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 This report considers the advances in direct air 
capture (DAC) of CO2, in terms of commercial-
scale efforts pursing DAC, landscape, and 
outlook.

 While technically feasible, DAC is one of the 
more costly Negative Emission Technologies 
(NETs) — although Climeworks estimates it can 
bring the cost down to $100/ton by 2030.

 This report provides a timely synopsis of the 
major enabling factors that need to be 
progressed for DAC to move forward in order to 
meet national goals of The Intergovernmental 
Panel on Climate Change (IPCC).

 It will be of considerable help to existing 
stakeholders and newcomers looking to 
understand the status of DAC and provides a 
view of what is needed to improve its prospects 
of becoming a significant method for reducing 
GHG emissions via wide-scale deployment.

SCOPE
Summary of costs of CO2 stored versus storage 

potential of CO2/yr

The following slides depict some key take-aways from this recently completed report.
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Source: National Academies of Sciences Engineering and Medicine (NASEM). 2019. Negative 

Emissions Technologies and Reliable Sequestration: A Research Agenda. National Academies 

Press. Washington, DC: The National Academies Press



OVERVIEW 

The Importance 

of Establishing 

Boundary 

Conditions 

 In the DAC process, ambient air is captured, and the CO2 is 
separated from air through a chemical separation process. 
Thereafter heat, vacuum, or some combination is applied to the 
system, producing high-purity CO2, which can be easily 
condensed through compression, then transported and stored 
geologically or used commercially. 

 Today’s DAC technologies that convert low-purity CO2 (i.e., 
atmospheric) to high purity (e.g., 98%+), are very energy-
intensive, with thermal energy dominating over electric. 

 Roughly 80% of the total energy required is thermal, which is used 
to regenerate the capture material, while the remaining 20% 
comprising the electrical energy is used to run fans, pumps, 
compressors, etc. 

 The thermal energy for today’s commercial technology is roughly 
6 GJ/t CO2, while the electrical energy is approximately 1.5 GJ/t 
CO2.

 Accordingly, utilizing captured CO2 for applications such as fuel 
synthesis or for beverage carbonation does not yield negative 
emissions. 

 Primary methods of permanent sequestration considered in the 
current study include storage in geological formations, either 
through injection in saline aquifers or in depleted oil and gas 
reservoirs.
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In order to be a negative emissions technology, DAC technologies must 
permanently remove CO2 from the atmosphere. 



POTENTIAL IMPACT OF DAC TOWARD MEETING CLIMATE GOALS 

 The IPCC is confident that climate mitigation pathways that prevent GHG emissions from producing 1.5 C° global 
warming by 2100 will require large scale carbon dioxide removal (CDR) measures.

 However as global emissions continue to rise, the need for large-scale CDR deployment only increases. A 
remaining question is to what extent will DAC play in meeting society’s climate goals.

 Today, with Climeworks realizing costs at $600/tCO2 removed from the air, DAC may be too expensive to be 
deployed on a significant enough scale to positively impact climate. 

 Due to the high costs of DAC today, the leading companies are aiming to utilize the CO2, in order to offset the 
costs of capture and purification. 

 As a utilization feedstock, DAC remains a CDR approach, but not a Negative Emission Technology (NET) 
approach, which is what would be required to impact climate. 

 Reducing the costs of DAC will require an increased deployment of plants and significant “learning by doing.” 

 Once DAC becomes less expensive and is deployed on a large scale, the carbon should be stored geologically, 
making DAC a true NET. 

 Renewable or low-carbon energy resources must be available to make DAC practical from a climate 
perspective. 

 While the energy required to separate and purify CO2 from air may be reduced somewhat, thermodynamics sets 
a lower bound. 

 Since CO2 is so dilute in air, combined first and second laws of thermodynamics demonstrate that even the 
lowest possible energy required to separate CO2 from ambient air will be high.
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COMMERCIAL-SCALE EFFORTS PURSUING DAC5

CLIMEWORKS is a Swiss company whose technology utilizes a solid sorbent system to capture ambient 
CO2. They currently offer a range of products including a demonstration plant capable of capturing 2 

tons of CO2 per year, and large-scale plants that can capture from 50-to-1,800-tons of CO2 per year. 

GLOBAL THERMOSTAT is based in New York and features a dry amine-based solid sorbent DAC process. 
Its strategy is to capture CO2 and sell it for a range of utilization applications including food and 

beverages, plastics, building materials, greenhouses, biofertilizers, industrial gases, EOR and fuels. 

CARBON ENGINEERING is a Canadian company with a pilot plant for removing CO2 from the air which 
employs a liquid-solvent based capture process. Its key focus is turning CO2 into fuels using its DAC and 

AIR TO FUELS™ processes.

SILICON KINGDOM HOLDINGS is a Dublin based company currently developing the moisture swing 
adsorption (MSA) technology created by researchers at Arizona State University. The company uses 

the principle of MSA combined with a CO2 purification process to capture CO2 for sequestration or 

beneficial reuse.

ANTECY is a Netherlands company that uses adsorption-based DAC coupled with electrolysis for 
hydrogen (H2) production to create methanol. This methanol effectively stores this excess energy.

HYDROCELL is a Finnish company that uses novel sorbent technology paired with cyclic temperature-
vacuum swing adsorption (TVSA) to capture CO2 directly from the atmosphere. 



LANDSCAPE AND OUTLOOK

 Finding the best opportunities for 
DAC to begin commercializing 
today does not necessarily align 
with the ultimate markets for DAC as 
a negative emissions technology. 

 It is important to find a robust paying 
customer, whether through existing 
markets for CO2 utilization and/or 
policy incentives for DAC. 

 It will be important to find areas with 
the lowest capital and operating 
costs for DAC technology. 

 If CO2 is sourced from air and H2

from electrolysis powered by 
renewable energy, this approach 
becomes competitive with biofuels, 
but without the requirement of 
arable land. 

A generic cycle to produce synthetic fuels from

CO2 and H2

6

The energy requirement to produce synthetic fuels strongly depends on the methods used for 
the capture of CO2 and to produce hydrogen. 



TECHNOLOGY 
DIFFERENTIATORS 

 Each of the different types of DAC technologies have distinctive advantages, disadvantages and areas for 
improvement. 

 In this report, each DAC technology is broken down by the major differences between that technology and 
other DAC technologies. 

 This is expanded to include how these differences potentially affect the capital and operating costs of an 
industrial scale DAC system. 
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Electrochemical DAC has not been as rigorously studied as the above-named processes. 

On account of this, there may be considerations for this technology that will become more 

apparent as increased testing takes place on a bigger scale. 

The types of systems outlined in 

the report include: 

✓ adsorption (solid sorbents)

✓ absorption (liquid solvents)

✓ moisture swing adsorption (ionic 

exchange resins)

✓ electrochemical DAC (solutions with 

complexing agents)

Companies working to commercialize DAC systems



OUTLOOK
 The most advanced DAC approaches are solid sorbents and solvents, both based on the chemical binding of CO2 to 

achieve high purity. Utilizing strong chemical agents such as potassium hydroxide (solvent) and anchored amines 
(solid sorbents) these technologies can produce CO2 streams of 99+% purity. 

 The markets for CO2 are relatively small compared to global CO2 emissions. Some of these markets include EOR, food 
and beverage, building materials, plastics and chemicals. 

 Although the fuel market has the potential to be significant, it should be noted that the approach involving CO2 plus 
H2 to synthetic fuels is at best neutral and is not a NET. Hence, this pathway will assist in avoiding emissions through the 
direct use of fossil fuels but will not be a route to permanently remove the already emitted CO2 from the atmosphere. 

 Although many of the utilization markets are at best carbon-neutral, they may play a critical role in enabling DAC to 
scale up from the kiloton to megaton scale. 

 Regardless of how much technology is advanced to bring the costs of DAC down, there will be a need for policies 
surrounding carbon to assist in subsidizing DAC as NET in order to ultimately impact climate. 

 High capital dominates the cost of DAC today rather than the thermal energy. Other research areas may also focus 
on reducing operating costs of DAC. 

 The development of low-cost sorbents and the scale-up of durable sorbents may be a useful area of future research. 

 Given that the thermal requirement of DAC is a significant component, researching advanced solvents with lower 
thermal regeneration requirements may be beneficial. 

Life-cycle analyses coupled to techno-economic analyses of DAC systems are vital 

to help identify further areas that require additional RD&D
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SUMMARY 
 The current scale at which DAC captures CO2 is very small, with 

the largest plants collectively capturing roughly 2-3 kt CO2/year. 

The CO2 removed from the air via DAC must also be stored 

geologically in order to be considered a NET, so it is important to 

consider where DAC plants will be located to reduce 

transportation costs. 

 Co-locating DAC plants with permanent storage sites eliminates 

the need to transport CO2 following capture and compression. 

Co-benefits may also be associated with specifications of the 

final purity of CO2 depending on the characterization of the 

geologic formation. 

 With the most advanced technologies today, the significant 

energy requirement of DAC is mostly manifested thermally, 

representing roughly 80% of the total energy required, and is 

primarily used to regenerate the sorbent. 

 If the energy resource is fossil fuel-based then the net carbon 

removed is subsequently reduced. This limits where DAC systems 

may be sited, since they must be fueled by renewable or low-

carbon resources.

As noted throughout the report, avoiding emissions will always be easier and cheaper than 

capturing CO2 after it enters the atmosphere and becomes distributed and dilute. 

Direct Air Capture 

and Storage 

Requirements
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Carbon Dioxide 

Capture and 

Conversion

(CO2CC) 
Program
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The Carbon Dioxide Capture and Conversion (CO2CC) Program is a membership-directed 
consortium, launched in January 2010, whose members are involved in developing, 
monitoring and utilizing the “State-of-the-Art” in technological progress and commercial 
implementation of carbon dioxide capture and conversion.

The program’s objective is to document and assess technically and commercially viable 
options for the capture/clean-up/utilization of CO2 and its mitigation via energy efficiency 
gains which meaningfully address the challenges posed by CO2 life-cycle and overall 
sustainability issues. Included in the program’s scope are:

 Global decarbonization efforts towards net zero or negative carbon emissions

 Industrial process technology shifts towards renewable, circular and sustainable 
practices

 CO2 capture and/or separation

 CO2 concentration, purification and/or other post-treatment

 CO2 utilization/conversion (e.g., CO2 as a feedstock) for use as a fuel or intermediate, 
including enhanced oil recovery (EOR)

 Energy requirements (and other costs), including energy efficiency

 Industrial process improvements and energy saving initiatives which mitigate CO2
production

 Bottom-line financial (income) impacts resulting from CO2 reduction programs

 Life-cycle considerations and sustainability of CO2 applications

 GHG/CO2 regulation and “cap and trade” developments

By the direction of the member companies (through balloting and other interactive means) 
and operated by TCGR, the program delivers weekly monitoring communications via email 
(CO2CC Communiqués), three techno-economic reports (highly referenced and peer 
reviewed) and scheduled meetings of members (either in-person or via webinar). 

In addition to the program deliverables, TCGR works with members to identify and foster 
competitive advantage and opportunity. 

Access to Deliverables is Exclusive to Members



Contact & More Information

More information about this and other services of the CO2CC Program can be seen at

http://www.catalystgrp.com/php/tcgr_co2cc.php. 

Call +1-215-628-4447 or e-mail Chris Dziedziak cdziedziak@catalystgrp.com,

and we’ll be happy to discuss these and other interesting membership benefits.

www.CatalystGrp.com

The Catalyst Group Resources (TCGR), a member of The Catalyst Group Inc., 
is dedicated to monitoring and analyzing technical and commercial developments in catalysis as they apply to the 

global refining, petrochemical, fine/specialty chemical, pharmaceutical, polymer/elastomer and environmental industries.
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