeneration, charging, and heat source
active mode wherein:
the fhud regeneration apparatus receives heat from the heat source and removes
the air polhutant from the fluid;
the thermal energy storage receives heat from the fluid; and
the heat source thermal energy storage receives heat from the heat sousce;
wherein the air poliutant capture system has a regeneration, discharging, and heat
source nactive mode wheremn
the fluid regeneration apparatus:
receives heat from the heat source thermal energy storage;
receives heat from the thermal energy storage; and

removes the air pollutant from the fluid.

44, The air contactor of claim 30 wherein the air poliutant capture medium comprises a

solid sorbent and the fluid comprises a gas.

43 The air contactor of claim 30 wherein the airflow generator comprises a fan assembly

operatively connected to the controller.

46, The air contactor of claim 30 wherein the fluid regenerative apparatus comprises at

least one of a heat pump and a chiller.
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47. The air contactor of claim 30 wherein the fluid is configured to chemically react with

carbon dioxide {CO2) in the airflow to remove the COx from the airflow.

48. The air contactor of clanm 30 wheren the air pollutant is carbon dioxide (CO2),
methane {CH4), volatile organic compounds (VO(), volatile halogenated organic carhons

{(VOX), or a combination thereof

49, An arr contactor comprising:
a fan assembly to generate an auflow;
an air pollutant capture system comprising;
an air pollutant capture apparatus to transfer an air pollotant from the airflow to
a fhad;
a fhud regeneration apparatus configured to remove the air pollutant from the
fluid; and
a mechanical heat generator comprising at least one of a chuller and a heat pump, the
mechanical heat generator configured to receive a process fhuid from an industrial process at a
first temperature and {0 receive a heat transfer fluid from the air pollutant capture system;
the mechanical heat generator operable to increase the temperature of the heat transfer
fiuid to a second temperature higher than the first temperature and return the heat transfer fluid
to the thud regeneration apparatus at the second temperature to facilitate the fluid regeneration

apparatus removing the air pollutant from the fhnd.

50. The air contactor of claim 49 further comprising a heat exchanger configured to

transfer heat between the process fluid and the airflow,
51. The air contactor of claim 49 wherein the heat exchanger is downstream of the air

poilitant capture apparatus so that the heat exchanger transfers heat between the process fluid

and the airflow after the fluid removes the air pollutant from the airflow.
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The air contactor of claim 49 wherein the air pollutant capture apparatus comprises a

52.
higuid absorbent material.
The air contactor of claim 49 wherein the mechanical heat generator includes:

LA
G2

a first heat exchanger configured to transfer heat between the process fluid and a
mechanical heat generator fluid;
a second heat exchanger configured to transfer heat between the mechanical heat

generator fluid and the heat transfer fluid;

an expansion valve; and

a COmpressor.
54, The air contactor of claim 49 wherein the mechanical heat generator ncludes the
chiller.
55. The air contactor of claim 49 wheremn the mechanical heat generator mcludes the heat
pump.
The air contactor of claim 49 wherein the fluid is configured to chemically react with

56.
the air pollutant to remove the air pollutant from the airflow.
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