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Rapid industrial developments and rising population are mounting concerns, leading to increased greenhouse gas
(GHG) emissions and resultant climate change. Therefore, to curb such drastic trends, it is necessary to adopt and
develop a sustainable environment. Among the most effective ways to lower GHG emissions is carbon capture.
Absorption is one of the most mature methods of reducing CO, due to its high processing capacity, excellent
adaptability, and reliability. This study aims to evaluate the most recent advancements in various CO, capture
techniques, with an emphasis on absorption technology. The techno-economic analyses of absorption-based CO,
capture processes were meticulously discussed. These include studies on solvent screening as well as techno-
economic analysis methods. Economic estimators such as the payback period, rate of return and net present
value are discussed. The research progress in absorption-based capture compared to other separation methods, is
elucidated. Advances in the applications of various absorption solvents including aqueous, phase change solvents
and deep eutectic solvents are presented. Finally, key recommendations are provided to tackle the challenges for

efficient utilization of the absorption technique.

1. Introduction

The concentration of greenhouse gases (GHGs), including CO, has
increased to unprecedented levels in the past few years, leading to crit-
ical pollution and global warming worldwide (Singh and Dhar, 2019).
These unusual climatic changes, such as rising sea levels, unpredictable
rainfall, storms, dry spells, and other catastrophic phenomena, collec-
tively referred to as global warming, are primarily caused by excessive
GHG emissions. The planetary temperature has risen by 0.85 °C from
1880 to 2012 and is ojected to increase by 1.4-5.8 °C by the end of
the 21st century (De Silva et al., 2015). CO, emissions have risen to
32% since the industrial revolution, increasing from around 280 to 400
parts per million (Singh and Dhar, 2019). The dominant drivers for CO,
emissions are the irrational use of fossil fuels and shifting land use pat-
terns (Goldemberg, 2007). Higher atmospheric CO, concentrations not
only contribute to global warming, but they also lead to about 30%
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increase in ocean acidity, which has a detrimental effect on biodiversity
(Farrelly et al., 2013).

It is worth mentioning that the world’s energy usage in 2018 in-
creased by 2.3% compared to 2017, driven by economic expansion, tech-
nological innovation, and rising energy demand (Zhang et al., 2020).
Moreover, coal-fired power plants are the largest contributors to CO,
emissions, accounting for 30% of those associated with energy use
(Zhang et al., 2020). Significant efforts have been made to reduce CO,
emissions by transitioning from coal to gas power plants and increas-
ing the use of renewable energy sources. However, renewable energy
sources alone cannot meet the rising energy demand, leading to in-
creased consumption of fossil fuels. For example, natural gas usage
increased by 4.6% (Neagu, 2019). Moreover, CO, emissions rose by
1.7% to 33.1 Giga-tons (GT) (Neagu, 2019), highlighting the continued
relationship between energy consumption and CO, emissions, which
are both still rising concurrently. This calls for immediate response to
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Fig. 1. An overview of different CO, capture technologies.

address carbon emission issues among researchers, countries, and poli-
cymakers.

The demand for a significant transition to a greener energy sys-
tem and eco-friendly industrial production techniques is becoming more
pressing because of the CO, emission challenges. To maintain the aver-
age temperature rise to 1.5 °C above pre-industrial levels, CO, emissions
need to be decreased uniformly in every economic sector, in addition
to modification of conventional techniques. Carbon capture, utilization,
and storage (CCUS) is a practical technique to lower CO, emissions dur-
ing a transitional period (Farrelly et al., 2013; Zhang et al., 2020). Ac-
cording to International Energy Agency (IEA) report, by 2050, carbon
capture and sequestration (CCS) techniques will reduce GHG emissions
by about 20% (Yadav and Mondal, 2019). Carbon capture (CC) can be
carried out in the following three primary ways, i.e., pre-combustion,
oxy-fuel combustion (OFC), and post-combustion as shown in Fig. 1
(Mukherjee et al., 2019). Pre-combustion involves the removal of CO,
before combustion proceeds. On the contrary, post-combustion CO, cap-
ture refers to the separation of CO, after the combustion process using
one of the following methods: cryogenic separation, membrane separa-
tion, adsorption, chemical looping combustion, and physical and chemi-
cal absorption (Samanta et al., 2012). In the case of oxy-fuel combustion,
the flame temperature is lowered by recycling flue gas while only pure
oxygen is used for burning purposes. CO, and water vapor make up the
majority of the flue gas produced at the exhaust(De Mello et al., 2013).
Consequently, CO, can be readily isolated by condensing water vapor.

Each process presents its advantages and limitations. For instance,
the pre-combustion capture benefits from high CO, partial pressure and
concentrated gas streams, leading to efficient absorption and reduced
solvent usage (Mukherjee et al., 2019). However, its main limitation
is the need for gasification, adding complexity and cost to the process.
Post-combustion capture allows for retrofitting existing plants, making it
attractive for immediate emission reduction. Yet, it faces challenges due
to low CO, partial pressure and the presence of contaminants that may
degrade solvents. Oxy-fuel capture simplifies the process by burning fuel
in a high-purity oxygen environment, generating a concentrated CO,
stream that facilitates absorption (Buhre et al., 2005; De Mello et al.,
2013). Despite this advantage, the energy-intensive air separation pro-
cess required for oxy-fuel combustion is a significant drawback.

Absorption is the most preferred method for CO, capture due to
its versatility and adaptability to various processes, including pre-
combustion, post-combustion, and oxy-fuel capture. Absorption’s adapt-
ability to various conditions and its maturity level make it the preferred
choice for CO, capture. Several researchers have studied adsorption and
absorption processes for CO, capture; however, few have focused on ab-
sorption. Mukherjee et al. performed a comprehensive techno-economic
analysis of CO, capture via activated carbon (Mukherjee et al., 2022).
The same authors also presented an excellent review of different acti-
vated carbon precursors for CO, capture (Mukherjee et al., 2019). Singh
and Dhar. study outlined a literature overview of microalgae-based
CO, capture (Singh and Dhar, 2019). Some researchers explored the
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environmental impacts of absorption-based CO, capture for the treat-
ment of flue gas in a post-combustion plant (Thitakamol et al., 2007).
In a recent study, Gambelli et al. reviewed CC and valorization tech-
nologies including the absorption methods (Gambelli et al., 2023). A
recent study reported recent advances and progress related to the use of
catalysts to reduce the energy cost of solvent regeneration during CO,
absorption (Li et al., 2023). Another study showed that sepiolite (SEP)
clay could be used as a promising support material for two metal oxides
(Fe,03, CuO) catalysts during CO, desorption processes (Zhang et al.,
2022). He et al. compared the performance of four new dual-amine
blends solvent as energy-efficient CO, capture solvents (He et al., 2023).
Zhang et al. reported a comprehensive review of the advantages and
limitations of phase change solvents as well as non-aqueous solvents for
CO,, capture (Zhang et al., 2019). Despite the widespread preference for
absorption-based CO, capture, there is a limited body of research dis-
cussing its current status and progress, particularly in terms of a detailed
techno-economic analysis methodologies. To enhance the adoption and
performance of this technology, a comprehensive understanding of its
economic feasibility and environmental impact is essential. This study
presents an overview of the CC techniques, with more emphasis on ab-
sorption technology. The development of CO, capture by absorption,
research progress and challenges in solvent selections and the proce-
dure for carrying out the economic assessment are critically evaluated.
The findings reported herein highlight the need for further investigation
and interdisciplinary collaboration to advance the methodologies for as-
sessing the cost-effectiveness of absorption-based CO, capture systems.

2. Overview of CO, capture techniques

Fig. 1 shows key CO, capture technologies while Fig. 2 presents
different separation processes. The main CO, separation processes in-
clude absorption, adsorption, membrane separation, algae systems and

cryogenic separation, each of which has its advantages and limitations
summarized in Table 1.

2.1. Membrane capture

Membrane CO, capture is an innovative and energy-efficient tech-
nology designed to mitigate greenhouse gas emissions. It employs selec-
tive, permeable membranes to separate carbon dioxide from gas mix-
tures, such as flue gas from power plants or industrial processes. This
method offers advantages over conventional CO, capture techniques,
including lower energy consumption, reduced operational complexity,
and minimal environmental impact. This method has high CO,-capture
efficiency due to its less-energy consumption, flexible configuration in
industrial plants, and the capability potential of selective extraction of
CO, from the streams of mixed gasses (Mondal et al., 2012a). In ad-
dition, the membrane technique is affordable and less energy-intensive
compared to absorption processes for capturing CO,. Table 2 enlists a
detailed summary of CO, capture via the membrane separation method.

The common fabrication materials for membranes are either or-
ganic (polymeric membranes) or inorganic (ceramic membranes), or
hybrid (consisting of both inorganic and organic membrane materi-
als) (Abd et al., 2020). To improve the characteristics of the polymeric
membranes, inorganic particles with a size in a scale of micro/nano
are integrated into a polymeric matrix to synthesize the mixed matrix
membranes. A polymeric membrane’s potential for greater CO, removal
from flue gasses is increased by the addition of inorganic particles,
which also enhance the membrane’s physical, thermal, and mechani-
cal properties. Membrane uses materials that are permeable or semi-
permeable to carry and isolate CO, from the components of another gas
stream (Spigarelli and Kawatra, 2013). The CO, permeation through the
membranes comprised of the following three steps: (i) CO, adsorption
on the membrane’s higher-pressure side, (ii) CO, diffusion through the
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Advantages and limitations of CO, separation technologies (Aaron and Tsouris, 2005; Gambelli et al., 2023; Mondal et al., 2012a; Tin et al., 2004; Yadav and

Mondal, 2019).

CO, separation Advantages Limitations

technologies

Adsorption ® Could produce high-purity CO, ® The development of an efficient adsorbent is still an issue that requires
® Requires less heat and lower temperature for regeneration compared to further studies
absorption ® High material costs for some adsorbents
® Can be used in temperature or pressure swing operations ® Requires adsorbent regeneration

Absorption ® Versatile and adaptable to various processes. ® Requires solvent regeneration which could be energy-intensive

® High CO, capture efficiency

® Matured technology

® Can achieve very high purity CO,

® Commercially matured and proven technology

Cryogenic separation

Algae systems ® Uses photosynthesis, converting CO, into biomass or biofuels
® Suitable for nutrient-rich wastewaters

® Cost-effective in some cases

® There is a possibility of solvent degradation and environmental emissions

® Highly energy-intensive process due to the need for extreme cooling

® Expensive and often only cost-effective in niche applications requiring
high-purity CO,

® Algae harvesting and dewatering can be challenging

® Requires large land areas for cultivation

® Variable efficiency due to environmental factors

Membrane ® Most membrane systems do not require thermal energy thereby ® Susceptible to membrane fouling and degradation
separation reducing energy demand ® Requires high selectivity and permeability membranes for cost-effective
® Compact and modular design operation
® Can achieve continuous separation
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Fig. 3. Schematic flow diagram of a typical CO, capture from flue gas by membranes (recycled permeate).

membrane, and (iii) CO, desorption to the membrane’s lower-pressure
side (Wu et al., 2020).

The CO, capture through membrane technique has certain advan-
tages as noted earlier, at the same time, the commercialized membranes
are not appropriate for absorption using amine solutions because of
their low permeation flux. Besides, when exposed to gas streams con-
taining toxic impurities of acid gasses (NO, and SO,), the membrane
has a shorter life span (Wu et al., 2020). The ongoing development of
advanced membrane materials and configurations aims to enhance sep-
aration performance and reduce costs, making membrane CO, capture
a promising solution for sustainable emissions reduction. Fig. 3 presents
a schematic representation of the membrane capture system.

2.2. Cryogenic separation

Cryogenic CO, separation is a process used to purify and concen-
trate CO, from various gas streams. This method takes advantage of the
different boiling points of the gases involved, cooling the gas mixture
to extremely low temperatures (Font-Palma et al., 2021). At these low
temperatures, CO, becomes a solid, allowing for easy separation from
the remaining gas components. Once isolated, the solid CO, can be con-
verted back to its gaseous state and collected, while the other gases are
returned to their original state for further processing or release. This

technique is energy-intensive but offers high purity and concentration
levels of CO,, making it suitable for applications in industries that re-
quire high-quality CO, or where other separation methods are ineffec-
tive (Babar et al., 2020).

This separation method is used for CO, capture due to its less harmful
environmental effects. It involves using several condensation tempera-
tures to successively cool and condense a gas combination (Babar et al.,
2020). Furthermore, no chemical reagents are required, and the CO,
from other gas streams is physically separated on account of the dew
point and sublimation point (Spigarelli and Kawatra, 2013). The gas
separation is influenced by the different boiling point values and the gas
components’ de-sublimation characteristics (Font-Palma et al., 2021).
The flue gas was pretreated to confiscate various impurities (NO, and
SO,) to increase the gas stream’s CO, content. Therefore, the CO, de-
sublimation temperature (up to which the gas stream should be cooled
off) becomes a less harmful gas.

The cryogenic separation of CO, usually occurs in cryogenic distil-
lation and cryogenic packed beds (Babar et al., 2020). Two different
methods for CO, capture via cryogenics separation are as follows; (i)
the release of CO, from the packing material after it has de-sublimated
to create gaseous CO,, and (ii) the regeneration of liquid CO, under high
pressures, as well as the de-sublimation of gaseous CO, onto the fin sur-
faces of the heat exchangers (Spigarelli and Kawatra, 2013). Schematic



Table 2

Overview of literature studies on membrane-based CO, separation method.

Membrane type Synthesis Temperature ( CO, permeance Pressure (kPa) CO,/N,Selectivity Key findings Reference
Method °C) (GPU)
Bipolar membrane in situ - - - - ® The developed membrane was able to capture about 60% (for real seawater) up to (Sharifian et al. (2022))
mineralization 85% (for synthetic seawater) of the dissolved inorganic carbon present in the feed as
well as minor Mg(OH), precipitates.
® Effective control of the applied current density and cell residence time can help
significantly minimize the process energy requirement.
Highly selective in-situ 8341 Gas 1.1 ® Polymer membrane showed high selectivity for CO,:N, (240:1) at 1018 Barrer (Mishra et al. (2021))
hollow fiber layer-by-layer Permeation Unit CO, permeability (101 GPU permeance).
membranes (HF) (LbL) surface (GPU) ® Surface functionalization of the polymer improved the hydrophilicity and aided the
functionaliza- layer-by-layer deposition.
tion
PDMS & MOF simple 308 K 10,450 100 9.1 ® Amorphous MOF nanosheets enhance thin-film composite (TFC) polymeric membranes (Liu et al., 2021)
membrane coordination by overcoming permeability and geometric limitations.
modulation ® The innovative TFC membrane design exhibits superior CO,/N, separation capabilities
method and improved processability.
Double-layered spin coating 298 K 1200-3500 300 23-72 ® A CO,-selective block copolymer, Pebax-1657, was used as a selective layer on a
Pebax-1657/ PDMS poly(dimethylsiloxane) gutter layer, defying conventional theoretical predictions for (Selyanchyn et al. (2020))
nanomembranes multilayer membranes and achieving more selective CO,/N, separation with ultrathin
layers.
® Nanoscale blending at the interface between selective and gutter layers enhanced
CO,/N, selectivity, resulting in thin-film composite membranes suitable for CO, capture
in post combustion processes and surpassing the separation ability of pristine
Pebax-1657.
Continuous zeolitic — — 293 K - 100 H,/CO, selectivity: @ Ultrathin, continuous zeolitic imidazolate framework (ZIF-8) membranes were created (Hou et al. (2016))
imidazolate 7:1 on titania-functionalized porous polymeric supports using an immersion technique,
framework (ZIF-8) resulting in flexible and adherent composite membranes.
membranes on ® The membranes demonstrated molecular sieving behavior with high hydrogen
titania- permeance and ideal H,/CO, selectivity, opening opportunities for using MOFs in
functionalized separation and sensing devices.
porous polymeric
supports
Zeolitic imidazolate  Secondary 298 K 104 100 7 ® A defect-free zeolitic imidazolate framework-8 (ZIF-8)/graphene oxide (GO) (Hu et al., 2016)
framework-8 growth method membrane was prepared using hybrid nanosheets as seeds, resulting in a uniform
(ZIF-8)/graphene seeding layer that facilitates fast crystal intergrowth during membrane formation.
oxide (GO) ® The ultrathin membranes exhibit excellent molecular sieving gas separation properties,
membrane with high CO,/N, selectivity, and this 2D nano-hybrid seeding strategy can be applied to
other MOF or zeolite molecular sieving membranes for various separation applications.
Polycrystalline 303 K 120-330 100 27.2-37.3 ® A novel postsynthetic rapid heat treatment (RHT) drastically improves the carbon (Babu et al. (2019))
metal-organic capture performance of ZIF-8 membranes, resulting in unprecedented CO,/CH,,
framework (MOF) CO,/N,, and H,/CH, selectivities and complete blockage of C;Hs.
membranes ® RHT is a facile and versatile technique that enhances the gas separation performance
of MOF membranes by increasing lattice stiffness without affecting the coordination
environment or crystallinity.
High-performance Physical coating 25 °C 2860 0.2 MPa 28.2 ® A facile interface-decoration-layer strategy using copper hydroxide nanofibers enables  (Ji et al. (2019))

ultrathin film
composite (UTFC)
membrane

the formation of an ultrathin selective layer in a thin film composite membrane, leading
to a 2.5-fold increase in gas permeance for CO, capture.

® The as-prepared membrane demonstrates a high CO, permeance of 2860 GPU and a
CO,/N, selectivity of 28.2, outperforming state-of-the-art polymer membranes, with
potential applications in various molecular separation processes.
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of a low-temperature CO,-packed bed used for cryogenic separation is
shown in Fig. 4.

2.3. CO, capture via microalgae

CO, capture via microalgae is an innovative and eco-friendly ap-
proach to mitigate greenhouse gas emissions, particularly carbon diox-
ide (Singh and Dhar, 2019). Microalgae are photosynthetic microorgan-
isms that can efficiently utilize CO, as a carbon source to grow and
produce valuable biomass. In this process, CO, is bubbled through a
medium containing microalgae, which absorbs and converts the CO,
into organic compounds during photosynthesis (Singh and Dhar, 2019).
As the microalgae grow and reproduce, they remove CO, from the at-
mosphere, effectively sequestering the carbon in their cells. This method
not only captures CO, but also generates useful biomass that can be
harvested and processed into various bioproducts such as biofuels, ani-
mal feed, and bioplastics. An overview of CO, capture by microalgae is
shown in Fig. 5.

Harnessing microalgae for CO, capture presents a promising and sus-
tainable solution for reducing greenhouse gas emissions while simul-
taneously producing valuable resources. The bio-sequestration of CO,
using micro-algal cell factories has gained rising potential in recycling

*Livestock feed

Fig. 5. Carbon by microalgae for biomass and value-added products produc-
tion (Kondaveeti et al., 2020).

CO, into biomass through photosynthesis that is consequently applied
for the generation of bioenergy and other valuable products. Microal-
gae possess the ability to concentrate CO,, for an effective photosynthe-
sis process through the procurement of inorganic carbon even from low
concentrations of atmospheric CO, (Singh and Dhar, 2019). In addition,
microalgae are photosynthetic microorganisms that use light and CO,
to create oxygen and produce high-value goods like biofuels.

The feasibility of this method is both the capture and utilization of
CO, for obtaining valuable products. Therefore, such technological ad-
vancements have the added advantage of an environmentally friendly
approach to capture hazardous CO, from the flue gasses. However, de-
spite the widespread application of this technique, microalgae produc-
tion for bulk products like biofuels and other low-value bulk products is
not feasible. Using all of the biomass in a combined bio-refinery assem-
bly, from which every single valuable component is collected, processed,
and valorized, is the only method to scale the production.

2.4. Adsorption CO, capture

CO, capture via adsorption is a widely used method for separating
and concentrating carbon dioxide from gas mixtures, such as flue gas
or ambient air (Mukherjee et al., 2019). This process involves the use
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of solid adsorbents, which are materials with a high affinity for CO,
molecules. As the gas mixture comes into contact with the adsorbent,
CO, molecules adhere to its surface, effectively separating them from
the other gas components. A schematic representation of a typical ad-
sorption process is shown in Fig. 6. The choice of adsorbent material is
crucial for the efficiency of the CO, capture process (Ben-Mansour et al.,
2017). Some of the most common adsorbents include activated carbon,
zeolites, and metal-organic frameworks (MOFs) (Ben-Mansour et al.,
2016). After the adsorption process reaches saturation, the adsorbent
material can be regenerated by applying heat, pressure, or a combina-
tion of both, releasing the captured CO, for storage or further use. CO,
capture via adsorption offers a flexible and efficient means of reducing
greenhouse gas emissions from various industrial processes and can be
tailored to meet specific separation and concentration requirements.

Adsorption-based capture generally requires less energy consump-
tion because no additional chemical bonds are created between the
adsorbent surface and the CO,, which induces less-energy demand
for the regeneration of CO,. Table 3 outlines a summary of various
adsorbents and their synthesis methods. Some of the commonly em-
ployed mechanisms of CO, adsorption are heterogeneous and surface
adsorption, electrostatic excretion changes, electrostatic and acid-base
interactions, chemical interactions, physisorption, diffusion, weak non-
covalent complexes formation, molecular penetration, and H-bonding
(Table 3) (Abd et al., 2020). Usually, narrow-pored porous materials
doped with CO,-public heteroatoms are suitable for CO,-capture meth-
ods. In addition, the proficient materials for developing adsorbents to
adsorb CO, should have good mechanical strength, better selectivity,
thermal stability, lower preparation cost, and offer resistance in humid
environments (Abd et al., 2020).

2.5. CO, capture via absorption

CO, capture via absorption is a prevalent method for removing car-
bon dioxide from various gas streams, including flue gas emitted by
power plants and industrial processes. In this technique, a liquid solvent,
known as the absorbent, is used to selectively dissolve CO, from the gas
mixture. The process typically takes place in a gas-liquid contactor, such
as an absorber column, where the gas stream is brought into contact with
the absorbent (Fig. 7). As the CO,-rich gas flows through the column, it
interacts with the absorbent, and the CO, molecules are absorbed into
the liquid phase, leaving the other gasses behind (Nwaoha et al., 2016).

Carbon Capture Science & Technology 8 (2023) 100125

Once the CO, has been absorbed, the solvent is then transferred to a re-
generation unit, where it is heated to release the captured CO, (de Meyer
and Jouenne, 2022). The regenerated solvent can then be recycled back
into the absorption process. The captured CO, can be compressed and
stored or utilized for various applications, such as enhanced oil recovery
or the production of valuable chemicals.

Absorption process has tremendous potential, higher selectivity for
CO,, and larger capacity and is usually employed for advanced CO, cap-
ture processes. However, certain limitations such as high-energy con-
sumption, corrosion, toxicity, high solvent cost, and high mass loss of
absorbent caused by the lower stability are some of the significant hur-
dles to the widespread utilization of this method in various power plants
and several industries (Ochedi et al., 2020). Table 4 outlines the sum-
mary of various absorbents for successful CO, absorption.

Absorption uses both physical and chemical absorption as its two
primary strategies for capturing CO,. (Ochedi et al., 2020). The latter
uses chemical solvents for CO, absorption whereas the former is based
on Henry’s law for CO, absorption into solvents. When CO, absorption
is physical, it occurs at low temperature and high pressure, whereas sol-
vent regeneration is accomplished either by increasing temperature or
decreasing pressure, or by doing both. On the other hand, because CO,
absorbs at high partial pressures, a lot of energy is required to pressurize
the flue gasses. Whereas in chemical absorption, the solvents and CO,
produce an intermediate molecule that is only weakly bound and, when
heated, releases the trapped CO,. Chemical absorption is extensively
employed for separating different gases, and this technology is princi-
pally applied for CC at relatively lower values of partial pressure. Amine
and carbonate solutions are considered the key solvents for chemical ab-
sorption (Shah et al., 2020).

The solvent at low temperatures and high partial pressure specifi-
cally binds to CO, thereby obeying Henry’s law, which links the solu-
bility of gases to their partial pressure, in the case of physical absorp-
tion (Spigarelli and Kawatra, 2013). Hence, for high-pressure streams,
physical absorption is appropriate for capturing CO,; for instance, CO,
capture in a pre-combustion stage of the integrated coal gasification
combined cycle (IGCC) plants. Here the molecules of CO, dissolved into
the bulk of the material in absorption.

After CO, separation from the mixture, Hy-rich syngas is burned
to produce power, and the solvent is subsequently regenerated either
through flash desorption or stripping after being loaded with CO,. With
flash desorption, a series of pressure reduction phases is used to degas
the loaded solvent. Just the CO, can separate from the solvent when
the pressure is decreased. Regeneration of the loaded solvent is carried
out in this manner. Similar to flash desorption, the CO,-rich solvent is
initially degassed in the case of solvent regeneration through stripping;
however, the stripping of solvent is carried out after degassing with an
inert gas (N,) to flush out any remaining CO, (Spigarelli and Kawa-
tra, 2013).

3. Advances in absorption CO, capture

Absorption-based CO, capture, in particular, has seen significant
progress in recent years. CO, capture through absorption has been stud-
ied using different physical, chemical or combined solvents (Borhani and
Wang, 2019). While the physical solvents rely on weak van der Waals
forces to capture CO, by dissolving it in the solvent (examples of phys-
ical solvents include rectisol, propylene carbonate and Selexol), the
chemical solvents (monoethanolamine (MEA), Diethanolamine (DEA),
Methyl diethanolamine (MDEA)) form chemical bonds with CO,, en-
hancing their selectivity and capacity. It should be mentioned that
screening and selection of the most efficient solvent is one of the most
important parts of the absorption process.

Chemical solvents offer benefits such as relative indifference to
acid gas partial pressure, the ability to capture acid gases down to
ppm levels, and high absorption and desorption mass transfer coef-
ficients (Borhani et al., 2019). However, they also have drawbacks,



Table 3

Overview of literature studies on adsorption-based CO, separation method.

Adsorbents Fabrication Specific surface Diffusion coefficient Amount of CO, capture (CO, adsorption Experimental Adsorption mechanism Reference
method/process  area D(CO,) uptake) conditions/regeneration cycles
(m?/g) (m?s~—1)
biomass-pyrolysis derived char — - ~1-1.6 mol/kg 30 °C, 1 atm, and 100 min Electrostatic attraction and acid-base (Jiang et al. (2023))
WDPC-KOH-HNO, 755.74 interaction
WDPC-KOH-CO, 1618.94
WDPC-KOH 970.29
Temperature swing adsorption Temperature - - - 25-40 °C - (Peh et al. (2023))
(TSA) process operated on a  swing adsorption
metal-organic framework
(MOF) adsorbent
UTSA-16
nitrogen-groups modified ethanol-assisted CO,/N, (15:85) 313K, 1 bar, and 20 min/30  Physical adsorption, chemical adsorption (An et al. (2023))
porous carbon microspheres  hydrothermal separation coefficient: 3.02 mmol/g cycles
materials (PCS) technology 56.9
(MNPCS) 4.77 mmol/g
Covalently tethered amines in-situ 235.0+ 1.5 - 0.27 mmol/g for 400 ppm CO, 25 °C/10 cycles Diffusion, chemical interactions, weak (Al-Absi et al., 2023)
were in-situ polymerized into polymerization concentration non-covalent complexes formation, and
mesoporous silica support, physisorption
namely PE-SBA-15
0.86 mmol/g for 5% ppm CO,
concentration
0.9 mmol/g for 10% ppm CO,
concentration
0.94 mmol/g for 15% ppm CO,
concentration
Magnetic biodegradable Alkali 3.2838 Diffusion coefficient: ~ 3.21 mmol/g 25 °C and 9 bar/10 cycles Heterogeneous and surface adsorption,  (Helmi et al. (2023))
adsorbent post-treatment 2.850 m?/s adsorbent carbonation, electrostatic
(NaOH@Chitosan-Fe;0,) excretion changes, chemical interactions,
molecular penetration, and H-bonding
Mass flux:
0.0042 mol/m?s
Mass transfer
coefficient: 10.324 m/s
Corn starch Chemical 711 - 3.805 mmol/g - - (Nazir et al. (2021))
activation
1747 4.278 mmol/g
Sugarcane Physical and 622 - 2.55 - - (Guo et al. (2020))
bagasse chemical
activation
873 2.68
1149 4.28
A400 Purolite as a solid resin Impregnation - PCO, (bar): 0.004 bar 58 mg/g 20°C,24h,and 0.5 ¢ diffusion of CO, molecules into the (Samaddoost et al. (2023))
base (solid adsorbent) method loading/3 cycles adsorbent pores
10% surfactants and 40% 1.07 84 mg/g
amines (T40/510)
sample
ZrO2-stabilized CaO one-pot - 0.1 g CO,/g adsorbent -/15 cycles Physical adsorption (Mousavi et al. (2023))
nanoadsorbent MWCNT-template 1.75
CaZr method
CaZr-CNT2.5 2.53 - 0.09 g CO,/g adsorbent
CaZr-CNT5 6.03 - -
CaZr-CNT10 4.99 -

0.18 g CO,/g adsorbent
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Fig. 7. Schematic of conventional chemical CO, absorption process (Song et al., 2019).
Table 4
Studies on Carbon dioxide capture via absorption method.
Absorbents Concentration Diffusion coefficient Amount of CO, Temperature Adsorption Reference
D(CO,) capture (Absorption (°0) equilibrium
(m?2s-1) capacity) (min)
Secondary and tertiary - - 333K - (Sharif et al. (2023))
amines: 1.01E-09
2EAE-TMPAD,
2EAE-DEAB, 0.98E-09
2EAE-1DMA2P, 0.92E-09
2MAE-2DMAE, 0.92E-09
2EAE-2DMAE, 0.85E-09
DMCA-MCA 0.61E-09
Deep eutectic solvents 100 kPa - 25 (Ruan et al. (2023))
(DESs): 0.19 g CO,/g DES 60
1,5-diazabicyclo[4.3.0]non-
5-ene (DBN) and
1,2,4-triazole (Tz)
DES [2DBN:Tz]
[3DBN:Tz] 1.89 mol 30
CO,/mol DES
[DBN:3Tz] - 180
Methyldiethanolamine 300 kPa recovered - - - - (Hara et al. (2023))
(MDEA) CO, pressure
tertiary amine TEMDA - carbon sequestration - - (Yin et al. (2023))
(N,N,N’,N"- capacity: 123.27 mg

Tetramethylethylenediamine)
and space hindered amine
DACH (trans-1,4-
Diaminocyclohexane) with
Chlorella sp.

L166

anhydrous multi-hybrid
absorbent from
tetraethylenepentamine-
modified porous

silica

669.54 m?/g

50 bar
10 bar

I-liquid-D-I NOHM
H-ZSM-5-
liquid/[P66614] [Br]

Specific surface area:

L-1d-1

0.419 mmol/g at 20% 57
co,

Or

0.377 mmol/g @

0.15 bar and

27 °C

3.890 mmol/g 20
0.460 mmol/g 25

95% regeneration
efficiency after 5
cycles

(Ding et al. (2023))

_ (Bai et al. (2016))
_ (Li et al. (2019))
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including high energy demands for solvent regeneration, limited selec-
tivity among acid gasses, expensive materials, substantial heat of ab-
sorption, increased corrosion, the presence of side reactions, and po-
tential environmental harm (N.Borhani and Wang, 2019). Additionally,
using aqueous solutions can sometimes result in the treated gas becom-
ing saturated with water. In contrast, physical solvents provide bene-
fits such as lower energy requirements for regeneration, better selec-
tivity between acid gasses, and reduced heat of absorption compared
to chemical solvents (N Borhani and Wang, 2019). However, physical
solvents also have limitations, including sensitivity to acid gas partial
pressure, lower CO, capture capacities, and slower absorption and des-
orption mass transfer coefficients (Gui et al., 2010). Furthermore, some
physical solvents may have higher material costs, increased corrosion,
and potential environmental impacts (Smith et al., 2022).

Mixture solvents or solvent blends are used in absorption-based CO,
capture to combine the benefits of different solvents and improve the
overall performance of the process (N Borhani and Wang, 2019). Mixed
solvents can enhance CO, absorption capacity, selectivity, and energy
efficiency during the regeneration stage. These blends often comprise
a physical solvent and a chemical solvent or a combination of various
chemical solvents (N Borhani and Wang, 2019).

Solvent screening has been the focus of several research studies
(N.Borhani and Wang, 2019; Ochedi et al., 2020). Nwaoha et al. ex-
amined highly concentrated tri-solvent blends of 2-amino-2-methyl-1-
propanol (AMP), piperazine (PZ), and monoethanolamine (MEA) for
CO,, capture (Nwaoha et al., 2016). Their results showed higher cyclic
capacities, initial desorption rates, and 50-54.5% lower heat duties of
solvent blends compared to 5 kmol/m3 MEA. Blends with AMP/PZ mo-
lar ratios of 1 and 2 had higher initial absorption rates. These findings
highlight the potential of AMP-PZ-MEA blends in CO, capture applica-
tions.

In another study, CO, solubility and absorption rate in pure and
promoted potassium carbonate (K,CO3) solutions at elevated temper-
atures were comprehensively studied (Grimekis et al., 2019). Exper-
iments were conducted at 80 °C, 100 °C, and 120 °C with 1.81 M
and 2.53 M K,CO5; concentrations. Results were validated against
electrolyte-NRTL model predictions. Four additives—MDEA, MEA, PZ,
and Glycine—were tested in 1.81 M K,CO3 solutions at 100-120 °C.
PZ and MEA-promoted K,COj3 solutions increased solvent capacity and
absorption rate (Grimekis et al., 2019). Glycine improved the absorp-
tion rate at low loadings without affecting capacity. MDEA negatively
impacted solvent capacity at higher concentrations and showed no posi-
tive effect on the absorption rate. Another study explores enhancing CO,,
capture in ionic liquids (ILs) like [Bmim]*[BF4]~ and [Bmim]* [PF6]~,
comparing them to conventional amine solvents MEA and MDEA. Al-
though amines have higher CO, loadings, IL-Amine blends combine
the reactive nature of amines with the non-volatile nature of ILs. The
[Bmim]*[BF4]~-MEA blend showed higher CO, loading than pure IL
or aqueous amine solutions, with the 80% [Bmim]*[BF4]~-20% MEA
blend performing best. Adding piperazine (PZ) as a promoter further
improved CO, loading, and kinetic studies were conducted to evaluate
the parameters of various blends.

Solvent regeneration in conventional aqueous amine-based CO,, cap-
ture is energy-intensive. Some researchers proposed a novel water-lean
amino acid salt-based biphasic absorbent to enhance CO, capture per-
formance and energy efficiency (H. Li et al., 2020). Potassium prolinate
(ProK) and potassium sarcosinate (SarK) were used as active compo-
nents, and 2-alkoxyethanols acted as physical antisolvents, triggering
solid phase formation during CO, absorption. The study found that weak
polar solvents, such as 2-methoxyethanol and 2-ethoxyethanol, favored
solid precipitate formation. Solid slurry captured 50-80% of the ab-
sorbed CO,, with ionic products being the main composition (H. Li et al.,
2020). Compared to aqueous 5.0 M MEA, the 3.0 M ProK/EGME system
showed comparable cyclic capacity, higher desorption efficiency, and a
40-50% reduction in regeneration energy, demonstrating its potential
for advanced CO, capture technology.
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Deep eutectic solvents (DESs) are gaining interest for various ap-
plications, including carbon dioxide (CO,) capture. A recent research
study proposes a novel set of DESs created by complexing ethylene-
diamine (EDA), monoethanolamine (MEA), tetraethylenepentamine
(TEPA), triethylenetetramine (TETA), and diethylenetriamine (DETA)
with monoethanolamide hydrochloride (EAHC) salt for CO, capture
(Pishro et al., 2020). CO,, absorption capacity was evaluated at 313.15 K
and 0.8 MPa. The highest CO, solubility was observed in 1IEAHC:9DETA,
1EAHC:9TETA, and 1EAHC:9TEPA systems, with CO,, solubility increas-
ing with the molar ratio of hydrogen bond donor and alkyl chain length
(Pishro et al., 2020). The study suggests that these DESs could poten-
tially serve as alternatives to conventional solvents in CO, capture pro-
cesses.

The efficiency of CO, absorption through absorption can also be im-
proved by adding a surfactant to the solvent used. One study, for in-
stance, demonstrated that the addition of frothers as a surfactant to the
Na,CO; solution resulted in an increase in CO, absorption efficiency
from 55.6% to 99.9% (Valluri and Kawatra, 2021). This enhancement
was attributed to the increased surface area available for the transport of
CO, within the packed bed (Valluri and Kawatra, 2021). Additionally,
frothers can prevent the formation of coalesced bubbles by reducing sur-
face tension, which creates smaller and uniform bubbles that improve
physical mass transfer, leading to faster absorption of additional CO,
molecules.

Lately, there has been an increasing interest in the use of a category
of solvents, known as phase change solvents, due to their ability to dras-
tically decrease energy consumption in the capture of CO, (Zhang et al.,
2019). These solvents exist as a single-phase solution under standard
conditions, but they transform into a dual-phase system when subjected
to alterations in aspects like polarity, hydrophilicity, ionic intensity, or
the strength of hydrogen bonds. This transformation results in the cre-
ation of two distinct phases: a liquid phase with low CO, concentration
and another phase (liquid or solid) that is rich in CO, (Zhang et al.,
2019). Phase change solvents studied in literature include those that
undergo chemically or thermally triggered phase changes, non-aqueous
or aqueous systems, and those forming either a CO,-enriched solid or a
liquid phase (Su et al., 2013).

Several studies have explored the use of phase change solvents
including the aqueous and non-aqueous solvents for CO, capture
(Liang, 2015; Oexmann and Kather, 2010). Non-aqueous solvents,
which replace water with organic solubilizers or ionic liquids and re-
quire a relatively low temperature for solvent regeneration (Ma et al.,
2023; Ping et al., 2020), can mitigate several drawbacks typically asso-
ciated with aqueous absorbents including amine degradation and evap-
oration losses, equipment corrosion and the high heat duty required for
solvent regeneration (Liang, 2015). The large-scale use of non-aqueous
amine solutions for CO, capture is hindered by high viscosity and in-
soluble substances, causing fouling and blockages (Ma et al., 2023). A
recent study proposes using polyamine 1,5-diamino-2-methyl-pentane
(DA2MP) as the main absorbent for high absorption load, and 2-amino-
2-methyl-1-propanol (AMP) as a regulator to reduce viscosity and dis-
solve insoluble substances. The novel absorbent demonstrated a CO,
absorption load of 0.95 mol'mol~! and significantly lower viscosity. Af-
ter four regeneration cycles, it maintained 97% initial CO, absorption
capacity. The regulation mechanism involved hydrogen bond network
changes, leading to viscosity reduction and insoluble product elimina-
tion. The total regeneration energy consumption was only 50.27% com-
pared to an MEA-based solution, making it a promising candidate for
CO, capture (Ma et al., 2023).

Various CO, absorption methods utilizing distinct phase change sol-
vents have been suggested. These encompass the "self-concentration"
procedure, the iCap method, the DMX system, the TBS process, and the
DECAB technique (Zhang et al., 2019). The self-concentration process
involves a nonaqueous solvent consisting of a mixture of amine and al-
cohol (Zhang et al., 2019). CO, absorption takes place at a temperature
of 35 °C, resulting in the formation of two liquid phases in the solvent.
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The lower phase, known as the rich phase, is separated using a decanter
and then subjected to solvent regeneration in a stripper operating at
115-125 °C. The regenerated solvent is combined with the upper phase,
called the lean phase, and returned to the absorber for CO, absorption.
In contrast, the iCap process employs a phase transitional aqueous solu-
tion composed of a blend of MAPA (2 M) and DEEA (5 M) (Pinto et al.,
2014). Similar to the self-concentration process, a liquid-liquid phase
transition occurs during CO2 absorption, and only the liquid from the
rich phase is directed to the stripper for regeneration.

Ternary amine blends are also promising absorption solvents for
CO, capture. By merging various alkanolamines, the benefits of each
alkanolamine can be synergistically harnessed, creating sorbents that
exhibit exceptional CO, capture capabilities (Chen et al., 2022).
This performance is notably superior to that of aqueous MEA under
comparable operational conditions. Numerous studies indicate that
an aqueous blended system, typically consisting of a primary (or
secondary) amine combined with a tertiary (or sterically hindered)
amine, can demonstrate a quicker CO, reaction rate than a solitary
tertiary (or sterically hindered) amine(Conway et al., 2015; Sema et al.,
2012). Additionally, this blended system may necessitate less energy
for regeneration compared to a single primary (or secondary) amine.
specifically, the primary (or secondary) amine accelerates the reaction
rate and facilitates mass transfer, whereas the tertiary (or sterically hin-
dered) amine functions as a base (proton acceptor), thereby improving
the efficiency of desorption (Chen et al., 2022).

3.1. CO, desorption enhancement techniques

CO, desorption enhancement techniques are crucial in carbon cap-
ture and storage (CCS) technology, aimed at mitigating climate change.
These techniques focus on improving the efficiency and speed of releas-
ing captured CO, from absorbent materials. CO, is a challenging gas to
break down and remove due to its strong chemical and thermodynamic
stability, which results from the double bond between its carbon and
oxygen atoms. Therefore, several methods have been evaluated for im-
proving CO, separation in bulk molecules (Tavakoli et al., 2022). CO,,
desorption enhancement methods include the use of nanofluids, solid
acid-catalyzed processes, biocatalysts, and the use of ionic liquids.

Nanofluids have demonstrated immense potential in enhancing CO,
desorption as reported by previous studies. Nanofluids are colloidal sus-
pensions of nanoparticles in a base fluid, often water or oil. The nanopar-
ticles used in nanofluids can vary widely, with materials such as met-
als, oxides, carbides, or carbon nanotubes (Tavakoli et al., 2022). The
main reason nanofluids are used for CO, desorption enhancement lies
in their superior thermophysical properties compared to conventional
fluids. Lee et al.’s study demonstrated that adding SiO, nanoparticles at
certain concentrations to a solution improved CO, regeneration by up
to 11.8% (Lee et al., 2016). However, the addition of Al,05; nanoparti-
cles reduced the performance, with a decrease as high as —14.7%. This
decline is attributed to the Al,O5 surface’s reactions with CO,, creating
adsorbed bicarbonate and carbonate species, making CO, desorption
difficult. SiO, didn’t display this effect. The researchers also improved
CO,, absorption and regeneration in methanol using these nanoparticles
during the physical absorption process (Lee et al., 2016).

Hafizi and colleagues investigated the regeneration of nanofluids in-
fused with amine-functionalized Fe;O, nanoparticles, using both tra-
ditional heat-based processes and a novel sonication (bath) method
(Hafizi et al., 2020). They discovered that the sonication technique
could desorb CO, in under a minute with little impact on absorption
efficiency. This suggests that ultrasonic-based regeneration is a more
effective approach than traditional heating.

Solid acid catalysts have also attracted interest in enhancing CO,
desorption process due to their surface reactivity, regenerability abil-
ity and chemical stability (Bhatti et al., 2020; Guo et al., 2023). Solid
catalysts permit an equal CO, desorption rate at a minimal tempera-
ture in comparison to the non-catalytic system thereby improving the
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energy efficiency of the system (Guo et al., 2023). Moreover, solid acid
catalysts can enhance the generation of CO, and support a solid-liquid
separation. This ensures that the CO,-depleted solution retains its ab-
sorption capability, thus resolving the compromise between absorption
and desorption.

Some researchers explored the use of a solid acid catalyst (HZSM-5)
in an a-Al,05 ceramic membrane to improve CO, desorption from an
aqueous MEA Solution (Guo et al., 2023). Various tests were conducted
to assess the influence of different variables on the rate of CO, removal
and energy usage. The system proved to be effective in CO, removal
and displayed enduring stability across 60 test cycles, suggesting that
the incorporation of a solid acid catalyst with a porous ceramic mem-
brane could enhance CO, removal rates and lessen energy demands.
Bhatti et al. studied the use of mesoporous HZSM-5 catalysts to improve
CO, desorption from an MEA solution (Bhatti et al., 2020). Despite the
potential for CO, capture, such methods have been hindered by high
energy needs and slow desorption. The synthesized catalysts, showing
increased surface area and mesoporosity, improved desorption rates sig-
nificantly (up to 580% at 82 °C), increased total desorbed CO, by 60%,
and reduced heat duty by 37%. This highlights catalysts’ role in opti-
mizing CO, capture and gives insights for future catalyst design. Table 5
presents previous studies on CO, enhancement methods

4. Techno-economic analysis of absorption CO, capture

Techno-economic analysis (TEA) of absorption CO, capture is essen-
tial for determining the feasibility and effectiveness of carbon capture
technologies. This evaluation considers both the technical performance
and economic factors of the process, examining factors such as capi-
tal costs, operational expenses, energy consumption, and CO, capture
efficiency. By analyzing these elements, researchers and industry stake-
holders can identify optimal absorption methods, optimize system de-
sign, and reduce costs. TEA supports the development of sustainable,
cost-effective solutions for reducing greenhouse gas emissions and mit-
igating climate change (Okolie et al., 2021).

In assessing the feasibility of CO, capture through absorption, the
cost analysis is a critical factor to compare absorption with other tech-
nologies. There are several economic estimators used to appraise the
TEA of absorption processes, each with its advantages and limitations
as illustrated in Table 6.

4.1. Techno-economic analysis methodology

Assessing the techno-economic analysis of absorption-based CO,
capture involves several steps each of which is described in Fig. 8.
Notably, the steps are grouped into technological and economic eval-
uation. During the technological evaluation, a reference process simu-
lation is presented for estimating the mass and energy balance, espe-
cially if the proposed process is new and complex. The simulation is of-
ten appraised with the help of process simulator software which could
be open source (DWSIM) or commercial software (Aspen Plus/Aspen
Hysys) (Okolie et al., 2021). Process simulation helps in technological
scale-up in such a way that the economy of scale could be similar to the
economy of a production process. It also helps in equipment sizing. Al-
though a proper techno - economic appraisal is dependent on accurate
estimation of the equipment sizing and cost. The latter is complex and
requires several parameters related to the proposed CO, capture plant.

To design the process and equipment required for a techno-economic
analysis study, both thermodynamic properties and transport properties,
along with kinetic parameters, must be considered (Ortiz and J, 2020).
Thermodynamics typically constrain a process’s performance factors,
such as maximum product yield or energy efficiency, which can impact
its feasibility. Meanwhile, the dimensions of process units like reactors,
heat exchangers, or separation units rely on kinetic and transport prop-
erties. As a result, accurate modeling of thermodynamics, kinetics, and
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Table 5

Overview of different solid catalysts used for CO, desorption enhancement.
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Solid acid catalyst

Process conditions

Key findings

References

Mesoporous HZSM-5 catalysts,
synthesized through alkaline desilication
and surfactant-induced re-assembly of
dissolved species from the parent HZSM-5
crystals.

HZSM-5 catalyst

SnO, modified attapulgite (SnO,/ATP)
solid acid catalyst

Fe promoted SO, /ZrO, supported on
MCM-41 (SZMF) catalysts with different
iron oxide content (5%, 10%, and 15%)

Ni-HZSM-5 catalyst, with varying nickel
content from 2.16 to 9.80 wt% in HZSM-5

50,2 /710, HZSM-5 (SZ@H), with
improved Lewis’s acid sites (LASs) and
Bronsted acid sites (BASs)

Composite catalyst, CeO2-MOF-HPW
(CeM-HPW), combines cerium-based
MOFs materials with heteropolyacids to
increase acid sites

CO, desorption from 30 wt.% MEA
solution under mild temperature
conditions (40-82 °C).

The absorption and desorption
performance of various single and
blended solvents, including MEA, PZ,
BEA, AMP, BDEA, and MDEA, were
studied. These were used at a specified
concentration of 2.5 M. The initial
desorption rate was evaluated by varying
the temperature, weight of the solid
catalyst, and initial rich CO, loading.
CO, desorption in a rich 5 M MEA
solution at 88 °C

Regeneration process of rich

monoethanolamine solution at 98 °C

CO, desorption of rich amine solvent at
90 °C

The CO, desorption temperature was

decreased to less than 98 °C

The CO, desorption temperature was
decreased to less than 98 °C

® The synthesized catalysts significantly enhanced the CO,
desorption rate at low temperatures (up to 350-580% increase
at <82 °C), improved the total amount of desorbed CO, by up
to 60%, and reduced the heat duty by 24-37%.

® The improved desorption rate was attributed to the
synergistic effect of increased mesoporosity and a higher
number of Lewis acid sites (LAS) and Brgnsted acid sites (BAS).
e All the chosen blank solvent blends showed better absorption
and desorption performance than the blank benchmark
solution (2.5 M MEA).

e Catalyst-aided CO, desorption performance was significantly
influenced by the rich loading and operating temperature.

® The use of the SnO,/ATP catalyst, which had improved
Brgnsted acid sites and strong acid sites, increased the CO,
desorption rate and amount of desorbed CO, by 265% and
222%, respectively, compared to desorption without a catalyst.
® The catalyst showed superior performance to most reported
solid catalysts.

The use of SZMF significantly enhanced CO, desorption
performances (desorption factor by 260-388%) and reduced
the heat duty by about 28-40%, performing better than most
reported catalysts.

® The introduction of nickel increased the acid sites of the
catalysts compared to parent HZSM-5, which played a key role
in improving the CO, desorption rate.

® The 7.85-Ni-HZ catalyst displayed excellent catalytic activity
for the CO, desorption: it increased the amount of desorbed
CO, up to 36%, reduced the relative heat duty by 27.07% with
the same reaction time, and showed high stability during five
cyclic tests.

The improved LASs and BASs of the SZ@H catalyst enhanced
the amount and rate of CO, desorption from spent
monoethanolamine by more than 40% and 37% respectively,
compared to non-catalyzed desorption. As a result, energy
consumption was reduced by approximately 31%.

® The CeM-HPW composite catalyst improved CO2 desorption
performance, with the desorption capacity and rate increased
by 38.1% and 166% respectively compared to the non-catalytic
process.

® Furthermore, desorption energy consumption was reduced
by 29.4%.

(Bhatti et al. (2020))

(T. Li et al., 2022)

(Tan et al. (2023))

(Zhang et al. (2019))

(Sun et al. (2022))

(Xing et al. (2020))

(Wei et al. (2022))

Table 6

Advantages and limitations of different economic estimators used for absorption-based CO, capture (Ortiz and J, 2020; Kiani et al., 2020; Yun et al., 2021).

Economic estimators Definition

Limitations

Advantages

Net present value

Payback period

Internal rate of
return

Levelized Cost of
CO, Capture

Represents the sum of the present values of all
cash flows, including the initial investment

Defined as the duration required to pay off the
initial investment with revenues from the
beginning of the project.

Measures the difference between revenues, once
discounted the expenses and investment in
relation to the investment

It indicates the average cost per unit of CO,

captured over the lifetime of the capture system.

® Provide a single value for economic analysis
comparison.

® Considers time value of money.

® Suitable for evaluating the profitability of
conceptual design with a relatively short
lifespan.

® Considers the time value of money

® Easier for non-financial stakeholders to
understand

® Considers capital, operating, and
maintenance costs

® Allows for comparison between different
technologies

® Sensitive to discount rate.
® Needs an accurate cash flow projection.

® The performance of the project after the
payback period is often neglected.

® Does not consider the time value of money.
® Not ideal for projects with unconventional
cash flows

® Sometimes issues of ambiguity might arise
due to multiple internal rates of return.

® Sensitive to assumptions about future costs
and performance

o Simplifies complex costs into a single value,
which may not reflect reality

transport phenomena in process units is essential for generating precise

simulation results (Yun et al., 2021).

After equipment sizing, the cost of equipment is determined through
several methods including the CAPCOST software (Turton et al.,
2008), correlations from literature, or published books. There are
also some good websites for equipment cost appraisal such as the

Peters and Timmerhaus (Peters and Timmerhaus, 2023) or a commercial

simulator such as Aspen Capital Cost Estimator.
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In certain situations, equipment capacity may fall outside the
scope of the sources and tools mentioned previously. In such cases,
estimates can be derived from open literature or commercial cat-
alogs, combined with the application of the six-tenths-factor rule
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Fig. 8. Methodology for estimating the techno-economic analysis of absorption-based CO, capture.

(Omoarukhe et al., 2023). Since the equipment purchase cost is typi-
cally sourced from previous years and tends to change over time, it is
necessary to update it to the current year (Omoarukhe et al., 2023).
This can be achieved by using the Chemical Engineering Plant Cost In-
dex (CEPCI).

The economic evaluation follows the technological evaluation, and
it involves the calculations of capital expenditure (CAPEX) and oper-
ating expenses (OPEX). After this, a discounted and undiscounted cash
flow analysis is performed to determine any of the economic estimators
listed in Table 5. To identify and quantify the impact of variations in
key input parameters on the outcome of the techno-economic analysis,
sensitivity and uncertainty analyses are often performed. These analy-
ses help determine which factors have the most significant influence on
the project’s economic viability and highlight potential risks associated
with uncertain inputs. By understanding these uncertainties, decision-
makers can develop more robust strategies, prioritize mitigation mea-
sures, and make more informed investment decisions. The sensitivity
analysis method is used to assess how the variation in input parame-
ters affects the output of a model or system (Okolie et al., 2021). By
changing one input parameter at a time while keeping others constant,
it helps identify the most influential factors and assess their impact on
the results. In contrast, uncertainty analysis is a method used to evalu-
ate the range of possible outcomes and the associated probabilities due
to uncertainties in input variables (Omoarukhe et al., 2023). Detailed
information on the uncertainty and sensitivity analysis methods can be
found elsewhere (Oke et al., 2021; van der Spek et al., 2017; Yates et al.,
2020)
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4.2. Research progress in the techno-economic analysis of absorption CO,
capture

Although TEA of several CO, capture systems has been widely doc-
umented in the literature, limited research has reported the cost anal-
ysis and economic assessment for absorption-based-CO, capture. When
capturing high volumes of CO,, large equipment is often needed to han-
dle the flow. As a result, the capital expenses for heavy machinery and
strong solvents may exhibit reverse economies of scale. Additionally, the
high energy needed to regenerate additional solvents could result in op-
erating and maintenance cost models that also exhibit reverse economies
of scale (Hasib-ur-Rahman et al., 2010).

Some researchers reported the cost analysis of mini-channel ab-
sorbers, taking into account the Present Net Value of capital and op-
erating costs, which suggested that mini-channel absorbers are an eco-
nomically feasible option compared to other conventional technologi-
cal methods (Yang et al., 2018). For plants with capacities in a range
of 5-50 MMSCEFD, the system yielded savings ranging from 50% to 3%
for low CO, capture capacity, mainly because of low capital cost. On
the other hand, the increased operational cost of the small channel ab-
sorbers overwhelms their NPVC at higher plant capacities, frequently
causing them to lose their competitiveness (Yang et al., 2018).

The feasibility of CO, capture and sequestration (CCS) at PacifiCorp’s
Hunter Plant was assessed, evaluating performance, capital, and operat-
ing costs for implementing CCS on Unit 3, which burns low-sulfur, sub-
bituminous coal (Panja et al., 2022). Using the MHI KM-CR Process®
with KS-1™ solvent, the cost of capture decreases with larger capture
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rates and ranges from $50, $61, and $74 per ton of CO, removed for
90%, 65%, and 1000 1bs/MWh-g of CO,, capture, respectively, with CO,
purity greater than 95% (Panja et al., 2022).

In another study, a techno-economic assessment was conducted for
capturing CO, using MEA and a new absorbent, both interconnected
dynamically with a power plant (Yun et al., 2020). According to the
study, the cost of CO, capture using the MEA-based technology in the
Republic of Korea is anticipated to be roughly $35.5/ton of CO,, which
consumes 3.5 GJ/ton of CO,, for regeneration. Meanwhile, using the new
absorbent, which requires 2.17 GJ per ton of CO, regeneration of sol-
vent, results in a CO, capture cost of about $25.7 per ton of CO,. In a
similar study, there was also a techno-economic analysis of employing
aqueous piperazine to capture CO, after combustion that was based on
the CO, concentration, flue gas flow rate, and CO, capture efficiency
(Yun et al., 2020). In this case, the optimum CO,, capture efficiency im-
proved as the inlet flue gas CO, concentration grew i.e., the optimal CO,
capture efficiency reached 95% for an inlet flue gas CO, concentration
of 33 vol%, resulting in the lowest CO, capture cost.

Several absorption processes for CO, capture have demonstrated
relatively lower cost performance compared to conventional tech-
niques, indicating those to be the superior options for capturing CO,
(Chang et al., 2021; Mondal et al., 2012b). However, most of the stud-
ies on these processes have been conducted at the laboratory scale,
and further assessment of the cost analysis of CO, capture through
absorption is still needed. A recent study explores an advanced pre-
combustion CO, absorption process using a novel solvent looping
system for steam methane reforming (SMR), which significantly re-
duces reboiler duties compared to conventional post-combustion cap-
ture processes (Kum et al., 2023). The techno-economic analysis of the
MDEA/PZ blended solvent shows that the CO, capture cost per ton de-
creases as the capture rate increases, and the novel system requires
lower energy consumption and operational expenditure (Kum et al.,
2023).

Siefart et al. synthesized and evaluated two new hydrophobic physi-
cal solvents for CO, capture from pre-combustion syngas streams at inte-
grated gasification combined cycle (IGCC) power plants: PEG-Siloxane-
1 and [aPy][Tf2N] (Siefert et al., 2016). The levelized cost of captur-
ing CO, (LCOCQ) for these solvents is estimated using Aspen Plus and
a detailed techno-economic analysis. The results indicate that PEG-
Siloxane-1 is cost-competitive with the baseline solvent, Selexol, and
[aPy][Tf2N] could potentially lower CO, capture costs, depending on
the commercial-scale synthesis cost (Siefert et al., 2016). Kotamreddy
et al. developed a detailed model for microencapsulated carbon cap-
ture solvents (MECS) using sodium carbonate solution and conducts a
techno-economic analysis (Kotamreddy et al., 2019). The results indi-
cate that optimal residence time minimizes bed volume and heat recov-
ery is crucial for low-energy regeneration. The equivalent annual oper-
ating cost (EAOC) for the MECS fixed bed configuration is 1.8-2.7 times
higher than a conventional monoethanolamine (MEA) solvent system
with 85% heat recovery. However, improvements to the MECS capsules
and contactor technologies are expected to decrease the system cost and
make it more competitive.

Direct air capture (DAC) is an emerging technology that addresses
dispersed CO, emissions, which traditional CCS methods cannot cap-
ture. Barzagli et al. study explored various alkanolamines, particularly
those used in CCS, for DAC efficiency (Barzagli et al., 2020). The re-
sults indicate that aqueous primary unhindered amines are as efficient
as aqueous alkali hydroxides in CO, capture, with the potential for lower
regeneration energy, and that high yield production of amine carbamate
is crucial for effective CO, capture.

Some researchers proposed a hybrid system combining membrane
and enzymatic-absorption processes to remove CO, from flue gas emit-
ted by a 600 MWe power plant (Gilassi et al., 2021). The absorption tech-
nology was based on the use of an amine solvent. This hybrid approach
overcomes the high investment cost and energy consumption associated
with standalone processes. Optimization results show that the hybrid
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system reduces total electricity loss by 124 MW and total annual cost
by $139 million, which is 10% and 37% lower than a standalone mem-
brane process, respectively. This approach offers a more efficient and
cost-effective alternative to traditional amine-based absorption technol-
ogy.

5. Challenges and recommendations

In recent years, absorption processes have emerged as sustainable
and economically favorable methods for capturing GHG emissions, due
to the rapid advancement in CO,-capturing technology. However, to
fully comprehend the potential of these processes for practical applica-
tions, there are still significant challenges and restrictions that need to
be overcome. Definite observations must be prioritized to direct future
research on the development and industrialization of CO, capture via
absorption. These include the resolution of technological, economic, en-
vironmental, and safety issues, as well as the development of different
approaches to improve the effectiveness of the absorption process. The
most important factor for the absorption technique for CO, capture is
solvent selection, which should have high selectivity, minimal environ-
mental impacts, and technical limitations.

Moreover, cost estimation analysis and economic assessment for
post-CO, capture also remain a challenge for researchers as only a few
studies have reported these aspects. Therefore, integrated research is re-
quired to couple the technical perspective and economic dimensions of
the absorption processes for CO, capture. Moreover, in chemical absorp-
tion, more than 60% of the total energy used in the process is used in a
stripper for the thermal regeneration of chemical absorbents, which is
high in the case of CO,. So, to maximize the effectiveness of chemical ab-
sorption, future research should be focused on improving the absorbent
composition and process efficiency. Additionally, future research should
also address issues such as lower efficiency, high-energy requirements,
complete removal of CO,, and the regeneration of the used solvents in
absorption processes for further treatments.

Solvent degradation and evaporation are key considerations that
should be included in future TEA studies. Over time, the chemical re-
actions and exposure to CO, can lead to solvent degradation, reduc-
ing its effectiveness in capturing CO,. This degradation can result in a
decrease in the solvent’s absorption capacity and efficiency, requiring
more frequent solvent replacement or regeneration. The need for addi-
tional solvent replacement or regeneration can increase operating costs,
including the cost of purchasing new solvent, disposal of degraded sol-
vent, and the energy required for regeneration. Solvent evaporation can
result in the loss of solvent from the capture system, reducing its over-
all efficiency and effectiveness. The loss of solvent through evaporation
can lead to decreased CO, capture rates and increased solvent makeup
requirements. This can result in higher operating costs, including the
need for additional solvent purchases and increased energy consump-
tion for solvent regeneration. Solvent degradation and evaporation can
both lead to increased costs associated with maintaining optimal CO,
capture performance. Regular monitoring and maintenance of the sol-
vent system are necessary to mitigate these effects and ensure efficient
and cost-effective CO, capture. Strategies such as solvent regeneration,
solvent recovery systems, and proper system design can help minimize
the impact of solvent degradation and evaporation on overall capture
costs.

6. Conclusions

The issue of climate change has put CC technology at the forefront
of current research globally. This review aimed to highlight recent ad-
vances in various CC techniques, with a particular emphasis on ab-
sorption technology as a means to remove CO, from the environment.
The review focused on the different operational CC processes and high-
lighted the advantages and drawbacks of various solvents used in the
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absorption process. Additionally, this review synchronized various re-
search works from the literature to analyze the economic assessment of
the absorption process. Various challenges facing the technology were
identified, and recommendations were provided to address the chal-
lenges. This comprehensive review covered the background, status, and
future perspectives of CO, capture via absorption technology at various
levels, making it beneficial for future research work.
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