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In the context of global climate change, carbon dioxide capture technology, as one of the 

key technologies for mitigating greenhouse gas emissions, has received extensive 

attention from the international community for its research and application. In this thesis, 

various CO2 capture technologies in combustion flue gas are comparatively analyzed, and 

the technologies studied include physical absorption, chemical absorption, membrane 

separation and calcium looping combustion. Each method is comparatively analyzed on 

the basis of efficiency, cost, technological maturity and environmental impact. The main 

conclusion reached in this thesis is that the applicability and performance of these 

technologies varies widely, with chemical absorption having the highest CO2 capture 

efficiency and calcium looping combustion being the most cost-effective. The thesis 

concludes with recommendations for advancing CO2 capture technologies, emphasizing 

the need for research and development of efficient adsorbent materials, membrane 

technologies, and process optimization to improve performance and reduce 

environmental impacts. This comparative study aims to inform the future development of 

CO2 capture technologies to effectively reduce greenhouse gas emissions. 
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1  Introduction 

Since the industrial revolution, the rapid development of industrialization and modernization 

around the world, fossil fuel as an important energy source for industrialization has been 

used in large quantities, but fossil fuel combustion has also caused serious environmental 

problems, especially the greenhouse effect caused. The main gases of the greenhouse effect 

include carbon dioxide, methane, nitrous oxide and various fluorine-containing gases, and 

carbon dioxide is the main source of the greenhouse effect (Smith, 1988). In recent years, 

with the use of fossil fuels, carbon dioxide emissions have increased and the greenhouse 

effect has intensified, leading to a series of environmental problems such as rising sea levels, 

melting of glaciers, reduction of biodiversity and acidification of the oceans. These problems 

pose a serious threat to the survival and development of humankind. 

In order to effectively curb the greenhouse effect and greenhouse gas emissions, 

governments have introduced a series of policies and regulations. The most important one is 

the Paris Agreement, a climate change agreement on the global response to climate change 

after 2020, which was signed by 178 countries around the world at the 21st United Nations 

Climate Change Conference in 2015. As a result, controlling and reducing carbon dioxide 

emissions has become a top priority for global environmental protection. 

Carbon dioxide capture technology refers to the technology used to remove carbon dioxide 

from the gas stream or to separate carbon dioxide as a gas product. Since the concentration 

of carbon dioxide in the flue gas during combustion often fails to meet the international 

carbon emission requirements, carbon dioxide must be separated from the flue gas, and this 

process is carbon dioxide capture (Riemer et al. 1995). The development and application of 

carbon dioxide capture technology can help reduce greenhouse gas emissions and alleviate 

the pressure of global warming. Through capture technology, we can separate carbon dioxide 

from combustion flue gas and prevent it from entering the atmosphere, thus reducing the 

impact on the environment.  

Although, there are many capture technologies, including physical absorption, chemical 

absorption, membrane separation and calcium looping combustion, each of these 

technologies has its own advantages and disadvantages and needs to be used under different 

scenarios and conditions (MacDowell et al., 2010). Therefore, the research and development 
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and application of carbon dioxide capture technology is not an easy task, and it is necessary 

to strengthen the in-depth study of these technologies to understand their characteristics, 

scope of application, etc., which is of great significance to promote the development of 

carbon dioxide capture technology.  

The main objective of this paper is to comprehensively analyze and compare several existing 

CO2 capture technologies in combustion flue gases in terms of technology, cost, and 

environmental impact, and to propose future directions for CO2 capture. 
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2  Review of existing carbon dioxide capture technologies in 

combustion flue gases 

This chapter provides a comprehensive overview of the technologies currently used to 

capture carbon dioxide from combustion flue gases. It provides an in-depth discussion of the 

principles, applications, advantages and limitations of various methods, such as physical 

absorption, chemical absorption, membrane separation and calcium looping combustion, 

emphasizing the technological maturity and environmental impact of each method. 

2.1  Physical Absorption 

The physical absorption method has two ways to capture carbon dioxide. One uses the 

specific adsorption of CO2 molecules by the adsorbent to separate CO2, while the other uses 

the higher solubility of CO2 in a specific solvent. Figure 1 is a comparison of these two 

methods. 

 

 

Figure 1. Comparison of two absorption methods based on different absorption materials 

 

First, we will introduce the physical absorption method that uses the higher solubility of CO2 

in a specific solvent to capture carbon dioxide. This physical absorption method uses the 

solubility difference of substances under different conditions to separate and capture carbon 
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dioxide. The principle of the physical absorption and capture method of carbon dioxide is 

mainly based on the characteristics of carbon dioxide. The solubility of carbon dioxide in a 

specific solvent will change with changes in pressure, temperature, concentration and other 

conditions (Ben-Mansour et al., 2016). The solubility of carbon dioxide in the solvent will 

increase with the pressure, allowing carbon dioxide to be absorbed; when the pressure 

decreases, the carbon dioxide dissolved in the solution will be desorbed, thereby achieving 

carbon dioxide capture. 

Figure 2 shows a typical process configuration for this absorption method. First, the flue 

exhaust gas and a specific liquid solvent are thoroughly mixed to form more gas-liquid 

interfaces. Taking advantage of the higher solubility of CO2 in the solvent compared to other 

components, CO2 can be absorbed in the solvent to form CO2 separation. The CO2-rich 

solution is then sent to a regenerator, where the dissolved CO2 is released by heating. Finally, 

the desorbed solvent is mixed with the flue exhaust gas again and recycled. 

 

 

Figure 2. Schematic diagram of the working principle of the absorption method 
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This physical absorption method is used in a wide range of application scenarios, especially 

for low carbon dioxide concentrations in combustion flue gases, due to the simplicity of 

operation, relatively low energy consumption, and low corrosiveness to the equipment, 

which are advantages that have led to the widespread use of this method. However, the 

absorption method has some limitations. First of all, the physical absorption method requires 

the solubility of carbon dioxide, and its capture effect will decrease as the solubility of carbon 

dioxide increases, at the same time, the capture of carbon dioxide with high solubility also 

requires a larger volume of equipment and higher energy consumption. Secondly, the 

regeneration process of the absorber is more complicated, and the regeneration process is 

more energy-consuming; in addition, the stability of the absorber and the selection of the 

absorber are also a challenge for the current (Ben-Mansour et al., 2016). In addition, the 

stability and selection of absorbent is also a challenge for the physical absorption method, at 

this stage, commonly used absorbents include propylene carbonate, methanol, tributyl 

phosphate, n-methylpyrrolidone and polyethylene glycol dimethyl ether (Bhatti et al., 2023). 

In practical applications, this absorption method is often combined with other technologies 

to improve the carbon capture effect and reduce costs. For example, by combining it with 

membrane separation technology, which reduces energy consumption and equipment 

investment costs while ensuring capture efficiency. 

Now we introduce another way to capture carbon dioxide using physical absorption, which 

uses the specific adsorption of CO2 molecules by adsorbents to separate CO2. The principle 

of the method is that the adsorbent causes carbon dioxide to be adsorbed onto the adsorbent 

by van der Waals forces. CO2 adsorption capture, as an efficient CO2 capture technology, is 

centred on the selection and design of the adsorbent. The principle of CO2 adsorption capture 

method is to make the gas mixture interact with the solid adsorbent to adsorb carbon dioxide, 

and at the same time, the carbon dioxide adsorbed by the solid adsorbent can be desorbed by 

lowering the pressure or elevating the temperature, thus completing the capture and use of 

carbon dioxide (Marliza et al., 2022). 

Among them, activated carbon is one of the earliest adsorbents to be studied and applied. 

Activated carbon has a high specific surface area and rich pore structure, which can provide 

a large number of adsorption sites for carbon dioxide gas molecules and has strong 

adsorption capacity and effect. Therefore, in combustion flue gas, activated carbon fixes 

carbon dioxide molecules on its surface through physical adsorption to achieve capture. 
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However, activated carbon has relatively low selectivity for carbon dioxide, and its 

adsorption performance decreases under high temperature and high pressure conditions. 

Secondly, as a natural mineral material, zeolite is also widely used as a carbon dioxide 

capture adsorbent because of its regular pore structure and good thermal stability. In addition, 

zeolite can still maintain high adsorption performance at high temperatures, and can also be 

modified through ion exchange and other methods to further improve its adsorption capacity 

for carbon dioxide. However, the relatively low adsorption capacity of zeolites limits their 

performance in large-scale applications. 

In recent years, with the development of new materials and new technologies, metal organic 

frameworks (MOFs), as a new type of porous adsorbent material, have extremely high 

specific surface area and adjustable pore structure, showing great potential in the field of 

carbon dioxide adsorption. Metal-organic frameworks are mainly composed of metal ions 

and organic ligands connected through coordination bonds. By rationally designing the 

structure and composition of MOFs, efficient adsorption of carbon dioxide can be achieved. 

In addition, MOFs also have good stability and regeneration, allowing them to maintain 

stable adsorption performance during long-term operation and multiple cycles. 

Although adsorption has many advantages in carbon dioxide capture, it still faces some 

challenges. First, the adsorbent regeneration process usually requires a large amount of 

energy, especially under high temperature conditions. Secondly, the capacity and selectivity 

of adsorbents still need to be further improved to cope with the carbon dioxide capture needs 

in different scenarios. In addition, the cost of adsorbents is also one of the important factors 

affecting their application. Table 1 shows the performance comparison of some commonly 

used adsorbents. Through performance comparison, the most suitable adsorbent can be 

selected under different conditions. 

Table 1. Comparison of the performance of different adsorbents (Spigarelli & Kawatra, 2013) 

Adsorbent 

Maximum 

adsorption 

capacity／

(mmol/g) 

Adsorption test conditions 

 

SBA-15 3.27 
Adsorption isothermal curves of pure CO2 at 25-

100 ℃ at 0~100 kPa were tested on an adsorption 

meter; CO2 penetration adsorption performance was 
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measured in a fixed-bed reactor at 25 ℃ in an air 

atmosphere. 

UiO-66@GO 3.37 

The adsorption performance of CO2 was tested by 

static volumetric gas adsorption instrument at 0~120 

kPa, with the sample size of 0.1~0.2 mg, adsorption 

temperature at 25℃ and desorption temperature at 

120℃. 

 

 
Amine-based 

functionalized 

MOF-177 

4.60 

The CO2 adsorption performance of the adsorbent (10 

mg) was tested on a thermogravimetric analyser at 

25~65 ℃ using pure CO2. 

 

LiSiO4 spherical 

particles 
7.00 

The adsorption properties of CO2 were tested on a 

thermogravimetric analyser at 550-650 °C using a 

mixture of 15% CO2 and 85% N2 by volume. The 

desorption condition was carried out at 700 ℃ with 

pure N2 flow. 

 

 

Nano zeolite 7.48 

The adsorption performance of adsorbent (0.5 g) for 

CO2 was tested on an adiabatic column at 20-100 °C 

using a mixture of CO2 and N2. 

 

 
Carbon 

nanosheets（3D-

PGCNs) 

2.66 

Adsorption of CO2 on a simultaneous thermal analyzer 

using pure CO2 gas at a flow rate of 25 mL/min at a 

temperature of 75°C and a pressure of 101.3 kPa. 

 

 
Silicon dioxide

（Si-MCM-41) 
2.26 

Adsorption of CO2 on a Rubotherm adsorption 

analyzer using variable pressure adsorption. 
 

MgO-based 

adsorbent 
3.34 

Adsorption of CO2 on a chemisorption analyzer using 

pure CO2 gas for samples (50-100 mg) at 120 °C. 
 

 

2.2  Chemical Absorption 

Carbon dioxide chemical absorption capture method is the use of chemical reaction to speak 

of carbon dioxide and a variety of different absorbent combination, the generation of a 

certain salt compounds, and can be decomposed through the regeneration tower to release 

carbon dioxide, and at the same time the absorbent is recycled again, so as to achieve carbon 

dioxide recycling and use of the purpose of carbon dioxide capture (Patel et al., 2017). The 

heart of the CO2 chemical absorption capture method lies in the selection of a suitable 

absorbent, which needs to react with CO2 in an efficient and reversible manner. 
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Typical chemical absorbents include amines, ammonia, alkaline salt solutions and ionic 

liquids, which react with carbon dioxide to produce stabilised carbamate or bicarbonate 

compounds to capture carbon dioxide. At the same time, under appropriate conditions, such 

as increasing ambient temperature or selecting a suitable catalyst such as 𝐴𝑔2𝑂 , these 

compounds can be re-decomposed to release carbon dioxide and absorbents, thus realizing 

recycling (Bhatti et al., 2019). The solution used on a large scale in commerce is liquid amine, 

which uses acidic gases to react with alkaline liquids to produce unstable salts such as 

carbonates, bicarbonates or carbamates for the purpose of carbon dioxide capture, where the 

specific chemical reaction formula is shown below (Wang, 2023): 

𝑅1𝑅2𝑁𝐻 + 𝐶𝑂2 → 𝑅1𝑅2𝑁𝐻
+𝐶𝑂𝑂−                                          (1) 

𝑅1𝑅2𝑁𝐻 + 𝑅1𝑅2𝑁𝐻
+𝐶𝑂𝑂− → 𝑅1𝑅2𝑁𝐻2

+ + 𝑅1𝑅2𝑁𝐶𝑂𝑂
−                    (2) 

The total reaction equation is as follows: 

2𝑅1𝑅2𝑁𝐻 + 𝐶𝑂2 → 𝑅1𝑅2𝑁𝐻2
+ + 𝑅1𝑅2𝑁𝐶𝑂𝑂

−                         (3) 

Since its introduction in the 1930s, the chemical absorption carbon capture technology has 

undergone many years of development and has significant advantages over other carbon 

capture methods. The chemical absorption method is characterized by large absorption 

capacity and fast reaction rate, which is especially suitable for the treatment of low partial 

pressure and low concentration gas sources (Wang et al., 2020). However, it also has the 

disadvantages of high energy consumption and high solvent loss, which to some extent limits 

its large-scale commercial application. Secondly, some of the absorbents may be corrosive, 

which requires high requirements for the equipment materials. In addition, the cost of the 

absorbents is also high, which to some extent restricts its large-scale commercial application, 

and it is also an important reason affecting the popularization of the chemical absorption 

method. 

2.3  Membrane Separation 

Carbon dioxide membrane separation and capture technology is to utilize the selectivity and 

permeability of membrane materials to gases for the separation and capture of carbon dioxide 

(Zhao et al., 2018). The specific working principle is: applying pressure on one side of the 

membrane, using the air pressure difference between the two sides of the membrane, so that 
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the carbon dioxide in the combustion flue gas enters into the membrane through the 

membrane aperture on the other side of the membrane, and due to the selective transmittance 

of the membrane material to carbon dioxide, it makes other gases such as nitrogen, oxygen, 

etc. blocked on the membrane on the other side of the membrane, which achieves the purpose 

of capturing carbon dioxide. Figure 3 shows a schematic diagram of the working principle 

of the membrane separation method. At present, membrane separation technology can be 

used as a carbon dioxide capture technology in large carbon dioxide emission sources such 

as coal-fired power plants, cement plants, iron and steel plants, and so on. 

 

Figure 3. Schematic diagram of the working principle of membrane separation 

 

Currently, the commonly used membrane materials are: polymer membrane, inorganic 

membrane and mixed matrix membrane. These membrane materials have different pore 

sizes, surface properties and chemical structures to achieve efficient separation of carbon 

dioxide. Permeability and selectivity of membrane materials are the two main properties that 

affect membrane separation performance. The rate at which a particular gas flows across a 

particular membrane surface area is called permeability. Selectivity is the preference of a 

gas to pass through a membrane based on the high or low permeability of different gas types 

(Bhatti et al., 2023). Common polymer materials include polyacrylate, polycarbonate, 

polyimide, and polysulfone, and their permeability and selectivity are shown in Table 2. 

Table 2. Permeability and selectivity of common polymer membranes (Long et al., 2021) 

Category CO2/N2 Selectivity CO2  Permeability/bar 

Polysulfone membrane 10-33 5-110 
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Polycarbonate membrane 15-26 5-110 

Polyacrylate membrane 10-30 5-85 

Polyimide membranes 5-55 5-110 

 

Polymer membrane, inorganic membrane and mixed matrix membrane have their own 

advantages and disadvantages, of which polymer membrane is easy to manufacture, low 

production cost, good mechanical stability, easy to achieve scale-up, but its thermal and 

chemical stability is low, easy to plasticise, pore size is not controllable, permeability and 

selectivity constraints on each other. Inorganic membrane has higher chemical, thermal and 

mechanical stability, adjustable pore size, and long service life, but it has high cost, poor 

processing performance, and is difficult to scale up. Mixed matrix membrane has higher 

mechanical and thermal stability, not easy to plasticise, lower energy consumption, good 

separation performance, but poor interfacial compatibility between polymer matrix and filler, 

high cost of filler, difficult to scale up production (Ahmad et al., 2019). 

2.4  Calcium Loping Combustion 

Calcium looping combustion involves the use of calcium oxide as carriers to recycle the 

capture and release of CO2. Calcium looping combustion is a two-reactor technology and 

this cycle consists of two key steps: carbonisation and regeneration. The carbonization 

process takes place in the first reactor, where preheated calcium oxide comes into contact 

with CO2 containing flue gases and reacts at higher temperatures (typically 600-700°C) to 

form calcium carbonate (CaCO3). This reaction absorbs heat but effectively removes the 

CO2 from the flue gases. This reaction absorbs heat but effectively removes CO2 from the 

flue gas. 

The regeneration process takes place in a second reactor, where the calcium carbonate is 

heated at a higher temperature (typically 850-950°C) and decomposition occurs, releasing 

pure CO2 and reverting to calcium oxide. This step is exothermic, so the calcium oxide can 

be reused in the carbonization step (Li et al., 2017). Figure 4 shows a schematic of the 

chemical chain combustion process. 
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Figure 4. Schematic of the calcium looping combustion process. 

 

The limestone (CaCO3) used in this method is harmless, readily available and more cost-

effective. In addition, the used adsorbent can be reused for secondary applications. While 

the adsorbent is recovered and reused for CO2 capture, it is worth noting that the reversibility 

of the core reaction diminishes with each cycle, resulting in a decrease in the overall capacity 

of the adsorbent (Barker, 1973). 
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3  Comparative Analysis of Technologies 

The introduction of different carbon dioxide capture methods in Chapter 2 provides a clear 

understanding of the principles of the various capture methods, as well as the advantages 

and disadvantages that exist. In order to better cope with global climate change and reduce 

greenhouse gas emissions, more effective CO2 capture technologies need to be selected. In 

order to make a better choice of several CO2 capture methods, this paper will make a specific 

comparative analysis of four CO2 capture methods, namely, physical absorption, membrane 

separation, chemical absorption and calcium looping combustion, in terms of efficiency, cost, 

technological maturity and environmental impact. 

3.1  Comparative Efficiency Analysis 

Carbon dioxide capture efficiency is an important index to measure the performance of 

carbon dioxide capture, the following is a comparative analysis of the efficiency of several 

carbon dioxide capture technologies, the specific data shown in Table 3. 

Table 3. Comparison of carbon dioxide capture efficiency of different technologies 

Carbon dioxide capture technology Average capture efficiency/% 

Physical absorption 70-90 (Bhatti et al., 2023) 
Chemical absorption ＞90 (Bhatti et al., 2023) 

Membrane Separation 75-90 (Gao et al., 2019) 
Calcium looping combustion ＞90 (Duhoux et al., 2016) 

 

A comparison of the data shows that the efficiency of the four carbon dioxide capture 

methods varies, with physical absorption reaching 70%-90%, chemical absorption reaching 

more than 90%, membrane separation reaching more than 75%-90%, and calcium looping 

combustion having extremely high efficiencies, often exceeding 90% (Fan et al., 2012). 

However, in practice, the efficiency of physical absorption is usually reduced due to the 

complexity of the gas mixture and the operating conditions; membrane separation 

technology is affected by the concentration of carbon dioxide, which also reduces the capture 

efficiency for low concentrations. 
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3.2  Cost Comparison Analysis 

The cost of carbon dioxide capture is the key index to assess the economic feasibility of 

carbon dioxide capture technology, the following is a comparative analysis of the cost of 

several carbon dioxide capture technologies, the specific data shown in Table 4. 

Table 4. Comparison of the cost of CO2 capture by different technologies  

Carbon dioxide capture technology Cost to process one ton of carbon dioxide/€ 

Physical absorption 42 (Shao et al., 2013) 

Chemical absorption  38 (Shao et al., 2013) 

Membrane separation 19-75 (Bhatti et al., 2023) 

Calcium looping combustion 17.66(Michalski et al., 2020) 

 

Comparative cost analyses show that chemical and physical absorption methods are more 

expensive, mainly due to the need for constant use and replacement of absorbents or solvents 

and the high energy consumption of the regeneration process of solvents or absorbents. The 

cost of membrane separation technology depends on the membrane material and its stability 

and durability. Calcium cycle combustion is less costly because calcium oxide (CaO), the 

metal oxide used for calcium cycle combustion, has a low material cost. 

3.3  Comparative Analysis of Technology Maturity 

The maturity of carbon dioxide capture technology directly reflects the stability and 

reliability of carbon dioxide capture technology in practical applications, the following is a 

comparative analysis of the maturity of several carbon dioxide capture technologies, mainly 

from the maturity of the technology and the number of cases of application of the two aspects 

of comparative analysis, the specific data as shown in Table 5. 

Table 5. Comparison of the maturity of carbon dioxide capture technology of different 

technologies 

Carbon Dioxide Capture 

Technology 

Technology Maturity Number of Case Applications 

Physical absorption Very mature Many (Mandal et al., 2003) 
Chemical absorption Very mature Many (Mandal et al., 2003) 
Membrane separation Developing  Gradually increasing 

(Brunetti et al., 2010) 
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Calcium looping 

combustion 

Developing Gradually increasing (Hanak 
& Manovic, 2017) 

 

The literature review and the comparative analysis of the Table 5 show that the chemical 

absorption and physical absorption technologies are the most mature and have been applied 

in several industrial-scale CCS projects. Membrane separation technology and calcium 

looping combustion are both in the development stage, and the technology is relatively 

mature. However, they have been rarely used in large-scale carbon dioxide capture projects, 

and there are only some pilot projects. 

3.4  Comparative Analysis of Environmental Impacts 

The impact of CO2 capture technology on the environment is a crucial factor for realizing 

sustainable development, and the following is a comparative analysis of the impact of several 

CO2 capture technologies on the environment, mainly from the aspects of energy 

consumption and ecological impacts, the specific data are shown in Table 6. 

Table 6. Comparison of the environmental impact of different technologies of carbon 

dioxide capture  

Carbon dioxide 

capture technology 

Energy 

consumption/

MJ/kgCO2 

Ecological impacts 

Physical absorption 
1-4 (Sabatino 
et al., 2021) 

Low Environmental impact, disposal of adsorbent 

needs to be considered. (Sabatino et al., 2021) 

Chemical absorption 
5-15 (Sabatino 

et al., 2021) 
Generates wastewater, exhaust gas and strong 

carcinogens. (Sabatino et al., 2021) 

Membrane 

separation 

0.2-1.8 (Zhang 
et al., 2013) 

Low Environmental impacts, disposal of membrane 

materials needs to be considered. (Zhang et al., 2013) 

Calcium looping 

combustion 

2.2-3.4 (Ortiz 
et al., 2016) 

Produce some unstable by-products and waste 

materials (Ortiz et al., 2016) 

 

Chemical and physical absorption methods may produce secondary pollutants, such as 

volatilization of ammonia and degradation products of the absorbent, which require effective 

control measures. Membrane separation technologies have relatively low environmental 

impacts, but the potential environmental impacts of the preparation, use, and disposal of 

membrane materials and adsorbents still need to be considered. Calcium looping combustion 
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puts stress on equipment materials due to high-temperature operation, which results in the 

production of unstable by-products or waste materials that need to be disposed of. The 

ecological impact depends on how these materials are treated and disposed of. 
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4  Challenges and Issues 

In the context of global climate change, the development and application of carbon dioxide 

capture technologies are particularly important. However, despite the significant emission 

reduction potential of these technologies in theory, they still face a series of challenges and 

problems in the process of practical promotion and application. In this paper, these 

challenges will be analyzed in depth in the light of the existing literature. 

4.1  Cost Issues 

Cost is one of the key factors in assessing the feasibility of any technology. For CO2 capture 

technology, high cost is a major barrier to its commercial application. According to a report 

by the International Energy Agency (IEA), the capture segment accounts for a large 

proportion of the total cost of carbon dioxide capture and storage (CCS) technologies, 

usually between 60% and 80% (Li et al., 2018). Physical and chemical absorption methods, 

although widely used on an industrial scale, have high operation and maintenance costs, 

especially in terms of energy consumption during the regeneration of the absorbent. Calcium 

looping combustion has advantages in terms of energy consumption and material cost, but it 

still takes time to be widely applied on an industrial scale. Membrane separation 

technologies, while potentially advantageous in terms of energy consumption, the cost of 

membrane materials remains a challenge. 

4.2  Energy Consumption Issue 

Energy consumption is an important factor affecting the economics of CO2 capture 

technology. Physical absorption consumes approximately 1-4 MJ of energy to capture one 

kilogram of CO2 (Sabatino et al., 2021). Chemical absorption requires a significant amount 

of heat to regenerate the absorber during CO2 capture, resulting in additional energy 

consumption of approximately 5-15 MJ to capture one kilogram of CO2 (Sabatino et al., 

2021). For a typical fossil-fuel-fired power plant, CO2 capture through chemical absorption 

alone may increase the energy consumption by about 20% to 30% (Brasington & Herzog, 
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2012). Membrane separation technologies, while theoretically less energy intensive, with 

energy consumption of about 0.2-1.8 MJ for capturing one kilogram of CO2 (Zhang et al., 

2013), are often difficult to balance membrane permeability and selectivity in practice, and 

energy consumption needs to be reduced by optimizing operating conditions and membrane 

materials. Calcium cycle combustion has a lower energy consumption, and the energy 

consumption for capturing one kilogram of CO2 is about 2.2-3.4 MJ (Ortiz et al., 2016). 

4.3  Technical Constraints 

Technical constraints are another key factor affecting the diffusion of CO2 capture 

technology, and current technologies still have limitations in terms of capture efficiency, 

system stability and reliability. For example, amine absorbents in chemical absorption 

methods are susceptible to oxidation and degradation, leading to solvent loss and equipment 

corrosion. Membrane materials in membrane separation technology need to have high 

selectivity and permeability, as well as good thermal and chemical stability, requirements 

that are difficult to be fully met by existing materials. The capacity of the adsorbent in 

physical adsorption is strongly influenced by temperature and pressure, requiring precise 

control of the operating conditions. Calcium looping combustion, although performing well 

in small-scale experiments in the laboratory, still face technical challenges in scaling up 

calcium looping combustion to industrial scale (Li et al., 2017). 

4.4  System Stability and Reliability 

The stability and reliability of the system is crucial for the successful application of CO2 

capture technology. In actual operation, the system may be affected by a variety of factors, 

such as fluctuations in the composition of the feed gas, changes in operating conditions, and 

wear and tear of the equipment. All of these factors may lead to the degradation of system 

performance or even lead to system shutdown (Luo et al., 2016). At this stage, only chemical 

absorption and physical absorption methods have demonstrated stability and high efficiency 

in several large-scale industrial applications, while membrane separation technology as well 

as calcium looping combustion are still in the developmental stage and cannot be used on a 

large scale (Li et al., 2017). Therefore, how to improve the stability and reliability of the 
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system to ensure long-term stable operation is an important issue that needs to be addressed 

by the current technology. 

4.5  Environmental and Social Impacts 

Although carbon dioxide capture technologies aim to reduce greenhouse gas emissions and 

protect the environment, they may themselves have environmental and social impacts. For 

example, secondary pollutants, such as volatilisation of ammonia and degradation products 

of absorbents, may be generated during the capture process. In addition, large-scale 

deployment of CCS facilities may have impacts on the lives of local communities and the 

environment, such as land use and water consumption. Therefore, how to promote the 

application of CCS technology while minimising its negative impacts on the environment 

and society is another issue to be considered. 

In summary, the challenges and problems faced by CO2 capture technology in the process 

of promoting its application are multifaceted and need to be jointly solved through 

technological innovation, policy support and interdisciplinary cooperation. Future research 

should focus on reducing costs, improving energy efficiency, optimising technology 

performance, ensuring system stability and reliability, and assessing and minimising 

environmental and social impacts, in order to achieve sustainable development and 

widespread application of carbon dioxide capture technology. 
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5  Directions for New Technologies 

As the problem of global climate change becomes more and more serious, the research and 

development of carbon dioxide capture technology has become a key way to mitigate 

greenhouse gas emissions. Currently, although the existing carbon dioxide capture 

technologies can meet the demand for emission reduction to a certain extent, they still have 

problems such as low efficiency and high cost. Therefore, it has become a consensus among 

academia and industry to develop new generation of capture technologies to improve their 

economy and environmental compatibility. The following is an expanded analysis of the 

direction of new technology development. 

5.1  R&D of new high-efficiency adsorbent materials or membrane materials 

The development of new efficient absorbents is the key to improving the efficiency and 

reducing the cost of chemical absorption methods. Currently, amine compounds are the most 

commonly used chemical absorbents, but their high energy consumption and corrosiveness 

limit their application. Therefore, researchers are searching for new chemical absorbers to 

reduce absorber loss and improve CO2 capture efficiency. For example, researchers are 

exploring the use of ionic liquids as absorbents, which have low volatility, high thermal 

stability, and good CO2 selectivity. In addition, hybrid absorber systems are also being 

investigated, where better CO2 capture performance can be achieved by adjusting the ratio 

of different absorbers. 

In terms of adsorbent materials, researchers are looking for new porous materials, such as 

metal-organic frameworks (MOFs) and carbon nanotubes, which have high specific surface 

areas and adjustable pore sizes to improve CO2 adsorption capacity and selectivity. 

Meanwhile, the affinity of the adsorbent for CO2 can be enhanced by surface modification 

techniques to further improve the adsorption efficiency (Zhang et al., 2023). 

The development of membrane materials is also an important direction to reduce energy 

consumption and improve CO2 capture efficiency. New membrane materials need to have 

high CO2 permeability and selectivity, as well as good thermal and chemical stability. For 

example, researchers are developing polymer-based hybrid matrix membranes to improve 
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the membrane's affinity for CO2 by introducing specific functional groups to increase the 

CO2 permeation rate. 

5.2  Process Integration and Optimization 

Process integration and optimization is an effective way to improve CO2 capture efficiency 

and reduce energy consumption through system design. By integrating the CO2 capture 

process with industrial production processes, energy and material recycling can be realized, 

thus reducing overall energy consumption. For example, in a coal-fired power plant, the CO2 

capture process can be integrated with the flue gas desulfurization process to utilize the by 

products generated during the desulfurization process to absorb CO2, thereby reducing 

additional energy consumption. 

In addition, CO2 capture efficiency can be further improved by optimizing operating 

parameters such as temperature, pressure and flow rate. For example, CO2 capture efficiency 

can be effectively improved and energy consumption can be reduced by using variable 

temperature adsorption (TSA) technology or variable pressure adsorption (PSA) technology 

(Liu et al., 2019). 
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6  Conclusions and Outlook 

Under the background of global climate change, the research and application of carbon 

dioxide capture technology, as one of the key technologies to mitigate greenhouse gas 

emissions, have received extensive attention from the international community. Through 

systematic summarization and in-depth analysis of existing CO2 capture technologies, this 

paper reveals the performance characteristics, advantages and limitations of various 

technologies, and looks forward to the development trend of future technologies. The main 

conclusions drawn from the research in this paper are: 

(1) Although chemical absorption methods are widely used on an industrial scale, they still 

face the challenges of high energy consumption and expensive costs. 

(2) Membrane separation technology and physical absorption shows good potential for 

application under specific conditions, but further technical improvements and cost 

optimization are needed. Calcium looping combustion, on the other hand, has attracted much 

attention due to its environmental protection and sustainability features, and has long-term 

development potential despite its current low technological maturity. 

(3) Future development of CO2 capture technology should focus on reducing costs, 

improving energy efficiency and minimizing environmental and social impacts. Future R&D 

should focus on the development of new high-efficiency absorbents and membrane materials, 

as well as exploring the optimization of process integration, in order to achieve the 

sustainable development and wide application of CO2 capture technology. 
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