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The direct air capture (DAC) technology has attracted considerable attention as an
emerging carbon capture technology (CCT), which aims to effectively capture carbon
dioxide from the atmosphere. This paper presents a comprehensive review of the
fundamental principles of DAC technology, its practical implementation, and the primary
challenges and prospective avenues for future development. A systematic analysis of the
existing literature is employed in this paper to discuss the two main mainstream
approaches to DAC technology: the chemical sorbent-based approach and the physical
sorption-based approach. The potential applications and future directions of the technology
are also considered in light of the different adsorption methods. It is demonstrated that
although DAC technology has the potential to reduce atmospheric CO2 concentration, its
high energy consumption and cost remain the primary obstacles to commercialization.
Finally, this paper emphasizes the necessity for future research, including the reduction of
energy demand in DAC systems, the investigation of integration options with renewable
energy sources, and the conduct of more field tests to validate their commercial viability.
This review offers a valuable insight into the potential of DAC technologies in addressing
global climate change and their future prospects for implementation.
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CCT Carbon Capture Technology

DAC Direct Air Capture
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1 Introduction

Since the Industrial Revolution, atmospheric carbon dioxide concentrations have increased

by 25 percent due to the burning of fossil fuels and extensive deforestation (Woodwell,

1989). Environmental scientists have expressed grave concerns about the accumulation of

greenhouse gases and the rate of warming of the Earth's surface (Li et al., 2020a; Schneider,

1990, 1994; Watson et al., 1996). As global energy demand continues to rise due to

economic development and population growth—expected to reach approximately 7.7

billion by 2019 and 9.7 billion by 2050 (Nguyen et al., 2020; Alam et al., 2021; Ibrahim et

al., 2020a)—the reliance on fossil fuels remains substantial. In 2017, fossil fuels accounted

for about 81 percent of total energy consumption, contributing to a record 3.1 billion

tonnes of carbon dioxide emissions in 2018. This Figure 1 is based on data from the Global

Carbon Initiative and depicts the trend in global fossil fuel carbon dioxide emissions for

each year between 1900 and 2020 in comparison to the previous year. These trends

underline the urgent need for effective measures to both reduce emissions and remove

existing atmospheric carbon.

In this context, Direct Air Capture (DAC) technology emerges as a crucial tool. DAC

involves the direct removal of carbon dioxide from the atmosphere and is pivotal for

managing emissions that are difficult to address through conventional methods. The

International Energy Agency has noted DAC's potential to capture significant amounts of

CO2, with projections indicating that it could remove more than 85 million metric tonnes

per year by 2030, increasing to around 980 million metric tonnes by 2050 (Erans et al.,

2022). Nevertheless, the deployment of DAC technology faces substantial challenges,

including high operating costs and significant energy requirements, with costs ranging

from $600 to $800 per tonne of CO2 removed. Despite these costs, technological

advancements and scaling efforts hold promise for making DAC more economically viable

(Mutch et al., 2022).
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Figure 1. Change in CO2 emissions since 1900 compared to the previous year.

Bruno Venditti, 2022, “Visualizing Changes in CO2 Emissions Since 1900”,

<https://elements.visualcapitalist.com/visualizing-changes-in-co2-emissions-since-1900/ >

Despite these technological and financial hurdles, DAC's flexibility and effectiveness

position it as an indispensable component of a broader carbon management strategy. The

Rhodium Group has highlighted that without DAC, achieving net-zero emissions by mid-

century may be unattainable if other carbon removal methods fail to realize their full

potential. Thus, DAC could be essential for removing a substantial portion of annual CO2

emissions to meet global decarbonization targets (Mutch et al., 2022).

The forthcoming analysis will delve into DAC technology's technical aspects, operational

mechanisms, real-world applications, and the economic dynamics of its diffusion, as well

as its effectiveness in tackling environmental change. To ensure the technology's relevance,

this review focuses on DAC research from the past decade. This examination will bridge

the gap between the conceptual understanding of the technology and its strategic role in

global carbon reduction efforts, further affirming its critical importance as a component of

an integrated carbon management strategy for achieving global decarbonization goals. This

in-depth analysis will also offer insights into scaling up and optimizing DAC technology

globally, which is essential for ensuring its economic viability and scalability. The

development and deployment of DAC are vital for reaching global decarbonization goals

but will require significant human and financial resources. This review aims to provide a

https://elements.visualcapitalist.com/visualizing-changes-in-co2-emissions-since-1900/
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comprehensive understanding of DAC technologies, assess their role, and evaluate their

impact in global carbon reduction efforts.

2 DAC Technologies

The basic principle of direct air capture (DAC) technology is the capture of carbon dioxide

(CO2) from ambient air through chemical reaction processes and physical processes.DAC

design is based on its ability to selectively adsorb atmospheric CO2 onto a solid or liquid

sorbent, which is then regenerated for reuse (Zhu, X. et al., 2022). DAC technologies are

sometimes classified in research reviews into five broad categories, namely (i) liquid

scrubbing, (ii) solid sorbent, (iii) electrochemical, (iv) cryogenic, and (v) membrane, and

within each category, various approaches can be employed (Bouaboula, H. et al., 2024).

However, this paper focuses on the classification of the two main mechanisms that

facilitate this process: chemisorption, which involves the formation of a strong chemical

bond between carbon dioxide and an adsorbent material such as an amine or metal-organic

framework; and physisorption, which relies on weaker van der Waals forces (valency), as

is typically the case with materials such as activated carbon (Erans, M. et al., 2022) or

zeolites (Reaction Chemistry & Engineering.). The effectiveness and efficiency of these

adsorbents depend on their chemical nature and physical structure, which in turn affect the

thermodynamics and kinetics of the CO2 capture and release cycle. Studies have also

explored hybrid approaches combining two adsorption methods to take advantage of the

benefits of each (Abd, A. A. et al., 2020). Below we examine several typical carbon

capture technologies (CCTs).

2.1 Physical adsorption

One of the main advantages of physical adsorption in DAC systems is that the regeneration

process of the adsorbent requires less energy than chemical adsorption. This process is

usually carried out at temperatures and pressures close to those of the natural environment,

thus significantly reducing energy consumption. In this technology, CO2 is captured

directly from the air through its physical contact with adsorbent materials that bind CO2

molecules to their surfaces by physical forces (Open.AI. 2024).
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2.1.1 Activated carbon adsorber

Activated carbon is widely used in various adsorption applications, including Direct Air

Capture (DAC), due to its high specific surface area and porous structure. The efficacy of

activated carbon in physical adsorption is heavily dependent on its micro- and mesopores,

which provide numerous adsorption sites. Recent advancements in DAC technology have

focused on modifying the surface of activated carbon to increase its CO2 affinity.

The traditional process for producing activated carbon from biomass consists of two main

stages: carbonization (Hayashi, J. I. et al., 2000) and activation (Nandi, M. et al., 2012).

During carbonization, light components such as hydrogen and oxygen are removed through

direct pyrolysis or hydrothermal treatment under an inert gas atmosphere, producing

carbonaceous precursors with limited porosity. The subsequent chemical or physical

activation transforms these precursors into highly porous activated carbon.

The pore size and volume of activated carbon are crucial for its effectiveness in separating

carbon dioxide (CO2) and volatile organic compounds (VOCs) such as alkanes, alkenes,

aromatics, and aldehydes. Activated carbons with extensive ultramicropores (pore size

<0.7 nm) and narrow pore size distributions are particularly effective for CO2 adsorption

due to the small kinetic diameters of CO2 molecules, which favor adsorption in narrow

pores (Sevilla, M. et al., 2013; Wickramaratne, N. P. & Jaroniec, M., 2013). Conversely,

activated carbons with slightly larger micropores or small mesopores are better suited for

capturing VOCs with larger molecular sizes, enhancing the mass transfer rate during both

adsorption and desorption phases (Gil, R. R. et al., 2014; Zhang, X. et al., 2017;

Yamamoto, T. & Kataoka, S., 2010; Tsai, J. H et al., 2008). Thus, activated carbon with a

structured porous configuration is optimal for VOC capture.

The utilisation of conventional physical activation techniques (in N2 or steam) typically

results in the production of activated carbon with a limited volume of ultra-micropores,

thereby conferring a moderate CO2 and VOC adsorption capacity. The utilisation of

chemical activation methods enables the formation of extensive ultramicropores and

graded porous structures within the activated carbon. Nevertheless, the wider pore size
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distribution (up to a few nanometers) in chemically activated carbon (CAC) results in a

lower selectivity of CO ₂ relative to other gases. Figure 2 presents scanning electron

microscopy (SEM) images of the cellulose precursor and the prepared activated carbon

(AC). Cladophora cellulose (CC) and its derived carbon material CC-AC-N2, exhibit a

comparable fibrous nanostructural morphology. The diameters of the ~30 nm-wide fibres

exhibited slight contraction due to carbonisation, as illustrated in Figures 2a and 2b. Both

DAC and cross-linked cellulose (CLC) formed porous beads with diameters of 4-5 µm (Fig.

2c, f); however, the bead morphology of DAC-AC-N2 and DAC-AC-CO2 was disrupted

during the carbonisation process, resulting in the formation of bowl-shaped nanostructured

carbon (Fig. 2d, e). In contrast, the bead morphology of CLC remained stable during

carbonisation in an N2 or CO2 atmosphere (Fig. 2 g, h). The thermal stability of the

cellulose precursor appears to be the primary factor influencing the morphology of the

Figure 2. Scanning electron microscopy (SEM) images of the cellulose precursor and the

prepared activated carbon (AC).
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derived activated carbon. Cellulose precursors with high thermal stability (CC and CLC)

demonstrated the capacity to maintain their morphology during carbonisation. It is

noteworthy that fibrous nanostructures and bead shapes appear to increase the interparticle

volume of the activated carbon, thereby enhancing mass transport during adsorption (Xu, C.

et al.,2018).

Sustainable highly porous activated carbons were successfully prepared by single-step

physical carbonisation/activation of bristle cellulose and its derivatives. The structural

properties of the resulting activated carbon can be precisely controlled by adjusting the

molecular structure of the cellulose precursor and the environmental conditions of

carbonisation/activation (Xu, C. et al., 2018).

The application of activated carbon as a CO2 adsorbent is well established and has a long

history of technological development. Currently, scientific research is focused on

enhancing the adsorption capacity of activated carbon by modifying its surface properties

and pore structure in order to optimise CO2 capture efficiency. Despite the significant

advantages of activated carbon technology, including high adsorption capacity and cost-

effectiveness, its low selectivity for carbon dioxide relative to other gases represents a

challenge to the efficiency and wider application of this technology.

2.1.2 Zeolite adsorbents

Zeolite is a naturally occurring or synthetic porous mineral whose structure allows it to

adsorb molecules with high efficiency. The microporous structure of zeolite provides a

multitude of pores of specific sizes that accurately trap gas molecules whose molecular

size matches their pore size. In the context of DAC applications, this selective adsorption

property enables zeolites to efficiently separate carbon dioxide from air, a property that has

contributed to their popularity in physisorption DAC technology. Recent studies have

concentrated on enhancing the adsorption capacity and regeneration potential of zeolites.

The mesoporous surface and active sites of graded zeolites provide a higher capacity for

CO2 uptake, a property that has enabled their use in lithium-ion rechargeable battery

technology (Nguyen, T. H. et al., 2016; Xu, K., 2014). Recent studies have shown that

moisture or humidity has a significant effect on the performance of zeolites and zeolite
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hybrid matrix membranes when used for gas separation (Khulbe, K. C. et al., 2016), while

zeolites loaded with metal nanoparticles have demonstrated their unique functionality

(Farrusseng, D. & Tuel, A., 2016). A typical zeolite structure zeolite 13X is also mentioned

in this review.Zeolite 13X can be synthesised by hydrothermal treatment of natural clays

such as 13X-B (prepared from bentonite), 13X-C (commercially available), 13X-F

(prepared from feldspars), and 13X-K (prepared from kaolinite) (Garshasbi, V. et al.,

2017). The article also investigated the differences in chemical and physical properties of

zeolites due to different zeolite compositions. In addition to this, the article details different

kinds of zeolite adsorbents: 3D-printed zeolite monoliths, Amine-grafted zeolites, Cation-

exchanged ZK-5 zeolites, ZSM-5, and 12 other zeolite-related adsorbents(Kumar, S. et al.,

2020).

Findley conducted a study to investigate and predict the adsorption capacity and properties

of two different zeolites. This was achieved by screening and studying them based on

thermal criteria of adsorption. The study simulated the force field of the adsorbent by

modelling the adsorbate. The use of a rigid framework was demonstrated to be accurate for

zeolites through Monte Carlo simulations performed in a rigorous framework. When

evaluating zeolites (SiO2, GaPO, AlPO) and materials from the CoRE MOF database

under wet state conditions for direct air capture (DAC) applications, GaPO and AlPO were

found to exhibit superior performance through molecular simulations, indicating potential

for further research. However, comparative analyses using Universal Force Field (UFF)

versus Density Functional Theory (DFT) have revealed that UFF overestimates the energy

of CO2 interaction with GaPO and AlPO zeolites by as much as 20 kJ/mol. This has led to

overly optimistic predictions of the performance of these materials in DAC. Simulations

with corrected force fields demonstrate that GaPO and AlPO zeolites exhibit a limited CO2

binding capacity and are susceptible to significant water adsorption in wet-state

environments, which is detrimental to DAC applications. These findings underscore the

necessity of considering the influence of environmental factors when selecting DAC

materials suitable for wet-state environments. This study serves as a valuable reference for

developing screening criteria and methodological improvements in the search for suitable

DAC materials in the future (Findley, J. M. & Sholl, D. S., 2021).

Zeolites have demonstrated good technological maturity as adsorbents in the DAC process,

thanks to their long-term use in industrial processes and extensive research. The high
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selectivity of zeolites for the efficient adsorption of gases with specific particle sizes,

resulting in the efficient capture of CO2 in a multi-gas environment, represents a

significant advantage. Furthermore, the thermal and chemical stability of zeolites allows

them to be adapted to complex industrial environments. Furthermore, zeolites can be

regenerated by simple heat treatment, which significantly reduces the cost of adsorbent use.

Nevertheless, the adsorption capacity of zeolites is constrained at lower pressures, which

impairs their efficacy in certain applications. Furthermore, the production of zeolites

tailored to specific requirements may result in elevated costs, particularly when the

synthesis of special chemical compositions or structures is necessary.

2.1.3 Metal-organic frame(MOFs)

Metal-organic frameworks (MOFs) are highly porous materials formed by the combination

of metal ions or clusters with organic ligands. These materials are distinctive in that their

structure and functionality can be modified by chemical synthesis methods to optimise the

adsorption performance for CO2. The field of DAC with MOFs has primarily focused on

the development of new structures with high selectivity and adsorption capacity, as well as

on the improvement of their stability and regeneration under real environmental conditions.

In recent years, metal-organic frameworks (MOFs) have been recognised as tunable and

versatile solid adsorbents, showing great potential especially in DAC technology of CO2

(Trickett, C. A. et al., 2017). Initially, it was widely believed that the role of MOF in DAC

was limited to physical adsorption like zeolite and activated carbon, and the amount of

CO2 that could be captured was very limited. However, as research progressed, scientists

tailored MOFs through delicate chemical synthesis methods that allow precise control of

the shape and size of their pores and other surface properties, thus enabling MOFs to

capture CO2 not only through physical adsorption, but also through effective

chemisorption (Yaghi, O. M. et al., 2003).

A review of several representative MOFs, including fluoride MOFs, metal-OH-modified

MOFs, and flexible MOFs, examines the advantages of different types of MOFs with

different adsorbents and analyses the prospects for industrial applications and future

technological developments with respect to the advantages。
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In comparison with the other two principal types of physical adsorption, MOF is still in the

developmental phase with regard to the application of DAC technology. The technology is

not yet fully mature, and it is still in the process of transition to large-scale application.

Nevertheless, MOF can be tailored to suit specific functional requirements, which provides

a significant scope for further development. The adjustable pore size and functional sites of

MOF confer high selectivity, which markedly enhances the capture efficiency of low-

concentration carbon dioxide. Furthermore, its customisability and zeolite-like

regeneration enhance the competitiveness of MOF technology in DAC applications. It is

also important to note that the synthesis of MOF is a costly process, which is a significant

factor to consider when transitioning applications to commercialisation. The complexity of

MOF synthesis makes it challenging to maintain homogeneity and consistent performance

when scaling up the synthesis process from laboratory to industrial scale (Bose, S. et al.,

2023).

2.2 Chemical adsorption

Chemisorbent play a pivotal role in key environmental technologies, such as direct air

capture (DAC), due to their ability to selectively capture greenhouse gases like carbon

dioxide from the atmosphere. The functionality of chemisorbents is grounded in their

chemical reaction with gas molecules, typically a reversible process that allows the sorbent

to regenerate and release the absorbed gas. In designing and developing these adsorbents,

factors such as adsorption efficiency, regeneration capacity, and cost-effectiveness must be

carefully balanced to achieve both environmental and economic sustainability. This section

will explore various types of chemisorbents, elucidate their operating principles, and

highlight the two most prevalent types used in the industry.

2.2.1 Amine-based adsorbents

Amine-based sorbents play a critical role in carbon dioxide capture technology. They

effectively capture CO2 at low concentrations through a strong nucleophilic chemical

reaction between amine groups and CO2 molecules, and this efficient capture capability

gives amine-based adsorbents a significant advantage in direct air capture (DAC) and other
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CO2 capture technologies. In this paper, we will discuss the applications, advances and

practical performance of amine-based adsorbents in industry through a review of recent

studies.

The core of amine-based adsorbents lies in their active amine groups, which are capable of

chemically reacting with CO2 molecules to form amine bicarbonate or carbonate to

achieve CO2 capture. Based on their different structures and functions, amine-based

adsorbents can be classified into monoamines, diamines and polyamines. Monoamines (e.g.

ethanolamine) have a simple structure and are easier to synthesise and regenerate; diamines

(e.g. diethanolamine) provide stronger CO2 capture through two amine groups; and

polyamines achieve higher adsorption capacity and regeneration efficiency through

multiple amine groups (Open AI, 2024).

The performance of amine-based adsorbents is mainly based on their high selectivity and

regeneration capacity. High selectivity refers to the ability of amine-based adsorbents to

preferentially adsorb CO2 while leaving other gases, such as nitrogen and oxygen, largely

unadsorbed. The distribution and concentration of amine groups can be precisely tuned by

chemical synthesis methods to optimise the capture capacity of the adsorbent. For example,

polyamine-based adsorbents not only capture CO2 effectively, but also have good

regeneration performance, which is crucial for the realisation of low-cost and high-

efficiency DAC technology (Elfving, J. et al., 2020). Regeneration performance refers to

the release of CO2 from the adsorbent by heating, vacuum or chemical methods after

adsorption saturation so that it can return to its initial state and be reused in the capture

process. Electrochemical regeneration technology has been an important development in

recent years, as electrochemical regeneration of the adsorbent not only improves

regeneration efficiency but also reduces energy consumption and cost (Hamdy, L. B. et al.,

2021).

In practice, amine-based adsorbents are usually immobilised on the surface of porous

materials to increase the specific surface area and reactivity. It has been shown that CO2

capture efficiency can be significantly improved by using polymeric amines incorporated

into porous structures. These adsorbents are highly efficient in adsorbing CO2 in both dry

and humid environments, particularly those polymeric amines that contain more primary

and secondary amine groups, which are considered ideal for designing adsorbents with

high CO2 capture efficiency. Elfving studied and compared the properties of two
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regeneration methods, temperature swing adsorption (TSA/TCSA) and temperature-

vacuum swing adsorption (TVSA) (Elfving, J. et al., 2020).

2.2.2 Oxide-based adsorbents

Oxide-based adsorbents have a wide range of applications in carbon dioxide capture

technology. Through a combination of physical and chemical adsorption, these adsorbents

are able to capture CO2 efficiently and exhibit excellent performance, particularly at high

temperatures. This paper reviews the types, principles, and properties of oxide-based

adsorbents and their industrial applications.

Metal oxide adsorbents (e.g., calcium oxide, magnesium oxide, etc.) achieve CO2 capture

by reacting with CO2 to form carbonates. These reactions usually take place at high

temperatures, giving oxide-based adsorbents an advantage in high temperature flue gas

treatment and industrial waste gas capture. Calcium oxides produce calcium carbonate

during CO2 capture, which can be regenerated by calcination at high temperatures, thus

recycling the adsorbent. The adsorption capacity of the adsorbent can be greatly improved

by modifying it due to its regenerative properties. (Vieille, L. et al. 2012) The performance

of oxide-based adsorbents is mainly reflected in their high temperature stability and

regeneration capacity. At high temperatures, oxide-based adsorbents are able to effectively

capture CO2 and release CO2 after adsorption saturation through heating or chemical

reactions, allowing the adsorbent to recover its initial state and be reused in the capture

process. For example, magnesium oxide has good CO2 adsorption properties at high

temperatures and can be regenerated by pyrolysis, showing potential for industrial

applications (Ruhaimi, A. H. et al., 2021).

In industrial applications, oxide-based adsorbents are widely used for flue gas

decarbonisation and industrial waste gas treatment. For example, high-temperature CO2

capture technology has been used in high-emitting industries such as cement and steel

production. Studies have shown that industrial direct air capture processes based on

temperature-vacuum swing adsorption technology demonstrate the great potential of oxide-

based adsorbents (Varghese, A. M. et al., 2020).
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Innovative direct air capture methods, such as moisture swing adsorption (MSA), which

regenerates the adsorbent by adjusting the humidity, exist here, avoiding the problems of

traditional high energy consumption, but their potential for energy efficiency in the capture

process has not yet been fully exploited. The researchers explored a six-step MSA thermal

cycle and considered three operating conditions: temperature swing, humidity swing, and

temperature and humidity co-swing. It was found that by simultaneously controlling

temperature and humidity, the energy efficiency of the MSA cycle and its efficiency limits

could be enhanced by increasing the saturated vapour pressure. Under adsorption

conditions of 25°C and 30% relative humidity, the introduction of a temperature variation

process can significantly reduce the specific energy consumption of the MSA cycle by up

to 28% and increase the thermodynamic efficiency by 119%, while increasing the

adsorbent efficiency by 30% (Xie, R. Y. et al., 2024). In addition, carbon capture and

storage (CCS) technology is another potential solution for reducing industrial CO2

emissions. Among the many CO2 separation technologies, low-temperature carbon capture

(CCC) has gained attention for its ability to provide high recovery rates and high purity

CO2. Researchers have studied different CCC methods under development and evaluated

their practical applications, demonstrating unique insights into the progress of CCC

technology and its future development (Font-Palma, C. et al., 2021).

3 Technology Innovation and Development

Currently, the two predominant DAC technologies are high-temperature aqueous solutions

(HT-DAC) and low-temperature solid sorbents (LT-DAC), categorized based on their

capture media and energy systems (Sanz-Perez et al., 2016; Fasihi et al., 2019).The basic

process flow of the HT-DAC system is shown in Figure 3, which consists of two chemical

loops that can be operated simultaneously. In the first loop, air is introduced into the air

contactor and contacted with an aqueous solution, allowing CO2 to be absorbed at room

temperature and atmospheric pressure. In the second circuit, the solution is regenerated in a

granular reactor by reacting with calcium hydroxide (Ca(OH)2). At the same time, the

resulting calcium carbonate (CaCO3) is heated to approximately 900 ° C in a steam

calcination unit to release the CO2, and the resulting calcium oxide (CaO) is sent to a

digestion unit where it is mixed with water to produce Ca(OH)2 for use in the next loop.
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Figure 3. Process diagram of past DAC technology.

3.1 Materials and Process Innovation

In terms of material innovations, CCT has concentrated its efforts on the development of

highly efficient and low-cost CO2 sorbents. These include the utilisation of novel solvents

or solid adsorbents such as metal-organic frameworks (MOFs) and modified diatomaceous

earths, which enable efficient capture at lower temperatures and pressures, with higher

CO2 adsorption capacity and lower energy requirements. Kun Jiang and colleagues

employed amine monoethanolamine (MEA) in their research, which yielded promising

results. MEA, which is most commonly used in scrubbing techniques, was impregnated

into MIL-101(Cr) in order to increase the adsorption active sites, resulting in a very high

CO2 adsorption capacity of up to 1.20 mmol/g and impressive amine utilisation rates of up

to 23% at low CO2 partial pressures (400 ppm) (Jiang, K. et al., 2024). This increase in

capture efficiency can be attributed to the presence of hydroxyl groups, which alter the

reaction kinetics between CO2 and amine groups. Furthermore, increased efficiency can be

achieved by altering the structure and method of use of the MOFs. The adsorption capacity

and selectivity of MOFs have been enhanced through four methods: targeted modification

of the metal center, pore size control, proper selection and substitution of the linking unit,

and functionalisation of the MOF by amines (Mahajan, S., & Lahtinen, M., 2022).

In addition to innovations for adsorbent materials, optimisation and improvement of DAC

and CCT processes are now an important part of innovation in adsorption processes. Kwan

et al. aimed to investigate in depth the effect of the spacing between two fluid tubes in an

adsorbent bed on CO2 desorption performance by developing an innovative two-

dimensional multiphysics model. The model integrates several physical processes,
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including material transport, fluid dynamics, and heat transfer, in order to achieve an

accurate simulation of the adsorbent bed in the configuration between two fluid

pipes. During the parametric study, particular attention was paid to two key performance

indicators: thermal efficiency and CO2 desorption rate. A detailed simulation analysis of

the model revealed that when the bed height of the adsorbent bed was increased from 1 cm

to 10 cm, a significant decrease in the CO2 desorption rate was observed, from 0.9 mol/(m³

s) to 0.05 mol/(m³ s). However, the effect of this bed height variation on thermal efficiency

showed an opposite trend, with a corresponding increase in thermal efficiency from 0.52 to

0.85. This result reveals the trade-off that exists between the bed height variation in terms

of desorption rate and thermal efficiency.Further analysis showed that increasing the

thermal conductivity of the adsorbent bed is an effective way to achieve performance

optimisation. Specifically, an increase in thermal conductivity has been demonstrated to

significantly reduce desorption times to almost half, while the specific energy consumption

for CO2 capture remains essentially unchanged. This finding provides an important

guideline for improving the economics and efficiency of CO2 capture technology.

In conclusion, this study has conducted a comprehensive analysis of the impact of the

spacing between two fluid pipes in an adsorbent bed on the CO2 desorption performance

through the development of a two-dimensional multiphysics model. Furthermore, the study

has explored the effects of parameters such as bed height and thermal conductivity on the

desorption rate and thermal efficiency. The findings of this research not only provide

theoretical support for the optimisation of CO2 capture technology but also offer new

insights and methodologies for research in related fields (Kwan, T. H., & Yao, Q., 2022).

3.2 System Solution Optimisation

The DAC is not solely the result of technological innovation in CCT; it is also the

consequence of subsequent innovation and development in carbon capture and storage

(CCS). As an overall emission reduction technology, CCT and CCS are two components of

the DAC technology. Consequently, improving the efficiency of CCS and thus influencing

the efficiency of the whole system has become a significant approach to optimisation. The

optimization of the system solution is first manifested in the process innovation of the

existing carbon capture technology. By optimising the component design of CCS, such as
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improving the chemical composition of the CO2 absorber and enhancing the design

efficiency of the capture unit, energy consumption and operating costs can be significantly

reduced. For example, the use of new solvents containing amines can improve the CO2

capture rate and selectivity while reducing evaporation losses and regeneration energy.

Furthermore, the thermal efficiency of the system can be enhanced by the introduction of

efficient heat exchangers and optimization of the operating parameters of the reactor

column.With regard to DAC systems, process innovations are primarily focused on

improving their energy efficiency and reducing the capture cost. Recent studies have

demonstrated that by integrating renewable energy sources, such as solar and wind, DAC

systems can achieve a higher rate of energy self-sufficiency, thereby reducing dependence

on fossil fuels (Wikipedia). Furthermore, the modular design of DAC technology enables

the system to be deployed in a flexible manner, allowing for adjustments in capture

capacity according to actual demand. This flexibility is a crucial factor in improving the

efficiency of the system.

The integration of carbon capture and storage (CCS) and carbon capture and utilisation

(CCU) technologies plays a pivotal role in the optimisation of system solutions. The design

of multifunctional devices that can respond to different capture needs simultaneously

improves equipment utilisation and reduces the need for duplicative construction. For

instance, the integration of CCS technology into a coal power plant not only captures CO2

from coal combustion, but also treats CO2 emissions from other industrial processes.

Process innovation and optimisation of system solutions achieve efficiency improvements

for the entire carbon capture system through multiple mechanisms (Zhang, X. et al. 2013).

On the one hand, the integration of technologies enables the maximisation of energy and

material utilisation. On the other hand, process innovations offer the possibility of reducing

operational difficulties and maintenance requirements, which is particularly important for

large-scale systems operating over long periods of time. Furthermore, intelligent

management systems permit real-time monitoring of equipment status and adjustment of

operating strategies, thereby optimising energy consumption and enhancing system

adaptability (Bui, M. et al., 2018).
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3.3 Expansion and Scaling

As global carbon emissions continue to rise, the scaling up of direct air capture (DAC) and

carbon capture and storage (CCS) technologies has become a matter of particular

importance. This section examines the implications of scaling up and scaling out for the

development of DAC and CCS technologies, including policy drivers, technology

collaboration, and the impact of scaling up on cost efficiency. It is evident that technology

cooperation and knowledge sharing play a pivotal role in the scaling up and scaling down

of DAC and CCS technologies. International cooperation not only accelerates the research

and development process of new technologies but also contributes to the harmonisation

and optimisation of technical standards. Through the establishment of worldwide research

networks and collaborative platforms, such as the International Energy Agency's (IEA)

Carbon Capture Utilisation and Storage (CCS) Technology Collaboration Programme,

countries can share best practices and promote the implementation of efficient

technological solutions (Whieldon, E., 2020). The scale-up of DAC and CCS technologies

is a crucial factor in ensuring their economic viability. As the technology matures and is

applied on a large scale, it is anticipated that the production costs of related equipment and

materials will decline significantly. For instance, the mass production of absorbents and the

implementation of enhanced processes can markedly diminish the cost per unit of carbon

capture. Furthermore, large-scale operations can facilitate enhanced operational

efficiencies. For instance, the establishment of centralized carbon emission points can

reduce energy consumption and costs during transhipment and storage (Waxman, A. R. et

al., 2021).

Although the potential for scaling DAC and CCS technologies is widely acknowledged, a

number of challenges remain. The principal obstacles to be surmounted in order to

facilitate the expansion of technology include the necessity for substantial financial

investment, the existence of low levels of public acceptance, and the existence of

geographical and political constraints. In the future, these challenges are expected to be

addressed through continued technological innovation, more flexible policy design, and

increased public awareness.Consequently, the expansion and scale-up of DAC and CCS

technologies is a complex but feasible process that requires the joint efforts of

policymakers, enterprises, and research institutions. Continued policy support,
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international cooperation, and technological innovation will facilitate the increasing

importance of these technologies in global carbon reduction efforts.

Continued advances in DAC technologies aim to scale up these processes and ensure their

economic and technical viability for large-scale deployment to mitigate climate change.

(Bistline, J. E. T. & Blanford, G. J., 2021; Siegelman, R. L. et al., 2021)

4 Environmental Effects and Economic Impacts

In the context of the global climate change challenge, the DAC and CCT have

demonstrated significant potential to reduce atmospheric concentrations of CO2. DAC

technologies focus on the direct extraction of CO2 from the atmosphere, while CCT

technologies concentrate on the capture of CO2 from industrial sources of emissions, in

particular heavy industries such as power plants and cement factories. These technologies

have been demonstrated to have a significant impact on reducing greenhouse gas emissions,

particularly in the industrial sector, where CCT technologies are capable of capturing more

than 90% of CO2 emissions. This paper will primarily focus on the CCT component of

DAC.

Nevertheless, the implementation of these technologies is also accompanied by potential

environmental risks. In particular, the final treatment and storage of CO2 may have

adverse effects on groundwater, soil, and ecosystems if not properly managed. In particular,

the leakage of CO2 may cause significant environmental problems. Furthermore, the

operational processes of DAC and CCT technologies, including capture, compression,

transport, and storage, require a considerable amount of energy. Consequently, the

environmental impact assessment of these technologies must accord a high priority to the

sustainability of the energy sources.

From an economic perspective, the deployment and operation of DAC and CCT

technologies necessitate significant capital investment and ongoing maintenance costs. In

order to facilitate the economic viability of these technologies, it is essential that

government policy support, such as tax incentives, financial subsidies, and carbon credit

trading mechanisms, be implemented. As the technologies continue to mature and their

application increases, it is anticipated that the associated costs will gradually decrease,
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thereby increasing the economic viability of these technologies. Meanwhile, with the

growing global demand for carbon emission reduction, the application of these

technologies is expected to give rise to new business opportunities and drive economic

growth.

Furthermore, in the context of Carbon Dioxide Capture, Utilization and Storage (CCUS)

technology, Ishaq et al. conducted a comparative analysis of methanol, dimethyl ether, and

methane-based CO2 alternative fuel systems. Chemical fuels represent an effective means

of achieving long-term storage and transmission of renewable electricity on spatial and

temporal scales. The development of long-term carbon capture and storage (CCS) systems

can benefit from the recent development of carbon-based fuel technologies prepared using

captured CO2 and electrolytic hydrogen. Furthermore, surplus renewable electricity (RE)

or renewable energy sources developed in parallel with CCS can be utilized for the

production of synthetic fuels, thus enabling long-term storage and long-distance renewable

energy transmission. The efficiency of energy conversion in this area is explored in depth

by assessing the energy and fire use efficiency during the storage of intermittent RE in the

form of chemical fuels. The fire-use analyses specifically highlight the potential for

enhanced performance of fuel synthesis, fuel combustion, and other related subsystems. In

order to quantify the performance of carbon-neutral synthetic fuel systems, a number of

metrics were employed in this study, including hydrogen-to-fuel (chemical conversion

efficiency), hydrogen-to-electricity, and fuel-to-electricity efficiency.

The results of the study demonstrate that methanol, DME, and methane fuel systems

provide H2 fuel energy efficiencies of 88.4%, 85.2%, and 83.3%, respectively, while the

corresponding fire efficiencies are 92.9%, 92.1%, and 86.2%, respectively. For hydrogen

power generation, the energy efficiencies were 30.8%, 27.3%, and 51.9%, while the fire

use efficiencies were 30.5%, 27.1%, and 51.7%, in that order. These results not only

demonstrate the relative strengths of the CCUS fuel pathway but also indicate the potential

for future efficiency improvements. Notably, the methane fuel route exhibits a lower cost

advantage compared to the DME and methanol preparation pathways. Furthermore, the

study presents modeling work on the performance of carbon-neutral synthetic fuel systems

and discusses efficiency results and sensitivity analyses, thereby providing a valuable

reference for future research (Ishaq, H., & Crawford, C., 2023).
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The role of DAC and CCT technologies in the global response to climate change is

significant, yet it is imperative that their potential environmental and economic impacts be

fully assessed. To ensure the widespread application and sustainability of these

technologies, it is essential to continue technological innovation, provide strong policy

support, and foster increased public acceptance.

5 Case Research and Applied Analysis

Following a comprehensive examination of the far-reaching environmental and economic

impacts of Carbon Capture Technology (CCT), we will examine practical examples and

applications of Direct Air Capture (DAC) technology. Globally, DAC and CCT are

gradually moving towards large-scale application, demonstrating their great potential and

challenges in reducing greenhouse gas emissions through several international cases. By

analyzing in-depth DAC projects in specific countries and regions, we are able to gain a

more concrete understanding of the effectiveness of the technology in practice and the

challenges it faces. These projects not only shed light on the implementation plans and

results of DAC technology, but also provide valuable lessons learned.

In the United States, companies such as Climeworks and Global Thermostat have

successfully installed several DAC installations using highly efficient filters and chemical

adsorbents, in addition to low-temperature heat trapping methods. Climeworks'

installations utilize an amine-based adsorbent to The CO2 is then released and captured

through thermal desorption (Climeworks), while Global Thermostat's installations utilize

an amine-based adsorbent to release and collect CO2 through thermal desorption

technology (Climeworks). In contrast, Global Thermostat employs solid adsorbents to

capture and desorb CO2 using industrial waste heat. By collaborating with local

governments and enterprises, these projects not only demonstrate the feasibility of DAC

technology but also realize a partial reduction in operating costs and improve economic

viability.

The Climeworks Hinwil DAC facility in Switzerland was installed in close proximity to a

waste incineration plant, with the intention of significantly reducing CO2 emissions. This

was achieved by utilizing waste heat from the incineration plant to drive the DAC unit for

CO2 capture. The captured CO2 is used for greenhouse agriculture in the local area,



21

providing the CO2 required for plant growth and also for carbon sequestration. The project

exemplifies the potential of DAC technology to integrate with existing infrastructure, not

only enhancing system efficiency but also reducing operating costs (Climeworks Hinwil).

In Canada, Carbon Engineering has constructed a demonstration plant in Squamish, B.C.,

for the purpose of capturing CO2 from the air using a liquid calcium-based carbonate

solution. This solution is chemically converted to calcium carbonate and then calcined at

high temperatures to release pure CO2, which is then used to produce synthetic fuels such

as gasoline and diesel. This process effectively recycles carbon. The carbon is recycled.

The project not only reduces the local carbon footprint but also creates a significant

number of jobs, stimulates the local economy, and provides valuable operational

experience for future large-scale DAC facilities (Carbon Engineering).

Norway's Norcem has implemented Direct Air Capture (DAC) technology in its cement

plant, utilizing waste heat for CO2 capture and desorption. Norcem employs highly

efficient chemical adsorbents to capture CO2 emitted during the cement production

process, subsequently utilizing the captured CO2 for industrial applications and

underground storage. The project has resulted in a notable reduction in carbon emissions

from cement production, an enhanced environmental friendliness of the plant, and an

exemplification of the potential for DAC applications in industrial applications (Norcem).

The Southern Green Gas project in Australia employs solar power to drive its DAC system,

which utilizes highly efficient adsorption materials and an optimized process to capture

CO2 with minimal energy consumption. The captured CO2 is used to produce renewable

fuels, including methane and hydrogen, thereby exemplifying the substantial potential of

integrating renewable energy with DAC technology. The project underscores the

significance of energy self-sufficiency, which is attained through solar energy for the

energy supply of the DAC process, thereby reducing reliance on fossil fuels (Southern

Green Gas).

The cases of international implementation demonstrate that the factors of policy support,

technological innovation, and industrial collaboration are of significant importance in the

success of DAC technologies. The projects received policy support from local

governments during implementation, including financial subsidies, tax incentives, and

carbon credit trading, which significantly lowered the economic threshold of the projects.
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In terms of technological innovation, the use of advanced capture materials and optimized

process design has led to a notable improvement in capture efficiency and economic

viability. The implementation of these projects has been facilitated by industrial

collaboration, which has resulted in reduced operating costs and enhanced economic

efficiency.

Nevertheless, the diffusion of DAC technology continues to face challenges associated

with high cost and high energy consumption. The initial investment and operating costs of

DAC equipment are high, and the implementation of large-scale production and

technological advances is necessary to reduce costs. The operation of the equipment

requires a significant input of energy, and the efficient use of renewable energy is a crucial

aspect. The public has yet to embrace the new technology in some areas, and thus, further

efforts to popularize and publicize the technology are necessary to increase public

acceptance.

In order to facilitate the widespread adoption of DAC technology, governments should

implement further improvements to the carbon pricing mechanism, provide additional tax

incentives and financial support, and encourage enterprises and institutions to invest in

DAC technology. It is recommended that investment in technology research and

development be strengthened with the objective of promoting technological progress and

cost reduction. Furthermore, the sharing of best practices and innovations through

transnational technology cooperation should be encouraged. Furthermore, the

establishment of a DAC technology industry alliance would facilitate collaboration among

all stakeholders, enabling the advancement and implementation of the technology. With

regard to the implementation strategy, it would be advisable to select industrial regions

with high carbon emissions as pilot regions for DAC technology. This would allow

experience to be accumulated through regional pilots, which could then be gradually

promoted. It is recommended that the government and enterprises collaborate to jointly

invest in the construction of DAC facilities and share the risks and benefits. It is

recommended that public awareness and acceptance of DAC technology be enhanced

through media campaigns, community activities, and educational programs in order to

create a favorable social atmosphere.

The international application cases of DAC technology provide valuable experience for

other countries and regions. By means of a systematic evaluation and analysis, the key
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success factors and strategies to address challenges can be distilled, thereby providing

scientific guidance and recommendations for future DAC technology promotion and

implementation. The promotion of DAC technology as a means of reducing global GHG

emissions and addressing climate change has led to an increase in the application of DAC

technology in reducing GHG emissions and addressing climate change.

6 Future Directions

The field of Direct Air Capture (DAC) is gaining increasing attention and applications

globally, with particular promise in reducing greenhouse gas emissions. Current research

hotspots include nanotechnology, bioengineering, efficient catalysts, and renewable energy

integration. These cutting-edge technologies are driving the development of DAC

technology. Nanotechnology has emerged as a key means of improving DAC efficiency

due to its high surface area and unique surface chemistry. Researchers are employing

nanoporous materials, such as metal-organic frameworks (MOFs) and covalent organic

frameworks (COFs), in the development of adsorbents, which demonstrate exceptional

CO2 adsorption capacity and can be designed to optimize their performance. The objective

was to significantly increase the adsorption rate and capacity, as well as reduce energy

consumption. The study demonstrated that the use of aminofunctionalized Ti-MOFs (e.g.,

MIP-207-NH2-25%) can significantly improve CO2 capture efficiency and selectivity.

This material improves CO2 adsorption capacity and separation efficiency by introducing

amino groups (Wan, Y. et al., 2021). In addition, the efficacy of DACs is being enhanced

by the application of bioengineering and synthetic biology technologies, which genetically

engineer biosorbents to provide high selectivity and high-performance CO2 capture while

reducing environmental impact through biodegradation. For example, scientists have

genetically engineered microorganisms to have higher CO2 capture capacity and efficiency.

The provision of specific enzymes and metabolic pathways to microbes enables them to

efficiently capture and fix CO2 from the environment. These microbial modifications not

only improve CO2 capture efficiency but also convert captured CO2 into valuable

chemicals such as biofuels and other industrial feedstocks (Reardon, S., 2024). Another

study demonstrated the development of novel microorganisms through synthetic biology

techniques for use in CO2 capture and conversion. The microorganisms were genetically
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modified to enhance their photosynthetic and CO2 fixation capabilities, as well as their

ability to convert CO2 into useful chemicals. This resulted in an improvement in the

overall effectiveness of DAC technology (Reardon, S., 2024). Researchers have genetically

engineered microbes to have efficient CO2 capture capabilities. Some studies have

demonstrated that photosynthesis and product formation can be significantly enhanced by

overexpressing enzymes associated with the Calvin cycle. These modifications permit

microbes to capture and fix more CO2 in a shorter period of time, thereby enhancing

overall efficiency (Gandara-Loe, J. et al., 2021). The development of efficient catalysts is

essential to reducing the energy consumption and cost control of DAC technology.

Researchers are exploring novel catalysts such as chalcogenide catalysts (Cao, D. et al.,

2022) and rare earth metal catalysts to improve the efficiency of the CO2 capture and

conversion process. The integration of renewable energy sources, such as solar and wind

power, into DAC systems not only reduces dependence on fossil fuels but also lowers the

overall carbon footprint. For instance, the integration of photovoltaic power generation

with a DAC unit enables the realization of a zero-emission CO2 capture process. In terms

of commercial applications of DAC, Canadian clean energy companies have announced

the discovery of new research that proves it is possible to capture CO2 from the

atmosphere for less than $100 per tonne. This research also demonstrates a scalable and

cost-effective solution (Anon., 2018).

Despite the considerable progress that has been made in the field of DAC technology at the

cutting edge of science and technology, the development and dissemination of this

technology still face a number of significant challenges. One of the primary obstacles to

the wider adoption of DAC technology is its high cost. The current generation of DAC

technology requires a significant initial investment and ongoing operational costs

(McQueen, N. et al., 2020). The development of new materials, the manufacturing and

maintenance of equipment, and energy consumption all contribute to the economic

unviability of DAC technology. The operation of DAC systems requires a substantial

amount of energy (Lee, J. W. et al., 2023), particularly during CO2 capture, compression,

transport, and storage. Reducing energy consumption, especially in energy-intensive

industries, is a significant challenge for the wider adoption of DAC technology.

Furthermore, the transition from laboratory to commercialization presents significant

challenges in terms of scale-up and stable operation. While the technology has

demonstrated efficacy in small-scale trials, new challenges may arise in large-scale
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applications, such as equipment wear and tear and efficiency degradation. Nevertheless,

the market and environment also present numerous opportunities for the advancement of

DAC technology. As global concern about climate change intensifies, numerous countries

have enacted policies and regulations to bolster carbon capture technology, including

carbon pricing, carbon trading markets, and government subsidies. These measures provide

substantial economic support for the advancement of DAC technology. There is a growing

demand from industry to reduce carbon emissions, with particular emphasis on high-

emission sectors such as energy, manufacturing, and chemicals. In these sectors, DAC

technology has a broad market outlook. Enterprises will increasingly adopt DAC

technology in their pursuit of carbon neutrality goals. Furthermore, as environmental

awareness expands, public support for reducing carbon emissions is also on the rise,

creating a favorable social environment for the promotion and application of DAC

technology.

In order to address the aforementioned challenges and seize the opportunities presented by

the market and the environment, future research priorities and directions for DAC

technology include: in materials science, there is a need to continue research and

development of highly efficient adsorbent materials, such as MOFs, COFs, carbon

nanotubes, etc. Furthermore, it is necessary to optimize their structure and function in order

to improve capture efficiency and reduce energy consumption. Concurrently, the

development of adsorbents using biomaterials and renewable resources should be pursued

in order to reduce the impact on the environment and enhance sustainability. In terms of

energy integration, further research is required to ascertain the most effective means of

integrating renewable energy sources (e.g., solar and wind) into DAC systems.

Additionally, the development of self-supplied DAC systems is necessary to reduce

reliance on traditional energy sources. DAC systems can be operated using renewable

energy sources during periods of oversupply, which allows for the effective utilization of

excess wind or solar energy, thus making DACs more cost-effective. In this manner, DACs

can be activated during periods of high supply, low demand, and low prices and

deactivated at other times, thereby enhancing economic viability and reducing pressure on

the grid. Research is being conducted into energy recovery and reuse technologies with the

objective of improving the overall energy utilization efficiency of DAC systems. In terms

of process and system optimization, researchers are exploring the potential of multi-stage

capture and treatment systems to optimize the DAC process through simulation and
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experimentation. This approach aims to reduce energy consumption and improve

efficiency. For instance, research has demonstrated that integrating DAC units with low-

carbon thermal energy sources, such as nuclear and geothermal, can markedly diminish

energy consumption and enhance economic efficiency. The low-level thermal energy

generated by nuclear power plants can be employed to drive DAC systems, which not only

enhances thermal energy efficiency but also reduces electricity consumption. Research is

being conducted on multi-stage capture and treatment systems with the objective of

improving overall performance.The development of modular DAC systems provides the

flexibility to adapt to different sizes and scenarios, thereby increasing the adaptability of

the system. The modular design allows the DAC system to be adapted and expanded to

meet specific needs, thereby increasing the adaptability of the system. Modular DAC

systems can be more easily integrated into existing industrial facilities, utilizing industrial

waste heat and other resources to improve system efficiency and reduce operating costs.

With regard to the commercialization and market application of the technology, it is

recommended that more large-scale demonstration projects be conducted in order to verify

the commercial viability of the technology, accumulate operational experience, and

improve the business model. Conduct comprehensive economic analyses to evaluate the

cost-effectiveness of DAC technology in diverse application contexts and identify

strategies to reduce costs. In terms of interdisciplinary collaboration, it is recommended

that interdisciplinary collaboration be encouraged in the fields of materials science,

chemical engineering, environmental science, and energy engineering, with the aim of

integrating the advantages of each discipline in order to promote the innovation and

application of DAC technology. It is recommended that international technical exchanges

and cooperation be strengthened, research results and best practices be shared, and the

development of DAC technology be promoted on a global scale. It is anticipated that the

implementation of these research strategies and directions will facilitate the more efficient,

economical, and widespread application of DAC technology in the future. This, in turn,

will assist the global community in combating climate change and achieving the goal of

carbon neutrality. Frontier research and innovation in science and technology not only

provide new ideas and methods for the development of DAC technology but also provide

important technological support for the solution of the global climate change problem. In

the future, continued technological innovation and policy support will facilitate the greater

role of DAC technology in the global transition to a low-carbon economy.
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7 Conclusions

The principal objective of this review is to provide a comprehensive analysis of the

multifaceted characteristics of DAC technologies, encompassing their scientific rationale,

technological advances, economic feasibility, and environmental impacts, as well as future

prospects and developments. In comparison to existing studies, this review not only

updates the latest scientific data and technological developments, but also extends the

discussion of economic and policy factors. Comparative analyses indicate that, despite the

theoretical potential of DAC technologies to reduce atmospheric CO2, practical

applications remain impeded by significant energy consumption and cost issues. In contrast

to previous studies, this paper places greater emphasis on the potential for cost reductions

through technological innovations and scale effects. However, it also highlights the current

low maturity of the technology and the insufficient market drive.

At the theoretical level, this review proposes a more comprehensive framework for DAC

technologies, emphasizing their potential role in global carbon cycle management. In terms

of practicality, this study not only provides a comprehensive overview of the current state

of the art of DAC technologies but also offers a detailed comparison of different

technology pathways. This comparison serves as a foundation for technology selection and

policy formulation. Moreover, this paper also examines the potential for integrating DAC

technologies with renewable energy sources, a novel research direction that offers a viable

solution to the energy efficiency challenge of DAC technologies, and a novel approach to

achieving the goal of carbon neutrality. The advancement of DAC technologies transcends

the boundaries of a single scientific and technological field, touching upon a vast array of

social and policy dimensions. As a potential solution to climate change, the research

progress of DAC technology is not only related to environmental protection but also

deeply connected to economic transformation and social equity. By meticulously

examining these interconnections, this paper endeavors to enhance the public's and

policymakers' comprehension of the multifaceted benefits of DAC technologies.

Furthermore, the ethical and social acceptance of DAC technologies is addressed, which

is of critical importance in order to comprehend the public acceptance of emerging

technologies and their potential for widespread application.
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Although this review provides an in-depth analysis of DAC technology, it is important to

note that there are limitations in the study, especially in terms of comprehensively

evaluating the economic and social impacts of DAC technology applications in different

regions. Future research should consider the energy structure, economic conditions, and

policy environments of different countries and regions in greater depth in order to

comprehensively evaluate the global application potential of DAC technologies. To

identify future research directions, it is recommended that the following aspects be

strengthened: (1) testing the feasibility and cost-effectiveness of DAC technologies under a

wider range of geographic and economic conditions; (2) exploring the synergies between

DAC technologies and other climate change mitigation strategies; (3) evaluating the

environmental and social impacts of operating DAC facilities in the long term; and (4)

scrutinizing the implementation of DAC technologies from ethical and legal perspectives.

In conclusion, direct air capture (DAC) technology represents a novel approach to

combating global climate change. By continuing to promote scientific research,

technological innovation, and policy support, as well as cooperation and dialogue on a

global scale, DAC technology may become a key component in future global carbon

reduction strategies.
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