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dioxide from the atmosphere using
bricks of calcium hydroxide

J. Carlos Abanades,1 Yolanda A. Criado,1,2,* and Heidi I. White1
SUMMARY

Direct air capture (DAC) of CO2 plays a key role inmost 1.5�C climate
scenarios. The low concentration of CO2 in ambient air results in
high contactor volumes, air flow rates, and energy requirements.
Here, we investigate a DAC system based on the carbonation of
Ca(OH)2 hollow bricks piled in stacks that move counter-currently
with respect to the air flow. Capture efficiencies of 50% can be ob-
tained with a contactor approximately 10 m deep, with a pressure
drop below 200 Pa at air velocities of 3–4 m/s inside the brick holes.
To capture 1 Mt-CO2/year, DAC cost approaches 251 and 131 $/t-
CO2 (without contingencies) for a first and an nth-of-a-kind system,
respectively, relying on emerging technologies to decarbonize the
lime and cement industries. If the carbonated bricks find a value as
construction materials, breakthrough decreases in costs can be
achieved.
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INTRODUCTION

Negative emissions technologies are required in all scenarios compatible with

limiting global warming to +1.5�C by the end of the century.1,2 Direct air capture

(DAC) of CO2 is considered to be a negative emissions technology when combined

with permanent storage of the captured CO2 (DACCS).3–7 DAC is also able to pro-

vide a sustainable source of CO2 for the manufacture of synthetic fuels, thus making

them truly carbon neutral when produced using carbon-free renewable energy.8–11

Most developed DAC systems are based on the use of hydroxide or amine liquid

solvents or in sorbent processes using functionalized solid materials.6 DAC

technology has been developed up to TRL6, with Carbon Engineering (www.

carbonengineering.com), Climeworks (www.climeworks.com), and Global Thermostat

(www.globalthermostat.com) as leading companies. Between them, 18 pilot plants are

in operation, capturing a total of 8,000 t-CO2/year and with individual capacities of up

to 4,000 t-CO2/year (www.carbfix.com). One-half of the total CO2 captured is stored

permanently, and the rest used for industrial applications, agriculture, and the synthe-

sis of carbon-neutral fuels. It has been announced recently that the Carbon Engineer-

ing DAC system12 will reach commercial scale by late 2024, capturing at a rate of 1 Mt-

CO2/year (www.1pointfive.com). Several studies indicate that more than 100 of these

DAC facilities are expected to be deployed within the next decade (see for example,

www.carbonengineering.com, www.1pointfive.com, and www.oxy.com). In addition

to the Carbon Engineering DAC system, industrial-scale demonstration projects

with ambitious scale-up plans for solid-sorbent-based DAC systems are under devel-

opment.3,4 Research into advanced functional materials is also expanding rapidly,4,13

as decreases in sorbent costs and improved performance will be critical for the
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deployment of these sorbent-based systems. Despite current limitations on sorbent

cost and performance, Climeworks expect to achieve the megaton scale for CO2 cap-

ture by 2030 and the gigaton scale by 2050.14 Also, the Haru-Oni project (www.

haruoni.com) aims to manufacture 1 Mt/year of green methanol by 2026 from green

H2 and CO2 captured form air using Global Thermostat DAC technology.

Early cost analyses suggested total DACCS system costs on the order of 1,000

$/t-CO2.
15 However, in a recent International Energy Agency Greenhouse Gas

R&D Programme (IEAGHG) report on DACCS,16 it has been concluded that total

costs of first-of-a-kind DACCS projects are likely to range from 300 to 600 $/t-CO2

captured. Energy consumption ranges from 5 to 11 GJ/t-CO2 for thermal needs

and from 0.6 to 9 GJ/t-CO2 for electrical needs in current DACCS systems,16 indi-

cating that total cost figures are extremely sensitive to energy costs. Herzog17 has

recently re-assessed the available literature on DAC cost and concluded that reason-

able expectations for DAC costs in 2030 remain in the range of $600–$1,000 per net

t-CO2 removed. This was assessed after due consideration of major issues, including

the availability of low-cost, carbon-free energy for high-capacity factor DAC plants,

regulatory and permitting rules, water availability, environmental issues, etc.

The use of Ca(OH)2 in DAC systems is of particular interest for this work. Solutions of

Ca(OH)2 in water were considered a suitable solvent for the capture of CO2 from air

at the onset of research into DAC18–20 and are an essential intermediate product in

the Carbon Engineering DAC system.12 Here, a Ca(OH)2-CaCO3 loop (requiring the

oxy-calcination of CaCO3 and a standard hydration process of CaO) is coupled to

regenerate the KOH water solution needed to absorb CO2 and form K2CO3 in an

air-liquid contactor.

The dry solid form of Ca(OH)2, on the other hand, has been used as a mortar for

millennia21; it can be easily shaped and does not experience deformation under

slow-hardening carbonation in contact with the atmosphere. More recently, the

use of porous Ca-based materials as enablers for DAC applications has been inves-

tigated.22–26 Their dry solid forms have been observed to have favorable structural

properties,24 similar to those of other carbonate binders and cementitious mate-

rials.27 We have investigated25 the disposal of large-scale Ca(OH)2 porous structures

to exploit the known passive carbonation phenomena of these materials. In the

Calcite project, 8-Rivers26 will attempt a large-scale demonstration of a novel DAC

system that uses thin layers of Ca(OH)2 slurry that carbonate when in contact with

ambient air. Similarly, Heirloom (www.heirloomcarbon.com) investigates a DAC sys-

tem based on Ca(OH)2 powder spread onto vertically stacked trays.

In this work, we present a DAC contactor able to capture 1Mt-CO2/year by achieving

adequate contact between an air flow and an arrangement of brick-like forms of

Ca(OH)2 dry mortars. Using cost estimations consistent with similar scale commercial

systems for each system component, a transparent value of total DACCS cost is ob-

tained. This cost is shown to be competitive with other DACCS systems. The poten-

tial use of the carbonated bricks as construction materials could translate into a

breakthrough decrease in capture cost under certain conditions.
RESULTS AND DISCUSSION

Air contactor design

The objective of any DAC contactor is to remove CO2 from the atmosphere at a scale

large enough to provide a meaningful contribution to climate change mitigation, as
2 Cell Reports Physical Science 4, 101339, April 19, 2023
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Figure 1. Schematic representation of a generic DAC contactor

This schematic representation highlights the challenge to remove CO2 from the atmosphere at a

rate relevant for climate change mitigation. For a target CO2 capture rate of 1 Mt-CO2/year, an

assumed capture efficiency of 50% and air at standard conditions with 450 ppmv CO2, any DAC

contactor needs to treat an air volume of 2.4 3 1012 m3. This figure also introduces some of the

nomenclature used for the design of the air contactor, presented in Table 1 and Figure S1.

ll
OPEN ACCESSArticle
illustrated in Figure 1. To remove 1 Mt-CO2/year from air with a concentration of

450 ppmv of CO2 at a capture efficiency of 50%—as adopted in this work as a refer-

ence (see Note S1)—requires an air volume of 2.4 3 1012 m3 to pass through the

contactor per year. In the proposed DAC system, the continuous flow of Ca(OH)2
in the form of bricks allows the air contactor to operate in steady state and the bricks

to carbonate throughout their residence time in the air contactor volume. For

simplicity, this is not represented in Figure 1, but is detailed in Figures S1 and S2.

If the DAC system operates at a 90% capacity factor, the air flow rate through the

cross-section HxL approaches 85,600 m3/s at 20�C. High air velocities, u, will

decrease the cross-section, but for any DAC contactor filled with absorption packing

elements or solid sorbents, the increase in air velocity will increase the static pres-

sure, DP, needed to overcome the total resistance to the air passage through the

depth of the air contactor, D. This pressure is typically provided by an array of

fans whose electricity consumption can escalate rapidly with u and D, as shown in

Note S1 and Figure S3. Therefore, the total electricity consumption of the air fans

must be kept within a feasible range and consistent with current estimates for similar

parameters in major DAC systems6,12 (i.e., between 0.22 and 1 GJe/t-CO2, respec-

tively). This imposes a maximum allowableDP of 200 Pa for air velocities of 2–2.5 m/s

in the cross-section HxL, which is achievable with large-diameter axial fans, such as

those found in cooling towers,28 air-cooled heat exchangers,29 and other major DAC

systems.3,28

Another consequence of the low CO2 concentration in atmospheric air is the very low

driving force for the transport of CO2 from the air toward the gas-solid contacting

surface. The carbonation process of porous Ca(OH)2-based materials in contact

with ambient air is known to be governed by the gas diffusion of CO2 through the

pores of the CaCO3 product.30,31 We have recently reported24 experimental mea-

surements of the carbonation rates of Ca(OH)2 dry mortars with porosities between

0.2 and 0.8 and a thickness between 4 and 15 mm. The model that fits the experi-

mental data is consistent with results from previous researchers investigating the

carbonation of other dry porous Ca(OH)2 and Ca-based cementitious materials.30,31

Furthermore, early studies on the carbonation of Ca(OH)2 under ambient condi-

tions21,32 highlighted the importance of high levels of humidity in the air feed into
Cell Reports Physical Science 4, 101339, April 19, 2023 3



Figure 2. Schematic representation of the CO2 concentration gradients in the air channels formed

by arranging Ca(OH)2 bricks in the air contactor

Extruded hollow bricks with standard dimensions (right) are shown to be viable forms for packaging

the dry Ca(OH)2 solids needed in the air contactor, where the air flows through the channels by

aligning the bricks as shown in Figure 3. The carbonation of these porous Ca(OH)2 bricks is

governed by the gas diffusion of CO2 through the pores of the formed CaCO3 and the mass transfer

in the film of the channels (as shown in the left of the Figure, with mass transfer equations as

detailed in Note S1). For this diffusion-controlled model, the CO2 concentration approaches zero

at the boundary between the carbonated material and unconverted Ca(OH)2 (bottom left). This

figure also introduces some of the nomenclature used for the carbonation model and the design of

the Ca(OH)2 bricks, presented in Table 1 and Figure S1.
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the contactor (i.e., relative humidities of greater than 50% and ideally greater than

80% for low surface materials24) in ensuring a maximum molar carbonation conver-

sion of Ca(OH)2 to CaCO3 (Xmax of >0.8).

For the kinetic carbonation model of the Ca(OH)2 bricks mentioned in the previous

paragraph, the concentration of CO2 approaches zero at the boundary between the

layer of material already carbonated and the unconverted porous Ca(OH)2. This is rep-

resented in Figure 2 (left), along with the mass transfer coefficient (kg) in the film of the

channels, which governs the carbonation of the initial Ca(OH)2 bricks with a zero or

negligible porous layer of CaCO3. In Note S1, we describe the sub-model used to es-

timate carbonation rates (i.e., the rate of advance of the carbonated layer, zcarb) as

function of the air channel width (DH), the gas velocity in the channels (uChannel), and

the geometry of the bricks as represented in Figure 2 (right).

Using the model described in Note S1, it was concluded that a standard brick shape

extruded form as shown in Figure 2 (right) (with 8-mm-thick walls separating 27-mm

square channels) represents a viable candidate for the porous Ca(OH)2 packing in

the air contactor. Its characteristics are detailed in Table 1. Other forms could be

adopted (tiles, cylinders, etc.), so long as their geometry enables air flow through

the contactor at a sufficiently low DP. One possible option is the stacked, vertically

spaced plates proposed in a previous study on the passive carbonation process of

Ca(OH)2.
25 However, the adoption of standard brick dimensions allows the use of

readily available techniques to produce Ca(OH)2 solids forms, which are similar to

those already in use in the construction and solid processing industries (see, for

example, www.verdes.com). For such forms, a trade-off exists between their
4 Cell Reports Physical Science 4, 101339, April 19, 2023
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Table 1. Summary of the design choices and calculated parameters of the proposed contactor design

Parameter Symbol Value Units

Design choices

Target air contactor capture target Mt-CO2/year 1 Mt-CO2/year

capture efficiency ECapt 0.5 –

capacity factor CF 90 %

Input air CO2 concentration in inlet air nCO2,in 450 ppmv

inlet air temperature Tin 20 �C

inlet air relative humidity RHin 90a %

superficial air velocity at the exit of the fans u 2b m/s

Bricks thickness of bricks wall w 8c mm

square channels DH 27c mm

gaps between bricks Dgap 14 mm

brick dimensions x,y,z 113,78,250c mm,mm,mm

brick porosity εCa 0.35a –

maximum Ca(OH)2 carbonation conversion to CaCO3 Xmax 0.9a –

carbonated layer thickness zcarb 3.2 mm

Calculated parameters

Total flow volumetric air flow Qair, in 85,560 m3/s

molar flow of Ca(OH)2 bricks FCa 1,090 mol/s

Contactor input air air velocity in the channels uChannel 3.2 m/s

static pressure required to overcome the
total resistance in the contactor

DP 114 Pa

Contactor design brick residence time tR 807 h

contactor cross-sectional area HxL 43 ha

contactor depth D 10 m

contactor volume HxLxD 4.3$105 m3

stack volume VS 1.8 m3

The detailed design of the air contactor, based on the plug flow model used to estimate capture efficiencies, can be found in Note S1.
aReference values taken fromCriado and Abanades,24 air flows with modest relative humidity could also be treated when using commercial high-surface Ca(OH)2
porous materials.24

bValue taken to moderate the static pressure and thus, the fan power consumption.
cValues taken from standard bricks for construction applications.
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porosity, the initial mechanical properties of Ca(OH)2 bricks, and the final mechani-

cal properties of the carbonated bricks. As discussed in the cost analysis section, the

manufacture of Ca(OH)2 forms with suitable dimensions for use in construction appli-

cations can satisfy the demand for masonry units manufactured with negative emis-

sions footprints (www.carboncure.com), while decreasing the cost of capturing CO2

from air. The mechanical properties of the forms leaving the contactor will be

enhanced because of the development of a carbonated layer, which is known to in-

crease their crushing strength.24,33 In addition, the use of cementitious additives and

aggregates for enhanced mechanical properties, as needed for construction appli-

cations, is an open research topic for this system.

To moderate the residence time of the Ca(OH)2 bricks in the air contactor and,

therefore, minimize the air contactor volume and depth, the maximum thickness

of the carbonated layer (zcarb) can be made lower than the characteristic thickness

of the brick walls, w. In other words, it is not necessary that the bricks are

fully carbonated during their passage through the air contactor. Favorable

mechanical properties arise even when only a fraction of the thickness is carbon-

ated. This could translate to a large decrease in air contactor volume with

respect to any other air contactor system. However, since the experimental infor-

mation relating zcarb with brick mechanical properties is limited,24 and to facilitate

comparison with cost figures from other DAC systems, we have adopted a high
Cell Reports Physical Science 4, 101339, April 19, 2023 5
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Figure 3. Overview of the air contactor proposed to carbonate the Ca(OH)2 bricks capturing CO2

directly from air

Front and detailed views of a section of the air contactor (right and left bottom, respectively). This

includes the array of axial fans required to overcome the resistance to the air passage through the

contactor depth and the arrangement of bricks in stacks (top views). The average movement of the

bricks in the contactor is facilitated by the intermittent displacement of stacks of bricks, as shown in

the bottom left. To ensure a homogeneous supply of CO2 to the exposed solid surfaces of the

bricks, the bricks holes are aligned, and gaps between bricks are incorporated, as detailed in the

top right.
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value of zcarb (80% of the maximum) for the conversion of the bricks inside the air

contactor.

The brick dimensions adopted in Table 1 allow the packing of the bricks in stacks

with their holes aligned to form an arrangement of air channels, facilitating the pas-

sage of the air through the air contactor. The overall setup of the contactor is pre-

sented in Figure 3. For the reference case adopted, the contactor volume is

4.3$105 m3 and has a 42,860 m2 array of fans supplying air at a velocity of 3.2 m/s

in the interior of the air channels (or 2 m/s in the cross-section HxL), overcoming a

DP of 114 Pa. The bricks have a residence time of approximately 807 h when

assuming that 80% of the wall thickness carbonates in the air contactor (i.e., zcarb =

3.2 mm).

To satisfy the required volume for the proposed contactor design, the stacks of

bricks were chosen to be 1.8 m3 (1.8 3 1.0 3 1.0 m). This results in stacks of 20 3

8 3 4 hollow bricks as exhibited in Figure 3. Each brick has a width of 113 mm, a

height of 78 mm, a length of 250 mm and contains six equally sized square holes

of 27 mm (as illustrated in Figure 2). The gaps between bricks have the same equiv-

alent diameter as the square holes, thus ensuring a homogeneous supply of CO2 to

the exposed solid surfaces of the bricks. These gaps may be formed, for example, by

introducing small 14-mm-thick solid elements separating each brick (as shown in

Figure 3).

The calculated residence time of the solids corresponds with an average brick move-

ment of 0.012 m/h in a direction counter-current to the air flow. In the proposed con-

tactor, the movement is achieved through intermittent displacement of the brick

stacks (as shown in the bottom left of Figure 3) moved in the contactor using low-

cost techniques widely available in similar industries (e.g., brick manufacture). We
6 Cell Reports Physical Science 4, 101339, April 19, 2023



Figure 4. The full process to (re)generate the carbonated bricks upon leaving the DAC contactor

It consists of a closed calcium loop that includes destroying and recycling the carbonated bricks to

extract the CO2 by oxy-calcination. When the carbonated bricks are exported to the construction

market to obtain a revenue that offsets the CO2 capture cost (bottom) a continuous supply of

limestone is required to manufacture the carbon-free bricks. In both cases, the CaO produced,

either from recycled bricks or from fresh limestone, is hydrated to obtain a Ca(OH)2 slurry that is

then extruded in the form of the dry bricks used in the DAC contactor of Figure 3.
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acknowledge that the shape of the stacks is today arbitrary, as this will depend on the

final shape of the masonry units and their mechanical properties, in particular their

crushing strength at the exit of the extrusion process that will determine the number

of bricks that can be piled up on top of each other. Shelving of the bricks may be

needed to overcome these limitations and we have assumed in the following section

that the cost of these selves are negligible when compared with other major CAPEX

cost components (see Table 3). It must be noted that the calculated average velocity

of displacement is a result of the distance of each displacement being equivalent to

the stack dimension in the direction of the airflow (i.e., 1 m). To increase the homo-

geneity of the carbonation process, the stacks may be rotated 180� with each

displacement, thus exposing the stacks to air flows with maximum and minimum

air concentrations. To fill the entire contactor, 231,883 stacks are required, each

with a volume of 1.8 m3. These stacks could be arranged over several floors, being

the gap between the stacks and the floor minimized and/or covered by flexible flaps

to block the passage of air to avoid channeling issues. To achieve the residence time

adopted for this reference case, a 2.9 km/h stack displacement is required, which lies

within the standard operating ranges for velocities of existing warehouse robots (i.e.,

2–5 km/h). Therefore, the movement of the solids may be achieved using a single

warehouse robot, with the brick stacks being in a stationary position most of the

time, and displaced by just 1 m approximately once every 3 days. This slow motion

also guarantees that the stacks are tightly packed at any point in time. Even if the

movement of the stacks involved the creation of a full corridor empty of stacks,

this will represent at any point in time less than 0.01% of the air contactor volume

and will only last a small fraction of the residence time of the stacks in the air

contactor.

Table 1 compiles the assumptions and design choices that make up the basic design

of a system as outlined in Figure 3 (see Note S1 and Figures S1 and S2 for more de-

tails). This table is the basis for the cost analysis presented in the following section.
Cost analysis

The estimation of cost per ton of CO2 captured from air requires the consideration of

the full system, which, besides the air contactor described in the previous section,

comprises the CaCO3 oxy-calcination process and the manufacture of Ca(OH)2
Cell Reports Physical Science 4, 101339, April 19, 2023 7



Table 2. Parameters used for cost calculations

Parameter Units FOAK NOAK

Electricity price $/MWhe ($/GJe) 68 (18.9) 50 (13.9)

Fuel price $/MWhth ($/GJth) 19 (5.3) 8 (2.2)

Cost of capital (i) % 10 5

Lifetime (n) years 30 30

Capital recovery factora % 10.6 6.5

The values of the parameters used for the cost calculations as reported in this table have been taken from

the IEAGHG report.16

aCalculated as [i,(1+i)n/((i+1)n-1)].
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bricks (Figure 4). Basic cost assumptions for these operations are described and

justified below. Reported CO2 capture efficiencies do not account for the emissions

associated with the electricity needed to run the DACCS system. The costs of the

compression, transport, and storage of CO2 are site dependent and may not be

applicable when the CO2 is used as a feedstock for synthetic fuels. However, to allow

cost comparisons with other DACCS systems reviewed in a recent IEAGHG study on

DACCS,16 the same cost has been adopted for this component (20 $/t-CO2, that can

be decreased to 5 $/t-CO2 if large capacity shared infrastructure is used alongside

low-cost storage locations). The cost figures used below are only indicative and sub-

ject to uncertainty, contingencies, and site-specific assumptions (i.e., the availability

of limestone, energy, and water at reasonable cost). Following the IEAGHG report,16

and to analyze current and future cost of the DACCS system proposed, the estima-

tion of cost per ton of CO2 captured is here presented for a first-of-a-kind (FOAK)

plant commissioning in mid-2020s and long-term nth-of-a-kind (NOAK) plant. Refer-

ence values of the main cost parameters (i.e., electricity and fuel prices, cost of cap-

ital, and lifetime of the plants) used for both cost calculations have been taken from

this report16 and are summarized in Table 2. All costs here reported are in 2020 U.S.

dollars, being this year chosen to ensure a fair cost comparison with other DACCS

systems previously reported and avoid the alteration of high inflation rates experi-

enced since mid-2021. The use of further cost ranges and sensitivity analyses have

been avoided, as they would introduce additional variability and arbitrary choices.

The cost figures below obtained are supported by cost information on similar com-

ponents used in large-scale industries or from emerging CO2 capture and storage

systems close to industrial-scale demonstration in the lime and cement sectors.

As presented in Figure 4, the main fate considered for the bricks is to recycle and

destroy them to extract CO2 by calcining the CaCO3 formed in the air contactor. Un-

der such conditions, a closed calcium loop requiring a negligible consumption of

limestone is established. With this option, the extrusion step can be made simpler,

as any shape given to the Ca(OH)2 solids would be valid, so long as the pressure drop

constraints referred to above are met.

The specific CO2 capture cost is calculated following a methodology consistent with

that applied to other emerging CO2 capture systems.34 Thus, the specific cost com-

ponents of Table 3 are calculated as follows.

(1) Capital expenditure on equipment (CAPEX): As indicated in Table 2, an

average capital recovery factor of 10.6% and 6.5% has been applied to

FOAK and NOAK calculations, respectively. The highest cost in this category

arises from the equipment needed for the calcination island, including the

oxy-calciner, CO2 compression and purification unit (CPU), air separation unit
8 Cell Reports Physical Science 4, 101339, April 19, 2023



Table 3. Summary of the costs of the main components of the proposed DACCS system

Cost component

Reference $/t-CO2 captured
in the air
contactor

Units

Value

FOAK NOAK FOAK NOAK

Calcination island + CPU + CO2

transport and storage
CAPEX Oxy-calciner, ASU, CPU and hydrator M$ 723 573 85.2 41.4

CAPEX Brick manufacture 135 107 15.9 7.7

fixed OPEX M$/year 33.4 26.5 33.4 26.5

variable OPEX: Fuel GJth/t-CO2 6.4 5.5 33.6 12.2

variable OPEX: electricity ASU + CPU + Aux MWe 40 21.4 15.8

variable OPEX: electricity brick manufacture GJe/t-CO2 0.6 10.7 7.9

variable OPEX: process water cost $/m3 1 0.1 2.4 0.2

CO2 transport and storage $/t-CO2 20 5 20 5

Subtotal 222.6 116.7

Air contactor CAPEX structure M$ 85.3 42.6 10.1 3.1

CAPEX fans 38.4 29.5 4.5 2.1

CAPEX limestone batch $/t-CaCO3 (M$) 20 (6.3) 7 (2.2) 0.7 0.2

fixed OPEX M$/year 5.1 2.9 5.1 2.9

variable OPEX: electricity GJe/t-CO2 0.4 7.9 5.8

Subtotal 28.3 14.1

Total DACCS cost
(without revenues from bricks)

250.9 130.8

All costs in 2020 US dollars.
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(ASU), and hydration of the material. Considering the cost analysis performed

by Keith et al.12 and for the lime requirements in our system, the CAPEX of

this equipment including the total project costs, would be estimated at around

$361 million and $287 million for FOAK and NOAK plants, respectively, when

applying a scale factor of 0.7. The IEAGHG technical report16 suggested that

a potential CAPEX of approximately twice these values is more realistic. There-

fore, in our cost analysis CAPEX cost of $723 and $573 million for FOAK and

NOAK plants have been considered, resulting in a contribution of 85.2 and

41.4 $/t-CO2, respectively. These values are in agreement with our previous

cost estimations for a FOAK plant25 based on reference costs for oxy-combus-

tion plants.34

Other contributors to the CAPEX consist of the brick manufacture equipment

and the air contactor elements (structure and fans) costs. The brick manufacture

equipment cost, has been calculated by scaling up the specific cost for similar

operations reported by Youssef et al.35 using their geopolymer brick produc-

tion (i.e., without curing steps when compared to standard fired bricks), the

CAPEX of the brick manufacture equipment is of $5.3 million for a production

of 25,000 t/year.35 In our proposed system, approximately 290 tons per hour

of dry Ca(OH)2 extruded are required to capture 1 Mt-CO2/year in the air con-

tactor. Using a scale factor of 0.7, this results in a cost of $135 million for FOAK

plants, which account for approximately 16% of the CAPEX of the calcination

island. The same cost ratio for the FOAK and NOAK systems as in the oxy-

calciner island is used to estimate the brick manufacture equipment for a

NOAK plant. These numbers are consistent with estimation costs provided

by a vendor36 that manufactures and commercializes machinery, equipment,

services, and installations for materials extrusion at scales for single lines up

to 400,000 t/year and equipment cost of about $3 million per machine. It

must be noted that the extrusion machine represents approximately one-fourth

of the capital expenditure for bricks manufacture (i.e., including mixing of

solids, robotics to pile up the bricks, and conveying belts).
Cell Reports Physical Science 4, 101339, April 19, 2023 9
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The air contactor structure cost was estimated assuming 400 and 200 $/m2

flooring cost, respectively, for FOAK and NOAK plants. For the fans, the cost

was estimated using the conservative capital cost assumptions of Holmes and

Keith28 for a DAC contactor operating under pressure drop requirements com-

parable with those of the contactor depicted in Figure 3, being approximately

$38.4 million for a FOAK plant (30% higher than for a NOAK plant).

Finally, the capital expenditure for the first batch of material in the air contac-

tor has been included in the cost analysis. Here, limestone costs of 20 and 7

$/t-CaCO3 have been assumed for the FOAK and NOAK plants, which is

consistent with the U.S. Geological Survey37 data available for commodity

crushed stone. As result, the contribution of the air contactor elements

CAPEX (i.e., structure, fans and limestone) is just of 15.3 and 5.4 $/t-CO2

for FOAK and NOAK plants, less than 15% of that of the calcination island.

This is obviously a critical advantage with respect to alternative DAC systems:

once the costs of producing de-carbonized Ca(OH)2 are taking into account,

the remaining cost components in the proposed DAC system are relatively

minor cost contributors, subject to low contingencies.

(2) Fixed operational costs (Fixed OPEX): These include the fixed maintenance

and labor OPEX (assumed to be 3% of the total CAPEX and 30% of the main-

tenance costs, respectively). As reported in Table 3, these contribute with

about 38.5 and 29.4 $/t-CO2 for FOAK and NOAK plants, respectively.

(3) Variable operational costs (Variable OPEX): Include the costs of fuel, elec-

tricity consumables, raw materials (i.e., limestone and water), and CO2 trans-

port and storage. The thermal energy requirements of the limestone calci-

nation step are assumed to be 5 GJth/t-CaO (or 6.4 GJth/t-CO2). Because

of recent major developments made by lime equipment manufacturers,38

oxy-fired lime kilns with an energy consumption as low as 4.3 GJth/t-CaO

will soon be available, meaning that this assumption can be considered

conservative. This is further supported by the estimations made by Carbon

Engineering, where an optimistic 4.1 GJth/t-CO2 is assumed for their oxy-

fired calcination step.12 Considering the fuel costs reported on Table 2,

this results on 33.6 and 12.2 $/t-CO2 for FOAK and NOAK plants. The ele-

ments contributing to electricity consumption in the calcination island are

the electricity linked with the brick manufacture machinery (with 0.6

GJe/t-CO2, considering a consumption of 69 kWhe per ton of brikcs35)

and with the oxy-combustion island (i.e., for the ASU, CPUs and auxiliaries,

with 1.3 GJe/t-CO2 – equivalent to 40 MWe
12,25). Concerning the latter, this

can be reduced to 0.8 GJe/t-CO2 if the ASU is replaced with electrolytic

O2.
39 For electricity costs of 18.9 and 13.9 $/GJe, as reported in Table 2,

the total electricity consumption in the calcination island results in 32.1

and 23.6 $/t-CO2, respectively. The cost of process water (required for

the hydration of Ca[OH]2 and the brick manufacture process) can be highly

variable, with upper and lower bounds of 1 $/m3 and 0.1 $/m3 at the loca-

tion of the plant12 as reported in Table 3. In the case that the cost of water

reaches the higher value, 15–20 $/t-CO2 should be added to the variable

OPEX costs under the most pessimistic conditions. These conditions may

be present in arid locations with low levels of humidity in the air that would

require not only water for the sorbent regeneration (as indicated in Figure 4),

but also to humidify air entering the air contactor. As mentioned above, a

CO2 transport and storage cost of 5–20 $/t-CO2
16 is included in the cost

analysis. Concerning the variable OPEX in the air contactor, this includes

mainly the electricity consumption of the fans (0.4 GJe/t-CO2 as calculated

in Note S1, see also Figure S3, which is equivalent to 13.3 MWe).
Cell Reports Physical Science 4, 101339, April 19, 2023
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As shown in Table 3, 251 and 131 $/t-CO2 have been calculated for a FOAK and

NOAK plants, respectively, being the calcination island, CPU, and CO2 transport

and storage the main elements contributing to the total cost. If reference cost

numbers were taken as those reported by Carbon Engineering12 (i.e., same oxy-

calcination island CAPEX, fixed and variable OPEX costs, and capital recovery fac-

tors), the system proposed in this work would reach a NOAK cost of 108 $/t-CO2,

which is 12 $/t-CO2 below the reference cost reported by Carbon Engineering12 un-

der the same assumptions (scenario with gas and electricity input).

By future research on the carbonated bricks, potential uses can be expected as

construction materials. The added value of the bricks could translate into a break-

through reduction in the DACCS cost analysis, at least for the FOAK demonstration

systems. In this option (see Figure 4), there is a continuous supply of natural

limestone delivered to the system to manufacture the Ca(OH)2 bricks while

generating a stream of CO2 suitable for transport and permanent storage or

use. Thus, an additional cost of 68.4 $/t-CO2 needs to be taken into account

because of the necessary continuous supply of limestone. In addition, we assume

an additional cost of 30 $/t-Ca(OH)2 extruded (i.e., 76 $/t-CO2) linked to the

possible need of additives and aggregates to provide the necessary properties

to the bricks. Furthermore, we upgrade the oxy-calciner island cost (oversized

considering the continuous flow of fresh limestone instead of recycled material)

and CO2 transport and storage cost (as 1.4 t-CO2 are stored per t-CO2 captured

in the contactor). The DACSS cost for this option escalates to 410 $/t-CO2

captured in the air contactor. However, this cost can be offset and brought to

zero if it is possible to recover 0.2 $/brick in a FOAK plant. Therefore, the fact

that two commodities (i.e., pure CO2 and negative emissions bricks) can be pro-

duced in the DAC system, offers a competitive advantage for the early deployment

of the proposed DAC technology.
EXPERIMENTAL PROCEDURES
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Materials availability
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Data and code availability
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plug flow model used to estimate capture efficiencies and can be found in Note
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4. Erans, M., Sanz-Pérez, E.S., Hanak, D.P.,
Clulow, Z., Reiner, D.M., and Mutch, G.A.
(2022). Direct air capture: process technology,
techno-economic and socio-political
challenges. Energy Environ. Sci. 15, 1360–1405.
https://doi.org/10.1039/D1EE03523A.

5. Daggash, H.A., Fajardy, M., and Mac Dowell,
N. (2020). Negative emissions technologies. In
Carbon capture and storage, M. Bui and N.
Mac Dowell, eds. (The Royal Society of
Chemistry), pp. 447–511.

6. National Academies of Sciences Engineering
and Medicine (2019). Negative Emissions
Technologies and Reliable Sequestration: A
Research Agenda (The National Academies
Press). https://doi.org/10.17226/25259 GET.
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