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This study deals with the questionwhich direct air capture technologies currently

have the biggest potential for reaching a gigaton scale of capture capacity.

Technologies thatwere examined are alkaline gaswashing, temperature-vacuum

swing adsorption, electro-swing adsorption, and accelerated weathering carbon

capture. A multi-criteria decision-making model (PROMETHEE II) and cost

predictions based on learning by doing were used to determine which

technology has the highest potential. The results show that electro-swing

adsorption has the highest potential but comes with a lot of uncertainties that

need to be cleared in the future, such as costs and supply for adsorbents. In

addition, it was not tested under ambient conditions, and therefore, it is unclear

how this technology will perform at atmospheric CO2 levels. Next best would

be accelerated weathering carbon capture, which needs no fresh water and has

lower energy demand compared to temperature-vacuum swing adsorption. A

major disadvantage might be the land requirements and the high temperatures

to regenerate the carbonates. Temperature-vacuum swing adsorption follows

shortly after, mainly profiting from a great cost reduction potential from learning

by doing and a comparably small land footprint. Alkaline gas washing showed

the lowest potential, but through improving the process, it will also have the

possibility to be applied at gigaton scale.

KEYWORDS

direct air capture, temperature-vacuum swing adsorption, alkaline gas washing,

electro-swing adsorption, industrialization, multi-criteria decision-making, prognosis,

PROMETHEE II

1 Introduction

Climate change is one of themost pressing challenges humanity will face in this century

and probably has to deal with the consequences for centuries to come. Currently, the world

is far from being on track to achieve the Paris agreement goals as a rapid acceleration of

climate protection efforts is needed to stay below 2.0◦C (Boehm et al., 2022). To still reach

set goals, options such as Carbon Capture Storage (CCS), which were hardly discussed

30 years ago and were seen to be one of many options 20 years ago, Herzog (2001) have

become an inevitable building block for solid climate action strategies (Masson-Delmotte

et al., 2019). Climate protection plans commonly include a massive ramp-up of renewable

energy production in combination with a phase-out of fossil fuels. This change in the

composition of energy production infrastructure is in favor of Direct Air Capture Carbon

Storage (DACCS) over conventional CCS as some major CO2 point sources will phase out.

Both technologies are at the upper end of costs for CO2 capture methods, but a major

advantage of DACCS over standard CCS is its ability to deal with emissions from non-point

sources, which will be a main contributor to residual emissions in the future, additionally
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to removing legacy emissions from the atmosphere (International

Energy Agency, 2021; Nemet G. F. et al., 2023).

Currently, a variety of different DAC technologies are under

development, with some already being marketed, while others

are still on a laboratory scale (Ozkan, 2021; International Energy

Agency, 2022). As the DAC industry is still in its infancy and

estimations for installed CO2 capture capacity reach into the range

of gigatons for the middle of the century, a fast and sustainable

industrialization seems to be necessary to provide enough removal

capacity (Nemet G. et al., 2023; Powis et al., 2023).

Therefore, the aim of this study is to assess different DAC

technologies in terms of potential for industrialization, as necessary

for accelerated climate action.

2 Materials and methods

2.1 Methods

As there are a variety of different technological approaches

on DAC, four are selected to be closely examined to determine

how suitable they are for sustainable industrialization. It is in

this context defined as reaching a significant number of capture

units produced and installed per year, while also being easy

to operate and being as sustainable as possible. Technologies

chosen are alkaline gas washing (AGW) as developed by Carbon

Engineering (Keith et al., 2018), temperature-vacuum swing

adsorption (TVSA) as developed by Climeworks (Beuttler et al.,

2019; Deutz and Bardow, 2021), electro-swing adsorption (ESA)

reported by Voskian and Hatton (2019), and ambient weathering

carbon capture (AWCC) as reported by McQueen et al. (2020) and

developed by Heirloom.

The aforementioned technologies are chosen as they share

some advantages that might be beneficial for being deployed.

While TVSA and ESA capture units commonly come in smaller

sizes, comparable to shipping containers, AGW and AWCC are

substantially bigger. These four technologies stand in contrast

to approaches such as enhanced weathering of minerals or

ocean alkalinity enhancement (OAE) where capture cycles are

much longer and measurement, reporting, and verification for

carbon credits can be more complicated (McQueen et al., 2020).

Adding to this, environmental impacts of OAE can be broad and

unpredictable (National Academies of Sciences, Engineering, and

Medicine, 2022).

To assess industrialization potentials for previously chosen

technologies, a variety of different analyses are performed which

include assessing the effects of learning by doing on CO2

removal costs and energy consumption in their current state

of development. The core of this study is the determination

of industrialization potentials for different DAC technologies.

Capture technologies that are difficult to operate regarding their

varying needs for electric and thermal energy, used capture

materials, and produced waste are less likely to be applied at

industrial scale if other options are easier to operate and less

polluting. In addition, a high water demand or land requirements

can be hindering to apply the technology. To give an additional

perspective, Technology Readiness Levels are provided as data on

technologies with a lower TRL come with higher uncertainties on

their future development.

2.2 Economic estimations for
electro-swing adsorption

ESA was not tested under atmospheric conditions and

estimations on costs only refer to operating costs for the electro-

chemical cell. To give a better picture for comparison between

different DACmethods, some estimations for ESA have to be made.

For capital expenditure (CAPEX) for a scaled capture unit

with an output of 1,000 tons per year, the costs are assumed

to be 350 $/ton∗a. This is somewhat higher than 288 $/ton∗a

suggested by National Academies of Sciences, Engineering, and

Medicine (2019) for a scaled TVSA capture unit. As CAPEX for

solid sorbent is dominated by the cost for the adsorbent and ESA

is employing a pricier adsorbent than TVSA, it is reasonable to

assume a higher overall CAPEX for ESA (National Academies

of Sciences, Engineering, and Medicine, 2019). Operational

expenditure (OPEX) for ESA capture units is mainly influenced by

energy demand as this technology solely operates with electricity.

Costs were set to 0.15 $/kWh.

2.3 Approach on future CO2 removal costs
based on learning by doing

It is empirically established that costs for a technology are

influenced by learning curves. In the case of DAC, this means

that every doubling of installed capture units, which in this

case is measured by cumulative carbon capture capacity, results

in a reduction of costs by a constant learning rate (LR). This

output capacity is called the functional unit. For TVSA and

ESA, this unit is assumed to be 1,000 tons of removal capacity

per year and functional unit, while for AGW and AWCC, it is

250,000 tons. Two different functional units are chosen to better

reflect how those technologies are applied. TVSA and ESA are

developed as small modular units the size of a 20-foot shipping

container or even smaller. Every container, coupled with some

external process technology, can be operated as a single capture

facility. Capture plants with greater capacity are built by just

using more identical containers. Hence, the smallest functional

unit is one container. In contrast, AGW and AWCC require an

industrial-scale approach, with the combination of different sub-

systems. Especially the calciner, which operates at temperatures

up to 900◦C, requires a sufficient mass flow of carbonates to

be economically viable. Thus, the functional unit has to be

larger compared to TVSA and ESA to better reflect how those

technologies will be deployed in reality. In addition, the results

are rather insensitive to size of the functional unit as long as x

measures how much capacity is added (Lackner and Azarabadi,

2021).

Technologies that are more established are generally subject

to lower LR than others. Hence, a learning rate of 0.2 is assigned

in this study to reflect the relative recency of DAC technologies.
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The learning by doing effects on DAC can be compared to the

development of photovoltaic or wind power.

C(x) = Cr∗(1− LR)log2x + Cnr (1)

Cr Reducible costs

Cnr Non-reducible costs

x Number of doubling based on functional unit

C Final costs after cost reduction

Costs are divided into Cr , which is the reducible part influenced

by learning rates. These costs mainly contain costs for production

and operation that can be lowered by improving production

principles and better operation schemes. Cnr , which is the non-

reducible part, mainly describes the absolute bottom line of costs,

which cannot be reduced in any way. While x is the number of

doublings based on the functional unit, C is the final cost that

includes the reduced costs and the non-reducible costs (Lackner

and Azarabadi, 2021).

Industrialized production commonly results in higher

production capacity over time compared to manual production.

Hence, one can expect that cost reduction effects, which are directly

dependent on the number of functional units produced, such as

learning by doing, play a more important role for industrialized

production processes. Consequently, looking at the impact of

learning by doing might give a deeper insight into how much

potential technologies have for industrialization.

It should be noted that overall cost reductions are not only

subject to learning by doing but are also influenced by a variety

of other factors. Therefore, this cost projection is a simplification

of reality and results in rather conservative estimations. For

comparison, the impact of different cost reduction factors in a

related field was investigated by Rubin et al. (2015).

2.4 Energy demand

Energy demands presented in this study are solely literature-

based. If more than one source was available, an arithmetic

averaging was used to include all obtainable data.

As mentioned before, testing conditions for ESA were not in

the typical range for DAC application. Tests were performed with

CO2 levels ranging between 6,000 and 100,000 ppm. Adsorption

capacity was reported to be constant over all CO2 levels with an

energy demand in the range of 40–90 kJ/mol depending on the

loading. Reported energy consumption only refers to the electro-

chemical cell itself; peripheral consumers such as ventilation and

controllers were not included (Voskian and Hatton, 2019; Wilcox,

2020). Hence, it can be assumed that the energy demand for

ESA is higher than reported due to lower CO2 concentration

and additional peripheral consumers. Based on comparable

setups, an additional energy consumption of 235 kWh/ton was

assumed (National Academies of Sciences, Engineering, and

Medicine, 2019).

To increase the understanding of the overall landscape of

DAC technologies, Table 1 shows an overview of the operating

TABLE 1 Overview energy demand and operating temperatures.

Alternatives Energy demand
thermal

[kWh/ton]

Energy demand
electric

[kWh/ton]

AGW 2,060 377

TVSA 1,847 345

ESA 0 655

AWCC 1,924 85

Alternatives Operating temperatures [◦C]

AGW >900◦C

TVSA <120◦C

ESA Ambient

AWCC 600–900◦C

TABLE 2 Overview of technologies and average values used for MCDM.

Alternatives Energy demand
[kWh/ton]

Costs
[$/ton]

Energy
supply

AGW 2,311 394 Low

TVSA 2,115 346 Average

ESA 655 455 High

AWCC 2,010 315 Low

Alternatives Materials
and waste

Water
demand
[ton

H2O/ton
CO2]

Land
requirements
[m2/ton∗a]

AGW High 0–32 7

TVSA Average 1.6 1.12

ESA Low 0 1.12

AWCC High 0 6.1

temperatures of different technologies coupled with their respective

energy demands (Keith et al., 2018; National Academies of Sciences,

Engineering, and Medicine, 2019; Beuttler et al., 2019; Voskian

and Hatton, 2019; McQueen et al., 2020; Deutz and Bardow, 2021;

McQueen et al., 2021; Sabatino et al., 2021; Sendi et al., 2024).

2.5 Potential for industrialization

The scale at which DAC has to be deployed in the future

prompts that capture units will not only be operated by

their respective developers but also by a broad spectrum of

independent operators. Generally speaking, this calls for user-

friendly products which are easy to operate. In this study, specific

costs today and at scale, energy demand, used materials, waste

production, composition of energy supply, water demand, and

land requirements are considered as factors for industrialization

potential.

A multi-criteria decision-making (MCDM) analysis, more

specifically the PROMETHEE II method, was applied to assess

which of the aforementioned alternatives are more preferable for

independent operators. Table 2 shows an overview of quantitative
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TABLE 3 Point 11 fuzzy scale.

Linguistic term Crisp score

Exceptionally low (ECL) 0.045

Extremely low (EL) 0.135

Very low (VL) 0.255

Low (L) 0.335

Below average (BA) 0.41

Average (A) 0.5

Above average (AA) 0.59

High (H) 0.665

Very high (VH) 0.745

Extremely high (EH) 0.865

Exceptionally high (ECH) 0.955

and qualitative values used for the MCDM analysis. For an MCDM

analysis, every quantitative and qualitative input for a parameter

can be matched with a respective linguistic term and a crisp

score. Every parameter is additionally assigned a weighting to

reflect overall importance. Next, crisp scores for every parameter

and every alternative are compared to each other. By adding and

normalizing the crisp scores, a final value can be determined.

This value ranks each alternative on a cardinal scale and makes

comparison easier (Thakkar, 2021).

Table 3 is adopted from Thakkar (2021) and shows the

linguistic terms for rating in different categories with their

corresponding crisp score and the normalized values for each

linguistic term. This scale was used for rating the different

alternatives in the respective categories for PROMETHEE II.

2.5.1 Energy demand
It is the main driver for the OPEX of a DAC plant. A sustainable

energy supply is one of the most important factors for the operation

of a DAC plant. Lower energy demands paired with an energy

supply with a small carbon footprint increase the amount of net-

negative emissions per functional unit. This is expected to be

a major driver for operators. Hence, lower energy demand is

desirable and is assigned a weighting of 0.2 to reflect that.

2.5.2 Costs
As manufacturers and operators need to have a viable business

case for them to run DAC plants, lower costs are more preferable.

This will be a major decision marker for companies and is therefore

assigned a weighting of 0.2 to represent the importance of this

criterion.

2.5.3 Materials and waste
If a capture unit uses materials that are more difficult to handle

or to operate as they are expensive or hazardous, operators will

choose alternatives which are easier to handle. The same counts

for potential wastes produced by the process; the less waste and the

less hazardous for humans and the environment, the better. This

category is assigned a weighting of 0.15.

2.5.4 Energy supply
Composition of energy supply can also be an important factor

for operators. Some processes need thermal energy for desorption;

this heat can be sourced from waste heat or generated specifically

for the process. This heat production or sourcing might not be

available or possible at every location. Therefore, processes that can

be run on electricity only are preferable for operators. It is assigned

a weighting of 0.1.

2.5.5 Water demand
Fresh water is an important resource that various DAC

technologies need for operation. Especially processes that rely

on the absorption of CO2 in aqueous solution such as AGW,

other technologies might also need water in drier climates. The

importance of conserving fresh water for agriculture and other

uses will increase in the future due to a potentially reduced supply

through climate change. Therefore, it was assigned a weighting of

0.15. Note that a lower water demand was rated with a higher value

for the MCDM.

2.5.6 Land requirement
A main advantage of DAC over other CDR methods is its

independence from arable land. As a technical removal method,

it can theoretically be placed anywhere where the necessary

infrastructure is provided. That does not mean land requirements

to build the capture plants are not important. Comparing different

DAC technologies helps to identify which methods use land

more efficiently and thereby reduce costs and effort to establish

a facility. It was assigned a weighting of 0.1. Similar to water

demand, small land requirements correspond with a high rating in

the MCDM.

2.6 TRL

NASA has been working on TRL for decades to assess

how far a technology is in its development. It ranges from an

observed principle (TRL 1) to a proven system implemented

in its intended working environment (TRL 9) (Mankins, 1995).

Originally referring to space flight technologies, today it provides

a suitable way to measure the maturity of different technologies.

The scale can be expanded by TRL 10, referring to technologies that

have been operational for a set amount of time and provided no or

acceptably low failure rates (Straub, 2015). Determination of TRL

in this study is based on U.S. Department of Energy (2010).

TRLs in this study are assessed based on mentioned literature

and business activities if there are any. In addition, TRLs

taken from literature by Bui et al. (2018) are presented for

comparison. It should be noted that the lower the TRL, the more

uncertainties for the future development of a technology can

be expected.
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FIGURE 1

Cost reduction through learning by doing from doubling of capacity for di�erent DAC technologies, starting at 1,000 tons of CO2 capacity per year

for every technology except AGW and AWCC which starts at 250,000 tons of CO2.

3 Results and discussion

3.1 Economic estimations for
electro-swing adsorption

Data on ESA were generated under testing conditions that

differ from atmospheric DAC application; the lowest CO2

concentration used by Voskian and Hatton (2019) was 6 000

ppm, which is approximately 15 times higher than in the

atmosphere. Assumptions were necessary to calculate costs under

DAC conditions with an output capacity of 1,000 tons of CO2 per

year as mentioned in the methods.

Calculation of total costs results in approximately 455 $/ton,

divided into 365 $/ton for reducible costs and approximately 90

$/ton for non-reducible costs.

The results for OPEX are between 76 and 120 $/ton, which are

in line with reported costs in the literature, which are between 80

and 100 $/ton, but CAPEX of 350 $/ton hints at how high total

costs could be. Nevertheless, a detailed economic analysis is needed

to show if the assumptions are correct. It also has to be considered

that investment costs will be subject to cost reductions from various

factors in the future.

3.2 Cost of CO2 removal

Figure 1 shows how costs in $/ton develop if doubling of

capacity causes a learning by doing effect (Fasihi et al., 2019;

Voskian and Hatton, 2019; McQueen et al., 2020; Erans et al.,

2022). The upscaling is based on International Energy Agency

(2021), where a removal capacity of 1 Gt per year is projected for

DAC to reach carbon neutrality. After 22 doublings, a capacity

of approximately 1 Gt is reached for TVSA and ESA. Note

that it is assumed that after 5 doublings, the first capture units

reach their end of life and have to be shut down. Therefore, the

growth of capacity is slowed down. AGW and AWCC exceed the

threshold value of 1 Gt after 14 doublings as the functional unit for

these capture technologies is 250,000 tons, as small-scale modular

capture units based on those technological approaches are currently

not developed.

Figure 1 shows that TVSA reaches about the same capture

costs as AWCC for a similar capacity, although the initial removal

costs are higher. This can be explained by the greater influence

of learning by doing for technologies with smaller functional

units as they have to go through more doublings of capacity

and therefore experience higher cost reductions. Comparing all

examined options, ESA is the most expensive one, but this should

be taken with caution as economic estimations for CAPEX are

assumption-based and need to be compared to measured data

when available. AGW is somewhat in the middle between ESA and

TVSA, also suffering from fewer doublings, resulting in a lower

cost reduction when reaching the threshold value of 1 Gt removal

capacity. In addition, AGW plants are currently a composition of

of-the shelf available components. That means each component

is subjected to a lower learning rate. Nevertheless, economies of

scale still apply to this technology and are comparable to the used

learning rate (Lieberman, 1987; Koellner et al., 2004; Yeh and

Rubin, 2012; Dahlgren et al., 2013).

In addition, the graph shows that the effect of learning by doing

is by far not big enough to reach removal costs that make DAC a

viable technology compared to other carbon removal technologies

(Sachs, 2021). Significant cost reductions can be achieved through

improved energy consumption, cheaper chemical components, and

an improved process and adsorber design. Adding to this, learning

by research should not be neglected as a factor for cost reduction.

Similar to the findings by Lackner and Azarabadi (2021), it is

clear that learning by doing as a single cost reduction mechanism

will not cause a sufficient enough effect on CO2 capture prices.

It is also complicated to predict learning rates for technologies

that are still under development in an industry that might see

disruptive changes in the future. Researchers should be advised

against comparing different technologies only based on learning

rates as these might change significantly over time and under

varying circumstances.

Overall, the cost estimations based on learning by doing are in

line with costs provided by Young et al. (2023) and Sievert et al.
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(2024). Our estimations reach the lower end of what the recent

literature projected. This may be due to a static and comparably

high learning rate. Even though the results fall in line with

literature, it still needs to be proven against data on real costs for

a scaled capture facility when they are available.

3.3 Energy demand

ESA has the lowest energy demand, but it is unclear if this

demand can be reached with atmospheric CO2 levels. A great

advantage of ESA is that it is solely based on electric energy, which is

easily available andmakes it independent of thermal energy sources

(Voskian and Hatton, 2019).

AGW has the highest demand and has a high percentage of

thermal energy, which has to be at approximately 900◦C. Supplying

thermal energy at such a high level can be problematic if there is no

heat source available at this level. For AGW as presented by Keith

et al. (2018), thermal energy is produced via combustion of natural

gas, which produces CO2 to supply heat and electricity. The process

currently averages at needing 7.4 MJ/kg thermal and 1.36 MJ/kg

electric energy (National Academies of Sciences, Engineering, and

Medicine, 2019; Keith et al., 2018; Realmonte et al., 2019; McQueen

et al., 2021; Sabatino et al., 2021).

TVSA and AWCC have comparable energy demands. While

TVSA is slightly higher, it needs more electrical energy, and even

though it needs thermal energy for desorption, this energy can

be produced with electric energy as the level is at approximately

100◦C. Therefore, TVSA is more flexible in its operation and

independent of heat sources (Beuttler et al., 2019; Sabatino et al.,

2021).

AWCC needs less electric energy compared to AGW as there

is no need for fluid management and no liquid components that

need to be handled. In terms of thermal energy, it is comparable

as both technologies rely on carbonation of mineral oxides (Keith

et al., 2018; McQueen et al., 2020).

ESA and AWCC do not have values for standard deviation

in Figure 2 because there were not enough data available to

calculate it.

It should be noted that the energy demand presented for ESA

is based on Voskian and Hatton (2019) where the technology was

applied to higher CO2 concentrations than typically found in the

atmosphere and neglected peripheral energy consumers. We added

the additional assumed energy consumption by these consumers.

3.4 Potential for industrialization

As described in Methods, a multi-criteria decision-making

analysis with PROMETHEE II was performed to determine

which DAC method is most suitable for a fast and sustainable

industrialization. The different categories reflect on how user-

friendly the technology is. This was considered an important factor

as it is not likely that DAC companies will be in control of the

whole vertical value chain from process design to manufacturing

and operation of DAC plants in the future. It is more likely that at

least operation will be carried out by independent operators who

FIGURE 2

Current energy demand in MJ/kg of di�erent DAC Technologies for

sequestration of CO2 with standard deviation.

buy capture units from respective companies. Therefore, the results

can be understood as a scale for user-friendliness.

Table 4 shows normalized values used for the PROMETHEE

II analysis. If concrete values were available, they were normalized

and paired with the corresponding linguistic term. If the rating was

a qualitative one, the linguistic term was chosen and normalized

accordingly.

3.4.1 Energy demand
In this category, ESA received the best rating for its

exceptionally low demand compared to the other options. The

others, from highest to lowest rating, were AWCC, TVSA, and

AGW. It can be expected that especially TVSA will see a reduction

of energy consumption in the future from better and more

specialized sorbent materials.

3.4.2 Cost
Only values that could be obtained from literature were used

for this rating, plus the economic estimations for ESA. Here, from

best to worst rating, are AWCC, TVSA, AGW, and ESA. It is yet

to be proven if ESA can reach the estimated CAPEX and OPEX

for DAC conditions. All of the mentioned technologies are likely to

see a decrease in costs through improvements in production and

operation. This is also reflected in the cost prognosis in Figure 1.

3.4.3 Materials and waste
This category was rated qualitatively according to which

materials were used and what products from the process can be

expected. For AGW, according to Keith et al. (2018), potassium

hydroxide, calcium hydroxide, and water are used. Deposits for raw

materials for hydroxide production are numerous, and a shortage is
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TABLE 4 Rating of the four alternatives according to the chosen criteria with a point 11 fuzzy scale.

Alternatives Energy demand Normalization Costs Normalization

AGW BA 0.44 H 0.67

TVSA A 0.49 H 0.72

ESA EH 0.88 VH 0.6

AWCC A 0.52 VH 0.76

Alternatives Materials and waste Normalization Energy supply Normalization

AGW H 0.665 L 0.335

TVSA A 0.5 A 0.5

ESA L 0.335 H 0.665

AWCC H 0.665 L 0.335

Alternatives Water demand Normalization Land
requirements

Normalization

AGW H 0.65 H 0.653

TVSA EH 0.931 EH 0.947

ESA EH 0.955 EH 0.947

AWCC EH 0.955 H 0.688

not expected. Apart fromwater, the consumption of inputmaterials

is rather low, and disposal is not problematic. This resulted in

a rating of High. For TVSA, it is state of the art to use an

amine-based sorbent and water (Deutz and Bardow, 2021). The

production of amines would have to be scaled up to the size of

current standard polymers for a global roll-out. Detailed analyses

are necessary to determine whether this is possible, but it is not seen

as a fundamental problem. The amines and filter materials have to

be disposed of after a few years of operation, but this should not be

problematic as different disposal options are available. Accordingly,

it was rated Average.

The ESA process, as described by Voskian and Hatton (2019),

uses ferrocene and anthraquinones. Ferrocene is rather easy to

produce and should be available for a broad roll-out. Production

of anthraquinones is more complex and could become a problem

in the future. Adding to this, both substances are toxic and in

parts carcinogenic. This has to be considered when dealing with the

handling and disposal of both materials. Therefore, ESA was rated

Low.

Finally, for AWCC, as described by McQueen et al. (2020), the

process needs magnesium oxide, which is obtained frommagnesite.

The consumption during the capture is low, and no shortage of

supply can be expected. Apart from that, the process can also use

other mineral oxides. Disposal is not problematic. The process is

rated High.

3.4.4 Energy composition
AGW and AWCC predominantly use thermal energy at a

high temperature of approximately 900◦C. This temperature level

can be problematic to source. Heat at this level usually is not

available as waste heat and has to be produced specifically for

this process, which might not be possible at some locations.

Therefore, both technologies were rated Low. TVSA also relies

heavily on thermal energy but at a significantly lower level. At

approximately 100◦C, heat can be sourced from waste energy if

available or can be produced with resistance heaters or high-

temperature heat pumps. Thus, TVSA can be run completely on

electric energy with some minor adjustments to the system. It was

rated Average.

Conclusively, ESA runs on electric energy only, is therefore

highly flexible, and is easy to apply at any given location. It was

rated High.

3.4.5 Water demand
Water demand for AGW is reported between 0 and 32 tons

of H2O per ton of CO2. This large margin is on the one hand

dependent on air humidity but also process design (National

Academies of Sciences, Engineering, and Medicine, 2019). Keith

et al. (2018) estimate a consumption between 0 and 9 tons of H2O

based on their process design, which will be applied at the Stratos

facility developed by 1PointFive. Nevertheless, this demand was

found to be the largest of all investigated technologies. Third was

TVSA with an estimated demand of 1.6 tons. This is, of course,

dependent on climate conditions, but in some cases, the method is

able to produce water instead of consuming it (National Academies

of Sciences, Engineering, and Medicine, 2019).

For both ESA and AWCC, there was no evidence in the

literature to be found that those methods consume a significant

amount of water and were consequently rated exceptionally high

in terms of water demand.

3.4.6 Land requirement
Land use was found to be larger for methods that rely on

carbonation of alkaline and earth alkaline minerals such as AGW

and AWCC, while AGW was reported to have the highest demand
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TABLE 5 Final values for MCDM based on PROMETHEE II for four DAC

technologies.

Alternatives Final value

AGW -0.0961

TVSA -0.0052

ESA 0.0905

AWCC 0.0108

with 7 m2 per ton per year, followed by AWCC with 6.2 m2

per ton per year (National Academies of Sciences, Engineering,

and Medicine, 2019; McQueen et al., 2020). Both technologies

necessitate the construction of large-scale facilities, and both were

rated Low. In contrast, TVSA and ESA are smaller in size and

much more modular. Literature provided a land requirement of

1.12m2 per ton per year for TVSA (National Academies of Sciences,

Engineering, and Medicine, 2019). Comparable figures for ESA

were not available; therefore, we assumed it to be somewhat similar

to the demand of TVSA. Thus, both were rated exceptionally High.

Table 5 shows the final results of the MCDM-analysis. The

higher the value, the more preferable the alternative is. At first

glance, ESA seems to have the highest industrialization potential

as it has very promising energy consumption paired with solely

relying on electric energy and no water demand. However, this

result should be taken with caution as this technology has a weaker

database compared to the others in this study. In addition, the

materials used for ESA are currently expensive, and it is unclear

if they can be supplied in larger quantities in case of a global roll-

out. It currently comes with a TRL of 4, which is considerably

lower than the TRL of TVSA, AGW, and AWCC. It should be

clear that there are high uncertainties for this technology in the

future. Nevertheless, if it can keep its promises, it has high potential.

The next best option would be AWCC, which performs well in

materials and waste but lacks especially in energy composition and

land requirement. Third would be TVSA, which has the advantage

of being electric-only but also has higher energy consumption and

costs compared to AWCC. Finally, AGW has the lowest rating;

it suffers from higher thermal energy demand, heavy reliance on

thermal energy at a high level, and a high demand for water,

especially in dry climates.

4 Conclusion

Based on the presented data, ESA was identified to be the

one with the highest potential for industrialization but also with

the highest uncertainties for its future development. Capture units

at scale have to show if this technology can keep its promises.

A major hurdle could be the hazardous and expensive chemicals

it needs. It is not clear if they can be produced at scale. In

favor of this technology is the low energy demand. The energy

system, shifting from a fossil-based to a more sustainable one,

is under pressure from ever-increasing energy demands. Thus,

avoiding more pressure from energy-intensive DAC systems is

preferable. With some distance but not far apart from each other

follow AWCC and TVSA. Both technologies have their specific

pros and cons. While AWCC needs thermal energy at a high

level, which makes it less flexible, TVSA needs amines, which

can be hazardous, and their production capacity has to be greatly

expanded to be scalable to gigatons of capture capacity. Both are

already or will be producing negative emissions at scale in the

next few years; therefore, a high reliability of the data can be

expected. At last, AGW has received the lowest rating. It has the

same deficits as AWCC but combined with a higher energy demand

and costs.

Concluding, all technologies have their specific use cases, and

it is likely that all of them will find one or another area where

they will be applied. However, this study shows that with some

uncertainties, ESA has the highest potential. With more certainty,

it was shown that AWCC and TVSA also have great potential. They

also complement each other as TVSA offers small and modular

solutions that fit where waste heat is available or space is scarce,

while AWCC are big-scale projects applied where huge volumes of

removal capacity are needed. AGW has a lower potential, but with

further improvement of this technology, it can be relevant and will

deliver sufficient removal capacity.
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