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FIG. 2

(57) Abstract: A vacuum chamber (2) for a direct air capture process and enclosing an interior space (13) for housing an adsorber
structure (1) is given comprising a contiguous circumferential wall structure (115) along an axis (15), which circumferential wall
structure (115) in an axia direction is closed by an inlet and an outlet axial wall (116), respectively, both axial walls (116) compris -
ing at least one closing stainless steel lid (6) allowing for, in an open position, gas to be circulated through the vacuum chamber (2)
for passing an adsorber structure (1), and, in a closed position, to close the interior space (13) and to allow evacuation of the interior
space (13) down to pressure of 500 mbar s or less.
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TITLE

Direct air capture device

TECHNICAL FIELD
The present invention relates to new direct air capture devices, on the one hand focusing on
a particularly robust and high throughput lid construction for a vacuum chamber, and on
the other hand focusing on a particularly stable and thermally optimized large volume

vacuum chamber for adirect air capture unit.

‘ PRIOR ART

Gas separation by adsorption has many different applications in industry, for example
removing a specific component from a gas stream, where the desired product can either be
the component removed from the stream, the remaining depleted stream, or both. Thereby
both, trace components as well as major components of the gas stream can be targeted by
the adsorption process. One important application is capturing carbon dioxide (C02) from
gas streams, e.g., from flue gases, exhaust gases, industrial waste gases, or atmospheric air.
Capturing C02 directly from the atmosphere, referred to as direct air capture (DAC), is
one of several means of mitigating anthropogenic greenhouse gas emissions and has
attractive economic perspectives as a non-fossil, location-independent C02 source for the
commodity market and for the production of synthetic fuels. The specific advantages of
C02 capture from the atmosphere include: (i) DAC can address the emissions of
distributed sources (e.g. cars, planes), which account for a large portion of the worldwide
greenhouse gas emissions and can currently not be captured a the site of emission in an
economically feasible way; (ii) DAC can address emissions from the past and can therefore
create truly negative emissions; (iii) DAC systems do not need to be attached to the source
of emission but are rather location independent and can for example be located & the site
of further CO2 processing; and (iv) if CO2 that was captured from the atmosphere is used
for the production of synthetic hydrocarbon fuels from renewable energy sources, truly
non-fossil fuels for the transportation sector can be obtained, that create no or very few net
C02 emissions to the atmosphere.

Severa DAC methods have recently been developed based on various technological
approaches. For example, US 8,163,066 B2 discloses carbon dioxide capture/regeneration
structures and techniques; US 2009/0120288 Al discloses a method for removal of carbon
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dioxide from air; US 2012/0174778 discloses a carbon dioxide capture/regeneration
method using a vertical elevator; and W02010022339 discloses a carbon dioxide capture
method and facility.

One particular approach is based on a cyclic adsorption/desorption process on solid,
chemically functionalized sorbent materials. For example, in WO2010091831 a structure
based on amine functionalized adsorbents materials together with a cyclic
adsorption/desorption process using this material for the extraction of carbon dioxide from
ambient atmospheric air is disclosed.

Therein, the adsorption process takes place at ambient atmospheric conditions at which air
is streamed through the sorbent material and a portion of the C02 contained in the air is
chemically bound at the surface of amine functionalized adsorbents. During the subsequent
desorption, the material is heated and the partial pressure of carbon dioxide surrounding
the sorbent is reduced by applying a vacuum or exposing the sorbent to a purge gas flow.
Thereby, the previously captured carbon dioxide is removed from the sorbent material and
obtained in aconcentrated form.

All DAC approaches have one mgor challenge in common which are the very large air
volumes that have to be passed through any capture system in order to extract a certain
amount of C02 from the air. The reason for this is the very low concentration of C02 in
the atmospheric air, currently between 390 and 400 ppm, i.e., roughly 0.04%. Thus, in
order to extract one metric ton of C02 from the atmosphere, at least about 1'400000 cubic
meters of air have to be passed through the capture system. This in turn means that
economically feasible capture systems must have avery low pressure drop on the air flow
passing through them. Otherwise the energy requirements for air pumping will render the
system uneconomical.

In WO2012168346A1, a sorbent material based on an amine functionalized cellulose
adsorbent is disclosed, which can be used for the above described process. In
PCT/EP2014/057185 alow pressure drop structure composed of particle adsorbent beds is
disclosed which can be used for the above described process.

Certain methods of solid sorbent material regeneration in DAC applications, such as
temperature- vacuum swing processes (see eg. W02010091831) involve batch wise
adsorption-desorption processes in which a structure containing sorbent material needs to
be aternately exposed to a high-volume flow air stream (adsorption/contacting) and to
desorption conditions characterized by elevated temperatures and vacuum pressures down
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to 10 mbar fa, This requires structures which on the one hand allow the sorbent material to
be exposed to a high-volume flow of atmospheric air to adsorb C02 and can on the other

hand withstand vacuum pressures down to 10 mbar_ ., sorbent material temperatures up to

abs’
130°C and mixtures of C02, air, and water as vapor and liquid. Due to the batch wise
operation of typical DAC adsorption-desorption process, these structures will experience
periodic thermal and mechanical stresses with cycling times on the order of hours.
Typically devices for gas separation processes comprising pressure and/or vacuum swings
are, for constructional and stability reasons, long, narrow thick walled columns with small
inlet and outlet openings, where "small openings’ mean openings that are significantly
smaller than the cross section of the column. The columns are typically operated as packed
beds with the appropriate flow distributor plates. Prior art devices used for pressure and/or
vacuum swing based gas separation are typically operated with very fast cycle times on the
order of seconds to afew minutes, during which their thermal mass or thermal inertia does
not play amajor role. Further, the devices are typically applied to high pressure flows with
high adsorbate concentrations and can thus use openings and flow conduits significantly
smaller than their cross section as pressure drops are relatively small.

The following documents illustrate this known design applied to typical vacuum pressure
swing adsorption columns:

US 6878186 refers to a method and apparatus to pure vacuum swing desorption in a
classical adsorption column, and to drawings of process and apparatus of classica
adsorption column including some internal details.

EP 0820798 discloses aradial bed adsorber vessel for vacuum/pressure swing adsorption,
wherein the flow passes through a double wall in an annular manifold and then radially
through the bed before being discharged along an axially located exhaust port. Main point
isthe description of flow structures and geometry inside an adsorption column.

US 8034164 relates to multiple pressure swing adsorption columns operating in parallel
and discloses details to column construction and assembly, details to control of flows and
cycle optimization.

Gas flow control over large cross sections is typicaly achieved through actuated lids,
which are sometimes also designated as flaps or dampers. They are typically built into
ducting in usage for ventilation in power plants. They are typically not used for pressure
containers or chambers. The typical maximum pressure difference across such lids in
ventilation applications is about 0.2 bar. On the other hand, conventional process valves
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are designed for sealing pressure differences on the order of several bar up to severa
hundred bar in both directions. This necessitates avery solid construction and strong drives
and actuators as the pressure difference cannot be used as a supporting force for sealing in
both directions. Consequently, very significant material thicknesses make these process
valves relatively costly. Certain devices use mechanical joints with drives as described in
the following prior art documents:

EP 0 864 819 relating to a rotating flap valve built into ducting for use in ventilation
applications. US 7191598 relating to a bypass/redirection damper (valve) for gas turbine
applications. US 5697596 relating to aflap valve for square ducting with mechanical joint
actuator.

A number of vacuum chamber designs have focused on chambers of square cross sections.
Such devices are known in applications - among other - to freeze dryers, fuels cells (e.g.
used in submarines) and vapor deposition chambers. Such devices are either manually
loaded or unloaded or for continuous operation, respectively, under vacuum.

Some prior art systems for contacting and regeneration of solid sorbent material in DAC
applications involve transferring the sorbent material and adsorber structure between a
region of air flow for adsorption and a chamber for regeneration as illustrated in US
2012/0174779 and US2011/0296872. A device for adsorption/desorption structure is
described wherein the adsorber structure is not moved, which offers at least the following
advantages. Firstly, certain adsorber structures suitable for DAC usage rely on gas seals to
the containing walls to prevent bypass flows. The robustness of these seals is significantly
improved if these structures are not moved. Secondly, for applications involving vacuum in
the desorption stage, a movable adsorber structure requires automatically actuated doors
which are a least the size of the adsorber structure limiting hereby either the size of
possible adsorber structures or making the door construction very challenging. Thirdly, in
genera a DAC system performs several 10000 cycles over its lifetime so that every
reduction in moving parts contributes to improved reliability and consequently reduced
maintenance cost.

FR2986440 relates to an adsorption element for the purification or separation of a fluid,
comprising M parallel modules (3, 4, 5), wherein M > 2, each module being spaced apart
from the neighboring module by a volume and comprising at least one parallel passage
contactor housed in a classical adsorption column. The adsorber is characterized in that the

ratio of the volume of adsorbent included in the M modules to the free volume accessible



10

15

20

25

30

WO 2015/185434 5 PCT/EP2015/061807

to the fluid is greater than 0.75.
Documents GB 621 195, FR1 148736, US 3857545, FR1246256, US 2612338 aswell as FR
1595355 disclose vacuum closure elements, however in the context of tubing and not in the

context of carbon dioxide capture devices.

SUMMARY OF THE INVENTION
The object of the present invention istherefore twofold. On the one hand it is an object of
the present invention to make available a new vacuum chamber for a direct air capture
process device with an as low as possible thermal mass but a the same time with an as
high as possible mechanical stability to alow for the application of low vacuum pressures.
On the other hand and also regarded as an invention separate of the above aspect, it is an
object of the present invention to make available a new closure mechanism for a vacuum
chamber suitable for a direct air capture process, which alows for a large flow cross-
section to be available a the open position, but which a the same time alows atight and
robust sealing also under difficult environmental conditions again with a high mechanical
stability at low therma mass.
According to the first aspect of the present invention vacuum chamber, which does not
necessarily have to be a vacuum chamber as outlined below with the ribbing elements, for
a direct air capture process and enclosing an interior space for housing an adsorber
structure is proposed. It comprises a contiguous circumferential circular, rectangular or
square wall structure along or rather around an axis, which circumferential wall structure in
an axial direction is closed by an inlet and an outlet axia wall, respectively. Both axia
walls comprise a least one closing lid alowing for, in an open position, gas to be
circulated through the vacuum chamber for contacting the adsorber structure, and in a
closed position, to close the interior space and to allow evacuation of the interior space
down to pressure of 500 mbar p_ or even below that.
If in the context of the present invention it is mentioned that the structure is provided such
asto alow evacuation of the interior space down to apressure of 500 mbar b, and less, this
is intending to mean that the structure, if standing in an environment of ambient
atmospheric pressure (around 1 atm, i.e. around 101,325 kPa), is able to withstand an
internal pressure of 500 mbar b, or pressures below that, preferably being able to withstand
an internal pressure of 10 mbar g Or less. So the structure is provided to be able to

withstand, e.g. pressures of e.g. in the range of 5- 200 mbar b, or even below that, e.g. 10



10

15

20

25

30

WO 2015/185434 6 PCT/EP2015/061807

mbar bs Or 5 mbar b, or of 10"-8 mbar b, So the structure is able to withstand pressure
differences between the outside and the interior space in the range of 0.95 bar, or 0.99 bar,
or even 0.9999 bar, so closeto or even around 1bar.

According to the first aspect of this invention, at least one, preferably both of said axial
walls are provided with acircular opening with a contact ring, which circular opening can
be closed in a gas tight manner by a single circular lid plate having a diameter just
somewhat larger than said circular opening and in a closed state contacting said contact
ring in an axial direction. Said contact ring is provided, on its axial surface facing said lid
plate in closed position, with afull perimeter circular elastic sealing element.

Surprisingly such a structure is extremely efficient and mechanically stable. As amatter of
fact, under the load of the actuation mechanism in the closed position the circular lid can
dightly deform inwardly, such that imperfections of the sealing (distortions of the contact
ring and/or of the lid, contaminations of the sealing portion such as dust, insufficient
sealing ring quality) are automatically compensated. v

According to a first preferred embodiment of this second aspect, said contact ring is
provided with afull perimeter circular groove which is outwardly (seen with respect to the
interior space) open and facing the lid, and wherein preferably in the circular groove there
is located an O-ring of an elastic material. This O-ring preferably has a cord diameter in
the range of 2-15 mm, preferably in the range of 3-6 mm.

The lid is a circular, preferably stainless steel or steel plate with a diameter in the range of
0.4-1.5mor 05- 15 m,preferably 0.75-1.25 m, and with athickness in the range of 4-12
mm, preferably in the range of 6-10 mm, and which is preferably free from any stiffening
element apart from attachment elements for attaching the mechanism for actuating and
controlling the lid.

Generaly speaking when in the following talking about stainless steel plates or other
stainless steel elements, this shall mean steel element, preferably stainless steel element. So
where mention is made of a stainless steel plates this shall also include steel plates. The
steel plates or elements may e.g. further preferably be surface treated or coated so as to
avoid corrosion, thereby avoiding the need of having to use stainless stedl.

To alow for the deformation of the lid plate preferably the diameter of the lid is in the
range of 90-200, or 90 - 160, more preferably in the range of 105-145 times the thickness
of the lid plate.

The lid, according to a further preferred embodiment, is a flap valve actuated with an
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actuation mechanism located exclusively a the face of the lid opposite to the interior
space, wherein in the open position the lid is brought into a position where its plane is
aligned and essentially coinciding with said axis, and wherein further preferably the
actuation mechanism is a double-lever based actuation mechanism.

The actuation mechanism preferably comprises a drive lever, e.g. driven via a driveshaft a
its first end about afirst axis by a motor, attached a its second end forming a second axis
to afirst end of afront lever. The second end of said front lever istiltably, around atilt axis
of the lid, attached to aportion of the lid located essentially on or near said axis. Preferably
in the position in which the lid is closed the drive lever and the front lever are aligned
essentially along a straight line parallel or essentially collinear with said axis, which allows
for taking over part of the force acting on the lid under vacuum conditions.

According to a further preferred embodiment, for controlling the tilting motion upon
opening, there is provided a control lever which with a first end is rotatable about a
gpatially fixed third axis and with a second end is rotatably attached to a first end of a
coupling lever as well asto afirst end of atilt lever. The second end of said tilt lever is
tiltably attached to the lid at a position offset from the attachment of the front lever around
a fourth axis. The second end of said coupling lever on the other hand is, with its second
end, tiltably attached and rotatable around said second axis.

According to a preferred embodiment of this actuation mechanism the first, second, third
and fourth axes are all arranged parallel and all of them orthogonal to the axis of the
vacuum chamber.

Further preferably there can be provided a pair of guide levers, offset towards both sides
with respect to the arrangement of said central arrangement drive lever, front lever,
coupling lever, control lever and tilt lever, wherein said guide levers are rotatable around a
gpatially fixed lower rotation axis with their first end and with their second end are
rotatably attached around an upper rotation axis to the lid, wherein the upper rotation axis
and the tilt axis are arranged collinearly.

According to the second aspect of the present invention, a vacuum chamber for a direct air
capture process and enclosing an interior space for housing an adsorber structure is
proposed, which comprises a contiguous circumferential wall structure arranged along or
rather around an axis. This vacuum chamber can be provided with a lid construction as
given above. This circumferential wall structure in an axia direction is closed by an inlet
and an outlet axial wall, respectively, both axial walls comprising at least one closing lid
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allowing for, in an open position, gas to be circulated through the vacuum chamber for
passing an adsorber structure or another structure located in the interior space, and, in a
closed position, to close the interior space and to allow evacuation of the interior space,
preferably down to pressure of 500 mbar _ or even below that. The circumferential wall
structure is formed by four adjacent steel plates or preferably stainless steel plates forming
arectangular or sguare cross-section boxlike structure.

Asan dternative the circumferential wall structure is formed by one or several curved steel
plates or preferably stainless steel plates forming a circular cross-section cylindrical
channel like structure.

Thus according to another aspect of the invention, the circumferential wall structure has a
circular cross-section and is preferably formed by one single or a sequence of curved steel
plates, preferably stainless steel plates, with a thickness in the range of 2-8mm, with an
axial length in the range of 0.7-1.8 m.

According to this aspect of the invention, the axia extension, or rather the axial length of
the stainless steel plates of the circumferential wall structure isin the range of 0.6-2.0 m or
0.7-1.8 m, and/or the radia extension or rather the width of the stainless stedl plates of the
circumferential wall structure is in the range of 0.6-1.8 m. Furthermore the stainless steel
plates, on their sides facing away from the interior space, are each provided with aplurality
of axially extending ribbing elements, which ribbing elements are attached to the
respective stainless steel plate section- and/or point wise. The plurality of attachment
sections can be separated by a plurality of recesses of the ribbing elements, where there is
no contact between the ribbing elements and the respective stainless stedl plate.

According to a preferred embodiment, the radial extension of the circumferential wall
structure, i.e. the width of each of the stainless steel plates, isinthe range of 1.2-1.6 m.
According to another preferred embodiment, the axial extension, i.e. the axial length of the
stainless steel plates, isin the range of 1.0-2.0 m, preferably 1.4-1.6 m.

According to yet another preferred embodiment, the cross sectiona area of the
circumferential wall structure is square. The circumferential walls are formed by four
planar stainless steel plates.

Also dightly curved, preferably somewhat outwardly bent plates having a maximum
deflection of at most 100mm out of the plane, normally a an axial and/or radial extension
of 1.5m, are still considered to be planar stainless steel plates according to the present

invention. In the same sense, the lids are still considered to be planar stainless steel plates,
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even if these plates are dightly curved, preferably somewhat outwardly bent having a
maximum deflection of a most 80mm out of the plane at adiameter of Im.

Preferentially, thejoints between the respective stainless steel plates are welded seams.
Typically the thickness of the stainless steel plates of the circumferential wall structure is
in the range of 2-8 mm, preferably in the range of 3-5 mm.

Asamatter of fact, surprisingly it was found that rather small thickness metal plates can be
used provided the proposed ribbing elements are used, so this rather slim rectangular
structure surprisingly alows for low vacuum pressures and a the same time has the
advantage of having alow thermal mass. For the case that the plates are slightly curved as
described above the desired stiffness can be achieved with less ribbing elements.

The stainless steel plates, a their axial edges, can be provided with attachment flanges
extending radially outwardly, and the ribbing elements can be, with their axia ends,
attached to these attachment flanges, preferably by welding seams. This significantly
increases the stability in particular under vacuum load. Indeed the structure istailored not
to have a completely stiff characteristic, but it is alowed to slightly contract under vacuum
conditions. The stability in this respect can be increased by attaching the ribbing elements
also to these flanges.

According to yet another preferred embodiment, every 15-35 cm, preferably every 20-30
cm, measured in a circumferential direction, one ribbing element is arranged on the
respective stainless steel plate. A most preferred variant is characterized in that every 220-
240 mm aribbing element is arranged on the respective stainless steel plate. Preferentially
the ribbing elements on arespective stainless steel plate are essentialy equally distributed
along the circumference.

Y et another preferred embodiment is characterized in that each ribbing element is provided
as a pultruded, bent or welded T-profile, L-profile, box profile or a 7-profile comprising a
stiffening section of the attached to the respective stainless stedl plate via said attachment
sections a one lateral edge and at the opposite lateral edge attached to or adjoining to a
transverse section. Generally speaking, preferably the radial height of the stiffening section
in aradia direction is in the range of 4-15 cm, preferably in the range of 5-7 cm, and
preferably the circumferential width of the transverse section is in the range of 2-10 cm,
preferably in the range of 3-7 cm.

Yet another preferred embodiment is characterized in that the ribbing elements are metal,

preferably stainless steel profiles with awall thickness in the range of 1.5-7 mm, preferably
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in the range of 2-5 mm.

The axial extension of the recesses can be in the range of 30-100 mm, preferably in the
range of 50-80 mm.

The axial extension of the attachment sections can be in the range of 10-50 mm, preferably
in the range of 20-40 mm, wherein preferably this length is equal to the weld seam length
of the attachment to the respective stainless steel plate.

According to another preferred embodiment, at least one of the axial walls is provided as a
dome structure, preferably with an axial cylindrical tubular extension forming an inlet or
outlet channel, respectively, wherein a the circular interface between the dome structure
and the cylindrical tubular extension the respective lid seals, preferably at a contact ring,
the vacuum chamber.

The dome structure may comprise flat sections at straight edges of the respective stainless
steel plates, wherein preferably in the region of the flat sections there is further provided
one or a multitude of exterior stiffening ribs attached to the flat sections and to a flange
section of the dome structure for attachment to the circumferential wall structure, and
wherein further the dome structure comprises curved sections converging towards the
edges formed between adjacent stainless steel plates, wherein preferably said curved
sections are formed by deep drawing or by a plurality of individual, essentially wedge-
shaped flat sections sequentially tilted with respect to each other.

The dome structure may in the alternative also be constructed of four essentially planar
sections which are bent to form ramps and welded together to form atruncated trapezoidal
cone. The outermost faces of this dome structure may simultaneously form the flange
which is used to seal against the circumferential wall structure. In this manner there is a
significant reduction in bending operations and a reduction in weld seam length which
lowers production costs and improves the accuracy of production. If the domes are
produced using drawing processes also different shapes are possible. Further the dome
structure can be equipped with hinges which allow it be opened as a door to service the
interior of the vacuum chamber.

The flat sections of the dome may be further supported by stiffening ribs wherein the
number and spacing of ribbing can be adapted to the wall thickness of the dome which may
be in the range of 3-12 mm preferably 4-7 mm, where the lower wall thicknesses require a
higher number of tiffening ribs than the higher wall thicknesses. At a wall thickness of
12mm no dtiffening ribs are typically required, and a& 6mm wall thickness, normally 6
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stiffening ribs are required. Provided stiffening ribs of the flat sections can be attached to a
flange section of the dome structure for attachment to the circumferential wall structure to
stabilize said flange. The dome structure can be made of metal, preferably stainless steel.
The dome structure can be made of metal, preferably stainless steel, and it may have awall
thickness in the range of 3-8 mm, preferably in the range of 4-7 mm.

The axia cylindrical tubular extension can be made of metal, preferably stainless steel, and
wherein it has awall thickness in the range of 2-5 mm, preferably in the range of 3-5 mm.
The vacuum chamber, according to a preferred embodiment, may house in the interior
space an adsorber structure in the form of a densely packed array of laterally spaced apart
containers comprising a carrier structure with chemical moieties alowing for adsorption of
carbon dioxide under ambient atmospheric pressure and temperature and alowing for
desorption of the captured carbon dioxide under elevated temperature with respect to
ambient atmospheric temperature and/or reduced pressure with respect to ambient
atmospheric pressure.

The adsorption structure can be sealed against the inner walls of the vacuum chamber with
sealing elements, preferably in the form of profiles affixed on circumferential L profile
brackets welded to the inner walls of the vacuum chamber e.g. as shown in Fig. 8aand Fig.
8b. The adsorption structure is pushed against these sealing elements, e.g. in the form of L
brackets, during installation into the vacuum chamber, forming a gastight seal and thereby
preventing bypass of adsorption air around the adsorption structure. On the opposite side of
the adsorption structure L bracket with sealing profiles can be affixed to the inner wall of
the vacuum chamber with screws and pushed against the sealing face of the adsorption
structure. The sealing profiles can be of a material which is resistant to temperatures
between -20°C and 120°C and vacuum pressures down to O mbar absolute such as EPDM
or preferably silicone. This method of sealing can be selected from various solutions and is
robust, simple to install, effective and precise and of low cost. Further, through the
removable L profiles, the adsorption structure can be accessed and if needed
removed/replaced.

An extraction port for the removal of gas and/or water can further be included in the floor
section of the circumferential wall. This extraction port can be elevated a certain height d3,
typically between 10 and 50mm, preferably 35mm above the bottom inner wall of the
circumferential section. Thereby a pool of water arising from the condensation of water
vapor (stemming from desorption) will form on the base of the vacuum chamber or can
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also be generated actively before starting; This water pool fills the space between the
adsorption structure and the base of the vacuum chamber and seals. In the desorption state,
as eg. illustrated in Fig. 8b, the water pool depth is d3 and equal on both sides of the
adsorber structure. Water is progressively extracted a the port as it builds during the
desorption process. Under conditions of air flow through the vacuum chamber i.e. during
adsorption a shift of the water levels takes place owing to the pressure difference between
the upstream and downstream sides of the adsorption structure (Fig. 8a). The difference
between the water levels (dl to d2) corresponds to this pressure difference. On the
upstream (i.e. high pressure) side of the adsorption structure, the depth of the water d2
must be higher than h; the radial/vertical spacing between the adsorber structure and the
bottom wall and lower than d3, the level of the extraction port above the bottom wall. In
this manner the water pool seals the radial space h below the adsorber structure and
prevents bypass air flows underneath the adsorber structure. So preferably the adsorber
structure is sealed with respect to said circumferential wall structure such that air passing
through the vacuum chamber is forced to essentially exclusively pass through the adsorber
structure, wherein further preferably the sealing is achieved by profiles attached to the
interior side of the circumferential wall structure against which the absorber structure
directly or indirectly abuts.

Alternatively or additionally, sealing of the adsorber structure with respect to said
circumferential wall structure can a least partly be achieved by providing, in the bottom
region of the chamber, at least one elevated extraction port for the removal of water in a
floor section of the circumferential wall providing under operation for an elevated water
pool level on the floor of the chamber sealing the adsorber structure in the bottom region of
the vacuum chamber.

According to a preferred embodiment, the vacuum chamber, i.e. the unit including the
circumferential walls, the dome structure and the ribbing as well as optional additional
stiffening structures, the circular lid and outlet and inlet channels has a therma mass per
unit volume of the vacuum chamber of less than 250 kJK/m3, preferably less than 170
kJK/m3. According to yet another preferred embodiment, the pressure drop over the unit
in the absence of the absorber structure (1) is less than 100 Pa, preferably less than 30 Pa
and the air flow volume per unit volume of the vacuum chamber is in the range of 2000-
10,000 m3/h/m3, preferably in the range of 4000-8000 m3/h/m3.

The vacuum chamber may comprise further inlet/outlet elements for attaching at least one
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vacuum pump and/or for the extraction of gases and/or liquids from the vacuum chamber
and/or for the introduction of further process media, in particular water and/or steam and/or
wherein it further comprises propulsion elements (such as afan) for moving air through the
vacuum chamber.

A gas distributor may further preferably be integrated onto the inner face of the dome
structure in the axia wall. The purpose of this structure is to produce a homogenous
distribution of a flushing gas/steam flow in the plenum volume which may be used to
support desorption processes while representing as small as possible a flow obstruction as
e.g. illustrated in figure 2a. The gas distributor preferably consists of a ring of metal
tubing, preferably of stainless steel, with a diameter in the range of 16 - 30mm connected
to the above mentioned inlet and a plurality of holes with diameters 6-12 mm to distribute
said gas flow. The gas distributor is preferably integrated into the vacuum chamber on the
side of the adsorber structure which is opposite from the vacuum port. In this manner, the
flushing gasispulled through the adsorber structure and homogenously distributed through
the adsorber structure.

So according to a preferred ambodiment, the vacuum chamber further comprises flushing
gas and/or steam introduction elements, preferably in the form of distributor elements on
the side of the adsorber structure which is opposite to a gas and/or water extraction port of
the vacuum chamber.

The inlet and outlet elements for the delivery of heat transfer liquids can preferably pass
through the circumferential wall structure on the side of the vacuum chamber. This alows
the unencumbered installation and removal of the axial walls and the adsorption structure.
Furthermore the present invention relates to a use of a vacuum chamber as outlined above
for adirect carbon dioxide capture process involving cycling between adsorption of carbon
dioxide a ambient atmospheric temperatures and pressures and desorption of the carbon
dioxide a reduced pressure below ambient atmospheric pressure, preferably at a pressure
level of at most 500 mbar, , and a an increased sorbent material temperature of 80-130°C
preferably 90-120°C.

So as concerns the overall characteristics, the following can be summarized:

A vacuum chamber with a substantially rectangular cross section is proposed which
comprises two automatically driven lids with a substantially round cross section a two
opposite sides that can open a least 20%, preferably in the range of 25-50%, of the cross

section area of the vacuum chamber to a gas flow. Such a unit can be used to enable a
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cyclic adsorption-desorption process for gas separation, preferably a temperature-vacuum

swing process for DAC

A's concerns the vacuum chamber the following can further be summarized:

The inner dimensions of the vacuum chamber are adapted to the dimensions of the
adsorber structure so that the void volume excluding void volume of the adsorber structure
remains in a desired range of 20 - 45 % preferably 25 - 35% and can be in the range:

Length: 0.6 - 2.0m, preferably 1.5m, width and height, 0.6 - 2.0m, preferably 1.5m.
Higher void volumes support alower pressure drop of flows within the vacuum chamber to
the adsorber structure but represent increased pump work during evacuation, greater
dilution of desorbate and alarger loss of desorbate upon re-pressurization.

The cross section of the vacuum chamber formed by the circumferential walls can be
preferably sguare. Common vacuum chambers are circular in cross section which requires
around adsorber structure to maintain a void volume in the desired range. Consequently,

certain adsorber structures, such asthe preferred structure of PCT/EP2014/057185 require
elements of varying geometry which increases production and assembly costs. Conversely,
aregular adsorber structure with a square cross section produces significant void volume in
avacuum chamber of circular cross section.

The size of the vacuum chambers allows them to be well integrated into standardized 20ft
or 40ft shipping containers which facilities transport and installation. Depending on the
size, between 2 and 12, preferably 3 (20ft) and 6 (40ft) vacuum chambers can be integrated
into a shipping container. The vacuum chambers can have integrated attachment profiles in
their bases which are compatible with forklifts which facilitate their installation and
transport. The vacuum chambers can also be attached using these profiles to the carrying
structure and/or foundation.

The vacuum chamber can be installed in the aforementioned shipping container in such a
manner that the interior of the vacuum chamber is accessible from the service level by
opening the dome structure. Such accessibility makes the vacuum chamber easy to clean
and maintain in the event of aspiration of foreign matter during adsorption. The dimension
A is preferably not larger than 3100mm such that instalation in a standard shipping
container is possible. In one possible embodiment, the dimension A isin the range of 2200
to 2400mm such that the vacuum chamber can be installed in a standard shipping container
without disassembling the inlet and outlet channels (4) and (5) thereby simplifying the
assembly and delivery.
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The unit should be built with materials which are cold-formable, weldable and non-rusting.
One possible and generally preferred material is stainless steel 1.4301. Another may be
1.4404 or 1.4307.

The vacuum chamber can withstand pressures down to 1 mbar_, a sorbent material
temperatures between 80 - 130°C preferably 90 - 120°C under flows of high purity C02
and water vapor and in contact with condensed water.

Because the adsorber structure is not in direct contact with the circumferential wall of the
vacuum chamber the wall is allowed to deflect, enabling construction of a rectangular
vacuum chamber featuring small wall thickness having aresulting low therma mass. Wall
thickness can be in the range of is 2-8 mm with a stiffening of the walls by means of
ribbing elements. Greater wall thicknesses than 4mm see an increase in thermal mass
without a significant saving in ribbing. At a wall thickness not necessarily requiring
ribbing i.e. of more than 10mm, the therma mass can be very high and potentially
prohibitive for DAC applications. Walls of 4mm thickness also support cold forming bend
operations which can be used for the construction of the vacuum chamber, eg. cold
forming operations to produce flanges thereby saving weld operations. A wall thickness of
2mm may not offer enough stability to adequately seal the chamber whereas a wall
thickness higher than 10mm is difficult to cold form while significantly increasing the
thermal mass. The unit has significantly lower wall thickness, therma mass and
consequently production cost than typical rectangular vacuum chambers found in the prior
art.

Ribbing elements are used to stiffen the circumferential walls. The form of a'7* moves the
maximum amount of material away from the chamber wall to reduce therma mass and
improve stiffness. Other forms can include T, | and box section athough these solutions
may increase production costs and complexity. The ribs can be welded to the
circumferential walls with recesses to reduce thermal transport into the ribs while
maintaining structural stability. Further the space between the ribbing isthen well suited to
apply insulation which serves to reduce thermal losses to the ambient environment. The
transverse section of the ribbing can be placed in the same plane as the transverse face of
the terminal flange. Recesses in the ribs can be a 70 mm width with 30mm weld segment
length. Larger recesses may become critical for stability of the ribbing elements due to
reduced attachment sections and smaller recesses increase the thermal transport from the

chamber wall to the ribbing elements. Density of ribbing elements can be increased with



10

15

20

25

30

WO 2015/185434 16 PCT/EP2015/061807

reduced wall thickness. There exists the possibility of joining ribbing elements with a
second circumferential wall and thereby reducing wall thickness if wall deflection needs to
be tighter controlled. At thinner wall thickness, i.e. 2mm, it is more effective from point of
view of material demand to weld a second circumferential wall of 2mm material than
increase the number of ribbing elements.

The axial wall (dome structure) provides a transition from the square cross section of the
vacuum chamber to the round cross section of the inlet and outlet channels. It can be
removable to alow access to the adsorber structure. This can be a cold formed part and
may be deep drawn. In the cold formed version flat zones in the axial wall are reinforced
with stiffening ribs to provide a structural connection to the circumferential walls and
terminal flanges of said circumferential wall and of said axial wall, thereby improving
stiffness and reducing deformation of the attachment flange in which the O-ring is held and
thereby reducing the likelihood of leakage. Axial wall thickness can be in the range of 3-8
mm, preferably in the range of 4-7 mm. An axia wall thickness of 10mm would require
less stiffening ribs, but would be difficult to cold form with an increased thermal mass.

The following can be summarized in relation with the lids:

Circular lids in round inlet and outlet channels which rotate and translate on a drive
mechanism between a sealing position in which they provide a vacuum seal on one face
and a position in which they are parallel with a gas flow. The lids rotate on an axis on a
diameter of the lid.

The range of possible lid diameters for the corresponding vacuum chamber dimensions and
dimensions of the circular openings is 0.4 - 1.5m or 0.5-1.5 m, preferably 0.75 - 1.25m
with lid thickness in the range of 5 - 12 mm. For example, a circular opening of 0.9 mm
diameter can be equipped with a Im diameter lid with a thickness of 8mm. At this
thickness the drive motor is able to elastically deflect the lid in the closed position enough
so that homogenous contact with the o-ring seal over the entire circumference is achieved.
In this manner, a consistent seal is achieved and inhomogeneities in lid and/or attachment
flange construction can be compensated. At the Im size, thinner materials may in some
cases not be stable enough to support the vacuum forces while thicker materials are more
difficult to deflect by the drive motor in the closed position and may therefore not assure
the initial seal to begin evacuation. Alternatively, thicker lid materials may require
significantly stronger, larger and more costly drive motors. In the case of thicker and
thinner materials than the optimum, the initial seal which allows evacuation may be
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difficult to produce and maintain. At other lid sizes, there is a different optimum lid
thickness which produces the desired elastic deflection. The round form of lids is
advantageous over rectangular because the latter may fold or buckle under the necessary
elastic deflection which may jeopardize the vacuum seal. Once a vacuum pressure is
established in the vacuum chamber the pressure difference across the lid is used as the
principle sealing force.

The actuator mechanism converts rotary motion of the drive motor into rotary and linear
motion of the lid and is capable of providing sufficient force to elastically deflect the lid to
achieve a homogenous and consistent seal with the o-ring which alows the initial
evacuation. Very advantageously, the mechanical drive carries part of the load acting on
the lid under an evacuated state. In this manner the lid can be built of thinner materia
which facilitates elastic deflection under the force of the drive motor. For example a I m
diameter of the lid the mechanical drive carries 1/8-1/4 of the vacuum force (total force
7900kg, force on drive 1500kg) enabling an optimal material thickness of 8mm ultimately
enabling atight initial seal to begin evacuation.

The following can be generally summarized in respect of further characteristics:

Inlet and outlet channels are sized to represent lowest possible pressure drop during
adsorption and are at least the same diameter as the circular opening. The diameter of inlet
and outlet can be in the range of 0.4-1.5m, or 0.4-1.5 m preferably 0.75-1.25m for the
range of vacuum chamber sizes discussed above. Thisis asignificant difference to prior art
adsorption columns with significantly smaller gas inlets and outlets in relation to the
column diameter. This solution addresses a specific challenge of DAC wherein very large
volume flows of low pressure, low adsorbate concentration air are required for adsorption.
Divergent ducting can be used on the inlet and outlet channels to reduce the inlet velocity
and the outlet velocity. By reducing the inlet velocity there is lower likelihood of
entraining foreign matter (leaves, dust, insects) into the vacuum chamber which is an
important factor for a vacuum chamber operating automatically in an ambient atmospheric
environment for at least 10,000 adsorption desorption cycles or a least 7 years. In certain
configurations the inlet velocity can be lower than 2m/s. The divergent ducting can have a
diameter of up to 2m at the inlet. At the outlet channel, the reduction of flow velocity
allows the recovery of dynamic pressure of the flow and a reduction of fan work thereby
saving operation energy. Divergent ducting at the outlet can also have a diameter up to 2m.
The outlet cross section of the divergent outlet ducting and the inlet cross section of the
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divergent inlet ducting can also have arectangular cross section.

In order to further avoid the entrainment of foreign matter into the vacuum chamber at
least two possible inlet configurations can be used as e.g. shown in the figures 9 and 10
The first consists of alarge duct of principally round or square cross section which forms
an elbow with an angle at least 60° from the horizontal, preferably at least 75° and forms
an extension of the inlet channel with a downward oriented inlet face. Another possibility
is the use of a downward sloping air grill mounted on the inlet channel as e.g. shown in
Fig. 10 with a spacing of between 1 and 10 cm, preferably 5 cm with grill filaments of
thickness less than 1 mm and length between 5 and 15cm. Both solutions are designed to
avoid the entrainment of heavier foreign matter and principaly rain while not introducing
important increases in pressure drop.

The O-ring is heated at the attachment flange to prevent water accumulations from freezing
and jeopardizing the seal against the circular lid. This is a solution to a specific DAC
challenge - automatic, cyclic operation in variable ambient atmospheric environments for
a least 10,000h or 7 years - and is not encountered in manually operated lids of vacuum
chambers or automatically actuated lids of power generation or ventilation systems.

A gas extraction port can be located near the lid seal.

Further embodiments of the invention are laid down in the dependent claims.

BRIEF DESCRIPTION OF THE DRAWINGS
Preferred embodiments of the invention are described in the following with reference to
the drawings, which are for the purpose of illustrating the present preferred embodiments

of the invention and not for the purpose of limiting the same. In the drawings,

Fig. 1 shows a schematic representation of a vacuum chamber with some key
components,
Fig. 2 shows detailed drawings of a vacuum chamber, wherein in a) a side section

view is given, in b) atop section view is given, in ¢) a front view is given,
and in d) a side section view onto the central portion of the unit (left) and an
axial cut through the central portion of the unit (right) is given, and in €) a
front view of an alternative embodiment is given;

Fig. 3 shows a sequence of the opening of the lid, wherein in driveshaft axia
positions a) 0% of travel - lid fully open, b) 30% of travel, c) 50% of
travel, d) 75% of travel in €) 100% of travel - lid fully closed are given;
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Fig. 4 shows electric energy consumption of vacuum pump in evacuation versus
vacuum pressure for various vacuum chamber void volumes;

Fig. 5 shows 'loss of desorbed CO, versus desorption pressure for various
vacuum chamber void volumes,

Fig. 6 shows the pressure drop against volume air flow of vacuum chamber and
adsorber structure for fan 'pushing’ and 'pulling’ configurations and,;

Fig. 7 shows fan pushing (lower) and pulling (upper) configurations,

Fig. 8 shows a cross section of the vacuum chamber and adsorption structure
showing the L brackets affixed to the vacuum chamber wall sealing against
the adsorption structure and a) under conditions of air flow with a pool of
water a the height dl and d2 above the inner wall filling the space between
the adsorber structure and inner wall and b) under condition of no air flow
with a pool of water at the height d3 above the inner wall filling the space

between the adsorber structure and inner wall;

Fig. 9 shows a downward oriented inlet elbow integrated into the vacuum
chamber; and

Fig. 10 shows a downward sloping shingled inlet grill integrated into the vacuum
chamber;

DESCRIPTION OF PREFERRED EMBODIMENTS

Figs 1 through 3 show avacuum chamber used for direct air capture of C02, wherein Fig.
1 is a schematic representation, Fig. 2 shows a more detailed drawing representation and
Fig. 3 shows the operation of the lid.

Fig. 1 shows a sectional view of a vacuum unit for a DAC process. The vacuum unit in
Fig. 1 includes a vacuum chamber 2 with four flat circumferential walls 115 forming a
rectangular or square chamber capped off at the axial ends by the axial walls 116 having
large circular openings 14 centered on the axis of the vacuum chamber 15. Flat circular lids
6 are housed in the inlet channel 4 and outlet channel 5, respectively. A fan 3 ismounted in
the outlet channel 5 in such an orientation that it pulls air through the vacuum chamber and
through an adsorber structure 1 located in the interior space 13 of the vacuum chamber 2.
An axial spacing L is present between the adsorber structure 1 and the axial wall of the
vacuum chamber 116 a the inlet and at the outlet side. A radial spacing h between the
adsorber structure 1 and the circumferential wall 115 is present and sealed after mounting
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of the adsorber structure 1.

For the adsorption stage of a direct air capture process, the lids 6 are placed in the open
position in which position their plane coincides with or is parallel to the vacuum chamber
axis 15. The fan 3 generates a flow of ambient atmospheric air by pulling air through the
vacuum chamber 2 consisting of an adsorption air flow & inlet 7a with a concentration of
CO, commonly found in ambient atmospheric air and an adsorption air flow a outlet 7b
with a concentration of CO, partially or significantly reduced by contacting the air flow
with the adsorber structure 1.

For desorption, the fan 3 is shut off thereby stopping the air flow through the vacuum
chamber. The circular lids 6 in the inlet channel 4 and outlet channel 5 sides of the vacuum
chamber are shifted/rotated to the closed position in which their normal axis is parallel to
the vacuum chamber axis 15 and collinear with the axis of the circular openings 14 of the
axial walls 116 and the circular lids 6 are in contact with the axial wall 116. Because the
diameter of the lids 6 is dlightly larger than the circular openings 14 they hereby isolate the
interior space of the vacuum chamber 13 from the environment. A vacuum pump for
desorption 8 evacuates the vacuum chamber 2 to the desired vacuum pressure. A delivery
system for heat transfer fluid 9 delivers hot heat transfer fluid to the adsorber structure 1
thereby raising its temperature. A delivery system for further process media 10 delivers
purging gases/liquids if needed. Once desorption is complete, the delivery system for heat
transfer fluid 9 delivers cold heat transfer fluid to the adsorber structure 1 thereby lowering
its temperature. The vacuum chamber 2 is repressurized to ambient atmospheric pressure
and the circular lids 6 are opened to the position where their plane is parallel with the
vacuum chamber axis 15. In this state the vacuum chamber 2 is ready for another
adsorption.

Fig. 2a shows a sectiona view of the vacuum chamber 2 from the side. The vacuum
chamber in Fig. 2 is formed by flat circumferential wall plates 115 which are welded to
one another along the axial edges thereof forming arectangular or square chamber capped
off at the edges with the axial walls 116 having large circular openings 14 and enclosing an
interior space 13 of the vacuum chamber 2. A terminal flange 42 of the axial walls 116 is
used to affix each of the two axial walls 116 to the respective terminal flange 28 of the
circumferential walls 115 a the two ends of the vacuum chamber 2. A sealing gasket 27
provides a vacuum tight seal between these two faces. Both terminal flanges 28 and 42
have additional stiffening flanges 103 which prevent deformation of the termina flanges
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28 and 42 out of a plane perpendicular to the vacuum chamber axis 15. Welded to
individual circumferential walls 115 are circular media/instrumentation ports 12 for
example for the use of temperature sensors or pressure sensors. On the bottom most
circumferential wall 115 are welded attachment profiles 29 and 30 in an orientation such
that their length is perpendicular and parallel to the vacuum chamber axis 15 and with
which the vacuum chamber can be transported, installed and affixed to a foundation
element or aplatform.

Ribbing elements 102 are welded onto all four circumferential walls 115 in an orientation
parallel to the vacuum chamber axis 15 a attachment sections 101 present between
recesses 41 cut into the stiffening section 40 and are also welded to the respective terminal
flange 28 of the circumferential walls 115. Further dtiffening ribs 107 are welded
perpendicular to the surface of the flat sections 104 of the axial walls 116. Some of these
stiffening ribs 107 are equipped with holes 43 for servicing and handling with which the
vacuum chamber axial walls 116 can be raised or otherwise affixed. In the upper portion of
one of the axial walls 116, there can be welded two conical ports which may serve asthe
heat transfer fluid inlet and outlet 26 through which heat transfer fluid may be delivered to
the interior space 13. At the inner edge of the axia wall 116 is welded a circular
attachment flange 105, forming or carrying a contact ring 45, with which the inlet 4 and
outlet 5 channels, formed by the circumferential cylindrical walls 106 and having a circular
terminal flange 108, are affixed to the axial wall 116 such that the axis of the
circumferential cylindrical walls 106 is collinear with the vacuum chamber axis 15. In the
attachment flange 105 or the contact ring 45, of 4/5 to 116, at a diameter smaller than the
circumferential walls 106 and larger than the circular opening 14 and with an axis collinear
to the vacuum chamber axis 15 is cut a groove for O-ring 52 in which the O-ring 53 is
placed.

Within the circumferential cylindrical walls 106 of the inlet 4 and outlet 5 channels is
welded afirst vertical support structure 114 in the form of a plate with plane parallel to the
vacuum axis 15 and offset from the center of the circumferential cylindrical walls 106 to
support the lever assembly 16-21. A second horizontal support structure 44 in the form of a
plate with a plane pardlel to the vacuum axis 15 and offset from the center of the
circumferential cylindrical walls 106 and perpendicular to the first vertical support
structure 114 iswelded to the circumferential cylindrical walls 106 of the inlet 4 and outlet

5 channels and supports the lever assembly 16-21. The lever assembly comprises 6
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interconnected levers which together serve to transform rotary motion into rotary and
linear motion: the guide lever 16, the control lever 17, the coupling lever 18, the front lever
19, the drive lever 20 and the tilt lever 21.

A flushing gas/steam inlet port 61 is welded to and passes through the axial wall 116 to
deliver gas to the gas distributor 54 within the interior space 13. At the base of the left
circumferential wall 115, is welded the gas and water extraction port 119 elevated above
the base of the bottom circumferential wall 115. In the faces of the top and bottom
circumferential walls 115 are welded two flanged tubing elements forming the heat transfer
fluid inlet and outlet 26 through which heat transfer fluid may be delivered to the interior
space 13.

On the upper circumferential walls 115 are welded lifting nuts 58 in which lifting eyelets
are affixed 57 aso for transportation and installation. On the surfaces of the
circumferential walls 115, facing the inner volume 13, are welded threaded bushings 59
which are used for the installation of the sealing L profiles with integrated sealing profiles
120.

Fig. 2b shows a sectiona view of the vacuum chamber 2 from the top. The actuation
mechanism of the circular lids 6 is shown on both sides of the vacuum chamber including
the drive motor 46 affixed on the mounting structure for drive motor 109 and which
produces a rotary motion in the driveshaft 111, the axis of which is perpendicular to the
vacuum chamber axis 15 and offset from the circumferential cylindrical walls 106 and is
held and moves in the mounting bearing 24 and is moving the actuation mechanism which
rotates about the axes 32-36 being the lower rotation axis 32, upper rotation axis 33, third
axis, rotation axis 34, coupling rotation axis 35 and the coupling rotation axis 36. The
lower transverse rod 110 is positioned parallel to the plane of the circular lid 6 and serves
to couple the two attachments 23 of the circular lid 6 to the lever 16. |

The hinge body 60 iswelded to the external surface of ribbing elements 102 and interfaces
with the hinge bracket 56 welded on the axial wall 116 with a hinge pin 55. On the inner
surface of the axial wall 116 is affixed the gas distributor 54 supplied through a gas inlet
port 61. On the outer face of the upper circumferential wall is welded a flanged heat
transfer fluid inlet/outlet 26 and a media/instrumentation port 12. On the surfaces of the
circumferential walls 115, facing the inner volume 13, are welded threaded bushings 59
which are used for the installation of the sealing L profiles with integrated sealing profiles
120.
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Fig. 2c shows the vacuum chamber 2 from the front with a view paralel to the cross
section formed by the circumferential walls 115 with the circular lid 6 in the closed
position. Seven ribbing elements 102 in the 7' form comprising a stiffening section 40 and
atransverse section 39, the latter being paréllel to the surface of circumferential wall 115,
are shown welded to each of the four circumferential walls 115. The terminal flange 42 is
made by cold forming the metal sheet of the circumferential walls into the form of the
flange. The mounting structure for drive motor 109 supports the drive motor 46, the socket
37 which couples said drive motor 46 to the driveshaft 111 which isheld in the bearing 22.
The first vertical support structure 114 and second horizontal support structure 44 of the
driveshaft 111 are shown forming the main load bearing structures of the actuation
mechanism.

Further elements of the actuation mechanism are shown such as the two vertica guide
levers 16 and the attachment 23 of said guide lever 16 to the circular lid 6. The circular lid
isaso on avertical diameter affixed with the flip attachment 113 with which the angle of
the circular lid 6 in the closed and open positions can be adjusted. The lower transverse rod
110 is alowed to rotate in the horizontal orientation within bearings affixed in the
mounting for bearings 112 themselves affixed in the mounting structure 25 at either end of
the lower transverse rod 110. The front surface of the axial wall 116 is composed of 4
curved sections 31 which expand radially from the corner of the axial wall 116 towards the
center, themselves composed to 8 flat segments 38 which being all at different angles to
one another together approximate a continuous curve and four globally triangular flat
sections 104 which are located between the curved sections 31. Stiffening ribs 107 of
various lengths and paralel to the main vertica and horizontal axes of the vacuum
chamber are welded to the flat sections 104 to improve the stiffness of said sections and of
the terminal flange 42. Additional circular media/instrumentation ports 12 can be welded
to the curved sections 31.

Fig. 2d shows the interior space 13 formed by 4 circumferential walls 115 which are
additionally stiffened each with six ribbing elements 102 in the '7* form comprising a
stiffening section 40 and a transverse section 39 the latter being parallel to the surface of
circumferential wall 115. Ribbing elements 102 are welded to al circumferential walls 115
in an orientation parallel to the vacuum chamber axis 15 at attachment sections 101 present
between recesses 41 cut into the stiffening section 40 and are also welded to the terminal

flange 28 of the circumferential walls 115. On the bottom most circumferential wall 115
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are welded attachment profiles 29 and 30 in an orientation such that their length is
perpendicular and parallel with vacuum chamber axis 15 and with which the vacuum
chamber can be transported, installed and affixed to afoundation element or platform.
Welded to the upper and lower circumferential walls 115 are the two heat transfer fluid
inlet/outlet 26 which pass into the interior volume 13. Into the ribbing elements 102 on the
top circumferential wall 115 are integrated by welding lifting nuts 58. Into the ribbing
elements 102 of the side circumferential axial walls 115 are welded on one external edge
the hinge bodies 60 and in the circumferential axial walls 115 itself threaded bushings 59.
Fig. 2e shows a preferred variation of the vacuum chamber 2 from the front with a view
parallel to the cross section formed by the circumferential walls 115 with the circular lid 6
in the closed position. Six ribbing elements 102 in the '7" form comprising a stiffening
section 40 and a transverse section 39, the latter being parallel to the surface of
circumferential wall 115 and coplanar with the stiffening flanges 103 of 115/116, are
shown welded to each of the four circumferential walls 115. The terminal flange 42 is
made by cold forming the metal sheet of the circumferential walls into the form of the
flange. The mounting structure for drive motor 109 supports the drive motor 46, the socket
37 which couples said drive motor 46 to the driveshaft 111 which isheld in the bearing 22.
The first vertical support structure 114 and second horizontal support structure 44 of the
driveshaft 111 are shown forming the main load bearing structures of the actuation
mechanism.

Further elements of the actuation mechanism are shown such as the two vertical guide
levers 16 and the attachment 23 of said guide lever 16 to the circular lid 6. The circular lid
is also on avertical diameter affixed with the flip attachment 113 with which the angle of
the circular lid 6 in the closed and open positions can be adjusted. The lower transverse rod
110 is allowed to rotate in the horizontal orientation within bearings affixed in the
mounting for bearings 112 themselves affixed in the mounting structure 25 at either end of
the lower transverse rod 110. The front surface of the axial wall 116 is composed of four
flat sections 104 welded together aong their edges forming a truncated conical prism.
Additional media/instrumentation ports 12 can be welded to the flat sections 104.
Stiffening ribs 107 of equal lengths and parallel to the main vertical and horizontal axes of
the vacuum chamber are welded to the flat sections 104 to improve the stiffness of said
sections and of the terminal flange 42. Heat transfer fluid inlet/outlet ports 26 are welded to
the bottom and top circumferential walls 115 and pass to the interior 13 of the vacuum
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chamber 2. Attachment profiles 29 are welded parallel to the vacuum chamber axis 15 to
the outer surface of the circumferential wall 115. Further attachment profiles 30 are welded

perpendicular to the vacuum chamber axis 15 to the outer surface of the circumferential

wall 115. Hinge brackets 56 are welded on one vertical edge of the axial wall 116 and
interfaces through a hinge pin 55 to a hinge body 60 affixed to the circumferential walls
115.

Fig. 3a-d shows a cross sectiona view from the side with the actuation mechanism of the
circular lids 6 a various positions from fully open to fully closed. The percentages
indicated represent the percentage of rotary travel of the driveshaft with 0% representing

the fully open position. The actuation mechanism comprises a drive lever 20 directly
driven via a driveshaft and a motor at its first end about a first axis 48, attached a its
second end forming a second axis 49 to afirst end of a front lever 19. The second end of
the front lever 19 istiltably, around atilt axis 51 of the circular lid 6, attached to a portion
of the circular lid 6 located essentially on or near the vacuum chamber axis 15. In the
position in which the circular lid 6 is closed the drive lever 20 and the front lever 19 are
aligned essentidly along a straight line parallel to or are collinear with the vacuum
chamber axis 15.

A control lever 17 isrotatable about a spatially fixed third axis 34 and with asecond end is
rotatably attached to afirst end of acoupling lever 18 aswell asto afirst end of atilt lever
21. The second end of the tilt lever 21 istiltably attached to the circular lid 6 a a position
offset from the attachment of the front lever 19 around a fourth axis 50. The second end of
the coupling lever 18 is, with its second end, tiltably attached and rotatable around the
second axis 49.

A pair of guide levers 16 is offset towards both sides with respect to drive lever 20, front
lever 19, coupling lever 18, control lever 17 and tilt lever 21 and are rotatable around a
gpatially fixed lower rotation axis 32 with their first end and with their second end being
rotatably attached around an upper rotation axis 33 to the circular lid 6, the upper rotation
axis 33 and the tilt axis 51 being arranged collinearly.

The coupling lever 18 iswith its first end rotatably attached around a coupling rotation axis
35 which couples additionally the front lover 19 and with the second end rotatably attached
around a second coupling rotation axis 36 which couples additionally the control lever 17
and the tilt lever 21.

Within the circumferential cylindrical walls 106 of the inlet 4 channel is welded a first
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vertical support structure 114 in the form of a plate with plane parallel to the vacuum axis
15 and offset from the diameter of the circumferential cylindrical walls 106 to support the
actuation mechanism. A second horizontal support structure 44 in the form of a plate with
plane parald to the vacuum axis 15 and offset from the diameter of the circumferential
cylindrical walls 106 and perpendicular to the first vertical support structure 114 iswelded
to the circumferential cylindrical walls 106 of the inlet 4 and channel and supports the
actuation mechanism. The mounting structure 25 carries the lower rotation axis and is
welded to the circumferential cylindrical walls 106 of the inlet 4 channel. At the inner edge
of the axial wall 116 is welded a circular attachment flange 105 with which the inlet 4
channel composed of the circumferential cylindrical walls 106 and having a circular
terminal flange 108 isaffixed to the axial wall 116 such that the axis of the circumferential
cylindrical walls 106 iscollinear with the vacuum chamber axis 15.

In the attachment flange 105 of 4 to 116 or in aring 45 carried thereby, at a diameter
smaller than the circumferential walls 106 and larger than the circular opening 14 and with
an axis collinear to the vacuum chamber axis 15 is cut a groove for O-ring 52 in which the
O-ring 53 is placed.

Stiffening ribs 107 are welded perpendicular to the surface of the flat sections 104 of the
axial wall 116 and to the external surface of the terminal flange 42 of the axial wall 116.
The terminal flange 42 is made by cold forming the sheet metal of the axial wall 116 into
the form of the flange. All elements in Figs. 1-3 listed above except for the drive motor 46,
and O-ring 53 are made of stainless steel 1.4301.

Fig. 4 shows the results of anumerical investigation of the effect of void volume within the
vacuum chamber on vacuum pump energy during evacuation. The electrical energy of
evacuation was determined by overlaying the characteristics of atypical fluid ring pump to
atheoretical evacuation process beginning at ambient atmospheric pressure and ending at
various desorption pressures which are considered attractive for DAC. The dead volume is
defined by the 'bulk void ratio' (BVR) which is defined as the ratio of the total void
volume in the vacuum chamber with inserted adsorber structure to the total volume in the
vacuum chamber when the circular lids 6 are closed.

The vacuum chamber 2 disclosed in this invention has a BVR in the range of 60-65% or
1.8m’ considering the void volume of the adsorber structure 1. 40% (0.6m3) of this value
stems from the adsorber structure and 60% (1.2m3) stems from the spacing L and h
between the adsorber structure 1 and the circumferential walls 115 and axial walls 116.
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Fig. 4 shows the specific energy demand per ton of desorbed C02 as afunction of the fina
evacuation pressure for various BVRs. It is seen that a vacuum pressures which are
attractive for DAC desorption processes utilizing a vacuum swing (50-300 mbar), the
electrical energy demand is between 2.5 and 24 kWh/ton C0O2 desorbed. Specifically a the
lower pressures, the electrical energy is strongly dependent upon the BVR.

Fig. 5 shows the results of anumerical investigation of the effect of void volume within the
vacuum chamber 2 on desorbate gas (CO,) lost when the unit is repressurized. Higher
BVR values lead to a certain amount of desorbed gas which cannot be removed from the
vacuum chamber. Upon re-pressurization of the vacuum chamber 2 and the start of the
adsorption step, this desorption gas (for example C02 in DAC processes) islost.

Fig. 5 shows that at the desorption pressures of interest for DAC applications, BVR values
should stay below 60% in order to not lose more than 5% of the desorbed CO02.

Fig. 6 shows the effect of fan 3 orientation on pressure drop through adsorber structure 1.
Two configurations were experimentally investigated for a fan 3 moving ambient
atmospheric air through an adsorber structure 1 contained in an vacuum chamber 2 similar
to the vacuum chamber disclosed in this invention. The configurations C1 and C2 are
shown in Fig. 7. A variety of fan 3 powers were investigated leading to a variation in air
flow volume and pressure drop. The pressure drop over the adsorber structure and vacuum
chamber 2 was measured with a differential pressure sensor 11 and the resulting air flows
were measured with a orifice type air flow meter. The results of pressure drop versus
volume air flow are shown in Fig. 7. It is seen clearly that configuration Cl has a lower
pressure drop and a higher maximum volume air flow than configuration C2. The
determining effect is that the turbulences and swirls arising downstream of the fan 3 in
configuration C2 are exposed to the adsorber structure 1. In configuration CI the air
entering the adsorber structure 1 does not have directional swirls or turbulences. Thereby a
lower pressure drop of the flow is experienced a a higher volume flow. The absolute value
of the pressure reduction in configuration Cl versus C2 is of little importance for high
pressure flows with high adsorbate concentrations as encountered in devices of the prior
however these small difference can represent very significant energy savings for DAC
applications using low pressure, low adsorbate concentration flows of ambient atmospheric
air.

Fig. 8 shows the operation of sealing concepts between the adsorber structure 1 and the
inner wall of the vacuum chamber 2. Fig. 8a shows the adsorption air flow at inlet and
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outlet (7a and 7b respectively) is driven by the fan 3 through the open circular lids 6. To
prevent bypass flow, the adsorber structure is held against L profiles with integrated
sealing profiles 120 which span the complete circumference of the inner wall of the
vacuum chamber 2 on both upstream and downstream sides of the adsorber structure 1. A
water pool a the base of the vacuum chamber 121 sedls the radial space h between the
adsorber structure 1 and the bottom of the inner wall of the vacuum chamber 2. The water
pool 121 has adepth of dl on the downstream side of the adsorber structure 1 and a lower
depth of d2 on the upstream side where d2 is greater than h; the radial spacing between
adsorber structure 1 and circumferential wall 115. The difference in depths dl and d2 is
substantially proportional to the pressure drop of the adsorber structure 1 a a given air
flow rate. An elevated water/gas evacuation port 119 is built into the base of the vacuum
chamber 2 with an inlet height d3 above the bottom circumferential wall 115 greater than
both h and d2. In Fig. 8b the fan 3 isnot in operation and the circular lids 6 are closed. The
adsorption structure remains held against L profiles with integrated sealing profiles 120
which span the complete circumference of the inner wall of the vacuum chamber 2 on both
sides of the adsorber structure 1. The water pool 121 has now a depth of d3 on both sides
of the adsorber structure 1 which is higher than h; the radial spacing between adsorber
structure 1 and circumferential wall 115 equal to the height of the inlet of the water/gas
extraction port 119.

Fig. 9 shows the vacuum chamber 2, with the adsorber structure 1 under conditions of
adsorption air flow at inlet and outlet (7a and 7b respectively) driven by the fan 3 through
the open circular lids 6. Ambient atmospheric air is aspirated by the fan 3 through a
downward oriented elbow duct 122 attached to the inlet channel 4.

Fig. 10 shows the vacuum chamber 2, with the adsorber structure 1 under conditions of
adsorption air flow at inlet and outlet (7a and 7b respectively) driven by the fan 3 through
the open circular lids 6. Ambient atmospheric air is aspirated by the fan 3 through a
downward sloping inlet shingle grill 123 attached to the inlet channel 4.

LIST OF REFERENCE SIGNS

1 adsorber structure 4 inlet channel
2 vacuum chamber 5 outlet channel

3 fan 6 circular lid
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CLAIMS

1. Vacuum chamber (2) for a direct air capture process and enclosing an interior
space (13) for housing an adsorber structure (1) comprising a contiguous
circumferential wall structure (115) arranged around an axis (15), which
circumferential wall structure (115) in an axia direction is closed by an inlet and
an outlet axial wall (116), respectively, both axial walls (116) comprising at least
one circular closing lid (6) allowing for, in an open position, gas to be circulated
through the vacuum chamber (2) for contacting the adsorber structure (1), and in a
closed position, to close the interior space (13) and to allow evacuation of the
interior space (13) down to apressure of 500 mbar bs and less,
wherein a least one, preferably both of said axial walls (116) is provided with a
circular opening (14) with a contact ring portion (45), which circular opening (14)
can be closed in a gas tight manner by said circular closing lid (6) in the form of a
single circular sted lid plate (6), preferably a stainless steel lid plate (6), having a
thickness in the range of 4 - 12 mm and having a diameter in the range of 0.5 -
1.5 m and larger than said circular opening (14) and in a closed state contacting
said contact ring (45) in an axial direction,
wherein said contact ring (45) on its axial surface facing said lid plate (6) in
closed position, is provided with a full perimeter circular elastic sealing element
(53).

2. Vacuum chamber (2) according to clam 1, wherein the lid (6) is a circular steel
plate (6), preferably a circular stainless steel plate with a diameter in the range
0.75-1.25 m, and/or with a thickness in the range of 6 - 10 mm or 7-10 mm,
wherein preferably the diameter of the lid (6) is a factor 90-200 larger than its
thickness, preferably a factor 105-145 larger than its thickness, and wherein the
lid (6) isfurther preferably free from any stiffening element apart from attachment
elements for attaching the mechanism and for actuating and controlling the lid (6).

3. Vacuum chamber (2) according to any of claims 1 or 2, wherein the lid (6) is a
flap valve actuated with an actuation mechanism located exclusively & the face of
the lid (6) opposite to the interior space (13), wherein in the open position the lid
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(6) is brought into a position where its plane is aligned and essentially coinciding
with said axis (15), and wherein further preferably the actuation mechanism is a
double-lever based actuation mechanism.

4. Vacuum chamber (2) according to claim 3, wherein the actuation mechanism
comprises a drive lever (20), preferably driven via a driveshaft (111) at its first
end about afirst axis (48) by a motor (46), attached a its second end forming a
second axis (49) to afirst end of afront lever (19), wherein the second end of said
front lever (19) is tiltably, around a tilt axis (51) of the lid (6), attached to a
portion of the lid (6) located essentialy on or near said axis (15), and wherein
preferably in the position in which the lid (6) is closed the drive lever (20) and the
front lever (19) are aligned essentialy along a straight line paralel or are
essentially collinear with said axis (15),
wherein further preferably there is provided a control lever (17) which with afirst
end is rotatable about a spatially fixed third axis (34) and with a second end is
rotatably attached to afirst end of a coupling lever (18) aswell asto afirst end of
atilt lever (21), wherein the second end of said tilt lever (21) istiltably attached to
the lid (6) at a position offset from the attachment of the front lever (19) around a
fourth axis (50), and wherein the second end of said coupling lever (18) is, with
its second end, tiltably attached and rotatable around said second axis (49),
wherein preferably the first, second, third and fourth axes (48, 49, 34, 50) are all
arranged parallel and all of them orthogonal to the axis (15) of the vacuum
chamber (2),
wherein further preferably there is provided a pair of guide levers (16), offset
towards both sides with respect to the arrangement of said central arrangement
drive lever (20), front lever (19), coupling lever (18), control lever (17) and tilt
lever (21), wherein said guide levers (16) are rotatable around a spatially fixed
lower rotation axis (32) with their first end and with their second end are rotatably
attached around an upper rotation axis (33) to the lid (6), wherein the upper

rotation axis (33) and thetilt axis (51) are arranged collinearly.

5. Vacuum chamber (2) according to any of claims 1- 4, wherein the axial walls
(116) and the lids (6) in their open state allow for a flow cross-section which is a
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least 20%, preferably in the range of 25-50%, of the flow cross-section as defined

by the contiguous circumferential wall structure (115).

6. Vacuum chamber (2), preferably according to any of clams 1-5, wherein the
circumferential wall structure (115) has a rectangular or sguare cross-section and
is formed by four planar steel plates (115), preferably stainless steel plates (115),
with athickness in the range of 2-8mm, each with an axial length in the range of
0.6-2.0 m or 0.7-1.8 m, and each with awidth in the range of 0.6-1.8 m, and
wherein each stedl plate (115) or stainless stedl plate (115), on its side facing
away from the interior space (13), is provided with aplurality of axialy extending
ribbing elements (102), which ribbing elements are attached to the respective steel
plate (115) or stainless steel plate (115), preferably section- and/or point wise,
wherein the axial walls (116) and the lids (6) in their open state allow for a flow
cross-section which is at least 20%, preferably in the range of 25-50%, of the flow
cross-section as defined by the contiguous circumferential wall structure (115)
wherein preferably the plurality of attachment sections (101) are separated by a
plurality of recesses (41) of the ribbing elements (102), where there is no contact
between the ribbing elements (102) and the respective steel plate (115) or stainless
steel plate (1 15)
or wherein the circumferential wall structure (115) has a circular cross-section and
is preferably formed by one single or a sequence of curved steel plates, preferably
stainless steel plates, with athickness in the range of 2-8mm, with an axial length

in the range of 0.7-1.8 m.

7. Vacuum chamber according to claim 6, wherein the width of the steel plate (115)
or preferably stainless steel plates (115) is in the range of 1.2 - 1.7 m or in the
range of 1.2-1.6 m,
and/or wherein the axial length of the steel plates (115) or stainless steel plates
(115) isintherange of 1.4- 1.7 mor inthe range of 1.4-1.6 m,
and/or wherein the joints between the respective steel plates (115) or stainless
stedl plates (115) are welded seams
and/or wherein the thickness of the steel plates (115) or stainless steel plates (115)

of the circumferential wall structure is in the range of 2-8 mm, preferably in the
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10.

range of 3-5 mm,

and/or wherein the steel plates (115) or stainless steel plates (115), at their axial
edges, are provided with attachment flanges (28) extending radially outwardly,
and wherein the ribbing elements (102) are, with their axial ends, attached to these
attachment flanges (28), preferably by welding seams.

Vacuum chamber according to any of claims 6 or 7, wherein every 15-35 cm,
preferably every 20-30 cm, measured in a circumferentia direction, one ribbing
element (102) is arranged on the respective steel plate (115) or stainless steel plate
(115), wherein preferably the ribbing elements (115) on a respective steel plate
(115) or stainless stedl plate (115) are essentialy equally distributed aong the
circumference,

and/or wherein each ribbing element is provided as a pultruded, bent or welded T-
profile, L-profile or a 7-profile comprising a stiffening section (40) attached to the
respective steel plate (115) or stainless steel plate (115), preferably in case of
recesses (41) via said attachment sections (101), a one lateral edge and a the
opposite lateral edge attached to or adjoining to atransverse section (39), wherein
preferably the radial height of the stiffening section (40) in aradia direction isin
the range of 4-15 cm, preferably in the range of 5-7 cm, and wherein preferably
the circumferential width of the transverse section (39) is in the range of 2-10 cm,
preferably in the range of 3-7 cm.

Vacuum chamber according to any of claims 6 - 8, wherein the ribbing elements
(115) are steel profiles, preferably stainless steel profiles with awall thickness in
the range of 1.5-7 mm, preferably in the range of 2-5 mm, and/or wherein the
axial extension of the recesses (41) isin the range of 30-100 mm, preferably in the
range of 50-80 mm and/or wherein the attachment sections (101) isin the range of
10-50 mm, preferably in the range of 20-40 mm, wherein preferably this length is
equal to the weld seam length of the attachment to the respective steel plate (115)
or stainless steel plate (115).

Vacuum chamber (2) according to any of the preceding claims, wherein at least
one of the axial walls (116) is provided as a steel dome structure or preferably a
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11.

12.

stainless steel dome structure, preferably with an axial cylindrical tubular
extension (106) forming an inlet or outlet channel, respectively, wherein at the
circular interface between the dome structure and the cylindrical tubular extension
(106) the respective lid (6) sedls, preferably a a contact ring (45), the vacuum
chamber,

wherein preferably the dome structure comprises flat sections (104) at straight
edges of the respective steel plates or stainless steel plates, wherein preferably in
the region of the flat sections (104) there is fuither provided one or a multitude of
exterior stiffening ribs (107) attached to the flat sections (104) and to a flange
section (103) of the dome structure for attachment to the circumferential wall
structure (115), and wherein further the dome structure comprises curved sections
(31) converging towards the edges formed between adjacent steel plates or
stainless steel plates, wherein preferably said curved sections (31) are formed by
deep drawing or by a pluraity of individual, essentialy wedge-shaped flat
sections (38) sequentially tilted with respect to each other

and/or wherein the dome structure is constructed of four essentialy planar
sections which are bent to form ramps and welded together to form a truncated
trapezoidal cone, wherein the outermost faces of this dome structure
simultaneously form the flange used to seal against the circumferential wall

structure.

Vacuum chamber (2) according to claim 10, wherein the dome structure has a
wall thickness in the range of 3-12 mm or 3-8 mm, preferably in the range of 4-7
mm, and wherein the axial cylindrical tubular extension (106) is made of steel or
stainless steel, and wherein it has a wall thickness in the range of 2-5 mm,

preferably in the range of 3-5 mm.

Vacuum chamber (2) according to any of the preceding claims, wherein it
comprises an adsorber structure (1) in the form of a densely packed array of
laterally spaced apart containers comprising a carrier structure with chemical
moieties allowing for adsorption of carbon dioxide under ambient atmospheric
pressure and ambient atmospheric temperature and alowing for desorption of the

captured carbon dioxide under elevated temperature with respect to ambient
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13.

14.

atmospheric temperature and/or reduced pressure with respect to ambient
atmospheric pressure

and wherein preferably the adsorber structure (1) is sealed with respect to said
circumferential wall structure (115) such that air passing through the vacuum
chamber (2) is forced to essentially exclusively pass through the adsorber
structure (1), wherein further preferably the sealing is achieved by profiles
attached to the interior side of the circumferential wall structure (115) against
which the absorber structure (1) directly or indirectly abuts and/or is at least partly
achieved by providing, in the bottom region of the chamber, & least one elevated
extraction port (119) for the removal of water in a floor section of the
circumferential wall providing under operation for an elevated water pool level on
the floor of the chamber sealing the adsorber structure (1) in the bottom region of
the vacuum chamber (2).

Vacuum chamber (2) according to any of the preceding claims, wherein it has a
thermal mass per unit volume of the vacuum chamber of less than 250 kJ/K/m?,
preferably less than 170 kJ/K/m’,

and/or wherein the pressure drop over the unit in the absence of the absorber
structure (1) islessthan 100 Pa, preferably less than 30 Pa,

and/or wherein the air flow volume per unit volume of the vacuum chamber isin
the range of 2000-10,000 m3/h/m3, preferably in the range of 4000-8000 m3/h/m3,
and/or wherein the void volume excluding the internal void volume of the
adsorber structure isin arange of 20 - 45 % preferably 25 - 35%

and/or wherein the vacuum chamber (2) further comprises flushing gas and/or
steam introduction elements (61), preferably in the form of distributor elements on
the side of the adsorber structure (1) which is opposite to a gas and/or water
extraction port (119) of the vacuum chamber (2).

Vacuum chamber (2) according to any of the preceding claims, wherein it
comprises further inlet/outlet elements for attaching a least one vacuum pump
and/or for the extraction of gases and/or liquids from the vacuum chamber and/or
for the introduction of further process media, in particular water and/or steam

and/or wherein it further comprises propulsion elements (3) for moving air
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15.

through circular openings (14) of the axial walls (116) and into the vacuum
chamber (2), wherein preferably a each axial end on both sides of the adsorber
structure a connection for attaching a vacuum is provided, and/or wherein

preferably air propulsion elements are provided such that they pull air through the
vacuum chamber.

Use of a vacuum chamber according to any of the preceding claims for a direct
carbon dioxide capture process involving cycling between adsorption of carbon
dioxide a ambient atmospheric temperature and under ambient atmospheric
pressure and desorption of the carbon dioxide at reduced pressure below ambient
atmospheric pressure, preferably a apressure level of at most 500 mbar ., and/or
a an increased sorbent material temperature of 80-130°C preferably 90-120°C,
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