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(57) Abstract: A system for removing carbon dioxide from a carbon dioxide 
laden gas mixture, the system comprising two groups of carbon dioxide re
moval structures, each removal structure within each group comprising a por
ous solid mass substrate supported on the structure; and a sorbent that is cap
able of adsorbing or binding to carbon dioxide, to remove carbon dioxide 
from a gas mixture, the sorbent being supported upon the surfaces of the por
ous mass substrate solid; an endless loop support for each of the groups of 
the removal structures, the endless loop support being so arranged as to move 
the support structures of each group along a closed curve while being ex
posed to a stream of the gas mixture.
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ROTATING MULTI-MONOLITH BED MOVEMENT SYSTEM

FOR REMOVING CO2 FROM THE ATMOSPHERE

BACKGROUND

[0001] The present invention relates to systems and methods for removing greenhouse 

gases from the atmosphere, and in particular to systems and methods for removing carbon 

dioxide from a stream of gas, including ambient air.

[0002] As a further improvement to the system described in copending U.S. Application 

Serial No. 13/098,370, filed on April 29, 2011, a suitable system and process is presented that 

it is now recognized can be utilized for a broader range of use than disclosed in that earlier 

application, especially when further modified. The disclosure of that copending application is 

incorporated by reference herein as if repeated in full, as modified by the new disclosure 

presented herein.

[0003] There is much attention currently focused on trying to achieve three somewhat 

conflicting energy related objectives: 1) provide affordable energy for economic development; 

2) achieve energy security; and 3) avoid the destructive climate change caused by global 

warming. However, there is no feasible way to avoid using fossil fuels during the rest of this 

century if we are to have the energy needed for economic prosperity and avoid energy 

shortfalls that could lead to conflict.

[0004] It is mostly undisputed by scientists that an increase in the amount of so-called 

greenhouse gases like carbon dioxide (methane and water vapor are the other major 

greenhouse gases) will increase the average temperature of the planet.

[0005] It is also clear that there is no solution that only reduces the ongoing human 

contributions to carbon dioxide emissions that can successfully remove the risk of climate 

change. Removing additional CO2 from the atmosphere is also necessary. With air extraction 

and the capability to increase or decrease the amount of carbon dioxide in the atmosphere, one 

can in principle compensate for other greenhouse gases like methane (both naturally occurring 

and from human activity) that can increase their concentrations and cause climate change.
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[0006] Until the recent inventions by the present applicant, it was the generally accepted 

belief among experts in the field that it was not economically feasible to capture carbon 

dioxide directly from the atmosphere because of the low concentration of that compound, in 

order to at least slow down the increase of so-called 'greenhouse' gases in the atmosphere. It 

was subsequently shown by the copending, commonly owned, prior applications that it was in 

fact practical and efficient to carry out such CO2 reductions under specified conditions.

[0007] It was shown that under ambient conditions CO2 can be efficiently extracted from 

the air, at ambient conditions, using a suitable regenerable sorbent system and a low 

temperature stripping or regeneration process, and that such a process can be expanded to 

remove CO2.from mixtures of effluent gases mixed with a major amount of ambient air, so as 

to not only remove the CO2 from flue gas but to remove additional CO2 from the atmosphere so 

as to achieve a net reduction in CO2 in the atmosphere at lower cost and higher efficiency.
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SUMMARY OF THE PRESENT INVENTION

[0008] The present invention provides further new and useful systems and methods for 

removing carbon dioxide from a mass of carbon dioxide laden air, at higher efficiencies and 

lower overall costs including lower capital expenses (“CAPEX”) and lower operating expenses 

(“OPEX”).

[0009] In accordance with the present invention, a novel process and system has been 

developed utilizing assemblies of a plurality of monoliths, or beds, that are combined with a 

single regeneration box, in a ratio dependent upon the ratio of the speed of adsorption 

compared to the speed of regeneration of the sorbent. In preferred embodiments, the monoliths 

are supported on a closed loop track, preferably forming a closed curve; upon which the 

monoliths are rotated along the track, in succession, while being exposed to a moving stream 

of ambient air or a mixture of gases comprising a major proportion of ambient air. At one 

location along the track, the rotation is halted and one of the monoliths is moved into a sealed 

box for processing to strip CO2 from the sorbent to regenerate the sorbent. When the sorbent is 

regenerated, the monoliths are rotated around the track until the next monolith is in position to 

enter the regeneration box, when the rotation of all of the monoliths is next halted.

[0010] Each monolith is formed of a porous substrate having on its surfaces carbon dioxide 

adsorbing amine sites, preferably with a high proportion of primary amines. As the monoliths 

move along the track, they adsorb CO2 from the moving gas streams until each monolith 

reaches the sealed box. Once sealed within the box, the sorbent is treated to cause the CO2to 

be stripped from the sorbent, regenerating the sorbent. The stripped CO2 is removed from the 

box and captured. The monolith with the regenerated sorbent then moves out of the sealed box 

and moves along the track with the other monolith to adsorb more CO2j until the next monolith 

is rotated into position to be moved into the regeneration box. At the stripping/regeneration 

location, the monolith can be moved into a box located above or below the grade of the track, 

or the box can be located so that the monolith moves into the box at the same grade level as the 

track, forming a seal with the monolith. These several alternatives are further defined below 

and diagrammed in the accompanying drawings.
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[0011] In the instances where the regeneration box is below or above grade, the system

must include a sub-system for raising or lowering the monolith. In systems where the

regeneration box is on grade with the tracks, a more complex sealing arrangement will be

required, for providing a seal along the sides as well as along the top and/or bottom surfaces.

CO2 Adsorption and Removal Process

[0012] The basic premise of this process is that CO2 is adsorbed from the atmosphere by 

passing air or a mixture of air and effluent gas, through a sorbent bed, preferably at or close to 

ambient conditions. Once the CO2 has been adsorbed by the sorbent, the CO2 has to be 

collected, and the sorbent regenerated. The latter step is performed by heating the sorbent with 

steam in the sealed containment box to release the CO2 and regenerate the sorbent. The CO2 is 

collected from the box, and the sorbent is then available to re-adsorb CO2 from the atmosphere. 

The only primary limitation on the process is that the sorbent can be de-activated if exposed to 

air if it is at a “too high” temperature. Thus the sorbent may have to be cooled before the 

monolith leaves the box and is returned to the air stream.

[0013] Generally, a longer time is required for adsorption of CO2 from ambient air than for 

the release of the CO2 in the regeneration step. With the current generation of sorbent this 

difference will require an adsorption period approximately ten times greater for the adsorption 

step compared with that required for CO2 release and sorbent regeneration, when treating 

ambient air. Thus a system with ten monoliths and a single regeneration unit has been adopted 

as the current basis for an individual rotating system. If the performance of the sorbent is 

improved over time, this ratio of adsorption time to desorption time, and thus the number of 

monoliths, required in a system, should be reduced. In particular, if a higher loading 

embodiment of the sorbent is used a one hour adsorption time would be viable, thus requiring 

one regeneration box to serve only five monoliths. In addition the relative treatment times will 

vary with the concentration of CO2 in the gas mixture treated, such that the higher the CO2 

content, the shorter the adsorption time relative to the regeneration time, e.g., by mixing a 

combustion effluent (“flue gas”) with the ambient air through a gas mixer.

[0014] The chemical and physical activity within the monoliths, both during the adsorption 

cycle and the regeneration cycle in the sealed box, is substantially the same as is described in
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prior copending applications Nos. 13/886,207 and 13/925,679. The disclosures of those 

copending applications are incorporated by reference herein as if repeated in full, as modified 

by the new disclosure presented herein. In the system according to the present invention, each 

rotating system provides one sealable regeneration box for each group of rotating monoliths, 

the number of monoliths being dependent upon the relative times to achieve the desired 

adsorption and the desired regeneration. In addition, it has been found that greater efficiencies 

and lower costs are achieved by spatially relating and temporally operating two of the rotating 

systems in a suitable relationship to allow the regeneration boxes for the two rotating monolith 

systems to interact, such that each is preheated by the remaining heat in the other as a result of 

regeneration in the other; this also efficiently cools down the regenerated monolith before it is 

returned to its adsorption cycle on the rotating track.

[0015] This interaction between the regeneration boxes is achieved in accordance with this 

invention, by lowering the pressure of the first box system so that the steam and water 

remaining in the first box evaporate after the release of CO2, and the system cools to the 

saturation temperature of the steam at its lowered partial pressure. Furthermore, as described 

below, the heat released in this process is used to pre-heat the second sorbent bed and thus 

provides approximately 50% sensible heat recovery, with a beneficial impact on energy and 

water use. This concept can be used even if an oxygen resistant sorbent is utilized. The 

sensitivity of the sorbent to oxygen de-activation at higher temperatures is being addressed 

during the development process and it is anticipated that its performance will be improved over 

time.

[0016] As discussed above, the sorbent bed is preferably cooled before it is exposed to air 

so as to avoid de-activation by the oxygen in the air. This cooling is achieved by lowering the 

system pressure and thus lowering the steam saturation temperature. This has been shown to 

be effective in eliminating the sorbent deactivation issue as it lowers the temperature of the 

system. There is thus a significant amount of energy removed from the bed that is cooled 

during the de-pressurization step. A fresh bed that has finished its CO2 adsorption step has to 

be heated to release the CO2 and regenerate the sorbent. This heat could be provided solely by 

the atmospheric pressure steam, but this is an additional operating cost. In order to minimize 

this operating cost, a two-bed design concept has been developed. In this concept the heat that
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9 is removed from the box that is being cooled by reducing the system pressure, and thus the 

steam saturation temperature, is used to partially pre-heat a second box containing a bed that 

has finished adsorbing C02 from the air and which is to be heated to start the C02 removal and 

sorbent regeneration step. Thus the steam usage is reduced by using heat from the cooling of the 

first box to increase the temperature of the second box. The remaining heat duty for the second 

box is achieved by adding steam, preferably at atmospheric pressure. This process is repeated 

for the other rotating monoliths in each of the two boxes and improves the thermal efficiency of 

the system.

[0016a] In a broad aspect, there is provided a system for removing carbon dioxide from a 

carbon dioxide laden gas mixture, the system comprising two groups of individual carbon 

dioxide removal structures, each individual removal structure within each group 

comprising a porous solid substrate supported on the removal structure, each porous substrate 

having a sorbent supported upon its surfaces, the sorbent being capable of adsorbing or binding 

to carbon dioxide, to remove carbon dioxide from a gas mixture; an closed endless loop support 

for each of the groups of the removal structures, the endless closed loop supports being so 

arranged as to permit movement of the removal structures of each group along a the closed 

curve loop supportswhile being exposed to a stream of the carbon dioxide laden gas mixture; 

and a sealable regeneration box at one location along each of the endless closed loop supports, 

into which a removal structure can be sealably placed, such that when a removal structure is 

sealed in place therein, carbon dioxide sorbed upon the sorbent is stripped from the sorbent and 

captured, and the sorbent regenerated; the sealable regeneration box further comprising a 

sealable conduit connecting the regeneration box to a source of process steam, and a conduit 

connecting to an exhaust pump for removing gases from the regeneration box; each of the 

removal structures supporting the porous substrates in a position along the closed loop support 

outside of the regeneration box such that at least one major surface of the substrate is being 

exposed to a stream of the carbon dioxide laden gas mixture and the opposed major surface of the 

substrate is being directly exposed to the atmosphere; such that when the sorbent is exposed to a 

flow of carbon dioxide laden gas mixture so as to allow, it binds to the for the removal of CO2 , 

removing the CO2 from the gas mixture; the number of removal structures to the number of 

regeneration boxes being directly determined by the ratio of the adsorption time (for removing 

CO2 from the gas mixture) to the regeneration time (for stripping CO2 from the sorbent on the 

porous substrate), the adsorption time being the time to adsorb, on the sorbent, CO2 from a gas
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9 mixture, from a base level to a desired level on the sorbent, and the regeneration time being the

time to strip the CO2 from the desired level back to the base level on the sorbent.

[0016b] In another aspect, there is provided a method for removing carbon dioxide from a 

carbon dioxide laden gas mixture, the method comprising moving each of at least two 

groups of carbon dioxide removal structures around a closed endless loop while being exposed 

to a stream of the carbon dioxide laden gas mixture; each removal structure within each 

group comprising a porous solid substrate supported on the structure, each porous substrate 

having a sorbent supported upon its surfaces, the sorbent being capable of adsorbing or 

binding to carbon dioxide, to remove carbon dioxide from a gas mixture; sealably placing a 

carbon dioxide removal structure into a regeneration box at one location along each of the 

endless loop supports, such that when a removal structure is sealed in place therein, carbon 

dioxide sorbed upon the sorbent is stripped from the sorbent and captured, and the sorbent 

regenerated; each of the removal structures supporting the porous substrates on the closed 

endless loop being in a position such that the sorbent is exposed to a flow of carbon dioxide 

laden gas mixture so as to allow for the removal of CO2 from the gas mixture and when the 

removal structure is placed into the regeneration box the sorbent is exposed to process heat at a 

temperature of less than 130°C to strip the CO2 from the sorbent; the number of removal 

structures to the number of regeneration boxes being directly determined by the ratio of the 

adsorption time (for removing CO2 from the gas mixture) to the regeneration time (for 

stripping CO2 from the sorbent on the porous substrate), the adsorption time being the time 

to adsorb, on the sorbent, CO2 from a gas mixture, from a base level to a desired level on the 

sorbent, and the regeneration time being the time to strip the CO2 

from the desired level back to the base level on the sorbent.

[0016c] In a further aspect, there is provided a system for removing carbon dioxide from a 

carbon dioxide laden gas mixture, the system comprising a group of individual carbon dioxide 

removal structures, each individual removal structure within the group comprising a porous solid 

substrate supported on the removal structure, each porous, solid substrate having a sorbent 

supported upon its surfaces, the sorbent being capable of adsorbing or binding to carbon dioxide, 

to remove carbon dioxide from a gas mixture; a closed loop support for the group of the removal 

structures, the closed loop support being so arranged as to permit movement of the individual 

removal structures along the closed loop support; and a sealable regeneration box at one location 

along the closed loop support, into which a removal structure can be sealably placed, such that
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9 when a removal structure is sealed in place therein, carbon dioxide sorbed upon the sorbent is 

stripped from the sorbent and captured, and the sorbent regenerated; the sealable regeneration 

box further comprising a sealable conduit connecting the regeneration box to a source of process 

steam, and a conduit connecting to an exhaust pump for removing gases from the regeneration 

box; the removal structures supporting the porous substrates in a position along the closed loop 

support outside of the regeneration box such that at least one major surface of the substrate is 

being exposed to a stream of the carbon dioxide laden gas mixture and the opposed major surface 

of the substrate is being directly exposed to the atmosphere; such that when the sorbent is 

exposed to a flow of carbon dioxide laden gas mixture it binds to the CO2, removing the CO2 

from the gas mixture; the number of removal structures to the number of regeneration boxes 

being directly determined by the ratio of the adsorption time (for removing CO2 from the gas 

mixture) to the regeneration time (for stripping CO2 from the sorbent on the porous substrate), the 

adsorption time being the time to adsorb, on the sorbent, CO2 from a gas mixture, from a base 

level to a desired level on the sorbent, and the regeneration time being the time to strip the CO2 

from the desired level back to the base level on the sorbent.

[0017] These and other features of this invention are described in, or are apparent from, the 

following detailed description, and the accompanying drawings.
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BRIEF DESCRIPTION OF THE FIGURES AND EXHIBITS

[0018] FIG. 1 is a diagrammatic top view of a mutually interactive pair of rotating multi

monolith systems for removing carbon dioxide from the atmosphere according to an exemplary 

embodiment of this invention;

[0019] FIG. 2 is a diagrammatic elevation view of the rotating multi-monolith system of 

FIG. 1 for removing carbon dioxide from the atmosphere according to an exemplary 

embodiment of this invention;

[0020] FIG. 3 is a diagrammatic top view of an alternative mutually interactive pair of 

rotating multi-monolith systems for removing carbon dioxide from the atmosphere according 

to another exemplary embodiment of this invention;

[0021] FIG. 4 is a diagrammatic elevation view of the rotating multi-monolith system of 

FIG. 3 for removing carbon dioxide from the atmosphere according to that exemplary 

embodiment of this invention;

[0022] FIGS. 5 and 5A-H are schematic illustrations of a vertical offset version of a pair of 

regenerating chambers for removing carbon dioxide from the monolith medium of FIGS. 1 

through 4, utilizing a vertical motion system or elevator to move the monolith between the 

rotating track level, upper air contact position (where the air movement is aided by a 

mechanical blower) and the vertically offset regeneration chamber position;

[0023] FIG. 6 is a top plan [schematic elevation] view of the regeneration chambers and 
monoliths on adjacent monolith sysems showing the piping system arrangement for each 

chamber and between the chambers;

[0024] FIGS. 7A and B are schematic elevation views showing fans which are stationary 

and which rotate with each monolith, respectively;

[0025] FIG. 8A is a diagrammatic side elevation view of a Design for Dual Induced Axial 

Fans and Plenums of FIGS. 7A, B;
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[0026] FIG. 8B is a diagrammatic front elevation view of a Design for Dual Induced Axial

Fans and Plenums of FIGS. 7A, B;

[0027] FIG. 9 is a diagrammatic cut-away elevation view of the Design for Dual Induced 

Axial Fans and Plenums of FIG. 8B, along lines 9-9;

[0028] FIG. 10 is a Design of Seal Systems on the monoliths, where the Angles and 

Dimensions are Exaggerated for Explanation Purposes;

[0029] FIG. 11 is a diagrammatic top view of a mutually interactive pair of rotating multi

monolith systems for removing carbon dioxide from the atmosphere according to another 

exemplary embodiment of this invention; and

[0030] FIG. 12 is a diagrammatic elevation view of the mutually interactive pair of rotating 

multi-monolith system, taken along lines 11-11 of FIG. 11, for removing carbon dioxide from 

the atmosphere.
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DETAILED DESCRIPTION OF INVENTION

[0031] A conceptual design for a system to perform these operations is shown in Figures 1 

and 2. A slight variation on the concept is shown in Figures 3 and 4. The overall conceptual 

design is discussed above, and a detailed discussion of the operation and the ancillary 

equipment that will be required is set out below.

[0032] In this embodiment, there are ten “monoliths” located in a decagon arrangement 

and which are located on a circular track. There are two circular/decagon assemblies 

associated with each process unit and they interact with each other (see Figures 1-4). Air is 

passed through the monoliths by induced draft fans located on the inner sides of the monoliths. 

At one location the monoliths are in a position adjacent to a single sealable chamber box, into 

which each monolith is inserted, as shown by vertically moving the bed out from the track, for 

processing (i.e. where they are heated to a temperature of not greater than 130 C., and more 

preferably not above 120 C., preferably with precise heat steam to release the CO2 from the 

sorbent and regenerate the sorbent). Alternatively, the box can be on grade. In this 

embodiment, the adsorption time for adsorbing CO2 by the monolith is ten times as long as 

sorbent regeneration time.

[0033] It should be understood that although the use of porous monoliths is preferred, it is 

feasible to use stationary beds of porous particulate, or granular, material supported within a 

frame, in place of the monolith. In both cases the porous substrate supports an amine sorbent 

for CO2, when the bed has the same surface area as the monolith for supporting the adsorbent.

Mechanical Requirements

[0034] FIGS. 1-4, 11 and 12 show the basic operational concepts of the system. There are 

ten “monoliths” 21, 22 located in each decagon assembly arrangement and which are movably 

supported on a circular track 31, 33. There are two circular/decagon assemblies A, B 

associated with each process unit and they interact with each other. Air is passed through each 

of the monoliths 21, 22 by induced draft fans 23, 26, located radially interiorly of each of the 

decagon assemblies, and inducing a flow of air out of the inner circumferential surface of each 

monolith, and up away from the system. At one location along the track 31, 33, the monoliths 

9
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21, 22 are adjacent to a sealable regeneration box 25, 27 into which the monoliths 22, 22 are

inserted for regeneration processing after having completed one rotation around the track.

[0035] Thus, as shown in FIGS. 1 and 2, a first Bed 21 is rotated into position beneath the 

regeneration box 25 and then moved vertically upwardly into the box 25 for processing; or if 

the box 27 is located below grade, FIG. 4, the Beal 22, is then moved vertically downwardly 

into the box 127 for processing; or if on grade, assembly is rotated to move the Bed 21, 22 out 

of the box 27, so that Bed 21, 22 is in position when movement along the track is halted for all 

of the monoliths. When the Bed 21 has been regenerated it is moved back onto the track and 

the bed assembly is rotated, so that the next Bed 21-2, 22-2 is in position. Bed 2 is then moved 

into the box for processing and then returned to the ring. This process is repeated continually. 

The two ring assemblies operate together, although the monoliths for each decagon are moved 

in and out of their boxes at slightly different times, as explained below, to allow for the 

passage of heat, e.g., between Box 25 and Box 27, when regeneration in one is completed to 

provide for preheating of the other box. This saves heat at the beginning of the regeneration 

and reduces cost of cooling the bed after regeneration.

[0036] Three locations for the regneration boxes 25, 27 are presented. In FIGS. 1 and 2, 

the regeneration boxes 25, 27 are placed above the rotating bed assemblies (at nominal grade) 

and the monoliths are moved vertically up into the boxes for regeneration. The only elevated 

structure is that required for the boxes, which are located above the rotating monoliths on a 

cantilevered structure.

[0037] In Figures 3 and 4 the boxes 125, 127 are located below grade and under the 

rotating bed assemblies. The boxes would be located in a single excavation with adequate 

access for maintenance and process piping. The beds are moved vertically downwardly into 

the boxes.

[0038] In Figures 11 and 12 the regeneration boxes 321, 327 are located on grade with the 

rotating bed assemblies. The boxes would be located with adequate access for maintenance 

and process piping also on grade. Suitable mutually sealing surfaces would be located on the 

box and on each bed, so that as the bed rotates into position in the box, the box 322, 327 is 

sealed.
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[0039] In all cases ancillary equipment (such as pumps, control systems, etc.) would

preferably be located at grade within the circumference of the track supporting the rotating bed

assemblies 29, 39. The regeneration boxes could be located in different levels, in particular

situations without departing from the concept of this invention.

[0040] These designs, compared to prior disclosed apparatus in the prior art, would:

• Minimize structural steel;

• Place all major equipment at grade level apart from the regeneration boxes 

which are only acting as containment vessels;

• Ensure that there is no interference with air flow to the monoliths, where the 

boxes are at different levels from the track;

• Only require one or no vertical movement equipment for the monoliths, for 

insertion into the single box for each group of, e.g., 10, monoliths;

• Minimize or eliminate the time required for bed movements in and out of box, 

especially when the boxes are on grade;

• Allow all piping to be in fixed positions; and

• Allow the two regeneration boxes to be adjacent to each other with minimum 

clearance to permit the heat exchange desirable for increased efficiency.

[0041] The mechanical operations, with necessary machinery and power, that are required 

include:

• Rotation of the two sets of bed assemblies around a circular track on a support 

structure

• Precise locating elements to precisely locate the position where the monoliths 

are to be stopped so as to ensure the free movement of the monoliths into and 

out of the regeneration box

• Removal of the bed from the bed assembly on the track, insertion of the bed 

into the regeneration box, removal of the bed from the regeneration box and re

insertion of the bed into its position on the track assembly. All of these 

movements occurring in a vertical direction, or alternatively as part of the 

horizontal rotational movement on the track. The monoliths and regeneration 
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boxes are designed so that, for vertically movable monoliths there is an air-tight

seal between the top or bottom of each monolith and the support structure of the

box. Examples of some conceptual designs for such seals are shown in Figure

10.

[0042] In all cases, referring to FIGS. 1-6, a Bed 21-1 (Ring A) is rotated into position and 

then moved up or downwardly into the Box 25 for processing. The pressure in Box 25 

(containing Bed 21-1, Ring A) is reduced using, e.g., a vacuum pump 230, to less than 0.2 

BarA. The Box 25 is heated with steam at atmospheric pressure through line 235 and CO2 is 

generated from Bed 21-1 and removed through the outlet piping 237 from the Box 25 for the 

CO2 and condensate which is separated on a condenser 240 (FIG. 5A). Bed 22-1 (Ring B) is 

then placed in Box 27 (Ring B) while Box 25 is being processed, as above (FIG. 5B). The 

steam supply to Box 25 is stopped and the outlet piping for the CO2 and condensate isolated. 

Box 25 and Box 27 are connected by opening valve 126 in connecting piping 125 (FIG. 5C).

[0043] The pressure in Box 27 is lowered using a vacuum pump 330 associated with Box 

27. This lowers the system pressure in both boxes and draws the steam and inerts remaining in 

Box 25 through Box 27 and then to the vacuum pump. This cools Box 25 (and thus Bed 21-1 

Ring A) to a lower temperature (i.e. the saturation temperature at the partial pressure of the 

steam in the box) and reduces the potential for oxygen deactivation of the sorbent when the 

Bed 21-1 is placed back in the air stream. This process also pre-heats Box 27 (and thus Bed 

22-1 Ring B) from ambient temperature up to the saturation temperature at the partial pressure 

of the steam in the box 250. Thus energy has been recovered and the amount of atmospheric 

pressure steam required to heat the second Box 27 (and Bed 22-1 Ring B) is reduced (FIG. 

5D). As the vacuum pump 330 lowers pressure in the Boxes 25 and 27, the first Box 25 is 

reduced in temperature (from 100° C. approx, to some intermediate temperature) and the 

second Box 27 is increased in temperature (from ambient to the same intermediate 

temperature). CO2 and inerts are removed from the system by the vacuum pump 330.

[0044] The valve between the first Box 25 and the second Box 27 is closed and the boxes 

isolated from each other. Bed 21-1 Ring A is now cooled below the temperature where oxygen 

deactivation of the sorbent is of concern when the bed is placed back in the air stream. The 

second Box 27 and Bed 22-1, Ring B, have been preheated and thus the amount of steam 
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required for heating the Box and Bed is reduced (FIG. 5E). Bed 21-1 Ring A is then raised

back into the bed assembly. The Ring A bed assembly is rotated by one bed and Bed 21-2

Ring A is then inserted into Box 25, where it is ready for preheating. Box 27 is heated with

atmospheric steam and the stripped CO2 is collected (FIG. 5F).

[0045] When the second Box 27 (containing Bed 22-1 Ring B) has been fully regenerated 

the steam supply to Box B is isolated and the piping for the CO2 and condensate is isolated 

using valves 241, 242. The valving 126 between the first Box 25 and the second Box 27 is 

opened and the pressure in the Boxes 25, 27 is reduced using the vacuum pump 230 system for 

Box 25. The temperature of the second Box 27 (and thus Bed 22-1, Ring B) is reduced (see 5 

above). The temperature of the first Box 25 (containing Bed 21-2, Ring A) is increased (see 5 

above) (FIG. 5G). The vacuum pump 230 lowers pressure in Boxes 25, 27. Box 25 is reduced 

in temperature (from 100°C approx, to some intermediate temperature). Box 27 is increased in 

temperature, (from ambient to the same intermediate temperature). CO2 and inerts are 

removed from the system by the vacuum pump 230. Bed 22-1, Ring B, is raised back into the 

ring assembly and the assembly rotated one bed. Bed 22-2, Ring B, is then inserted into Box 

27. Box 25 (containing Bed 21-2 Ring A) is heated with atmospheric steam to release the CO2 

and regenerate the sorbent (FIG. 5H). The pre-heating of Box 27 then occurs as described 

above. The process is repeated for all of the beds as the Decagons are rotated many times.

Design Parameters

[0046] The current basis for the design of the system is as follows:

Weight of individual monolith to be moved: 1,500 - 10,000 lbs. (including support 

structure)

Approximate size of bed: Width - 5-6 meters

Height - 9-10 meters

Depth - 0.15-1 meter

[0047] It should be noted that the bed dimensions could be adjusted depending upon the 

particular conditions at the geographic location of each pair of systems, and the desired, or 

attainable, processing parameters.
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[0048] For a system including 10 monoliths in each of the Decagon rings, the outer 

dimensions of a preferred circular/decagon structure would be about 15-17 meters, preferably 

about 16.5 meters. The monolith support structures could be individually driven, for example 

by an electric motor and drive wheel along the track, or the support structures could be secured 

to a specific location along the track and a single large motor uised to drive the track and all of 

the structures around the closed loop. In either case, the regeneration box is placed at one 

location and all of the structures can stop their movement when one of the support structures is 

so placed as to be moved into the regeneration box. The economics of a single drive motor or 

engine, or multiple drve motors or engines, will depend on many factors, such as location and 

whether the driving will be accomplished by an electrical motor or by some fuel driven engine. 

The nature of the driving units is not itself a feature of this invention, and are all well-known to 

persons skilled in the art. Examples of suitable engines include internal or external combustion 

engines or gas pressure driven engines, for example operating using the Stirling engine cycle, 

or process steam engines or hydraulic or pneumatic engines.

[0049] When a regeneration box is located above the track level, the top will be about 20 

meters above the grade of the track, and when the regeneration box is located below the grade 

of the track, the top of the box will be immediately below the track grade. A box on grade will 

only be minimally above the tops of the monoliths, so as to accomodate the monolith wholly 

within the box during regeneration.

[0050] Where the regeneration box is not on grade, the elevator system for moving the 

monolith into and out of the regeneration box should be able to accomplish the movement into 

and out of the box during a period within the range of 30 seconds to 120 seconds, and 

preferably between 30 and 45 seconds. The shorter the time period, the greater the flexibility 

in the process parameters that are available for the process. It is recognized that there are 

certain inherent mechanical limitations in moving the massive monoliths. One advantage 

where the regeneration box is on grade, is that vertical movement is not needed, as the 

monolith merely rotates into the box, as part of its rotational movement, and seals; thus 

avoiding the vertical movement, the loss of time and the additional capital cost of the elevators. 

In each case, the two edges of the bed are solid and form seals with the edges of the 

regeneration box.
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Operational and Design Details

[0051] This section is divided into the following sub-sections:

• Section i - Description of the overall system design and the use of the carburetor 

system for energy recovery

• Section ii - Process description including simplified PFD and description of major 

items of equipment

• Section iii - Conceptual mechanical design

• Section iv - Issues that have to be examined in more detail to arrive at a final optimized 

design

Discussion

i. CO^Adsorption and Removal Process

[0052] In the process of this invention, CO2 is adsorbed from the atmosphere by passing 

air, or mixtures of air and effluent gases, through a sorbent bed, suitable sorbents prteferably 

include amines, and preferably polyamines with at least a major proportion of the amine 

groups on the sorbent being primary amines. Once the CO2 has been adsorbed by the sorbent 

it is stripped from the sorbent and collected, while the sorbent is regenerated. This step is 

performed by heating the sorbent with steam in a sealed containment, or regeneration, box. 

This releases the CO2 and regenerates the sorbent. The CO2 is collected and the sorbent is then 

available to re-adsorb CO2 from the atmosphere. A limiting parameter on the process is that 

the sorbent can be de-activated if exposed to air at too elevated a temperature. Thus, usually 

the sorbent has to be cooled before it is returned to contacting the air stream. This is achieved, 

in accordance with the present invention, by lowering the pressure of the system so that the 

steam and water remaining in the regeneration box after the release of CO2 evaporate, thus 

cooling the system to the saturation temperature of the steam at its new lowered partial 

pressure. Furthermore, as described below, the heat released in this process is used to pre-heat 

a CC>2-loaded sorbent bed, so as to provide approximately 50% sensible heat recovery, with a 

beneficial impact on energy and water use. This concept is useful even if an oxygen resistant

15



WO 2015/103401 PCT/US2014/073014

sorbent is utilized to further lengthen the effective life of the sorbent and of the monolith

substrate.

[0053] Generally, a longer time is required for adsorption of CO2 from the air by the 

sorbent, than is required for the release of the CO2 in the regeneration step. With the current 

generation of sorbent this difference will require an adsorption period approximately ten times 

greater for the adsorption step compared with that required for CO2 release and sorbent 

regeneration. Thus a system with ten monoliths and a single regeneration unit has been 

adopted as the current basis. If a sorbent is operating in a system where it will have an 

adsorption period only approximately five times greater for the adsorption step compared with 

that required for CO2 release and sorbent regeneration, the number of monoliths required in a 

system, for each regeneration box, could be reduced, e.g., to one regeneration box to serve 5 

monoliths. This also depends upon the concentration of CO? in the gas mixture being treated, 

and the desorption period for any particular sorbent,

[0054] As discussed above, the regenerated sorbent bed is preferably cooled before it is 

exposed to air so as to avoid potential de-activation by the oxygen in the air. In accordance 

with this invention, this cooling is achieved by lowering the system pressure in the 

regeneration box, after regeneration has occurred, thus lowering the steam saturation 

temperature. According to this invention, this is accomplished in a way that a significant 

amount of energy removed from the regenerated monolith during the de-pressurization step, is 

transferred to a second bed containing COi.loadcd sorbent prior to its desorption step, thus 

providing some of the energy to heat the second bed to release the CO2 and regenerate the 

sorbent. This heat transfer from one regeneration box to a second reduces the operating cost of 

providing solely fresh steam to heat the monolith bed. The remaining heat duty for the second 

box is achieved by adding atmospheric steam, but less is required thus saving costs. This 

process is repeated for alternate monoliths in each of the two boxes and improves the overall 

thermal efficiency of the system. This concept is shown in Figures 1 through 6, 1 land 12.

[0055] In the preferred embodient as shown in these drawings, there are ten “monoliths” 

located in a decagon arrangement and which are located on a circular track. There are two 

circular/decagon assemblies associated with each process unit and they interact with each other 

(see Figure 1 and Figures 5A-5H). Air is passed through the monoliths by induced draft fans 
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preferably located opposite the radially inner surfaces of the monoliths. At one location the 

monoliths are adjacent to a box into which the monoliths are inserted, as shown by vertically 

moving the bed out from the track, for processing (i.e. where they are heated with steam to 

release the CO2 from the sorbent and regenerate the sorbent). Alternatively, the box can be on 

grade, so that the monolith merely moves along the track into the regeneration box 1 or moves 

outwardly from the track, into a box, and on grade. The latter method reduces the energy used 

in moving the bed, while allowing the two regeneration boxes to be located adjacent, closer to 

each other.

[0056] The basic operational steps for the systems of Figures 1-4 and 11-12 as defined 

above would thus be:

1. Bed 21-1 (Ring A) after making one full rotation, is rotated into position and 

then moved, e.g., vertically into the Box 25 for processing, FIGS. 1-4 and 5.

2. Box 25 (containing Bed 21-1 (Ring A)) is heated with steam at atmospheric 

pressure and CO2 generated is removed, FIG. 5A-H.

3. Bed 22-1 (Ring B) is placed in Box 27 while Box 25 is being processed to 

regenerate the sorbent.

4. The steam supply to Box 25 is stopped and the outlet piping for the CO2 and 

condensate isolated. Box 25 and Box 27 are connected by opening valves in 

connecting piping 125.

5. The pressure in Box 27 is lowered using a vacuum pump 330 associated with 

Box 27. This lowers the system pressure in both boxes and draws the steam and 

inerts remaining in the regenerated Box 25 into the other Box 27 and then to the 

vacuum pump 330. This cools the regenerated Box 25 (and thus Bed 21-1 Ring 

A) to a lower temperature (i.e. the saturation temperature at the partial pressure 

of the steam in the box) and reduces the potential for oxygen deactivation of the 

sorbent when it is placed back in the air stream. This process also heats Box 27 

(and thus Bed 22-1 Ring B) from its temperature after adsorption up to the 

saturation temperature at the partial pressure of the steam in the box 27. Thus
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energy has been recovered from the regenerated Box 25, and the amount of

atmospheric pressure steam required to heat Box 27 (and thus Bed 22-1 Ring B)

is reduced.

6. The valve 125 between the two Boxes 25, 27 is closed and the boxes isolated 

from each other. Bed 21-1, Ring A is now cooled below the temperature where 

oxygen deactivation of the sorbent is of concern when the bed is placed back in 

the air stream. The second Box 27 and Bed 22-1 Ring B have been preheated 

and thus the amount of steam required for heating the Box and Bed is reduced.

7. Bed 21-1 Ring A is then vertically moved back onto the Decagon track 

assembly. Box 27 is heated with atmospheric steam and the CO2 is collected. 

The Ring A bed assembly is rotated by one bed and Bed 21-2 Ring A is then 

inserted into the regeneration Box 25, where it is ready for preheating. FIG. 

5H.

8. When Box 27 (containing Bed 22-1 Ring B) has been fully regenerated the 

steam supply to Box 27 is isolated and the piping 337 for the CO2 and 

condensate is closed using valves. The valving between the Box 25 and the 

regenerated Box 27 is opened and the pressure in Boxes 27, 25 is reduced using 

the vacuum pump 230 for Box 25. The temperature of Box 27 (and thus Bed 

22-1 Ring B) is reduced (see 5 above). The temperature of Box 25 (containing 

Bed 21-2 Ring A) is increased (see 5 above).

9. Bed 22-1 Ring B is raised back into the bed assembly and the assembly rotated 

one bed. Bed 22-2 Ring B is then inserted into Box 27. Box 25 (containing 

Bed 21-2 Ring A) is heated with atmospheric steam to release the CO2 and 

regenerate the sorbent.

[0057] It is understood that reference to a “bed” includes both a monolithic substrate as 

well as an enclosed particulate bed held within the same size volume.

[0058] This process is repeated continually and the two ring track assemblies operate 

together, although the monoliths for each decagon are moved in and out of their boxes at
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slightly different times, so that the heat from cooling the earlier regenerated box preheats the

later box when the later monolith is in place.

[0059] In Figures 1 and 2 the boxes are placed above the rotating bed assemblies (which 

are located at nominal grade) and the monoliths are moved up into the boxes. The only 

elevated structure is that required for the boxes, which are located above the rotating monoliths 

on a cantilevered structure.

[0060] In Figures 3 and 4 the boxes are located below grade and under the rotating bed 

assemblies. The boxes would be located in a single excavation with adequate access for 

maintenance and process piping.

[0061] In Figures 11 and 12, the boxes are located on grade, preferably over the track so 

that no additional vertical movement at the machinery is necessary. Alternatively, the 

regeneration box on grade can be located outwardly from the Decagons, and moved radially 

from the track.

[0062] In either case ancillary equipment (such as pumps, control systems, etc. - see 

section 2) would be located at grade radially inside of the rotating bed assemblies.

ii. Process Equipment and Controls

[0063] Figure 6 shows the general design from the proposed system:

• There are two decagons of monoliths in a single system. Thus a single system 

contains 20 (twenty) monoliths.

• There are nine fan installations for each decagon (there is no set of fans at the 

location where the monoliths are inserted into the boxes). At present it is 

preferred that there will be two vertically arranged axial fans associated with 

each bed of the size described above, i.e., a height of 10 meters and a width of 5 

meters. Thus for a single system there will be 2 x 18 = 36 axial fans. However, 

the selection of the number and size of fans depends upon many factors.
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• The nine fans per decagon each remain stationary (i.e. they will not rotate with 

the beds). Preferably a sealing system such as walls with a flexible end seal is 

provided with each fan, to minimize bypassing of the air around the monoliths. 

It is understood that the monoliths do not move continuously, but rather stop as 

one bed reaches the regeneration box location, and then restarts as that bed 

leaves the regeneration box. The stationary fans are located so that when a bed 

enters a regeneration box, each bed is located opposite to and sealed with a fan 

installation. Alternatively, the fans can be attached to the rotating bed structure 

and be fixed with the beds. In that case the number of fans would increase to 2 

x 20 = 40 axial fans per single system. (See Section 3).

• There are two regeneration boxes 25, 27 in a single double track ring system; 

each box serves one of the decagons.

• The size of the monoliths is not standardized. As an initial estimate it should be 

assumed that each bed is 5 meters wide x 10 meters tall by 1 meter deep. This 

initial size can be modified based upon economic analysis and other factors.

• Only the major valving is shown in Figure 6 and additional valving, 

instrumentation, piping and controls are required for safe commercial operation, 

which are well known to the art.

[0064] During regeneration and CO2 release from a bed, steam at atmospheric pressure and 

a temperature of 100°C - 120°C is supplied directly to the regeneration Box 25, 27 containing 

the bed. The effect of the steam is to heat the bed and the box and release CO2 and produce 

condensate. The condensate is removed to a collection system. The CO2 is removed from the 

box, together with some steam and inerts, by the action of the CO2 Blower 225, 227. The 

exhaust stream from the box is passed through a heat exchanger (condenser) 240 where the 

stream is cooled and further condensate is produced, which is sent to the condensate collection 

system 291. Finally the product CO2 is sent via line 229 to storage and compression or can be 

used directly in another process, such as algae growth, without compression. The compression 

of the CO2 is not included in the scope of this process description. Preferably, the air is at least 

partially withdrawn from the regeneration box 25, 27, after it is sealed with the bed, before the
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steam flow is started, especially where the CO2 is to be compressed. Preferably, the pressure

in the sealed regeneration box is reduced to not greater than 0.2 BarA before feeding the steam

and stripping the CO2. It is preferred that as much of the non-condensibles from air be

removed as feasible, in order to reduce the cost of compression.

[0065] It is desirable to reduce the amount of water in the CO2 exhaust stream after the 

condenser, as the more water present the higher will be the compression costs associated with 

storing the CO2 product; more condensate will have to be removed in the inter-stage coolers of 

the compressors if not removed upstream. The amount of steam left in the exhaust stream sent 

to storage will be a function of the lowest temperature of coolant that is available and the size 

of the condenser that is installed. Determination of these values in any particular case is based 

upon an economic assessment of the relative costs of compression (capital and operating), 

coolant temperature (e.g. whether to use ambient air, cooling water or a refrigerant) and capital 

cost of the heat exchanger.

[0066] If correctly designed, the condenser should also be able to separate the liquid and 

vapor streams. However, a knock-out drum or similar type unit may be required to separate 

the liquid and vapor streams before the vapor stream is passed to the CO2 Blower 225, 227.

[0067] The CO2 Blower 225, 227 could be a liquid ring pump. If that type of unit is 

selected then it will be able to handle liquid condensate in the incoming feed and the 

condensate will be eliminated from the liquid ring system and sent to condensate storage. If a 

liquid ring type pump unit is not used then additional steps may be required to ensure that the 

vapor stream entering the blower does not contain a significant amount of liquid. Therefore, 

the selection of the type of unit used for the CO2 Blower may have an impact on the design of 

the upstream equipment.

[0068] When the regeneration step is completed, all valving is closed and thus both boxes 

are isolated. In order to next cool the box and bed that have just finished the CO2 release and 

sorbent regeneration step and pre-heat the other box and bed, which are at ambient temperature 

the following steps occur:

• The isolation valve 126 between the boxes is opened
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• The vacuum pump 230, 330 associated with the bed at ambient conditions is 

turned on

• The effect of the vacuum pump is to draw the steam (initially at, e.g., 

atmospheric pressure and approximately 100°C) from the box that has finished 

CO2 production and bed regeneration (the “hot” box), into the box at ambient 

temperature. The lower pressure will cool the hot regenerated box and 

regenerated bed to a temperature substantially below the initial temperature 

after regeneration, i.e., approximately 100°C, due to the reduction in partial 

pressure of the steam which reduces the saturation temperature of the steam. As 

the vapor and steam are drawn from the “hot” box and bed this stream will start 

to heat the second box and bed (initially at ambient temperature) due to 

condensation of the steam on the walls of the box and inside the channels of the 

sorbent bed. As the vacuum pump operation continues, the pressure in both 

boxes decreases and reaches a final pressure (approximately 0.2 Bar A in the 

current example). At this point both boxes and their monoliths will be at 

approximately the same temperature (approximately 60°C in the currently 

example). Thus the “hot” bed has been cooled to a temperature where, when it 

is returned to the air stream for further CO2 adsorption, the sorbent will not be 

deactivated to any significant extent by the presence of oxygen in the air. 

Simultaneously, the bed at ambient temperature has been provided with a 

significant proportion of the heat needed to raise its temperature to 

approximately 100°C for the CO2 stripping from, and regeneration of, the 

sorbent. The final pressure to which the combined boxes will be brought is 

determined by the temperature restrictions on the sorbent in the presence of 

oxygen.

• Once the defined pressure level in both boxes 25, 27 is reached the vacuum 

pump 230, 330 is stopped, the isolation valve 126 between the boxes is closed 

and the regeneration bed is returned to atmospheric pressure.

• The cooled bed is returned to the ring track assembly, which assembly rotates 

until the next bed is moved into position to enter the box, and the rotation then 

stops.
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• The second box and bed in the second box 25, 27 that were pre-heated to 

approximately 60°C, is in the meantime supplied with atmospheric pressure 

steam and heated to 100°C for CO2 removal and sorbent regeneration. The 

CO2, steam and inerts are removed by the CO2 Vacuum Blower 225, 227 

associated with that Box. (See text above and FIG. 6).

• The process is then repeated continually, to altematingly regenerate Boxes 25, 

27.

[0069] It is possible that only a single CO2 Blower and a single CO2 Vacuum Pump could 

be used for each pair of regeneration boxes, a separate blower and pump for each box, or a 

central system, i.e. a single CO2 Vacuum Pump 230, 330 and a single CO2 Blower 225, 227 

could be used to serve multiple system pairs.

[0070] Figures 1 and 2 show the conceptual mechanical design where there are two 

decagons in each system and where the beds are raised into or from the boxes which are 

located above the circular track system and supported by a cantilevered structural steel 

structure. Figures 3 and 4 show a similar concept except that the boxes are located below 

grade in a single excavation and the boxes are lowered into the boxes. It is also feasible to 

have the box on grade, and merely rotate each bed into a sealed relationship with the box, as 

the ring rotates and then stops when the bed is sealed in the regeneration box.

[0071] Figure 7A shows the conceptual design of the fan support system for the induced 

draft axial fans. Vertical walls 38 extending from each edge of the beds to a location radially 

inwardly of the fans tonlv one such wall is shown in FIG. 7A) along with a surface seal 136 

where the walls cornacr me eage of the beds, plus top and bottom surfaces 36, 37 shown in 

cross-section, extending between the vertical walls, will prevent air from bypassing around the 

beds 21, 22, with the fans 26 remaining in a fixed position. Preferably, each of the walls 38 

and top 36 and bottom 37 surfaces are provided with an elastomer bumper 136 that would not 

contact the front of the bed 22 but which would press against the edges of the bed when the 

bed 21 was fully rotated into the air capture positioi

[0072] Figure 7B shows a conceptual design where the fans 326 are rotated with their 

associated monoliths 21. This would require the fan support structures to be part of the ring
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rotation system and would increase the power required for rotating the monoliths, particularly

the initial torque required to start the rotation. This option would allow the bypassing of air

around the bed to be eliminated as the seals would be permanent and would not have to move.

[0073] Figures 8A, B and 9 show a conceptual arrangement of the fans 326 and plenums 

425 that could be employed to ensure even distribution of the air across the monoliths using 

two fans per bed, when the beds are 10 meters tall.

[0074] The mechanical operations that will be required of the positioning system to ensure 

that the monoliths will be moved into and out of the boxes precisely include:

• Rotation of the two sets of bed assemblies around a circular track on a support 

structure.

• Precise location of the position where the monoliths are to be stopped so as to 

ensure the free movement of the monoliths into and out of the regeneration 

boxes, and into and out of the sealable relationships with the air guidance walls 

and seals, when the fans are stationary.

• Removal of the bed from the bed assembly, insertion of the bed into the 

regeneration box, removal of the bed from the box and re-insertion of the bed 

onto the circular track assembly, where the bed is to be vertically moved. When 

the regeneration box is on grade, removal of the bed would not be necessary.

[0075] The monoliths are to be designed so that there is an air-tight seal between the 

monoliths and the internals of the box, and between the bed and the fan support structure when 

in the positions where air is passed through the bed. Figure 10 shows a conceptual design for a 

side by side tapered seal system that will seal the bed in either the upper and lower 

regeneration box (Fig. 10A) positions of a regeneration box (Fig. 10B). Fig. 10C depicts an 

elevation view.

[0076] Two seal systems are installed side by side on each bed frame, each matched with a 

channel 150 in a regeneration box. One channel is in the box and the other channel is in the 

ring assembly where the bed is located for CO2 removal from the air stream.
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[0077] Each of the channels 150 into which the seals will pass is also tapered. When 

inserted upwards the seal used is narrow at the top - relative to the channel which is wide at 

the bottom relative to the seal. This results in a tolerance for the seal to be inserted into the 

channel in which it will slide and seal. The channel into which the seal slides is also tapered to 

match the taper of the seal. As the bed is raised the gap between the channel and the seal 

narrows. This both gradually centers the bed in the correct location and also gradually 

decreases the gap between the seal and the channel. When fully raised the seal and the channel 

are the same width from top to bottom, the seal is tight against the channel, producing the seal, 

and the bed is located in exactly the correct position.

[0078] When inserted downwards, the other seal is used which is narrow at the bottom, 

which allows a tolerance for the seal to be inserted into the tapered channel (which is wide 

relative to the seal) and has the same taper as the seal) in the lower position within which it 

will slide and seal. As for the seal operation in the upward direction, the gap between the seal 

and the tapered channel will decrease as the bed moves into position, centering the bed and 

producing the required seal. In addition, there is also a seal focused between the bottom of the 

bed and the bottom of the regeneration box above the track and the top of the bed and the top 

of the regeneration box when the box is below the track as in FIGS. 3 and 4. When the 

regeneration box is on grade as in FIGS. 11-12, the edges or sides of the bed for the seal.

[0079] When designing the elevator system for vertical movement of the bed, either up or 

down, the approximate time period desired for bed vertical movement, for monoliths weighing 

about 10,000 lbs, and having the dimensions 5 ms x 10ms x lm, between the track and the box 

- is 30 seconds to 120 seconds. The shorter this time period, the greater the flexibility in the 

process parameters that is available for the development of the process. It is for this reason 

that a regeneration box on grade holds some advantages.

4.1 Sorbent Properties and Bed Thickness

[0080] It should be understood that the specific dimensions and other numerical 

parameters set out above are based upon the use of the now conventional 

Polyethyleneamine (“PEA”) as the sorbent. As improved sorbents are realized, that 

adsorb more quickly and/or are less susceptible to the effects of oxygen at elevated
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temperatures, for example, dimensions and temperatures of operation, as well as the

number of beds per regeneration box and the speed of the beds around the track can

change.

[0081] At present the pressure drop through the sorbent bed (which is usually a 

porous silica or alumina substrate with PEI present on its surfaces) is preferably limited 

to 1 inch H2O and, given the current structure of the sorbent bed and the superficial air 

velocity used for the design (2.5 m/s in the free duct) results in a defined depth (in the 

direction of air flow) for the bed. This, in turn, affects the depth of the box. The 

assumed pressure drop, bed porosity, channel size, superficial air velocity can all be 

modified with changes in the sorbent and/or the substrate, so that in conjunction with 

the sorbent performance, that can result in a different prefered bed depth. One 

improved system is achieved by using a substrate formed from an alumina-coated silica 

with a primary amine polymer, such as a poly(allyl)amine, or one of its derivatives, 

coated on its surfaces.

4.2 Minimum Design Pressure - Regeneration Boxes

[0082] The most significant effect of the minimum design pressure selected will be 

on the cost of the boxes used for heating the sorbent monoliths. The minimum design 

pressure is selected based upon achieving a steam saturation temperature (at the steam 

partial pressure in the box at the minimum design pressure) such that the bed is cooled 

below the temperature at which significant deactivation of the sorbent occurs when it is 

exposed to oxygen in the air stream. The lower the pressure the thicker the plates and 

heavier the stiffening structures required for the box. Utilizing a primary polyamine, 

such as poly(allyl)amine, as now generally available, preferably the current minimum 

design pressure of 0.2 Bar A the box is required to be a large, heavy and expensive item 

of equipment even with a bed size of approximately 3m x 5m x lm. In a commercial 

unit it would be desirable to have a larger bed. However, as the bed size is increased 

the weight and cost of the box will increase in a power relationship (not linearly) with 

the dimensions of the box. In addition, a higher minimum design pressure would allow 

a greater amount of heat recovery, as the “cold” box could be heated to a higher 

temperature and less atmospheric steam would be required. Thus, being able to use a
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higher minimum design pressure (i.e. greater than 0.2 Bar A) would bring significant

advantages, if a sorbent is used that would not be deactivated at the higher temperature.

4.3 Box Materials of Construction

[0083] When the regeneration box is constructed of carbon steel and stainless steel, it 

results in a structure that is heavy and expensive. Other construction materials include, 

for example, carbon fiber (or other man-made material), which would allow for savings 

in cost, as well as in weight.

4.4 Air Distribution Into and Out of Monoliths

[0084] It is essential that the air flow across the monoliths be as uniform as possible. 

The use of induced draft axial fans with suitably designed plenums to guide the air flow 

are useful in this context, and are used, for example, with petro-chemical air cooler 

installations.

[0085] A second issue associated with the air distribution involves the velocity of the 

air passing out of the circle of monoliths in the decagon system. Depending upon the 

ratio of the height of the bed to its width, the air velocity in the plume of air rising out 

of the circular opening formed by the tops of the monoliths may be high, and should be 

considered in the design of the fan plenums.

4.5 Use of a Single Outlet Plenum with the Potential for Energy Recovery

[0086] It is understood that if the size of the monoliths were to be reduced there is the 

potential to use a single very large axial fan installed horizontally in the circular 

opening at the top of the monoliths. This would draw air through the monoliths and 

then move all of the air vertically out of the assembly. There would be a plenum above 

the fan to guide the air and prevent re-circulation. In addition, the outlet plenum could 

be designed to achieve some energy recovery by using a small constriction and then an 

expansion, as is done in cooling towers with a similar fan and plenum arrangement. If 

the amount of air to be moved becomes too large then this option would not be 

practical.
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4.6 Use of Central CO2 Blower and Condensing System and Amount of Condensing 

Required Prior to CO2 Blower

[0087] In the current design there is a condenser 240 upstream of the CO2 Blower 

225. This removes water and reduces the vapor load on the blower. Alternatively, a 

single central condensing system can be used; that would process all of the CO2 product 

streams from all of the units in multiple system pairs. This would reduce the 

complexity of the systems and reduce costs. However, the penalty for this would be 

that each CO2 Blower would have to be designed to handle a wet vapor stream with a 

higher flowrate. Each system should be evaluated to determine the most economic 

option.

4.7 Use of Central CO2 Vacuum Pump

[0088] During the de-pressurizing of the system and transferring heat from the “hot” 

regeneration box to the “cold” regeneration box, a CO2 Vacuum Pump 230 is used. In 

the preferred design shown, a vacuum pump is associated with each regeneration box. 

Under certain circumstances one CO2 Vacuum Pump can serve for both of the boxes in 

the two-ring system. In addition, a single large CO2 Vacuum Pump serving multiple 

systems can be used. Reducing the number of vacuum pumps should reduce the capital 

cost associated with the system.

[0089] Preferably, the use of a liquid ring type pump would appear to be advantageous as 

any condensate produced will be contained in the liquid ring system and more readily 

removed.

4.8 Bed Removal/Sorbent Replacement

[0090] The sorbent monoliths will have to be serviced during the life of the process. 

This would involve maintenance activities on the bed movement systems (both 

rotational and vertical), replacement of the sorbent and maintenance, etc. These 

activities might be performed with the monoliths in position or they may require that 

the monoliths be removed from the assembly. Removal of the monoliths is achieved by 

installing a second lift system which could then move the monoliths out from the track
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9 for access. Alternatively, the monoliths could be designed to be removed using a crane.

Other options are available.

[0091] With the foregoing disclosure in mind, it is believed that various other ways of 

operating multiple bed systems for removing carbon dioxide from a gaseous mixture, in 

accordance with the principles of this application, will become apparent to those skilled in the 

art, including the use of many conventional steps and components that are or shall become 

well-known and would be useful in carrying out the present invention without themselves 

being a part of the invention. The scope of this invention is to be determined only in 

accordance with the scope of the following claims.

[0092] The reference in this specification to any prior publication (or information derived 

from it), or to any matter which is known, is not, and should not be taken as, an 

acknowledgement or admission or any form of suggestion that prior publication (or information 

derived from it) or known matter forms part of the common general knowledge in the field of 

endeavour to which this specification relates.

[0093] Throughout this specification and the claims which follow, unless the context 

requires otherwise, the word "comprise", and variations such as "comprises" or "comprising", 

will be understood to imply the inclusion of a stated integer or step or group of integers or steps 

but not the exclusion of any other integer or step or group of integers or steps.
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1. A system for removing carbon dioxide from a carbon dioxide laden gas mixture, the 

system comprising two groups of individual carbon dioxide removal structures, each 

individual removal structure within each group comprising a porous solid substrate 

supported on the removal structure, each porous substrate having a sorbent supported upon its 

surfaces, the sorbent being capable of adsorbing or binding to carbon dioxide, to remove 

carbon dioxide from a gas mixture; a closed loop support for each of the groups of the removal 

structures, the closed loop supports being so arranged as to permit movement of the removal 

structures of each group along the closed loop supports; and a sealable regeneration box at 

one location along each of the closed loop supports, into which a removal structure can be 

sealably placed, such that when a removal structure is sealed in place therein, carbon dioxide 

sorbed upon the sorbent is stripped from the sorbent and captured, and the sorbent regenerated; 

the sealable regeneration box further comprising a sealable conduit connecting the regeneration 

box to a source of process steam, and a conduit connecting to an exhaust pump for removing 

gases from the regeneration box; each of the removal structures supporting the porous 

substrates in a position along the closed loop support outside of the regeneration box such that at 

least one major surface of the substrate is being exposed to a stream of the carbon dioxide laden 

gas mixture and the opposed major surface of the substrate is being directly exposed to the 

atmosphere; such that when the sorbent is exposed to a flow of carbon dioxide laden gas mixture 

, it binds to the CO2, removing the CO2 from the gas mixture; the number of removal structures 

to the number of regeneration boxes being directly determined by the ratio of the adsorption time 

(for removing CO2 from the gas mixture) to the regeneration time (for stripping CO2 from the 

sorbent on the porous substrate), the adsorption time being the time to adsorb, on the sorbent, 

CO2 from a gas mixture, from a base level to a desired level on the sorbent, and the regeneration 

time being the time to strip the CO2 from the desired level back to the base level on the sorbent.

2. The system of Claim 1, wherein each of the two groups of carbon dioxide removal 

structures comprises one regeneration box and between five and ten removal structures.

3. The system of either Claim 1 or 2, wherein each of the regeneration boxes and the 

removal structures further comprise interacting fluid seals, such that fluid-tight seals are formed 

when a removal structure is held within the regeneration box.
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9 4. The system of any one of Claims 1 to 3, further comprising a sealable fluid connection 

between each regeneration box and an exhaust pump for reducing the atmospheric pressure 

within the sealed regeneration box after a removal structure is sealed within the regeneration box.

5. The system of Claim 4, further comprising a sealable fluid connection between each of 

the regeneration boxes, and a source of process heat steam for each regeneration box; and a 

sealable fluid connection between each regeneration box and a CO2 collection chamber.

6. The system of any one of Claims 1 to 4, wherein the regeneration box for each group of 

carbon dioxide removal structures is located at a vertically different level than the removal 

structures and further comprising elevating apparatus for vertically moving a carbon 

dioxide removal structure into and out of a sealable position within a regeneration box.

7. The system of any one of Claims 2 to 5, further comprising fans drawing in ambient air 

for admixture with a high concentration CO2 gas mixture to create a flow of a carbon dioxide

laden gas mixture through each of the removal structures in order to allow the sorbent to adsorb 

the CO2 from the gas mixture.

8. The system of any one of Claims 1 to 7, further comprising a sealable fluid conduit 

between the two regeneration boxes, and wherein the rotational movement of each of the two 

groups of carbon dioxide removal structures is off-set such that a carbon dioxide removal 

structure enters one of the regeneration boxes after the regeneration of a carbon dioxide 

removal structure in the other regeneration box has started.

9. The system of Claim 7, wherein the fans are stationary and located at positions radially 

inwardly of the endless loop support such that when one of the carbon dioxide removal structures 

in the group of carbon dioxide removal structure is within the regeneration box for that group, 

each of the other carbon dioxide removal structures is in a sealed position with one of the fans to 

receive the flow of carbon dioxide-laden gas mixture.

10. The system of either Claim 7 or 9, wherein the fans are located radially inwardly of the 

closed loop support, and are each attached to one of the carbon dioxide removal structures so as 

to move around the enclosed curve with its carbon dioxide removal structure.
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11. A system for removing carbon dioxide from a carbon dioxide laden gas mixture, the 

system comprising a group of individual carbon dioxide removal structures, each individual 

removal structure within the group comprising a porous solid substrate supported on the removal 

structure, each porous, solid substrate having a sorbent supported upon its surfaces, the sorbent 

being capable of adsorbing or binding to carbon dioxide, to remove carbon dioxide from a gas 

mixture; a closed loop support for the group of the removal structures, the closed loop support 

being so arranged as to permit movement of the individual removal structures along the closed 

loop support; and a sealable regeneration box at one location along the closed loop support, into 

which a removal structure can be sealably placed, such that when a removal structure is sealed in 

place therein, carbon dioxide sorbed upon the sorbent is stripped from the sorbent and captured, 

and the sorbent regenerated; the sealable regeneration box further comprising a sealable conduit 

connecting the regeneration box to a source of process steam, and a conduit connecting to an 

exhaust pump for removing gases from the regeneration box; the removal structures supporting 

the porous substrates in a position along the closed loop support outside of the regeneration box 

such that at least one major surface of the substrate is being exposed to a stream of the carbon 

dioxide laden gas mixture and the opposed major surface of the substrate is being directly 

exposed to the atmosphere; such that when the sorbent is exposed to a flow of carbon dioxide 

laden gas mixture it binds to the CO2, removing the CO2 from the gas mixture; the number of 

removal structures to the number of regeneration boxes being directly determined by the ratio of 

the adsorption time (for removing CO2 from the gas mixture) to the regeneration time (for 

stripping CO2 from the sorbent on the porous substrate), the adsorption time being the time to 

adsorb, on the sorbent, CO2 from a gas mixture, from a base level to a desired level on the 

sorbent, and the regeneration time being the time to strip the CO2 from the desired level back to 

the base level on the sorbent.
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