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Abstract: Carbon dioxide (CO»), as the primary greenhouse gas, has significant impacts on global
climate change, leading to severe and irreversible adverse consequences for ecosystems and human
environments. To address the issue of excessive CO, emissions, efforts in recent years have yielded
significant progress in the development of clean energy sources and the promotion of carbon capture,
utilization, and storage (CCUS) technologies. Conventional CO, capture techniques are limited
in addressing global atmospheric CO, excess effectively, as they target only high-concentration
CO; emissions and require implementation at specific emission points. Direct air capture (DAC)
technology has emerged as a promising solution due to its flexibility in deployment, avoidance of land
competition, and ability to capture legacy CO, emissions. Additionally, DAC offers opportunities for
producing synthetic clean fuels, thereby reducing reliance on traditional fossil fuels and aiding in
reducing greenhouse gas emissions. This study provides a comprehensive review of DAC technology,
encompassing its principles, technological advancements, real-world applications, challenges, and
future research directions. By offering insights into the current state and potential of DAC technology,
this study aims to guide global efforts in scaling up DAC deployment, ultimately contributing to
achieving global carbon neutrality or even negative emissions.

Keywords: direct air capture (DAC); carbon neutrality; net-zero CO, emissions; liquid DAC (L-
DAC); solid DAC (S-DAC); electro-swing adsorption (ESA); moisture-swing adsorption (MSA);
membrane-based separation (m-DAC)

1. Introduction

Greenhouse gases, especially carbon dioxide (CO;), have significant impacts on global
climate change, leading to rising global temperatures, rising sea levels, and increased
frequency of extreme weather events [1]. These effects have brought about long-term,
severe, and irreversible consequences for ecosystems and human living environments [2].
Over the past two decades, the issue of excessive CO, emissions has become increasingly
significant, driven by rapid global economic development [3,4]. The global greenhouse gas
emissions primarily come from four main sectors: energy (73.2%); agriculture, forestry, and
land use (18.4%); industry (5.2%); and waste (3.2%) [5]. The breakdown of these categories
into subcategories is illustrated in Figure 1. Energy, as a broad category contributing to the
largest greenhouse gas emissions, includes subcategories such as energy used in industry
(24.2%), buildings (17.5%), transport (16.2%), unallocated fuel combustion (7.8%), fugitive
emissions from energy production (5.8%), and agriculture and fishing energy (1.7%) [5], all
of which are closely intertwined with aspects of daily life.
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Figure 1. Global greenhouse gas emissions by sector. Reproduced based on data from [5] under the
CC BY license.

While fossil fuels are dominant energy resources worldwide due to their availability
and low cost [6-9], the production and combustion of fossil fuels are the primary causes of
excessive CO, emissions, exacerbating the adverse effects of greenhouse gases [2]. Mining
operations, whether for fossil fuels or other minerals and metals, typically rely heavily
on machinery powered by fossil fuels for drilling, blasting, hauling, processing, and
subsequent transportation. All of these processes cause direct and indirect greenhouse gas
emissions, resulting in a significant carbon footprint [10,11]. To address this issue, carbon
tax has been used as a method to incentivize mining industries to reduce their carbon
footprint by imposing a price on carbon emissions [12]. This approach helps align economic
activities with environmental goals by internalizing the costs of carbon pollution and
promoting sustainable practices. The interrelation of environmental and economic factors
that influence technologies to achieve production efficiency, job creation, and environmental
load reduction is crucial [13,14].

The problems caused by excessive CO; emissions have gained worldwide attention. In
response, the United Nations has formulated and enacted the United Nations Framework
Convention on Climate Change (UNFCCC) [15]. The UNFCCC aims to establish a common
political framework and cooperation platform, enabling the international community to
coordinate efforts globally, collectively address climate change challenges, and promote
the formulation and implementation of international climate policies. In 2015, global
leaders adopted the Paris Agreement, which aims to limit the increase in global average
temperature to within 2 °C above pre-industrial levels, with efforts to keep it below
1.5 °C [16]. To achieve this goal, countries have actively formulated and announced
emission reduction targets and action plans.

In recent years, significant progress has been made in the development of clean energy
sources such as solar power [17-19], nuclear energy [20,21], and wind power [22,23]. This
has helped alleviate the issue of CO, emissions to some extent. Additionally, the promotion
of carbon capture, utilization, and storage (CCUS) technology has become one of the
important measures adopted by various countries to address this challenge [2,24,25]. CCUS
technology primarily involves the capture and separation of CO, emitted during industrial
production. Subsequently, the captured CO,; is transported via pipelines or trucks and
stored in designated locations for either utilization or permanent sequestration. Currently,
widely used capture technologies mainly focus on capturing CO; from sources such as
refineries and power plants, which typically have higher concentrations of CO,, thus
facilitating higher capture efficiency. However, the target of these capture techniques is
limited only to high-concentration CO, emissions and requires implementation at specific
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emission points, making them unable to comprehensively address the issue of excess CO,
in the atmosphere globally.

Direct air capture (DAC) technology, on the other hand, can overcome some of the
limitations of conventional capture methods and is the most direct way to reduce carbon
concentrations in the atmosphere [26,27]. Unlike conventional CCUS technologies that focus
on capturing CO, from fixed emission sources, DAC facilities do not need to be connected
to emission points. Therefore, they can be deployed in more locations than CCUS facilities,
providing geographical flexibility and wider applicability. Additionally, DAC’s deployment
does not require precious arable land, thereby avoiding competition with the agriculture
or bioenergy sectors for land use [26]. Moreover, DAC has the ability to capture low-
concentration CO, that was released years ago but still persists in the atmosphere, making
it a method to address legacy CO; emissions [2,26]. Furthermore, DAC technology can
create synthetic clean fuels by combining captured carbon with clean hydrogen, enabling
the production of synthetic hydrocarbon fuels [28]. These fuels, which can account for
up to 40% of aviation fuel demand, can replace traditional fossil fuels such as oil, natural
gas, and coal, thereby reducing greenhouse gas emissions. Therefore, DAC technology is
considered by the International Energy Agency (IEA) to be one of the key technologies for
achieving net-zero or negative emissions [26]. Given these significant advantages, DAC
technology is poised for widespread global adoption, providing countries and regions with
a universal pathway for carbon reduction and contributing to the achievement of broader
carbon neutrality goals.

Given the significant impact and importance of DAC, research and application of DAC
technology have become key focal points in international scientific research and efforts in
recent years. According to the IEA report, to achieve a sustainable development scenario
globally, it is anticipated that an average of 32 DAC plants, each capable of capturing 1 Mt
CO, /year, will be added annually from 2020 to 2050 [26]. However, the deployment of
DAC technology still faces certain limitations. These include cost competitiveness with
other mitigation measures, potential constraints on appropriate storage facilities, and limi-
tations due to the availability of low-cost electricity and thermal energy for the continuous
operation of DAC facilities. To address these challenges, governments, businesses, and
research institutions worldwide are investing resources to drive innovation and devel-
opment of DAC technology. Accomplishments in research related to DAC technology,
spanning multiple disciplines and fields (such as materials science, chemical engineering,
environmental science, and energy), have been made in improving the capture efficiency
and reducing the cost of DAC technology [27,29-33]. In terms of practical application,
some countries have initiated pilot DAC projects in the industrial and energy sectors [26].
Although many of these DAC projects are still small-scale, some have grown to commercial
scale utilizing mature and refined DAC technology.

This study presents a comprehensive overview of DAC. It commences with an intro-
duction to the fundamental principle of DAC, followed by an in-depth exploration of three
categories of DAC technologies: liquid DAC (L-DAC), solid DAC (S-DAC), and emerging
DAC technologies. Subsequently, it examines the current real-world applications of DAC
technology worldwide. Building upon this foundation, this study identifies the challenges
and future research directions facing DAC. The significance of this review lies in providing
a comprehensive understanding of DAC technology, offering crucial information on inte-
grated technological advancements and real-world applications to the scientific community,
industry stakeholders, and policymakers. It serves as a platform for scholars worldwide to
gain in-depth insights into the forefront of integrated technology. This study aims to guide
global DAC technology and operations, promoting its broader adoption and contributing
to the achievement of global carbon neutrality or even negative emissions targets.

2. Data Collection and Methodology

This study was conducted through a systematic approach encompassing literature
collection, categorization, analysis, and summary. Information was sourced from a diverse
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range of academic research articles indexed in the Web of Science and Scopus databases,
supplemented by data from the IEA, as well as relevant content from company and gov-
ernment reports. The timespan of the data collection ranged from 1990 to 2024. The
collected information and data were systematically classified into two main categories:
technological advancements, and practical applications. Each category underwent detailed
analysis, subcategorization, and summarization. This methodological framework facili-
tated a thorough investigation of the current technological and application challenges in
DAC research, enabling the identification of corresponding measures and potential future
research directions.

3. Basic Principle of DAC

In 1999, Lackner et al. introduced the concept of extracting CO, from the air [34],
which evolved into direct air capture. Their research findings confirmed the effectiveness of
this technology, which utilizes atmospheric transport to convey CO; from its source to the
disposal site, demonstrating its ability to control atmospheric CO; levels without limiting
access to fossil energy resources. It is noteworthy that DAC technology, along with other
CO; capture technologies such as pre-combustion capture, post-combustion capture, and
oxy-fuel combustion capture, shares the common goal of capturing CO,, but each possesses
distinct applicable conditions, advantages, and disadvantages, as summarized in Table 1.
Pre-combustion capture, post-combustion capture, and oxy-fuel combustion capture are
typically designed for high-concentration CO, and are therefore primarily utilized in power
plants [2]. In contrast, DAC technology is tailored for capturing low-concentration CO,
from the atmosphere, enhancing its flexibility in deployment. However, the significant
advantage of the other three capture technologies lies in their higher technological maturity
compared to DAC. Moreover, they can be directly integrated into existing power plants,
thereby significantly reducing initial investment costs compared to DAC. Meanwhile, DAC
processes entail higher operating costs in terms of the energy and resources needed to
capture equivalent amounts of CO;, primarily due to the low concentration of CO, in
ambient air. These technological limitations and higher costs have hindered extensive
research and development of DAC since its proposal. Recently, DAC technology, as a key
technology for negative carbon emissions, has gradually gained more attention. Table 2
presents several review studies summarizing research related to DAC, along with their
main contents.

Table 1. Comparison of DAC and other CO; capture technologies [2].

Technology Applicability Advantage Disadvantage
Flexible deployment options; High investment costs;
DAC No significant limitations Capture of low-concentration COj; High operating costs;

Integration with renewable energy =~ Technological limitations

Integrated gasification combined Mature technology;

Pre-combustion capture cycle IGCC) power plant High efficiency and easy separation Limited applicability
Pulverized coal (PC) power plant; Mature technology;
) . Natural gas combined cycle Wide applicability to existing plants; T
Post-combustion capture (NGCC) power plant; Retrofit application Generation inefficiency

Fossil fuel power plant

Oxy-fuel combustion
capture

Pulverized coal (PC) power plant;
Integrated gasification combined

Mature technology;
High purity and concentration;

Simple procedures;
Retrofit and repowering option

High investment costs due
to additional equipment

cycle (IGCC) power plant required
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Table 2. Summary of representative review studies on DAC.
Authors Contents Year References
This study introduces the challenges in scaling up DAC technologies from
Bisotti et al. pilot to industrial scale, along with limiting factors such as the supply of 2024 [35]
critical materials and competition with the energy transition.
This study highlights the critical role of energy efficiency and regeneration
An et al. energy in enabling DAC for negative emissions and discusses potential 2023 [36]
methods to lower the regeneration energy demand.
This study provides an overview of current commercial DAC technologies,
Ozkan et al. highlighting the need for technological advancements to reduce costs and 2022 [37]
meet global climate goals.
This study explores the role of DAC as a carbon dioxide removal technology
Erans et al. in n.utlgatllng. CO, emissions, h1ghh.ght1r}g 1.ts potential alongside other 2022 [27]
negative emissions technologies and identifying research challenges across
the process technology, techno-economic, and socio-political domains.
This study evaluates the environmental and economic performance of DAC
Chauvy et al. through life-cycle and techno-economic assessments, highlighting potential 2022 [38]
improvements to enhance DAC’s efficiency and affordability.
This study explores the solvent-based approach to DAC, detailing its
Custelcean chemistry, engineering aspects, and solvent options, along with regeneration 2022 [31]
methods, to assess its potential for large-scale CO, removal.
This study explores the potential of DAC using solid sorbents and liquid
McQueen et al. solvents to combat climate change, analyzing their properties and 2021 [39]
deployment considerations to enable rapid scaling and cost reduction.

Although the focus of these DAC-related studies varies, there is a consensus on the
three stages of CO; capture in DAC: the contacting stage, the capture stage, and the separa-
tion stage, as illustrated in Figure 2. In the contacting stage, the DAC system transports
atmospheric air containing CO; to the equipment using large-scale fans. Subsequently, in
the CO; capture stage, CO, rapidly and effectively binds with liquid solvents in chemical
reactors or solid sorbents in filters, which must possess binding energies equivalent to that
of CO,. Later, in the CO, separation stage, external energy sources facilitate the separation
of CO; from the solvents or sorbents, yielding pure CO, and regenerated solvents or
sorbents. Following the completion of these three stages, the separated pure CO; is either
utilized or stored, while the recovered solvents or sorbents are recycled for reuse in the
CO; capture process.
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Figure 2. Schematic diagram of CO; capture in DAC.



Eng 2024, 5 1303

It is worth noting that DAC facilities, which include large fans, reactors, filters, and
separation units, rely on thermal and/or electrical energy sources for smooth operation.
In recent years, to mitigate the carbon footprint of the CO; capture process and reduce
dependence on fossil fuels, it has been common to select clean or renewable energy sources
as the energy supply for DAC facilities. Situating DAC facilities in proximity to clean
or renewable energy sources helps reduce operational costs and maximizes their carbon
removal potential. Additionally, locating DAC facilities near CO, storage or utilization
sites is also an option, facilitating a decrease in investments in pipeline infrastructure or
fees associated with truck transportation for CO, transport, thereby concurrently lowering
operational costs while reducing the risk of CO; leaks. These strategic placements optimize
operational efficiency and cost-effectiveness, highlighting the potential of DAC facilities to
achieve their objectives more effectively in the present era compared to their initial proposal.

Currently, liquid DAC (L-DAC) and solid DAC (S-DAC) represent two mature tech-
nologies for industrial deployment. Additionally, several emerging DAC technologies are
in different stages of development, testing, or limited practical application. The following
sections provide an in-depth exploration of the principles and technological advancements
associated with these DAC techniques.

4. Liquid DAC (L-DACQ)
4.1. Fundamental Principle of L-DAC

L-DAC stands out as the most mature among current DAC techniques. Its fundamen-
tal principle involves the initiation of chemical reactions driven by mass transfer between
specific components of the solution and atmospheric CO,, resulting in the generation of spe-
cific chemical products [40,41]. Following treatment, the pure CO, and regenerated solvent
can be separated to achieve continuous operation. Notably, industrial implementations of
L-DAC primarily employ alkaline solutions containing KOH or NaOH [41], with occasional
utilization of Ca(OH), [42]. Figure 3 illustrates the process flow diagram, depicting two
enclosed chemical loop processes.

21.5 t/h CaCOs pellets to calciner

Capture Pellets CO;
solution
Steam slaker (3.6 MW)
AN IARIA Air Pellet Calciner
Air | TV T contactor reactor (0.8 MW)
— IR (9.2 Mw) (3.4 MW) IGI
YA DUY 283" 775 un CaloHy pT—
slurry
CO;rich
solution

Figure 3. Schematic diagram of L-DAC processes. Technological parameters are indicated in blue,
and electricity demands are indicated in red with the unit of megawatts (MW), both based on
industry-scale conditions [41]. Reproduced with permission from [43]. Copyright 2023, Elsevier.

In the first closed loop within the air contactor, CO; is captured through contact with
the solution. This process adheres to the principle of neutralization reactions between
alkaline solutions and CO,, resulting in the formation of carbonates. These reactions
selectively interact solely with CO,, effectively removing it from the air and fixing it within
the solution as carbonate ions. The pertinent chemical reactions occurring during the CO,
capture process in the first loop, utilizing solutions primarily composed of KOH, NaOH,
and Ca(OH)j,, are illustrated by Reactions (1)—(3), respectively.

2KOH(aq) + CO,(g) — K,CO3(aq) + HyO(1) (1)

2NaOH(aq) + CO,(g) — NapyCOs(aq) + H2O(1) ()
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Ca(OH),(aq) 4+ CO,(g) — CaCOs(s) 4+ HoO(1) 3)

The second closed loop proceeds sequentially within the pellet reactor, calciner, and
slaker, aiming to separate the captured CO; and recover the solvent. In this process, for
solutions employing KOH and NaOH, additional chemical substances (typically Ca(OH),
in a solid slurry condition) are necessary. These substances further react with the carbonates
generated in the first loop, obtaining solid calcium carbonate (CaCO3). Reactions (4) and
(5) illustrate these reactions for KOH and NaOH solutions, respectively. Subsequently,
the separated solid calcium carbonate undergoes high-temperature heating to decompose,
yielding pure CO, gas and solid calcium oxide (CaO), as depicted in Reaction (6). The
solid calcium oxide further reacts with water to produce calcium hydroxide, as shown
in Reaction (7), facilitating its reuse in this loop. If Ca(OH); solution is employed in the
second separation loop, there is no need to add additional substances for reactions. Instead,
direct heating is utilized to achieve CO; separation and solvent regeneration, following
Reactions (6) and (7). Despite offering simpler and more direct CO; capture and separation
operations, Ca(OH); solution is less commonly used due to its lower solubility in water
compared to KOH and NaOH, resulting in a lower CO; capture capacity.

K;COs(aq) + Ca(OH),(s) — CaCOs(s) + 2KOH(aq) (4)
Na;CO3(aq) + Ca(OH),(s) — CaCOs(s) +2NaOH(aq) )
CaCO;(s) — CaO(s) +CO;(g) (6)

CaO(s) + H,O(1) — Ca(OH),(s) )

4.2. Advantages and Disadvantages of L-DAC

The significant advantage of industrially utilized L-DAC technologies, primarily
employing alkaline solutions as the principal component, lies in their ability to ensure con-
tinuous replenishment of the alkaline solution within large-scale contactors. This ensures
uninterrupted and stable CO; capture processes, eliminating the need for interruptions [26].
Following CO, capture, its presence as carbonate ions within the solution facilitates its
transfer to separate facilities for separation and regeneration without altering the conditions
within the contactors used for capture, thus avoiding the need for cycling conditions within
large-scale air contactors.

Capturing CO; at room temperature or with minimal temperature increase is generally
ideal, as it significantly reduces the energy consumption and costs associated with using
fuel to produce heat. However, in the L-DAC process, it is necessary to use natural
gas combustion to increase the operating temperature, which represents a significant
disadvantage of this technology. Specifically, the reactions occurring in the air contactor
and pellet reactor are completed at approximately 20 °C. In contrast, the reactions in
the calciner and steam slaker require higher operating temperatures based on reaction
thermodynamics and pilot data [41]. The calciner’s operating temperature needs to reach
900 °C, while the steam slaker requires an operating temperature of 300 °C. These high
temperature requirements, along with the need for additional water sources for continuous
solvent regeneration, increase the operational costs of L-DAC, representing a notable
drawback. Additionally, due to the corrosive nature of strong alkaline solutions, equipment
used in L-DAC typically requires corrosion-resistant materials such as stainless steels,
nickel alloys, or specialized coatings capable of withstanding alkaline corrosion [44—46].
Implementing a rigorous maintenance schedule to regularly inspect equipment for signs of
corrosion and wear is also essential to ensure longevity and reliability. These requirements
underscore the heightened demands placed on equipment in L-DAC technology.
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4.3. Technological Advancements of L-DAC
4.3.1. Advances in L-DAC Utilizing Alkaline Solutions

As the most mature DAC technology, L-DAC utilizing alkaline solutions has been
commercially deployed on a large scale in several countries [40]. Recent significant ad-
vancements in this technology have focused on enhancing commercial-scale projects based
on practical application scenarios. These advancements aim to achieve high capture ef-
ficiency while also controlling engineering costs to ensure the economic feasibility of
L-DAC projects.

The efficiency of CO, capture in L-DAC utilizing alkaline solutions is determined by
the process occurring in the first loop within the contactor. In this loop, the alkaline solution
flows vertically from top to bottom, while CO; gas flows horizontally, perpendicular
to the solution flow direction, creating a cross-flow pattern [47]. This pattern ensures
efficient contact at the liquid surface, facilitating the capture of CO; from the air on the thin
film of the solution. The efficiency of CO, capture is controlled by the diffusion of CO,
molecules into the solution and their subsequent reaction with the chemical substances in
the solution [41]. Consequently, optimizing the diffusion and reaction processes has been a
primary focus of recent advancements.

The optimization of the contactor is primarily based on core engineering constraints,
ensuring that the design can efficiently bring large quantities of ambient air into contact
with fluids. On this basis, Holmes and Keith proposed using a cost optimization model
to evaluate cost trade-offs and determine optimal parameters, thus maximizing economic
feasibility [47]. With the goal of capturing 1 MtCO,/year, they optimized the contactor
structure and relevant parameters to effectively accelerate the diffusion and reaction pro-
cesses of CO,. A simplified schematic of the air contactor’s structure is shown in Figure 4. It
resembles industrial cooling towers [47,48], incorporating fans, structured packing, demis-
ters, fluid distribution systems, and fiber-reinforced plastic structural components. The
structured packing serves as a medium, with a large surface area to facilitate efficient
contact between the air and a thin solution film for CO, capture. Therefore, optimizing
the structured packing to absorb a significant portion of CO, from the air by minimizing
frictional air resistance, while maintaining a low pressure drop to minimize the fan energy
requirements at high air throughputs, is crucial for efficient CO, diffusion and reaction
processes. To achieve this, the structured packing’s air travel depth was optimized from the
original 2-3 m to 7 m [41], significantly enhancing the contact efficiency between the solvent
and air within the structured packing. Subsequent collaborative research by Grace et al.
affirmed that, paired with the designed air velocity of 1.4 m/s, the optimized structured
packing exhibited a pressure drop of 9.7 Pa/m during capture operations, notably reduced
by over 30%, thereby decreasing the energy consumption [41].

In addjition to the contactor’s structure, the efficiency of CO, capture is influenced by
the mass transfer coefficient of CO, and the liquid-to-gas volumetric flow ratio. The mass
transfer coefficient of CO, determines the rate at which CO; is transferred from the gas
phase to the liquid phase during diffusion, primarily influenced by the concentration of
hydroxide ions (OH™) and the temperature of the solution. For well-wetted structured
packing in industrial plants, Keith et al. estimated the mass transfer coefficient of CO, to
be approximately 1.3 mm/s under typical operating temperatures (20 °C), using a combi-
nation of semi-empirical formulae, empirical data, and modeling methods, with a typical
solution composition of 1.0 M OH™ [41]. The liquid-to-gas volumetric flow ratio refers
to the relative ratio of the liquid-phase volumetric flow rate to the gas-phase volumetric
flow rate [49], describing their proportions within the contactor. Typically, a lower ratio,
indicating less liquid per unit of gas, favors more thorough gas contact within the packing
in the lower liquid flow regime, thereby enhancing the capture efficiency. Additionally, a
reduced liquid-to-gas volumetric flow ratio signifies lower energy consumption for liquid
pumping to achieve a low liquid flow rate, thereby mitigating energy costs to a certain
extent [47]. However, it is crucial to note that excessively low liquid flow rates may lead
to incomplete wetting of the packing, impeding effective gas-liquid contact for reaction
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and capture, consequently diminishing the capture efficiency. Therefore, selecting well-
wetted packing while minimizing energy consumption is paramount. Addressing these
requisites, Holmes and Keith proposed a method involving periodic alternation of liquid
flow rates [47]. This approach employs short cycles of high liquid flow to ensure adequate
wetting of the packing material and remove dust and debris, along with long cycles of
low liquid flow for cost-effective and efficient CO, capture [47]. Furthermore, the gas
volumetric flow rate is determined by multiplying the air flow rate by the inlet area. It
is important to note that higher air velocities increase energy consumption, which is a
primary contributor to operating costs. Simultaneously, higher air rates minimize the
required contactor inlet area, thereby diminishing the contribution of capital costs per unit
of CO; captured. Consequently, ascertaining the optimal air rate is pivotal to minimizing
combined energy and capital costs. Given the multifaceted fluid dynamics involved in
L-DAC, encompassing flow, diffusion, mass transfer, and reactions between liquids and
gases, recent research has advocated employing computational fluid dynamics simulations
in tandem with cost optimization models [29,48,50,51]. This integrated approach facilitates
the determination of critical gas-liquid fluid parameters and equipment geometric parame-
ters, thus serving as a requisite and efficacious means to enhance CO, capture efficiency
while ensuring economic viability.

[ ‘ ] [COz-free air

Demister
DD EIRDY.

Fluid distribution system

Solvent flow
direction

Fan

Structured packing
Air —]

—~

CO2-rich solution

Figure 4. Simplified schematic of the air contactor structure used in L-DAC technology.

Advancements in L-DAC separation and recovery technologies have primarily focused
on enhancing the operational efficiency and improving essential equipment such as the
pellet reactor, calciner, and slaker. Notably, within the pellet reactor, where carbonate
precipitation occurs, significant strides have been made towards reducing separation costs.
Keith et al. proposed that precipitating CaCOj3 in the form of small pellets, as opposed
to lime mud, offers distinct advantages for subsequent washing and drying processes,
thereby lowering the overall processing costs [41]. Consequently, a key strategy employed
in the pellet reactor involves the simultaneous injection of Ca(OH); slurry alongside
additional 0.1-0.9 mm CaCOj pellets, which act as seed pellets. Initially, these seed pellets,
due to their small size and light weight, remain suspended within the solution. As the
continuous reaction between Ca(OH); and carbonate ions progresses, CaCOj3 precipitates
gradually form. Leveraging the high surface area provided by the seed pellets, the CaCO3
precipitate preferentially adheres to them, leading to their continual accumulation and
growth. Ultimately, as the CaCOj pellets reach a critical mass, they settle at the bottom of
the reactor, facilitating the solid separation of CaCOj3 for subsequent processing steps. It
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is worth noting that using KOH instead of NaOH in the pellet reactor offers significant
advantages [41]. When capturing CO, using these two solutions, the resulting products
are K;CO3 and NapCOs, respectively. K,COj3 exhibits significantly higher solubility, with
approximately 110 g of K,CO3 dissolving per 100 g of water at 20 °C, compared to only 20 g
of NayCOs. This solubility difference results in a higher concentration of carbonate ions in
the K,COj3 solution, enhancing the reaction rate for CaCOj3; formation. Consequently, KOH
usage increases the carbonate concentration, enhancing Ca(OH); utilization and reducing
the required amount of Ca(OH),. This reduces raw material costs while enhancing the
reaction efficiency and yield, making it more economically competitive.

In the calciner, advancements in CO; regeneration focus on improving energy effi-
ciency and system reliability [41]. By utilizing a conservative heat integration design and
two counter-current heat recovery cyclone separators, the system efficiently lowers the exit
gas temperature from 900 °C to 650 °C, and then to the target temperature of 325 °C, while
heating the incoming solids. The incoming solids are preheated to 450 °C and, further, to
650 °C. This design integrates solid particle preheating, gas cooling, and steam generation,
using the cooling gas to preheat the solids. It also mitigates the risk associated with large
temperature fluctuations, maximizing energy efficiency and system reliability.

Significant technological advancements have been made in optimizing thermody-
namic properties in the process of regenerating Ca(OH); slurry from CaO in the slaker.
Traditionally, water slakers were commonly used for the slaking reaction, but due to the
boiling point limitation of water, the heat released during the slaking reaction could not
be fully utilized at higher temperatures, leading to energy waste. To address this issue,
steam slakers have been proposed as a replacement for water slakers [41]. The advantage
of using steam lies in its higher temperature range, allowing the heat released from the
slaking reaction to be fully utilized at elevated temperatures. In this improved technology,
the steam slaker employs a recirculating steam flow to transport and slake quicklime (CaO)
particles to form Ca(OH),, which is subsequently collected in a dust collector. The outgoing
stream from the steam slaker contains significant heat, including that generated by the
slaking reaction, which can be used to dry and warm the CaCOj pellets from the pellet
reactor, thereby maximizing the utilization of the released heat.

4.3.2. Advances in L-DAC Utilizing Other Liquid Solvents

In addition to the current industrialized L-DAC technology that uses alkaline solutions,
research has focused on other liquid solvents. Typical liquid solvents used in traditional
CO; capture processes during post-combustion, pre-combustion, and oxy-fuel combustion,
such as amine-based solvents and ionic liquids (ILs), have shown potential for application
in L-DAC [52].

Various amine-based solvents, including chilled ammonia [53-55], low-volatility
aminosilicones [56-58], monoethanolamine (MEA) [59-62], and N-methyldiethanolamine
(MDEA) [63-66], utilize their amine groups to react with CO,, forming products such as
carbamates or bicarbonates [67]. These products can dissolve in the solvent, enabling the
absorption and capture of CO,, which can then be released through heating. However, it
is important to note that the chemical reactions occurring during the capture of CO; by
amine-based solvents involve a large enthalpy [68], necessitating additional heat input to
regenerate the amine-based solvents during CO, release [69], leading to increased energy
consumption. Additionally, some byproducts generated during the chemical reactions of
amine-based solvents in the DAC process, such as aerosols [70-72] and nitrosamines [73-75],
may be toxic and carcinogenic. Considering these drawbacks, amine-based solvents are not
ideal materials for large-scale practical application in L-DAC.

Recent research suggests that ILs hold promise as solvents for L-DAC due to their high
thermal stability and tunability. ILs are custom-designed salts composed of ions [52], with
CO; selectivity and capacity being crucial characteristics for ILs to facilitate CO, capture
and separation [67]. The capture of CO, by ILs is achieved through chemical and/or
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physical absorption [76]. Subsequently, CO; can be released, and the ILs can be recycled
for reuse through depressurization or heating methods.

Physical absorption represents the primary mechanism for CO, capture by ILs. Ramdin
et al. indicated that while ILs exhibit various intermolecular interactions, including elec-
trostatic forces, hydrogen bonding, and van der Waals forces, the attractive van der Waals
forces predominantly govern the dissolution behavior of CO,, serving as the primary mech-
anism for CO; capture in ILs [69]. This is followed by electrostatic interactions, whereas
hydrogen bonds play a negligible role [77]. Additionally, the free volume mechanism,
where CO; molecules are accommodated in the free spaces of the liquid, represents an-
other mechanism for the physical absorption of CO, by ILs [78]. Beyond these detailed
discussions on the mechanisms, comparative studies have been conducted on the effects
of common cations such as imidazolium, pyrrolidinium, pyridinium, guanidinium, phos-
phonium, and morpholinium, as well as common anions such as hexafluorophosphate,
tetrafluoroborate, alkylsulfate, triflate, and dicyanamide, on CO; capture efficiency in
ILs [69]. These studies clearly demonstrate that the anion is the primary factor influencing
CO; dissolution in ILs, while the cation plays a secondary role [79-81]. Furthermore, ILs
with fluorination structures have been shown to significantly enhance the solubility of CO,
in ILs, with anion fluorination exhibiting a more significant improvement compared to
cation fluorination [82]. Additionally, longer alkyl chains on cations can also enhance the
solubility of CO; in ILs to some extent [69].

Chemical absorption of CO; by ILs builds upon their physical absorption capability
by leveraging suitable functional groups, such as amino acids, to initiate chemical reactions
with CO,. This maintains or enhances CO, selectivity while significantly increasing the
capacity [67]. Studies have shown that the enhancement of ILs’ properties can be achieved
by incorporating specific functional groups [67]. Integrating a free amine functional group
into the alkyl chain of an imidazolium cation within an IL has been demonstrated to induce
chemical complexation, thereby enhancing the CO, capture capacity [83]. ILs modified
in this manner, known as amino-acid-based ILs [67], have shown significantly enhanced
CO; capacity on a molar basis [67,84]. The choice of functional groups near the amine can
influence the reaction heat and, consequently, the energy required to separate CO, from
the solvent. Incorporating electron-withdrawing or electron-donating groups may mitigate
the reaction heat to some extent [67].

Recent progress in the study of ILs for CO, capture has been primarily directed
towards enhancing their physical and chemical properties by optimizing the combination
of different cations and anions. Elmobarak et al. conducted a comprehensive review
of recent developments in ILs for CO, capture by comparing several ILs used for CO,
capture based on their physical characteristics, including solubility, selectivity, viscosity,
and volatility [52]. Furthermore, simulations are considered to be a valuable method
for assessing the properties of ILs before synthesizing optimal variants, thus enabling
cost-effective optimization [85-87].

In addition, recent studies have explored the use of amino acid salt (AAS) solu-
tions [88-90], which can be synthesized from ILs, strong inorganic alkalis, organic amines,
and activators, for CO, capture [91]. Zhang et al. conducted a comprehensive review on
the effectiveness of AAS solutions in capturing CO,, extensively elaborating on the thermo-
dynamic and kinetic properties of various AAS solutions applicable for CO, capture, and
comparing their performance in absorption and regeneration processes [91]. This provides
valuable insights for enhancing the efficiency of CO, capture using AAS solutions.

5. Solid DAC (S-DACQ)
5.1. Fundamental Principle of S-DAC

The core principle of S-DAC technology involves using solid sorbents to capture CO,
from ambient air at room temperature and atmospheric pressure. Subsequently, CO, is
released from the sorbents under low pressure and moderate temperatures (80-100 °C)
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COz is bound to the filter

through a temperature-vacuum swing process. The process flow of this technology is
illustrated in Figure 5.
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Figure 5. Schematic diagram of S-DAC’s process flow. Reproduced with permission from [92] under
the CC BY license.

In the current industrial application of S-DAC, the primary solid sorbents utilized are
alkaline-functionalized sorbents [92], which are materials with alkaline functional groups
such as amine groups [93], hydroxyl groups [93], quaternary ammonium groups [94],
and piperidine groups [95]. The primary principle of these sorbents for capturing CO; is
acid-base reaction, supported by their high surface areas and porous structures, which
enhance their CO, adsorption capacities. Particularly, amine-based sorbents, where amine
compounds (RNH>) are bonded to filter materials composed of dry porous granulates, are
widely employed in S-DAC [24]. The high chemical reactivity, thermodynamic properties,
and long-term stability of amine groups under ultralow CO, concentration conditions
make them particularly effective for capturing CO, molecules [24]. These sorbents fix CO,
at ambient temperatures and, upon heating to the temperature range of 80-100 °C, the
increased thermal energy facilitates the release of CO, from the sorbents. Filter materials
support and maintain the solid sorbents, and their porous structure allows air to pass
through for adsorption. In S-DAC plants, fans draw air into collectors, where amine-based
solid sorbents bind CO,, forming carbamate compounds through amination reactions.
The reaction products depend on the presence of water in the system. In the absence of
water, the products include ammonium carbamate ions and paired carbamic acid [30]. In
the presence of water, the products include ammonium bicarbonate and water-stabilized
carbamic acid [30]. This process fixes CO,, concentrating it on the filter, while CO,-free air
is expelled from the collector. Once the solid sorbent is saturated with CO,, the adsorption
process ends, and the collector is sealed and heated to desorb CO,. During this desorption
process, the solid sorbent regenerates and regains its adsorption capacity, while pure CO,
gas is released. This cyclic process of adsorption and desorption enables the continuous
capture of CO; from the air and the release of pure CO,.

5.2. Advantages and Disadvantages of S-DAC

The current industrial-scale S-DAC technology offers advantages such as low energy
consumption, low operating costs, and suitability for a wide range of scales. Specifically,
compared to L-DAC, which may require temperatures as high as 900 °C for desorption,
solid sorbents typically only need temperatures in the range of 80-100 °C, resulting in
lower energy consumption and operating costs. Additionally, S-DAC technology operates
in a small-scale modular mode, allowing scalability based on the needs of various appli-
cation scenarios, from small laboratory setups to large industrial implementations [26].
This flexibility makes S-DAC a versatile solution for different CO, capture applications.
Furthermore, S-DAC can extract water from the air during the capture process, eliminating
the need for an additional water supply.
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The disadvantages of current S-DAC facilities primarily include high construction
costs and the sustainability of sorbents. S-DAC relies on batch operations, requiring multi-
ple units to be operated in parallel, resulting in larger, more complex plant structures and
increased construction costs [26]. Additionally, the regeneration step in S-DAC necessitates
periodic sealing of the entire structure from ambient air, along with cycling temperature,
pressure-vacuum conditions, or humidity. These specific construction requirements fur-
ther increase costs. Additionally, the solid sorbents are required to withstand prolonged
exposure to impure environments without experiencing premature degradation or failure
in capturing CO;. This necessitates regular replacement of the sorbents, thereby further
increasing the operational costs [26,41].

5.3. Technological Advancements of S-DAC

In recent years, the optimization of solid sorbent materials has emerged as a primary
advancement in S-DAC technology, aimed at enhancing the efficiency of CO, capture from
ambient air. Current research endeavors primarily focus on two key areas: the optimiza-
tion of amine-based sorbents, and the utilization of porous materials with microscale-to-
macroscale pores or voids.

5.3.1. Advances in Amine-Based Sorbents

Recent optimization studies on amine-based solid sorbents have primarily focused
on enhancing their adsorption performance by tethering or immobilizing them onto other
supporting materials to form amine-modified sorbents [96].

In determining suitable basic amines for S-DAC technology, Heydari-Gorji et al. [97]
and Sayari et al. [96] conducted thorough investigations into various types of amine com-
pounds featuring different amine groups and molecular structures, focusing on aspects such
as CO; uptake capacity and stability. Their research confirmed that primary, secondary, and
tertiary monoamines all exhibit decomposition at specific temperatures, and the decrease
in CO, uptake was attributed to the formation of urea linkages at the expense of amine
groups [96]. The chemical structures of the basic amines commonly used for DAC are de-
picted in Figure 6. Polyethyleneimine (PEI) is considered to be a more suitable amine-based
sorbent due to its structure containing high-temperature-stable monoamines [98], com-
pared to other polyamine materials such as poly(allylamine) (PAA) [99,100], poly(glycidyl
amine) (PGA) [101], poly(propylene guanidine) (PPG) [102,103], and tetraethylenepen-
tamine (TEPA) [104,105].
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Figure 6. Chemical structures of commonly employed amines for S-DAC: (a) poly(allylamine) (PAA);
(b) poly(glycidyl amine) (PGA); (c) poly(propylene guanidine) (PPG); (d) tetraethylenepentamine
(TEPA); (e) polyethyleneimine (PEI).

To further optimize the CO, capture performance of PEI, recent studies have focused
on PEl-modified sorbents, a typical class of amine-modified sorbents [106-108]. These
studies involved chemically modifying the basic structure of PEI Significant progress
has been made in utilizing silica supports to form PEl-based aminosilica materials, also
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referred to as silica-polyethyleneimine materials. Choi et al. proposed modifying PEI with
(3-aminopropyl)trimethoxysilane (Figure 7a) to form A-PEI/silica, and with tetraethyl
orthotitanate (Figure 7b) to form T-PEI/silica. Their research confirmed that these mod-
ified PEI-based aminosilica sorbents exhibit enhanced adsorption kinetics, higher CO,
adsorption capacities, and greater thermal stability compared to the original PEL This
improvement was attributed to the increased density of amine groups, stronger chemical
bonds and interactions, and enhanced surface area and porosity [98]. Sayari et al. proposed
loading PEI onto PME (pore-expanded MCM-41e), a silica support with internal surfaces
fully covered by a uniform layer of readily accessible long alkyl chains from cetyltrimethy-
lammonium (CTMA+) cations [109]. This PEI/PME material benefits from PME’s larger
pore volume and surface area. Furthermore, PME serves as an excellent support due to
the enhanced dispersion of PEI within the surface layer, which increases the accessibility
of amine groups and improves mass transport [109,110]. These properties result in sig-
nificantly enhanced CO; capture performance for this material. Miao et al. introduced
and synthesized a novel material, DEA /PEI, through the incorporation of diethanolamine
(DEA) into polyethyleneimine (PEI) [106], with the molecular structure of DEA depicted
in Figure 7c. This new material fully utilizes the synergistic effect between DEA and PEI
to enhance CO, capture capacity [106]. Specifically, in addition to exhibiting properties
of larger pore volume, DEA’s hydroxyl groups facilitate increased accessibility between
CO; and amines while stabilizing the carbamate anion through hydrogen bonding. Addi-
tionally, the incorporation of DEA reduces the viscosity of PEI, thereby mitigating PEI’s
agglomeration. Furthermore, the appropriate addition of DEA to PEI significantly extends
the adsorption period, with a high adsorption rate, leading to enhanced CO; capacities and
amine efficiency [106]. The optimization of this DEA /PEI “mixed amine” system provides
practical support for S-DAC applications.
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Figure 7. Molecular structures of some support materials used in synthesizing PEI-modified sorbents:
(a) (3-aminopropyl)trimethoxysilane; (b) tetraethyl orthotitanate; (c) diethanolamine (DEA).
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5.3.2. Advances in Porous Material Sorbents

The significant advantages of using porous materials for CO, capture include their
cleanliness, reversibility, and low energy demand [40]. Typically, these materials rely mainly
on physisorption, primarily governed by van der Waals forces, although chemisorption
may occasionally contribute to CO, capture and separation. A wide range of porous
materials have been studied for their potential application in S-DAC.

Some porous materials utilize their inherent pore structures for CO, capture, exem-
plified by activated carbon (AC) [111-113], carbon-based materials (CBMs) [111,114,115],
zeolites [111,116-118], boron nitride (BN) nanomaterials [119-121], and porous silica mate-
rials [122,123]. Chue et al. discussed the adsorption mechanisms and performance of AC,
carbon molecular sieves (CMSs), and zeolites for CO, capture [111]. AC primarily adsorbs
CO; onto its porous surface due to its high selectivity for CO,. CMSs, derived from CBMs,
selectively adsorb CO; based on pore size and polarity. Zeolites, which are aluminosilicate
minerals, capture CO, due to their adsorption capacities and higher selectivity for CO,
over Np. Abd et al. conducted a comprehensive review of recent advancements in ACs
sourced from various origins for CO, capture, emphasizing that surface modifications of
these ACs can further enhance their adsorption performance [124]. Zaker et al. extensively
explored CBMs as suitable candidates for CO, capture, attributed to their cost efficiency,
easy regeneration, and robust adsorption capacities for significant amounts of CO, [125].
They provided detailed insights into the production, modification, and performance of
CBMs, with a mechanism of CO, capture by CBMs depicted in Figure 8a. Kumar et al.
conducted a comprehensive analysis of the advancements and future prospects of zeolites
as sorbents for CO; capture, highlighting the significant potential of zeolites in this re-
gard [116]. Their high porosity, ultra-small pores, structural diversity, stability, recyclability,
and chemical reactivity contribute to their efficacy. A schematic illustration depicting CO,
capture by zeolites is presented in Figure 8b. Sun et al. demonstrated that porous BN
nanomaterials, including BN nanosheets, nanotubes, and nanofibers, can achieve CO,
capture and release by simply controlling the charges carried by BN nanomaterials [119].
The schematic illustration of CO; capture by BN nanomaterials is depicted in Figure 8c.
Subsequently, Liang et al. proposed the utilization of Cu-loaded BN nanofibers, which
exhibit significantly enhanced CO, adsorption capacity and high recyclability for repeated
uses compared to BN nanofibers [120]. This enhancement can be attributed to Cu’s ability
to modulate electron transfer between porous BN and COy, as illustrated in Figure 8d.
Porous silica materials, characterized by highly ordered pore structures, high surface area,
high pore volume, tunable pore size, and good thermal and mechanical stability, are also
regarded as suitable candidates for CO, capture. Amaraweera et al. conducted a compre-
hensive review of CO, capture using porous silica materials, detailing various synthesis
protocols for different types of mesoporous silica with diverse pore geometries, as well as
other significant applications of these porous silica materials beyond CO, capture [122].

In addition to the aforementioned materials with inherent porous structures, there has
been a recent increase in the synthesis of materials specifically designed to have porous
structures. These include metal-organic frameworks (MOFs) [126-128], covalent organic
frameworks (COFs) [40,129,130], porous organic polymers (POPs) [131], porous aromatic
frameworks (PAFs) [132,133], and polymers of intrinsic microporosity (PIMs) [134,135].
These materials share common characteristics, such as high porosity, high surface area, and
structural tunability, making them promising solid sorbents for DAC applications.

MOFs are a class of hybrid porous materials, formed by tuning the type and arrange-
ment of organic ligands and metal centers to create optimized pore structures and surface
properties [126], as illustrated in Figure 9a. Ghanbari et al. conducted a comprehensive
analysis of MOFs suitable for CO, capture, detailing the mechanisms of CO; selectivity
over other gases, the preparation and synthesis methods of MOFs, and strategies to enhance
CO; adsorption on MOFs [126]. MOFs leverage their robust 3D permanent porous struc-
ture, extraordinary surface area, surface functionality, and modular nature to achieve CO,
separation and capture. The process of separating CO, from air using MOFs is depicted
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in Figure 9b. When air passes through MOFs, several effects may contribute to the CO,
capture process. Among these, the molecular sieving effect is significant, wherein molecules
with kinetic diameters matching the pore sizes of MOFs exhibit the highest affinity for
the materials. CO,, with a kinetic diameter of 3.3 A, aligns with the pore diameter of
MOFs, enhancing its likelihood of capture within the pores compared to nitrogen [126,127].
Furthermore, the kinetic or thermodynamic equilibrium effect [128] is also significant.
This effect arises from CO;’s large quadrupole moment, which, in contrast to the nonpolar
nature of N molecules, enables the selective adsorption of CO, by MOFs [126,128]. Further-
more, the presence of functional groups in the framework, such as polar groups [136,137],
mi-electrons [138], and coordinatively unsaturated metal sites [139,140], further enhances
the interaction with CO,, promoting greater adsorption over other gas components [126].
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Figure 8. Mechanistic illustration of CO; capture by some materials with inherent pore structures:
(a) CO; capture by CBMs. Reprinted with permission from [125]. Copyright 2023, Elsevier. (b) CO,
capture by zeolites. Reprinted with permission from [116]. Copyright 2020, Elsevier. (c) CO, capture
by boron nitride nanomaterials. Reproduced with permission from [119]. Copyright 2013, American
Chemical Society. (d) CO, capture by Cu-loaded porous boron nitride nanofibers. Reproduced with
permission from [120]. Copyright 2020, American Chemical Society.

COFs are porous materials composed of organic units connected by covalent bonds,
characterized by highly ordered crystalline structures with adjustable pore size and mor-
phology, high surface areas, and low density [141]. They are considered to be suitable
candidates for CO, capture as well as other applications [129,141-144], such as proton-
conducting electrolytes, catalysis, and drug delivery. Li et al. conducted a review on COFs
for CO;, capture, focusing on fabricating COFs to enhance CO; capture efficiency [40].
They emphasized the vital role of COFs’ affinity for CO;, particularly under low-CO,-
concentration conditions in DAC. Therefore, introducing CO, affinity units such as -OH,
-COOH, and -NH; into COFs’ pores, either through covalent incorporation or physical
loading, is an effective approach to increase CO, uptake capacities [40,145]. Notably, Lyu
et al. pioneered the covalent incorporation of amines into COFs [130]. In their study, they
synthesized a novel material named COF-609, featuring a base-stable tetrahydroquinoline
linkage covalently bonded to tris(3-aminopropyl)amine, the chemical structure and CO,
capture mechanism of which are depicted in Figure 10. This optimized material not only
offers sufficient pore space to increase the contact area with CO; but also enhances polarity
and introduces a secondary amine into the structure, enabling strong chemisorption of CO,.
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This material achieves a 1360-fold increase in uptake capacity compared to the original
framework for CO, capture from dry air [130].
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Figure 9. Schematic diagram of MOFs’ formation and CO, capture mechanism: (a) Formation of MOF.
(b) Selective gas adsorption in MOFs. Reprinted with permission from [126]. Copyright 2020, Elsevier.

Figure 10. Schematic diagram of COF-609 chemical structure and its CO, capture mechanism.
Reprinted with permission from [130]. Copyright 2022, American Chemical Society.

POPs, as amorphous porous materials, may not have the ideal structural crystallinity
of MOFs and COFs; however, their simplicity of synthesis and low cost make them at-
tractive candidates for large-scale, economical production as solid CO; sorbents [131].
By using suitable functionalized precursors, the desired functionalities of POPs can be
easily adjusted [146]. Different synthesis strategies allow for the incorporation of building
blocks such as molecular cages and macrocycles, enabling diverse structures of POPs for
complex gas separation tasks [147,148]. Additionally, POPs can act as hosts or directly
as heterogeneous catalysts, achieving CO, capture and conversion simultaneously [131].
Recent studies indicate that incorporating dispersed metal ion catalytic sites, single-atom
catalysts (SACs), or nanoparticles such as Al, Zn, Co, Pd, Ir, Ru, and Ni into POPs, form-
ing metal-containing POPs, can further enhance the functionality of heteroatoms within
POPs [131,149]. This effectively creates stable, high-affinity binding sites and catalytic sites
for CO,, thereby improving the CO, adsorption and conversion performance of POPs.
Song et al. provided profound and comprehensive insights into the significant impacts
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of different POPs’ structures and properties on CO; capture, separation, and conversion
processes [131]. The schematic illustration of the design principles of POPs for CO; capture
and separation, along with the subsequent conversion of CO; into value-added products,
is shown in Figure 11.
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Figure 11. Schematic illustration of the design principles of POPs for CO, capture and separation, and

subsequent conversion of CO,. Reproduced with permission from [131] under the CC BY-NC license.

PAFs are high-surface-area materials with tunable chemical functionality, robust struc-
tural rigidity, and strong stability, making them highly suitable for applications in gas
adsorption and separation, catalysis, and biochemistry. Their extensive benzene ring
structures, formed through coupling reactions that create strong carbon—carbon covalent
bonds, ensure a stable framework that is resistant to harsh chemical treatments [132]. The
schematic illustration of their structure and applications is shown in Figure 12. The specific
chemical functionalities of PAFs can be tuned both by the intrinsic properties of the building
units and by the pillars formed through coupling reactions [132]. The aromatic groups
within PAFs provide physical adsorption sites for CO, [132,150]. Recent studies have
demonstrated that adding polar functional groups, such as dihydrofuran, amine, methoxyl,
and hydrogen, to PAFs can enhance their selectivity for CO, in mixed gases [132,133].
Additionally, the electrostatic interactions between CO, and PAFs are significant factors
influencing CO; capture performance [132,133,151]. Tian and Zhu conducted an in-depth
analysis of the design principles and specific synthesis processes for PAFs in achieving var-
ious functions, emphasizing the importance of considering the properties of core building
units and different coupling reactions [132].
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Figure 12. Schematic illustration of the structure and applications of PAFs. Reprinted with permission
from [132]. Copyright 2020, American Chemical Society.
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PIMs share some similarities with other aforementioned porous materials, such as
high pore volume, making them suitable for CO, capture and separation. However, unlike
the aforementioned materials, the pores in PIMs result from their contorted molecular
structures, which inherently contain micropores due to intra-chain and inter-chain rigidi-
ties [135]. These micropores or ultra-micropores enhance the gas permeability of PIMs by
fully utilizing the solution diffusion and convective diffusion mechanisms, making them
highly efficient for CO, capture and separation [135,152]. The CO, adsorption performance
of PIMs is affected by factors such as physical aging and plasticization [135]. Therefore,
recent research on PIMs has focused on addressing these issues to prevent pore space
reduction and decreased capture efficiency during usage. Shamsabadi et al. conducted
a detailed evaluation of several newly developed PIMs and their CO, separation perfor-
mance, identifying potential PIMs suitable for industrial-scale separation of CO,/N; and
CO,/CHj4 gas mixtures [135]. Yu et al. designed and synthesized an improved PIM, known
as cyclohexyl-fused spirobiindane-based PIM (CCS-PIM), which exhibits a high specific
surface area and excellent CO,-selective adsorption capacity [134,153]. The molecular struc-
ture of CCS-PIM is shown in Figure 13. This CCS-PIM features a six-membered ring-locking
structure within the polymer backbone, resulting in a non-distorted chain structure with
well-regulated micropore spaces. The precisely tuned pore size not only contributes to a
highly rigid structure but also significantly enhances the molecular sieving effect, leading
to outstanding gas separation performance [134].
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Figure 13. Chemical structure of CCS-PIM featuring a non-distorted chain structure with well-
regulated micropore spaces for enhanced CO, separation performance. Reprinted with permission
from [134] under the CC BY-NC license.

6. Emerging DAC Technologies

In addition to the aforementioned established technologies, to address the grow-
ing urgency for more efficient and scalable solutions for DAC, some emerging technolo-
gies, including electro-swing adsorption (ESA), moisture-swing adsorption (MSA), and
membrane-based separation (m-DAC), have been studied as promising alternatives.

6.1. Electro-Swing Adsorption (ESA)

ESA is a method that separates CO, from high-concentration sources and the air by
altering the charge to achieve capture and release of CO, [154]. Specifically, CO; is adsorbed
when the solid electrode is negatively charged and released when the electrode is positively
charged. The notable advantages of this CO, separation method include several key aspects.
Firstly, it allows for flexible adjustment and efficient operation by enabling the stacking and
expansion of electrochemical cells according to the required capacity within a limited space.
Secondly, the adsorption and release processes only require charge control, simplifying the
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operation and reducing the energy consumption associated with the regeneration of liquid
solvents and solid sorbents. Additionally, this method simplifies the system’s complexity
by eliminating the need for additional equipment, thereby reducing maintenance and
operational costs in terms of time, labor, and economics. These advantages highlight the
significant potential of ESA in carbon capture technology, making it highly efficient and
adaptable to various scales and conditions of carbon capture requirements.

To enable ESA for the capture and release of CO,, electrochemical cells or electrode ma-
terials are required to facilitate the electrochemical processes [154]. Studies have shown that
compounds such as quinones [154,155], 4,4’-bipyridine [154,156], and thiolates [157,158]
can serve as carrier molecules for CO; during the electrochemical processes of adsorption
and desorption. Quinones, in particular, exhibit superior electrochemical performance
and have the potential to achieve near 100% purity of released CO, [154], making them
the preferred material for CO, oxidation-reduction activity carriers in electrochemically
mediated separation processes [154,155].

Voskian and Hatton designed a faradaic electrochemical cell utilizing quinones for
CO, capture and release [154]. The structure and operational principle of this cell are
illustrated in Figure 14. The cell comprises two cathode electrode substrates coated
with polyanthraquinone-CNT (PAQ-CNT), a composite material of quinone and car-
bon nanotubes (Q-CNT), which serves as a mediator for the adsorption and desorp-
tion of CO, molecules via its redox reactions. An anode electrode substrate coated with
polyvinylferrocene-CNT (PVFc-CNT), a composite of ferrocene and CNTs (Fc—CNT), is
positioned between the two cathode substrates to provide electrons for the quinone’s redox
reactions. Separator membranes are placed between the cathode and anode substrates to
prevent direct electron transfer and allow ion passage. The use of CNT composite materials,
with their high surface area and conductivity, facilitates effective ion transfer through
the electrolyte during electrode activation and deactivation, allowing for CO, diffusion
during the capture process. During CO, capture with this cell, a reduction potential is
applied to the outer cathode electrode, causing the PAQ-CNT composite to absorb electrons
and undergo a reduction reaction, leading to a carboxylation reaction between CO, and
quinone for CO, capture. Subsequently, when an oxidation potential is applied to the outer
cathode electrode, the PAQ-CNT releases electrons and undergoes an oxidation reaction,
releasing the adsorbed CO;. The inner PVFc-CNT electrode serves as the electron source
and sink for the quinone reduction and oxidation [154]. These electrochemical cells can be
stacked to form a contactor with parallel passages in a flow device, thereby providing a
larger surface area for contact with CO, in the feed stream, enhancing the efficiency of CO,
capture in the ESA process [154]. This solid-state faradaic ESA system has demonstrated
exceptional performance in CO, capture. Its compact and flexible architecture allows for
stacking to create a suitable contactor with a large surface area for efficient CO, capture.
The system exhibits effective CO, capture capacity, maintaining up to 10% CO, even at
concentrations as low as 0.6%. It achieves a high faradaic efficiency of over 90% and low
energy consumption ranging from 40 to 90 k] per mole of CO, captured. Additionally, the
electrochemical cells show great durability, with less than 30% capacity loss after 7000 cy-
cles [154]. These promising results underscore the significant potential of this ESA system
for industrial applications.

The current status of this technology is in the laboratory-scale testing phase, with
ongoing research focusing on enhancing the performance characteristics of the redox materi-
als [159], such as capacity [160], kinetics [159,160], and chemical and physical stability [148].
Simultaneously, relevant cost analyses are being conducted to advance potential large-scale
deployment in the future [160].
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Figure 14. Schematic diagram of a single ESA electrochemical cell for CO; capture and release.
Reprinted with permission from [154] under the CC BY-NC license.

6.2. Moisture-Swing Adsorption (MSA)

With its advantage of reduced energy consumption, MSA is considered to be a method
capable of replacing the current temperature-swing process in S-DAC [161-163]. Specifi-
cally, MSA involves adsorbing CO, under dry conditions and desorbing it under humid
conditions by altering the environmental water vapor pressure at low temperatures (45 °C).
Compared to the temperature-swing method used in current S-DAC systems, MSA re-
quires humidity control and lower temperature conditions, making it more operationally
convenient while reducing the energy consumption associated with heating. Furthermore,
its low temperature requirement facilitates integration with other processes and energy
systems, such as utilizing solar energy or waste heat to provide the energy needed for
humidification [164].

The fundamental mechanism for CO, adsorption and desorption in MSA is the change
in the free energy of the chemical reaction between carbonate ions and water molecules.
Specially, the decrease in the number of water molecules in sorbents leads to a decrease
in the free energy change, thereby promoting the capture of CO, [165]. The adsorbent
used in MSA is moisture-sensitive, interacting with water to affect the energy states of
carbonate, bicarbonate, and hydroxide ions through hydration and dehydration. As a
result, the equilibrium between these ions is altered to achieve CO, capture and release.
The schematic diagram of MSA for CO; capture and release, along with the potential
moisture-driven sorbents, is shown in Figure 15.
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Figure 15. Schematic diagram of MSA for CO, capture and release with potential moisture-driven
sorbents. Reprinted with permission from [165]. Copyright 2020, Elsevier.

Recent studies have proven that ion-exchange resins are ideal moisture-driven sor-
bents in MSA due to their excellent ion-exchange capacity, sensitivity to changes in ambient
humidity, and low sorption heat for energy saving [165]. Shi et al. demonstrated through
simulation [166] and experimental results [165] that ion-exchange resins can serve as
moisture-driven CO, sorbents by enabling CO;’s capture and release through the ma-
nipulation of water activity in the surroundings of the sorbent, leveraging the isolated
carbonate ion hydration in these materials. Specifically, low humidity causes the func-
tional groups of the ion-exchange resin to compete with water molecules, leading to water
dissociation on the surface and the formation of bicarbonate ions. This process facilitates
direct CO; capture by adsorbing CO, onto hydroxide ions. Conversely, increasing the
humidity results in more water molecules on the sorbent’s surface, causing bicarbonate
ions to revert to carbonate and release CO;. The authors experimentally demonstrated that
quaternary ammonium ions or functional groups provide a fixed positive charge capable
of carrying CO32~ ions. Using polystyrene resin with quaternary ammonium ions, they
observed significant changes in CO, concentration due to its capture and release under
varying humidity conditions [165]. Subsequently, based on the properties of quaternary
ammonium ions, some studies have focused on further optimizing ion-exchange resins as
moisture-driven sorbents [161,167]. Wang et al. proposed an advanced method for improv-
ing the properties of ion-exchange resins by grafting quaternary ammonium functional
groups onto high-surface-area mesoporous polymers, resulting in a sorbent with ultra-high
kinetics [167]. This method effectively utilizes the uniform cylindrical pore structure to
efficiently attach quaternary ammonium functional groups to active substitution sites. This
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optimized structure not only enhances the efficiency of the functional groups but also lever-
ages the capillary action of the pore structure [167-171], further enhancing the CO, capture
capacity. Building on the properties of quaternary ammonium ions, Biery et al. further
optimized the mechanical performance of sorbents containing quaternary ammonium ions.
Specifically, they designed and synthesized sulfone-based multiblock copolymers contain-
ing ammonium functionalities [161]. This synthesis leverages the combined properties of
polysulfones, which offer excellent strength and thermal stability, and quaternary ammo-
nium polymers, which provide superior ion-exchange properties. A series of multiblock
copolymers containing both polydiallyldimethylammonium (PDADMA) and polysulfone
(PSf) blocks were synthesized, where the PDADMA blocks directly capture CO, and the
PSf blocks provide mechanical integrity. These optimizations of moisture-driven sorbents
enhance the capture efficiency and durability during application, promoting the broader
practical use of moisture-driven DAC.

6.3. Membrane-Based Separation (m-DAC)

Applying membrane separation technology to DAC is known as m-DAC [33]. The
core principle of membrane separation technology lies in utilizing specific permeable
membranes to control the transfer of substances across the membrane, thus achieving
the separation and capture of target substances. Therefore, using membranes with high
CO, permeability, m-DAC allows CO; to pass through while retaining other gases on the
opposite side, effectively separating CO, from the air.

When compared to other DAC technologies, m-DAC stands out for its low energy
consumption, making it a potentially viable energy-saving solution [40]. Additionally, it
offers straightforward and stable operation, along with a small footprint [32]. However,
a current challenge limiting the widespread adoption of this technology is the low flux
associated with membrane separation due to the low partial pressure of CO; in air [172,173],
resulting in poor economic viability. Addressing this challenge, recent efforts in optimizing
m-DAC technology have primarily focused on the development of membrane materials
with high CO, permeability and selectivity. Significant progress has been achieved in
advancing membrane materials.

Thin-film composite or ultrathin-film composite (TFC) membranes, characterized
by nanometer-scale thicknesses, are recognized ideal for m-DAC [174]. The structural
composition of TFC membranes is depicted in Figure 16, comprising a selective layer, a
gutter layer (alternatively referred to as the intermediate layer), and a porous support.
Building on the fundamental principle that the ethylene oxide (EO) unit facilitates favorable
interactions with CO; over light gases for separation [175], Fu et al. proposed a class of
TFC membranes containing high-molecular-weight amorphous polyethylene oxide (PEO)
with high EO moieties to enhance CO, permeability and flux [172]. Specifically, this
optimized membrane system comprises a polymer membrane matrix with a selective
layer containing PEO and a gutter layer composed of polydimethylsiloxane (PDMS). The
incorporation of multiple PEO blocks interspaced with a specially designed terephthalic
spacer into the base polymer membrane matrix significantly enhances the CO, separation
ability without inducing crystallinity [172]. Meanwhile, the PDMS gutter layer serves as a
protective coating to maintain membrane surface smoothness and efficiency by preventing
penetration of the diluted polymer solution into the porous structure, ensuring smooth
gas separation [172,176]. Moreover, researchers have sought to enhance gas permeance
by reducing membrane thickness, given the general inverse relationship between gas flux
and membrane thickness. Yoo et al. proposed using the Teflon-based material AF2400
instead of PDMS as the gutter layer, with a thickness of only 75 nm, coupled with a 70 nm
selective layer, forming an ultrathin membrane [174]. This optimization reduces membrane
thickness and significantly enhances CO, permeance sixfold compared to membranes with
PDMS as the gutter layer, thus greatly improving the CO, separation efficiency. To further
reduce membrane thickness, Fujikawa et al. proposed utilizing the inherent gas permeance
property of PDMS due to its dynamic polymer chain nature, enabling the direct production
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of free-standing PDMS nanomembranes for CO, separation [177]. By controlling the
spinning speed and PDMS concentration during the spin-coating process, they achieved
a thickness of 34 nm. The experimental results demonstrated a fourfold increase in CO,
permeance from 10,000 GPU to 40,000 GPU when reducing the PDMS membrane thickness
from over 100 nm to 34 nm. These optimizations result in TFC membranes with higher
CO, permeance and selectivity, reducing the gas permeance resistance and making CO,
gas capture from diluted emission sources more feasible.

Selective layer

Gutter layer

Figure 16. Schematic illustration of a thin-film composite membrane for m-DAC. Reprinted with
permission from [33] under the CC BY license.

Mixed-matrix membranes (MMMs) are another promising candidate for m-DAC.
These membranes incorporate various porous fillers, such as carbon molecular sieves [178],
zeolites [179,180], MOFs [181], and COFs [182,183], into a polymer matrix to enhance CO,
separation and enable repeated use. MMMs combine the high adsorption capacity of
porous fillers with the mechanical strength of polymers. Typically, MMMs can be fabricated
using techniques similar to conventional polymeric membranes [184,185], with fillers
ranging from spherical with a low aspect ratio to thin platelet-type with a very high aspect
ratio [186]. Research on MOF-based and COF-based MMMs has been increasing due to
their advantages as porous materials with tunable pore sizes and properties [181-183,185].

MOF-based MMMs improve CO, separation efficiency by altering the microenviron-
ment of the MOF and polymer matrix [187], enhancing their adhesion [188], and rationally
designing them for desired interfacial properties [188]. Additionally, research suggests
that the mechanical properties of MOF-based MMM, including thermomechanical, stress—
strain, and viscoelastic properties, can be enhanced through interactions between the MOF
and the polymer matrix [189,190]. COF-based MMMs show potential for m-DAC due
to the thermal and chemical stability of covalently bonded COFs as ideal fillers. While
direct use of pristine COFs as fillers in MMM is feasible [191,192], studies have shown that
modifying COFs before use can further improve CO; separation performance [193,194]. Liu
et al. proposed a multi-function integration strategy to enhance COF-based MMMs’ CO,
separation performance [194]. They optimized the COF fillers’ properties by considering
their entire morphological structure, aperture adjustment, and channel decoration. The
inner and outer surfaces of the improved COF fillers were then modified with polyethylene
glycol monomethyl ether (PEG) to form hollow microspheres, reducing the mass transport
resistance. Finally, these modified COF fillers were incorporated into a commercial Pebax
polymer matrix to create the designed COF-based MMM for CO; capture. This COF-based
MMM utilizes PEG functionalization to modify the COF inter-surface by providing ethy-
lene oxide groups, which have an affinity for quadrupolar CO; and decrease the pore size
to enhance CO;’s solubility selectivity and diffusion selectivity. Meanwhile, PEG chains on
COFs’ outer surface improve compatibility between the COF fillers and the Pebax matrix.
As a result, this COF-based MMM achieves superior CO, separation performance.

It is noteworthy that the evaluation of different membranes for m-DAC can be ef-
fectively conducted using advanced simulation software and computational modeling
tools [195]. Platforms such as ASPEN HYSYS [196], Aspen Plus V11 flowsheeting soft-
ware [33], and COMSOL Multiphysics [195] are invaluable for predicting and optimizing
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the performance of various membrane materials, providing a cost-efficient means to assess
and enhance their performance.

7. Comparison of DAC Technologies

In the preceding sections, L-DAC, S-DAC, and emerging DAC technologies have
been comprehensively introduced. The principles, commonly employed materials, ad-
vantages, and disadvantages of these technologies are summarized in Table 3 for a more

intuitive comparison.

Table 3. Comparison of different DAC technologies.

Technology

Principle

Commonly
Employed
Material

Advantage

Disadvantage

L-DAC

The liquid solvent reacts
with CO; to form
carbonates for capture,
and it releases CO, upon
heating

Alkaline solutions

Large-scale operation;
Continuous operation
at steady state
without interruption;
Low-cost raw
materials with good
selectivity and
capture capacity

High temperature
requirement;
High energy
consumption;

Requirement for
corrosion-resistant
equipment

S-DAC

The solid sorbent captures
CO; from ambient air at
room temperature and
atmospheric pressure, and
then releases CO, under
low pressure and
moderate temperatures
through a
temperature-vacuum
swing process

Amine-based
sorbents

Modular and scalable
operations;
Lower energy

consumption than
L-DAC

Batch operations
causing complex
plant structures;
Special construction
required for cycling
temperature and
pressure conditions;
High construction
costs;
Sorbents with low
sustainability

ESA

The electrochemical cell
utilizes charge modulation
to control the adsorption
and desorption processes,
capturing CO, when
negatively charged and
releasing it when
positively charged

Electrochemical
cell;
Electrode materials

Space-efficient
structure;
Convenient operation
with no additional
equipment required;
Low energy
consumption;
Effective capture
capacity;

Good durability

High investment
costs

Emerging
DAC
technologies

MSA

The moisture-sensitive
sorbents rely on chemical
reactions between
carbonate ions and water
molecules to alter energy
states, facilitating CO,
capture in dry conditions
and CO; release in wet
conditions

Ion-exchange
resins

Low energy
consumption;
Convenient
integration with
low-carbon energies

Consumption of a
large amount of
water;
Sensitive to practical
weather conditions

m-DAC

The membrane utilizes
selective permeability
properties to enable the
separation and capture of
CO, from air

Ultrathin-film
composite (TFC)
membrane;
Mixed-matrix
membranes
(MMMs)

Low energy
consumption;
Low carbon footprint

Low throughput;
High material costs
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L-DAC and S-DAC, as extensively industrialized technologies, are notable for their
technical maturity. However, their drawbacks cannot be overlooked. L-DAC suffers from
high energy consumption and requires corrosion-resistant equipment. S-DAC’s challenges
include complex plant structures due to batch operations and specialized construction for
cycling temperature and pressure conditions, resulting in high investment costs. These
significant drawbacks may limit their broader global adoption.

Emerging DAC technologies, including ESA, MSA, and m-DAC, show considerable
promise, albeit they are still in the research and development phase, with limited large-scale
applications. These technologies boast significant advantages, particularly in their low
energy consumption for CO, capture and separation. Their operational simplicity positions
them as highly viable for future DAC applications. Notably, innovative polymer materials
used as moisture-sensitive sorbents in MSA technology, along with their synthesis routes,
have been submitted for patent applications [197,198]. The Mechanical Trees™ based
on MSA technology utilizing these sorbents are currently undergoing commercialization
through a collaboration between Arizona State University and Carbon Collect.

8. Practical Applications of DAC

The application status of DAC technology serves to inform global industries about its
practical implementation. According to the IEA, as of 2023, there are 27 operational DAC
plants globally, mainly situated in North America, Europe, Japan, and the Middle East.
These facilities collectively capture nearly 0.01 Mt CO, annually. Furthermore, plans are
underway for the development of at least 130 additional DAC facilities, at various stages
of implementation [199]. Globally, the leading companies focused on DAC include North
American companies such as Carbon Engineering, Global Thermostat, CarbonCapture,
and Baker Hughes. European companies in this field include Climeworks, Antecy, Skytree,
Carbon Collect, and Hydrocell [30].

Currently, North America hosts several notable DAC plants, exemplifying the region’s
engagement with DAC technology [26]. The basic information of typical representative
DAC facilities in North America is shown in Table 4.

Notably, the United States stands out for its robust policy support. With the introduc-
tion of the Inflation Reduction Act (IRA) in 2022, the 45Q tax credit for CO; capture was
increased to USD 180 per ton stored. This policy support, coupled with a capture threshold
as low as 1000 tons of CO, annually, positions the United States as a global leader in DAC
applications. The current notable projects under development in the United States include
STRATOS in Texas, the Oxy-CE Kleberg County project, the HIF eFuels Matagorda County
project, the Bison project, and the Adams County project [199].

In the United States, DAC plants widely adopt the mature and well-developed L-DAC
technology using alkaline solutions, as discussed in Section 4. This technology, developed
and improved by Carbon Engineering (CE), a Canadian-based clean energy company,
utilizes KOH solution as the liquid solvent. It features a contactor with a cross-flow pattern
for air and the alkaline solution, ensuring efficient contact for the reaction. Aspen Plus
simulation is employed to determine the operational parameters related to energy and
material balances [41]. Typical industrial-scale applications of this technology include the
STRAROS DACI and the Oxy-CE Kleberg County project, both located in Texas, USA.
The STRAROS DAC1, which employs CE’s L-DAC technology, was constructed by Oxy
Low Carbon Ventures (OLCV) through its subsidiary 1PointFive (Houston, TX, USA). This
facility, using a scalable setup, aims to capture 1.0 Mt CO,/year and, ultimately, sends
compressed pure CO; to geological storage sites for permanent sequestration. Expected to
commence operation in 2024, it is currently the world’s largest DAC facility [199,200]. The
Oxy-CE Kleberg County project, the second DAC facility site in the United States, employs
the same design as STRAROS DACI1, with CE’s L-DAC technology [201]. Located in the
Gulf Coast region, the DAC plant leverages ideal porous formations for geological storage,
ensuring safe and verifiable CO, removal and storage. The project adopts an innovative
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deployment approach to standardize factory design, accelerate construction, and establish
a supplier supply chain for local partners, facilitating rapid progress.

Table 4. Representative DAC facilities in North America.

. Types of
Project Location Operating Captu.re Capture Utilization and References
Company Capacity Technology
Storage
1 PointFive (a
. subsidiary of .
STRAROS Texas Pgrmlan Occidental) and 1.0 Mt L-DAC Geological [200]
DAC1 Basin CO,/year storage
Carbon
Engineering
1 PointFive (a
Oxy-CE Gulf Coast subsidiary of .
Kleberg County  region, Texas, = Occidental) and C 030/M(:ar L-DAC Gse:)()lfaglzal [201]
project us Carbon 27y &
Engineering
HIF eFuels Matagorda nghly MOFs as
Matogorda County, Texas Innovative 25 Mt primary eFuel [202]
Countv project U,S ” Fuels (HIF) and CO,/year bent production
ounty projec Baker Hughes sorbents
S-DAC as the
primary
CarbonCapture method,
. . . and Frontier 5-Megaton- possibly Deep saline
Project Basin Wyoming, US Carbon scale combined with  aquifer storage [199,203]
Solutions MOFs and
hybrid
solutions
Adams County Global 1000 tonnes Valuable
project Colorado, US Thermostat CO, /year SDAC products [199,204]
Squamish,
DAC R&D British Carbon .
facility Columbia, Engineering 1 Mt CO, /year L-DAC Fuel production [41]
Canada

The HIF eFuels Matagorda County project, a collaboration between Baker Hughes
(BKR) (Houston, TX, USA) and HIF Globa (Houston, TX, USA), involves testing Baker
Hughes’s Mosaic DAC technology pilot units in Matagorda County, Texas. This technology
utilizes MOFs as the primary sorbent material and aims to accelerate DAC’s deployment at
a commercial scale [202]. By leveraging the porous structure and adsorption capabilities
of MOFs, the project implements a groundbreaking low-cost DAC initiative to acceler-
ate CO; capture. The captured CO; is then combined with green hydrogen to produce
150,000 barrels of eFuels per day, contributing to the decarbonization of over 5 million
vehicles in use.

Project Basin in Wyoming utilizes a low-cost modular DAC system developed by
CarbonCapture Inc. (Los Angeles, CA, USA) to filter CO; from the air [199]. The technology
allows for scalability and integration with extensive renewable energy facilities like wind
and solar power. Subsequently, Frontier Carbon Solutions (Dallas, TX, USA) collects this
captured CO, and injects it into deep saline aquifers using Class VI injection wells managed
by the Wyoming Department of Environmental Quality, as per EPA regulations [203]. The
Adams County project by Global Thermostat (Denver, CO, USA) features one of the world’s
largest DAC machines. This project has been capturing over 1000 tonnes of CO, annually
since late 2022, using S-DAC [203].
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Furthermore, the Carbon Engineering Innovation Center, situated in Squamish, British
Columbia, Canada, stands as the world’s largest facility dedicated to research and de-
velopment in DAC, established by CE since 2015 [41]. It serves as an advanced research
platform where CE’s DAC technologies undergo testing before implementation in prac-
tical applications, including the aforementioned STRAROS DAC1 and Oxy-CE Kleberg
County project.

In Europe, several countries have established DAC plants, including Switzerland,
Iceland, the United Kingdom, Norway, Italy, Germany, and the Netherlands. Among these,
Germany and the Netherlands host DAC plants of modest scale, capturing below 50 t
CO;,/year. DAC plants with larger CO, capture capacities are predominantly found in the
United Kingdom, Norway, and Iceland. The basic information of these typical DAC plants
is detailed in Table 5.

Table 5. Representative DAC facilities in Europe.

. Types of
Project Location Operating Captu're Capture Utilization and References
Company Capacity Technology
Storage
North-East . Storegga and 500,000 to .
Scotland DAC Klijnmée‘in Carbon 1,000,000 tonnes L-DAC Getol;’aglcal [205]
Project gdo Engineering of CO,/year storage
Carbon
Removal,
Carbon 500,000 to Offshore
KOIIS?O?ZC]?AC Norway Engineering, 1,000,000 tonnes L-DAC geological [206]
Pro) and Oxy Low of CO, /year storage
Carbon
Ventures
Hinwil Several fert\iﬁ;gae:ii)ileand
Capricorn . ’ Climeworks hundred tons of S-DAC [207]
Switzerland CO, /year beverage
2ryea industry
. Hellishidi, . 50 tons of Geological
Arctic Fox Iceland Climeworks CO, /year S-DAC stroage [208]
Hellisheidi, . 4000 tons of Geological
Orca Teeland Climeworks CO,/year S-DAC storage [209]
Hellisheidi, Climeworks 36,000 tons of Geological
Mammoth Iceland and Carbfix CO,/year SDAC storage [210]

The DAC facility located in the northeastern part of Scotland, UK, is a collaborative
effort between Storegga, a UK-based company, and Carbon Engineering. Expected to
start operations in 2026, this DAC plant will mark Europe’s inaugural large-scale DAC
facility, integrating DAC technology with geological storage, with support from Scotland’s
renewable energy and oil and gas industry expertise. It is expected to permanently remove
between 500,000 and 1,000,000 tonnes of CO, annually [205].

The Kollsnes DAC project, located in Norway, is a collaborative effort involving three
companies: Carbon Removal, Carbon Engineering, and Oxy Low Carbon Ventures [206].
This DAC project utilizes L-DAC technology and is expected to capture between 500,000
and 1,000,000 tonnes of CO, from the atmosphere annually. Leveraging policy support
from the Norwegian government and mature technologies from the reliable renewable
energy, oil, and natural gas industries, significant amounts of CO, will be permanently
stored in subsea geological storage sites through this project.

The DAC plants in Switzerland and Iceland primarily employ S-DAC technology
with filters containing solid sorbent materials, as described in Section 5. This technology
is designed and developed by Climeworks, a Swiss company specializing in direct air
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capture and storage (DAC+S). These S-DAC facilities exclusively use renewable energy,
waste-to-energy, or other waste heat sources, significantly minimizing their carbon footprint
and enhancing the sustainability and efficiency of their energy usage. Typical DAC plants
employing S-DAC technology include the Capricorn plant in Switzerland and the Artic
Fox, Orca, and Mammoth plants in Iceland. The Capricorn project, situated near the town
of Hinwil, Switzerland, started operations in 2017, marking Climeworks’ first industrial-
scale DAC plant [207]. It consists of 18 CO; collectors and utilizes waste heat from a local
waste incineration plant to power the capture process. This facility is capable of capturing
hundreds of tons of CO; annually. A portion of the CO; captured from the air is delivered
to nearby greenhouses for vegetable fertilization, while another portion, after liquefaction,
is transported to the beverage industry for utilization.

The three DAC projects in Iceland are all based in Hellisheidi, using renewable energy
such as geothermal energy from local geothermal power plants to power the DAC plants.
Among these projects, Arctic Fox, which launched in 2017, is the first DAC facility built by
Climeworks in Iceland [208]. One CO, collector was established in this project, with the
ability to capture 50 tons of CO; annually. The captured CO, is mixed with water using
Carbfix’s technology and then pumped deep underground, where a natural mineralization
reaction occurs between CO; and basalt rocks, achieving permanent geological storage
of CO,. After the successful operation of this project, Climeworks established another
DAC plant named Orca in 2021 [209]. This project adopts an improved design and uses
eight collectors, each with a collection capacity of 500 tons. The entire plant can capture
up to 4000 tons of CO; per year, making it the largest direct air capture and storage plant
in the world. Starting in 2022, Climeworks began the construction of a DAC plant called
“Mammoth”, which is expected to be completed and put into use in 2024 [210]. It is
expected that, after the plant is put into use, it will be able to capture up to 36,000 tons
of CO; per year, which will constitute an important milestone in increasing the carbon
removal capacity from thousands to tens of thousands of tons per year.

Despite the current global application of DAC technology being primarily small-
scale, increasing emphasis on CO; emissions worldwide is leading to greater funding
for DAC research and implementation, which will accelerate its large-scale deployment.
In 2021, the United States allocated USD 3.5 billion for DAC hubs and launched a DAC
Prize program with USD 115 million for commercial and pre-commercial projects [26].
Similarly, new R&D funding in countries such as Australia, Canada, Japan, and the UK
underscores the international recognition of the importance of developing and scaling
up DAC technologies [26]. Additionally, regions with high renewable energy potential,
including the Middle East, China, Europe, North Africa, and the United States, have been
identified as some of the least-cost locations for DAC deployment [26]. The abundance of
renewable energy in these regions will significantly reduce DAC costs, making them ideal
for the large-scale implementation of DAC in the future.

9. Challenges and Future Directions

Compared to point sources of high-concentration COj, such as refineries, power plants,
or cement factories, the inherent dilution of CO, in the atmosphere results in significantly
lower concentrations. This characteristic necessitates denser deployment, larger operational
scales, increased energy supply, and more effective but higher-cost materials for DAC
facilities. Consequently, the cost of DAC significantly exceeds that of traditional capture
techniques when capturing the same amount of CO;. Thus, the economic feasibility
of DAC faces significant challenges, which are pivotal factors limiting its widespread
application. To address these challenges, efforts can be directed towards optimizing energy
supply, refining technologies and process designs, and strengthening financial support and
incentive measures from governments and international organizations.

Currently, DAC plants primarily rely on natural gas as their primary energy source,
with some utilizing waste heat from nearby incineration plants and geothermal energy.
Transitioning towards greater utilization of low-cost renewable energy sources instead of
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natural gas could markedly decrease operational expenses for DAC facilities. Renewable
sources like wind, solar (or photovoltaic), and geothermal energy stand out as particu-
larly promising alternatives. Fasihi et al. conducted techno-economic analyses of DAC
technologies and demonstrated that DAC plants powered by hybrid PV-wind-battery
energy systems could position DAC facilities to compete on cost with traditional carbon
capture methods used in CO, point sources [163]. Further in-depth research focusing
on cost analysis of low-carbon energy sources such as geothermal energy, solar power,
nuclear power, electricity supply, and waste heat for DAC holds the promise of significantly
reducing operational costs and promoting wider adoption of DAC plants.

In the advancement of technology and processes, experimental studies and on-site
testing of DAC plants in different environments are crucial for the global application of
DAC technology. One significant advantage of DAC technology lies in its flexibility in
site selection, which should be fully utilized to achieve global net-zero carbon emissions.
Based on the current operational status of DAC facilities worldwide, DAC plants can
operate successfully in diverse environmental conditions, even in harsh environments
like Iceland. However, some uncertainties still persist, particularly in extremely dry or
humid climates, or in areas with severe air pollution, where the feasibility of DAC facilities’
operation remains undetermined. Extremely dry climatic conditions may further reduce
the concentration of CO; in the air, while humid conditions could affect the performance
and durability of DAC equipment. Additionally, polluted air may contain other chemical
substances that could interfere with or damage DAC facilities. To address these issues, fu-
ture research can begin by using simulation software and conducting small-scale laboratory
experiments under simulated environmental conditions to optimize airflow and relevant
parameters after air enters the equipment. Subsequently, small-scale testing should be
conducted in real environments, equipped with necessary monitoring devices to collect
operational data and validate the laboratory findings. For highly polluted conditions,
effective air filtration and pretreatment technologies could be integrated into DAC facilities
to remove harmful substances that may affect DAC equipment’s performance, ensuring
smooth CO; capture operations.

The continuous investment in research and development and comprehensive policy
support are crucial for the advancement of DAC technology. Sufficient government fund-
ing and investment, along with effective market mechanisms like an improved carbon
trading market system, tax incentives, and subsides, as well as strong policy support, can
incentivize relevant researchers and companies to actively improve process workflows,
optimize equipment designs, reduce raw material costs, and conduct more on-site testing.
Furthermore, given the global impact of climate change, international cooperation and
coordination are particularly important. The sharing of technology and expertise facilitates
the more effective and rapid deployment of DAC plants worldwide.

Furthermore, broader utilization of CO; can significantly contribute to creating an
ideal market and reducing costs for DAC. One important and typical application in-
volves using CO, captured by DAC technology for synthetic fuel production. Current
research has achieved the synthesis of fuels by reacting CO, captured by DAC with hydro-
gen [28,211,212]. In such studies, renewable energy sources such as wind and solar power
are utilized to provide heat or electricity for electrolysis, facilitating sustainable hydrogen
generation to react with CO, for synthetic fuel production. Through this approach, various
fuels, including methane, methanol, and diesel, can be produced [213]. These synthetic
fuels find notable application prospects in the transportation sector, particularly in aviation,
offering a viable solution for reducing emissions from conventional fossil fuels [26]. How-
ever, compared to fossil fuels, the current cost of synthesizing such fuels remains relatively
high. Therefore, future research efforts will focus on reducing the synthesis costs of these
fuels. Additionally, integrating appropriate electrochemical conversion processes to react
CO; captured by DAC with other raw materials to produce engineering polymers/resin
precursors, specialty chemicals, and bulk chemicals will be a promising future research
direction [2].
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Additionally, it is worth noting that artificial intelligence (AI) methodologies have
gained considerable attention in recent years for their ability to efficiently process and
analyze complex data patterns and optimize system operations in CCUS and DAC [214,215].
Al, including related machine learning (ML) methods, has been studied and used for
modeling, simulation, and optimization in carbon capture to accelerate the optimization of
material selection and expedite the design of capture/utilization systems [216,217]. Future
development of more accurate predictive models and optimization algorithms will further
promote the broader application of Al technology in the CCUS and DAC fields, with its
capacity for rapid analysis of large amounts of real-time data, resulting in higher carbon
capture efficiency and lower costs.

10. Conclusions

DAC technology, with its capacity to directly capture low-concentration CO, from the
atmosphere without requiring connection to specific emission sources, presents a versatile
and scalable solution for mitigating atmospheric CO, emissions. It is recognized as a
pivotal technology in attaining net-zero or negative emissions targets, thereby positioning
DAC as a promising pathway for global carbon reduction initiatives and enabling broader
carbon neutrality objectives worldwide.

L-DAC and S-DAC, as mature technologies, have been implemented on an industrial
scale. Recent advancements in L-DAC have predominantly concentrated on enhancing
engineering aspects in practical applications to ensure projects’ economic feasibility. This
involves optimizing engineering costs while maximizing capture efficiency. Additionally,
significant recent research progress has been achieved in exploring alternative solvents
for L-DAC, beyond alkaline solutions. Progress in S-DAC has focused on enhancing the
performance of amine-based sorbents and assessing porous materials with microscale-to-
macroscale pores or voids as potential sorbents for industrial applications.

ESA, MSA, and m-DAC are emerging DAC technologies aimed at providing more
efficient and scalable solutions for DAC. Although these new technologies are still in the
research and development phase and have not yet been widely implemented, they possess
several obvious advantages, such as lower energy consumption, simpler operation, and
reduced maintenance and operational costs. These benefits will facilitate their broader
application in the future, enabling more efficient atmospheric CO; capture.

Currently, industrial-scale DAC plants operating in North America and Europe are
performing well. The primary constraint on the broader deployment of DAC technology is
its economic feasibility. Promoting DAC on a global scale can be achieved by optimizing
energy supply, refining technologies and process designs, and strengthening financial
support and incentives from governments and international organizations. Additionally,
expanding the utilization of CO;, such as using CO; captured by DAC for synthetic fuel
production and the synthesis of other valuable chemical materials, will also help advance
the adoption of DAC technology worldwide.
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