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In the wake of climate change, increasing global carbon emissions threaten the welfare and livelihoods of humankind. A suite of
climate mitigation strategies exists (e.g., Direct Air Capture, Afforestation, Biochar, etc.) to try to lower total carbon emissions
and, subsequently, lessen climate impacts on humans and the environment. Yet, the cumulative impact that each climate mitiga-
tion strategy encompasses addresses only a fraction of the total carbon emitted into the environment. However, there is now a
promising option to significantly offset carbon flux and emissions - the sequestration of carbon through the use of carbon cap-
ture and storage technologies (CCS). Specifically, one of the newest and most promising CCS technologies is direct air capture
(DAC). DAC employs sorbents that absorb carbon directly from the atmosphere which are then heated to extreme temperatures,
releasing the stored CO; into deep underground reserves. This paper explores current trends in DAC usage and compares DAC
to other technological options for carbon sequestration. The goal of the paper is to not only provide a helpful, centralized report
on the current status of DAC technology but to also assess the future promises, and potential pitfalls, of DAC technologies in the

effort to strive for net zero global carbon emissions.
Introduction

Anthropogenic climate change presents a monumental threat
to humanity. With over 34 billion tonnes” of carbon dioxide
(CO,) being emitted into the atmosphere every year, a number
of irreversible environmental changes have already occurred,
are currently ongoing, or are an imminent risk®. This includes
sea level rise, historically extreme weather events, and the re-
lease of additional greenhouse gasses through the melting of
arctic ice. A seemingly obvious solution to combat climate
change would be to halt carbon dioxide emissions. However,
this is proving to be a daunting task because 84% of world
energy” is derived from fossil fuels. In addition, some indus-
trial sectors that are logistically difficult to decarbonize—from
the steel and cement industry to cattle farming to transporta-
tion—also contribute to global carbon emissions.

In order to meet the goal of limiting the global temperature
rise to +1.5°C, as set by the Paris Agreement, the IPCC has es-
timated 1GT of net negative emissions is required by 20254,
This margin of +1.5°C was established in an attempt to avoid
the most extreme anticipated impacts of climate change, but
a global average temperature rise within these bounds would
still contribute to irreversible changes. In order to avoid, or
mitigate, such environmental change, net zero carbon emis-
sions are necessary. Net zero carbon emissions (i.e., “net
zero”) describe the sequestration of the same amount of CO,
emitted. In order to achieve this ambitious goal, the IPCC
has estimated that more than 85 Mt CO,/year sequestration by

2030 and 980 Mt CO,/year sequestration by 2050 is required
(IPCC 2022)°. Figure 1 illustrates a path to the 1.5°C goal
through a hybrid approach of reducing emissions and captur-
ing CO;. A hybrid approach presents the most feasible way to
net zero global emissions.

Stemming from the above challenges to optimize negative
carbon emissions, a promising frontier of carbon capture and
storage (CCS) technologies have emerged in order to combat
the climate crisis: direct air capture (DAC). With a multitude
of CCS technologies already in use, DAC particularly stands
out due to its ability to capture carbon dioxide emissions di-
rectly from the atmosphere and store unadulterated CO, gas.
By comparison, other CCS technologies either sequester CO,
from flue gas from fossil fuel power plants (much higher con-
centration of CO;) or through entirely or enhanced natural
processes, even with similar technologies. Despite this ma-
jor difference, DAC and other CCS technologies use similar
equipment and processes but employ them in different ways.

DAC can be divided into two major approaches: first, ‘Solid
sorbent DAC’ and, second, ‘Liquid solvent DAC’. Here, ‘sor-
bent’ refers to the medium through which the CO, is absorbed.
Both types of DAC require high amounts of energy and re-
sources to absorb CO,. Typically, solid sorbent DAC fol-
lows a simpler but slightly more energy-intensive process, as
shown in Figure 2. It uses solid sorbents® that absorb CO,
through chemical bonds (“‘chemisorbents”), van der Waals
forces (“physisorbents”), or most commonly through amine-
based chemisorbents”. Following CO, absorption, the sor-
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Fig. 1 Illustration of the Path to net zero with Carbon sequestration (IPCC)

bent is commonly heated to release the captured CO; in the

sorbents into storage (usually injected deep underground af-

terward), thereby effectively reviving sorbents for further use.
Solid Sorbent DAC typically has these advantages:

* High CO, Capture Efficiency: Solid sorbents, espe-
cially amine-based chemisorbents, have a high affinity
for CO, molecules, allowing for efficient capture from
low-concentration ambient air.

* Well-Established Technology: Solid sorbent DAC tech-
nology is relatively mature and has been studied exten-
sively, making it a well-understood approach for carbon
capture.

* Energy-Intensive: The process of heating solid sorbents
to release captured CO, consumes a substantial amount
of energy, contributing to high operational costs.

» Resource Requirements: Solid sorbents may require spe-
cialized materials, and the regeneration process can con-
sume resources, adding to the overall environmental foot-
print.

* Chemical Handling: The use of amine-based sorbents in-
volves handling potentially hazardous chemicals, posing
safety and environmental risks.

Alternatively, liquid sorbent DAC employs a more complex

process. It involves a reaction between a liquid solvent (usu-

 Scalability: Solid sorbent DAC systems can be scaled to
capture significant amounts of CO,, making them suit-
able for large-scale industrial applications.

ally potassium hydroxide) and carbon dioxide, forming a pre-
cipitate. A pellet reactor is generally used afterward to further
break down these precipitates into pellets along with the orig-

 Modularity: The modular design of solid sorbent DAC inal solvent which is reused. These pellets are then heated to
units allows for flexibility in system configuration, en-  release CO,. Figure 3 shows the path of CO, through liquid
abling adaptation to various operational requirements. DAC.

On the contrary, Solid Sorbent DAC also has these disad-
vantages:

Liquid Sorbent DAC typically has these advantages:

* Chemical Specificity: Liquid solvents can be tailored to
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Fig. 3 Reaction Pathway of CO, through Liquid Sorbent DAC
have high selectivity for CO,, minimizing the capture of consumption.

other gases, which is particularly advantageous in low-
concentration environments.

* Potential for Energy Efficiency: Liquid solvent DAC sys-
tems may offer opportunities for energy optimization in
the CO, release step, potentially reducing overall energy

e Adaptability: Liquid solvent DAC can be customized
by selecting different solvents, allowing for flexibility in
system design and optimization.

On the contrary, Liquid Sorbent DAC also has these disad-
vantages:
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* Complex Process: The chemical reactions and pellet for-
mation process in liquid solvent DAC can be intricate,
requiring careful control and monitoring.

* Solvent Management: Managing and recycling the liquid
solvent can be challenging and resource-intensive.

* Energy Requirement: While liquid solvent DAC may
have energy efficiency advantages in certain scenarios,
it still demands a considerable amount of energy for CO,
release.

* Environmental Impact: The choice of solvents and their
potential environmental impact, including toxicity and
disposal, must be carefully considered.

The processes behind direct air capture make it significantly
more energy intensive compared to other CCS technologies'.
This is not only because of the required energy for sorbent
heating but also because of the comparatively lower concen-
tration of CO, in the atmosphere that is targeted by DAC?
as opposed to the higher concentration of CO2 in flue gas
targeted by other CSS technologies. However, the high en-
ergy cost of DAC is arguably compensated for by the secu-
rity of yield; compressed CO, from DAC is stored deep un-
derground with a significantly low risk of release back into
the atmosphere as compared to sequestered CO; via natural
CCS technologies (e.g. afforestation) which are released back
into the atmosphere through forest fires and decomposition of
biomass”. Another advantage of DAC is how simple it is to
quantify the amount of CO; sequestered, which can be quite a
challenge with natural methods. Quantifying CO, sequestered
can make research and development with DAC easier, with re-
sults that are clear.

As of 2022, there are 19 DAC facilities throughout the
world, with the majority being pioneered by the company
Climeworks®. These 19 facilities are estimated to sequester
around 8,000 tonnes of CO, per year, though this number is
expected to increase with the construction of 9 additional DAC
capture plants planned by 2030%. If all additional facilities are
built as planned, CO, sequestration through DAC would in-
crease 380-fold® thereby increasing the total amount of CO2
captured per year from 8,000 tons to 3 megatons. Notably,
although this is an immense step forward in total carbon cap-
ture, 3 megatons of captured CO,* accounts for a mere 3.4%
of the sequestration needed to achieve the net zero goal set
forth by the IEA®. Figure 4 shows the DAC capacity increase
in the past, with data taken from the IPCC report®.

Results

The suite of carbon capture technologies presents various eco-
nomic advantages and disadvantages. Figure 5 shows the cost

DAC Capacity Over Time

Start-up year

Total Global CO2 Capacity(tCO2

Fig. 4 Worldwide DAC Capacity growth over Time

per ton of CO, for select carbon capture technologies (with
data taken from the IPCC DAC report”). Figure 5 illustrates
the potential and cost-related advantages and disadvantages of
different CCS technologies. Notably, this figure fails to show
the permanence of the stored carbon. While natural processes
such as biochar and afforestation are safe and effective ways
to store carbon, years of stored carbon can be released in a
matter of hours with forest fires or unfacilitated decomposi-

tion processes®.

DAC (Solid Sorbent and Liquid Solvent): DAC typically in-
volves a higher initial capital cost and operational expenditure
due to its energy-intensive processes. The energy requirement,
expressed in kWh per ton of CO, removed, varies depending
on the specific DAC technology and energy source. On aver-
age, DAC may require approximately 2,000 to 2,400 kWh per
ton of CO2 removed, costing between USD 125 and USD 335
per tonne of CO2 removed=. DAC offers the advantage of be-
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Evaluating Potential and Cost of Different Carbon Capture Technologies
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Fig. 5 Evaluation of Cost and Potential of Different CCS Technologies

ing capable of capturing CO2 directly from ambient air, which
is especially valuable in addressing emissions from hard-to-
decarbonize sectors. However, it presents challenges related
to energy consumption and resource utilization. Achieving
cost-effectiveness and reducing the energy footprint are key
areas for improvement. Deployment of DAC should also con-
sider the availability of clean energy sources to minimize its
carbon footprint.

BECCS (Bioenergy with Carbon Capture and Storage):
BECCS is known for its potential to remove significant
amounts of CO, from the atmosphere. However, its efficiency
varies based on factors such as feedstock, biomass type, and
location. Generally, BECCS may require less energy per ton
of CO2 removed compared to DAC, but it necessitates sub-
stantial land area for biomass cultivation and significant water
resources for processing; carbon removal via BECCS could
reach just under SOMtCO2/yr by 2030, costing between USD
60 and USD 250 per ton of CO2 sequesteredm. BECCS has
the advantage of using biomass feedstock, which can be re-
newable and carbon-neutral if sustainably managed. However,
challenges include the need for large areas of land for biomass
cultivation, potential competition with food crops, and sus-

d Managment DAC

Enhanced Mineral Weathering

230.0 2335

tainability concerns. Efficient carbon capture and long-term
storage are also essential for the success of BECCS.

Enhanced Mineral Weathering: Enhanced mineral weath-
ering involves the natural process of carbon mineralization,
which is relatively energy-efficient. The energy requirements
are generally lower compared to DAC, and its costs range
from 60 USD to 200USD per ton of CO2 removed. However,
this strategy demands substantial amounts of crushed minerals
(such as olivine) and land area to spread these materials, which
may limit its scalability and require careful consideration of
resource availabilitym. Enhanced mineral weathering benefits
from relatively lower energy requirements and can leverage
natural geological processes. However, it relies on the avail-
ability of specific minerals, such as olivine, and extensive land
areas for spreading these minerals. The best-suited locations
are warm and humid areas, particularly in India, Brazil, South-
East Asia, and China, where almost 75% of the global poten-
tial can be realized”. The transportation and processing of
minerals also pose logistical challenges.

In summary, a quantitative assessment reveals that DAC
tends to have higher energy requirements per ton of CO; re-
moved compared to BECCS and enhanced mineral weather-
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ing. However, DAC’s advantage lies in its ability to capture
CO2 directly from ambient air. BECCS offers the potential
for carbon-neutral biomass utilization but requires significant
land and water resources. Enhanced mineral weathering is rel-
atively energy-efficient but relies on specific minerals and ex-
tensive land use.

Operational considerations and feasibility assessments
should consider these factors in conjunction with regional re-
source availability and environmental impacts to determine
the most suitable CCS strategy for a given context. Further re-
search and innovation are crucial to improving the efficiency
and feasibility of each strategy in the broader context of car-
bon capture and storage.

DAC does not come without its own drawbacks. For exam-
ple, although sequestered CO, via DAC will typically not re-
enter the atmosphere, DAC technologies require an immense
amount of energy and a relatively higher cost per ton.

Furthermore, it is important to consider where the energy
for DAC technologies can be derived. As mentioned above,
DAC covers a significant energy footprint. For example,
Climeworks calculates that in the long term, 2,000 kWh/tCO,
is needed?. U.S.-based company Carbon Engineering be-
lieves that 2,400 kWh/tCO, is required per tonne in the long
run”. Following Climeworks’ estimations of energy required,
Figure 6 shows the energy consumed over the last decade,
amounting to approximately 15.6 million kWh of energy per
year in 2021, assuming all previously built plants are still in
operation. To put these numbers into context, the proposi-
tion by the Bipartisan Policy Center’s DAC Council and the
Rhodium Group has a goal of 7-9 million tonnes of CO, se-
questered through DAC every year in the US by 20504, The
energy required by this would be around 0.3-0.4% of the US’s
current electricity generation. Thus, DAC would require a
sizable share of worldwide energy consumption, not to men-
tion that the energy sources for these operations have to be
clean. For example, a Climeworks system is predicted to have
a 2,000 kWh/tCO; energy requirement', which, if this energy
is taken from a fossil fuel source like coal which has an av-
erage of 2.23 pounds of CO; emitted per kWh (eia.gov), then
4,460 1bs of CO, are released to sequester 2,205 1bs of CO;,
thereby releasing more CO; (2,256 pounds) than it sequesters
and undermining the ultimate goal'.

Climeworks owns 14 of the 19 DAC facilities worldwide
and sequesters approximately 5,870 tonnes of CO, annually.
Notably, more than half of all sequestered CO, by Climeworks
is captured in Iceland, mainly owing to the country’s unique
geography that allows geothermal heat to be used in the pro-
cess of DAC? along with basalt rock composition that allows
almost all sequestered CO, to be injected into the ground.
Figure 7 shows the capture capacity of the 3 major compa-
nies involved with DAC, and Figure 8 shows the major® DAC
projects in operation or under development.

DAC Energy Consumption - Past and Future Predicitions

Start-up year

Electricity (kWh!

Fig. 6 DAC Energy consumption in the Past

Looking further into Climeworks, the Switzerland-based
company employs a stackable, modular design that performs
solid DAC in closed units that can each capture up to 50 tonnes
of CO, annually, with this number only set to increase in the
future”.

Climeworks is in possession of some of the most notable
DAC plants, including the world’s first commercial DAC
project based in Hinwil, Switzerland, with sequestration start-
ing in 2017. This plant removes 900 tonnes of CO2 per
year, exporting the captured carbon to a greenhouse about 400
miles away via pipeline to help grow vegetables (Climeworks
31.05.2017). Another notable DAC project from Climeworks
was the development of the CarbFix injection plant (Figure 9),
a collaboration between Climeworks and Reykjavik Energy.
This project also finished in 2017 (started in 2012) and funded
by the EU, was the first DAC plant to store captured CO2 per-
manently, which in this case occurred through mineralization
in local basaltic rock®.

Two other notable companies that deserve attention are Car-
bon Engineering and Global Thermostat.
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Companies involved with DAC
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Carbon Engineering, based in Vancouver, British solvent, typically potassium hydroxide, which reacts with

Columbia, has gained prominence for its innovative DAC
technology. Their approach primarily involves the use of
liquid sorbent DAC. Their DAC plants employ a liquid

carbon dioxide to form a precipitate. A pellet reactor further
processes these precipitates into reusable pellets along with
the original solvent. One significant advantage of Carbon En-
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Countries involved with DAC
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gineering’s approach is its scalability. Their DAC plants can
be designed to capture large quantities of CO2, making them
suitable for industrial-scale carbon capture. However, like
other DAC methods, Carbon Engineering’s technology de-
mands a substantial amount of energy, and the energy source
must be considered carefully to ensure its sustainability.

Global Thermostat, headquartered in New York, takes a
unique approach to DAC. Their technology employs a solid
sorbent-based system that involves chemisorption to capture
carbon dioxide directly from the atmosphere. This approach
has the potential to offer advantages in terms of energy effi-
ciency and process simplicity. Global Thermostat’s DAC tech-
nology is modular and stackable, making it adaptable to var-
ious settings and capacities. The versatility of their approach
allows for potential integration into a wide range of industries
and applications.

It is essential to analyze and compare the strategies, costs,
and environmental impacts of these companies alongside
Climeworks to gain a comprehensive understanding of the
DAC industry’s current landscape. Such comparisons can pro-
vide valuable insights into the future directions and potential
improvements within the carbon DAC industry.

Discussion

Assessing the future of DAC as a whole, there are a number of
known and anticipated problems associated with this technol-
ogy. DAC could play a vital role in reaching the +1.5°C goal
of the Paris Agreement but remains limited in its applications.
For example, it is likely unrealistic to envision a world in 2050
that emits a great amount of carbon with all of it being cap-
tured through CCS flue gas capture or DAC. As a result, this
leads to hybrid carbon capture scenarios. For example, in the
ETC (energy transition commission) base scenario, out of 6.9
Gt of carbon capture, only 3.2 Gt, around 30 percent, of CCUS
is actually done through DAC, with the rest being CCUS tech-
nologies that capture flue gas. The IEA estimate for DAC in
the future is even more conservative, with a greater focus on
decarbonizing energy sources, which, from an economic per-
spective, is far more efficient given the costs of DAC.”

The characteristics of other available technologies put into
question whether DAC is “worth it” — specifically due to its
high costs and low fruition compared to other technologies.
Ultimately, because of this, DAC is almost always used in
combination with other technologies. In order to further cate-
gorize technologies, the ETC separated CCS technologies into
the following:

1. Restorative solutions: Restoration of natural carbon

sinks®®

2. Improved management solutions: Enhancing of natural
carbon sequestration processes 10

3. Hybrid and engineered approaches: Man-Made CO; re-
moval processes-!

While DAC usage is burgeoning, its total CO, removal may
be less significant than the potential for CO, removal by other
sequestration processes, notably natural solutions''. Another
important question is simply, when? The cost to deploy DAC
technologies is likely to decrease in the coming years. As a
result, it may be advantageous for certain industries to wait a
period of time (e.g., 10 years) to deploy extensive DAC op-
erations. However, critics may argue that such technological
development would not be able to compensate for a 10-year
deficit. Both timelines for deploying DAC technology have
their own risks and benefits. Nevertheless, the plan to start
DAC operations as soon as possible is widely supported, with
companies like Climeworks following this plan”.

Economic Buy-Ins for DAC

Economic incentives also play a significant role in DAC. As of
now, most DAC projects are widely supported through philan-
thropy rather than financial benefits. Global investors keep the
projects well funded. For example, Climeworks raised $650
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million USD in May 2022 through an equity roundl. How-
ever, in the future, it may be unrealistic to envision DAC as
a philanthropically funded entity, rather than a profitable in-
dustry. While excess CO, can be sold for industrial purposes,
more is needed to make any sort of profit, making funding a
dilemma that future investors and DAC leaders will both have
problems with. Ultimately, the use of DAC will need to be-
come an economically self-sufficient and sustainable industry.

Conclusion

Direct Air Capture as a whole is a promising technology that
may be humankind’s only option to solve anthropogenic cli-
mate change. By directly absorbing CO, from the atmosphere,
it can lower global CO;, but with a mammoth energy foot-
print, in turn, leading to large operating costs. By explor-
ing DAC; both its strengths and weaknesses, one can foresee
future problems, create solutions, and incentivize global in-
vestors to invest in this potentially world-altering technology,
and use it as an important tool in achieving the exceptional
goal of net zero.

Methods

Literature Review

A comprehensive review of existing literature and research
papers was conducted to gather information on the current
state of Direct Air Capture (DAC) technology and its compar-
ison to other carbon sequestration strategies. Relevant stud-
ies, reports, and publications were analyzed to gain insights
into the principles, processes, and challenges associated with
DAC. The review focused on identifying key DAC technolo-
gies, including solid sorbent DAC and liquid solvent DAC,
their mechanisms, and energy requirements. Additionally, in-
formation on DAC facilities, their capacity, and carbon se-
questration rates was collected from reliable sources such as
industry reports, scientific publications, and official websites.

Data Collection

To collect data on DAC technologies and their performance,
a systematic approach was employed. Information regarding
the efficiency, energy consumption, and costs of DAC tech-
nologies was gathered from technical documentation, research
papers, and reports from reputable sources. Data on DAC fa-
cilities, including their location, scale, and operational param-
eters, were also collected. Furthermore, information on other
carbon sequestration strategies such as biochar, afforestation,
and enhanced mineral weathering was gathered for compara-
tive analysis. This data collection process aimed to provide a

comprehensive and up-to-date understanding of DAC technol-
ogy and its position in the field of carbon capture and storage
(CCS).

Comparative Analysis

A comparative analysis was performed to assess the advan-
tages and disadvantages of DAC in comparison to other car-
bon sequestration technologies. The collected data, includ-
ing costs, land and water requirements, energy consumption,
and CO; storage permanence, was systematically analyzed for
each CCS technology under consideration. The data was syn-
thesized and compared to identify the unique characteristics
and trade-offs of DAC. Special attention was given to under-
standing the scalability, technological readiness, and potential
environmental impacts of DAC in relation to other strategies.

Future Outlook

The future prospects of DAC were evaluated based on projec-
tions, expert opinions, and industry trends. Reports such as
those from the Intergovernmental Panel on Climate Change
(IPCC), Energy Transitions Commission (ETC), and Interna-
tional Energy Agency (IEA) were consulted to understand the
role of DAC in achieving global climate goals. The poten-
tial challenges and risks associated with DAC implementation,
including technological advancements, scalability, and eco-
nomic viability, were discussed based on the available litera-
ture. This analysis aimed to provide insights into the potential
trajectory of DAC and its role in mitigating climate change.

Economic Analysis

An assessment of the economic aspects of DAC was con-
ducted to understand its financial implications and potential
for commercialization. Information on funding sources, in-
vestment trends, and financial aspects of DAC projects was
gathered from reputable sources. This included examining
philanthropic support, global investors, and equity rounds in
the DAC industry. The economic viability of DAC and the
transition towards a self-sustaining industry were analyzed
based on the current funding landscape and potential revenue
streams. This analysis aimed to provide insights into the eco-
nomic feasibility and market potential of DAC technology.

Synthesis

The gathered information and analysis were synthesized to
provide a comprehensive overview of the current status and fu-
ture promises of DAC technology. The strengths, weaknesses,
opportunities, and threats of DAC were discussed, considering
its potential role in achieving net-zero carbon emissions. The
findings from the literature review, data analysis, and future
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outlook were used to form a well-rounded understanding of
DAC as a carbon sequestration strategy. The synthesis aimed
to present a balanced perspective on the current state and fu-
ture potential of DAC in addressing climate change.
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