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Abstract: Carbon dioxide, the leading contributor to anthropogenic climate change, is released
mainly via fossil fuel combustion, mostly for energy generation. Carbon capture technologies are
employed for reducing the emissions from existing huge point sources, along with capturing them
from direct air, to reduce the existing concentration. This paper provides a quantitative analysis of
the various subtypes of carbon capture technologies with the aim of providing an assessment of
each from technological, social, geo-political, economic, and environmental perspectives. Since the
emissions intensity and quantity, along with the social-political-economic conditions, vary in differ-
ent geographic regions, prioritising and finding the right type of technology is critical for achieving
ambitious net-zero targets. Four main types of carbon capture technology were analysed (adsorption,
absorption, membrane, and cryogenic) under four scenarios depending on the jurisdiction. The
Technique for Order of Preference by Similarity to Ideal Solution (also known as the TOPSIS method)
was used to establish a quantitative ranking of each, where weightages were allocated according to
the emissions status and economics of each depending on the jurisdiction. Furthermore, forecasting
the trends for technology types vis a vis carbon neutral targets between 2040 and 2050 was carried out
by applying regression analysis on existing data and the emissions footprint of major contributing
countries. The study found the membrane score to be the highest in the TOPSIS analysis in three of
the four scenarios analysed. However, absorption remains the most popular for post-combustion
capture despite having the highest energy penalty per ton of CO, capture. Overall, capture rates
are well short of projections for carbon neutrality; the methodology put forward for prioritising
and aligning appropriate technologies and the region-by-region analysis will help highlight to tech-
nocrats, governments, and policymakers the state of the art and how to best utilise them to mitigate
carbon emissions—critical in achieving the net-zero goals set at various international agreements on
climate change.

Keywords: absorption; adsorption; energy penalty; membrane capture; net-zero

1. Introduction

Greenhouse gas emissions have been scientifically linked to global warming, resulting
in a rise in sea levels and subsequent climate change. This happens due to the ability of
greenhouse gases to trap the infrared radiation in the Earth’s atmosphere. Carbon dioxide
makes up more than three-fourths of greenhouse gas emissions, followed by methane and
nitrous oxide. Anthropogenic greenhouse gas emissions have resulted in climate change,
manifested by global warming and rising sea levels. Carbon dioxide makes up around 76%
of greenhouse gas emissions. Methane, which contributes around 16%, comes primarily
from farming and agriculture. The detailed breakdown of greenhouse emissions is shown
in Figure 1.
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m Carbon dioxide = Methane = Nitrous oxide HFC, PFC and SF6
Figure 1. Greenhouse gas emissions breakdown by compound [1].

Perceiving the gravity of the situation, the UK, along with other members of the G7,
have committed to a 2050 net-zero goal. This has been reiterated by the UK government’s
ten-point plan [2]. It points out the need for investments in carbon capture, usage, and
storage. Around 200 countries agreed on the Paris Climate Treaty in 2015, aiming to
“limit global warming to well below 2, preferably to 1.5 degrees Celsius, compared to
pre-industrial levels” [3]. Capture technologies could either be oxyfuel combustion, post-
combustion, or pre-combustion. In this article, the focus will be on post-combustion carbon
capture. Although there are several types of post-combustion carbon capture processes in
various stages of technological development, their performance criteria, such as capture
efficiency, cost, and energy consumption, are spread on a wide range. This paper assesses
these capture routes to identify their metrics. The TOPSIS method will be used to rank
these technologies based on the metrics. Understanding the technology priority for their
country and aligning their carbon-neutral agenda accordingly will accelerate the journey
towards a global net-zero goal.

We hence study the main post-combustion carbon capture technologies, absorption,
membrane, adsorption, and cryogenic carbon capture technology (Figure 2 showing their
sub-classifications), with an aim to carry out a comparative analysis of these technologies.
This is conducted in terms of four parameters: scalability, capture cost, recovery rate, and
energy consumption. Detailed analysis of transportation, storage or seabed sequestration,
and utilisation of captured carbon falls outside the scope of this research. The Technique
for Order of Preference by Similarity to the Ideal Solution method (otherwise known as
TOPSIS) is then used to analyse these metrics and rank them for four different typical
cases: developing countries with high emissions, developing countries with low emissions,
developed countries with high emissions, and developed countries with low emissions.
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Figure 2. Different routes for carbon capture. Based on Ref. [4].

2. Research Methodology
2.1. Overall Strategy

Since the purpose of this research is to comparatively analyse different technologies,
a secondary research method is adopted. Once the research topic is defined, all available
data sources related to the topic are examined. Books, academic journals, and industry
websites are used to gather, validate, and organise the data. External secondary research
methodology is employed since the information collected is not from in-house data sources.
Data were collected from online library databases DOA], SCOPUS, Web of Science, EBSCO
host, ScienceDirect, and Google Scholar. Using the keywords and search criteria mentioned
in the literature review section helped in narrowing down the search. Keywords such as
‘types of carbon capture’, ‘assessment’, ‘absorption and adsorption’, ‘membrane’, ‘chemical
looping’, ‘cryogenic carbon capture’, and ‘comparative analysis’ were used. Search results
were further refined and narrowed down by selecting the source type and year of publica-
tion date range. Out of the 184 relevant papers collected from these sources, 117 papers
were shortlisted and used for referencing in this article. Once the relevant information
was gathered and organised, data were compared and analysed. A detailed literature
review helped to deduce four main metrics related to carbon capture types: capture rate,
technology readiness level, capture cost, and energy consumption.

Since there are multiple criteria involved in this decision making, the TOPSIS method
was used to rank the technologies. Four different typical cases were considered: developing
country with high emissions, developing country with low emissions, developed country
with high emissions, and developed country with low emissions. Weightages for these
four parameters are given accordingly to formulate a weighted normalised matrix. The
ideal best and ideal worst values are calculated for each type. Euclidean distances to the
ideal best and ideal worst values are calculated. These values are then used to calculate the
performance score for each carbon capture type. Figure 3 visually shows the methodology.
The TOPSIS method indicated at the bottom of the schematic is described in more detail in
the next section.
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Figure 3. Flowchart visualising the research methodology used in this article.

2.2. Multi-Criteria Decision Method—The TOPSIS Technique

This study aims to prioritise and rank four main types of carbon capture technology:
absorption, adsorption, membrane separation, and cryogenic carbon capture. Four dif-
ferent cases are considered for this technology prioritisation: developing countries with
high emissions, developing countries with low emissions, developed countries with high
emissions, and developed countries with low emissions. Most countries will fit one of these
cases and have already made a commitment to net zero by this mid-century [5]. Metrics are
given weightages for each case considering their emissions status and economics.

Four main metrics are analysed for each capture route: technology readiness level
(TRL), capture efficiency or the percentage of CO;, removed from the flue gas, energy
consumption for capture, and cost of capture. A decision matrix is formed with the metrics
for each carbon capture route. The normalised matrix is calculated using Equation (1) given
below. The formula for calculating the normalised matrix is as follows:

—— €))
\/ Xz Xij

where X;; denotes the elements of the normalised matrix, and X;; denotes the elements of
the decision matrix. In this formula, the denominator is the square root of squared sums
of the values in that column. Each value in the decision matrix is then divided by this
denominator to obtain a normalised matrix. The normalised matrix is then multiplied with
the weightage to obtain the weighted normalised matrix shown in Equation (2). Weightage
is shown in the first row of the decision matrix. Multiplying this with the values in the same
column in the normalised matrix would give the elements of the weighted normalised
matrix, denoted by Vl-]-.

Yij =

where W; denotes the weightage for that metric. This weightage is given based on the
emissions intensity and affordability for each case. The next step is identifying the ideal best
and ideal worst values for each metric. It may be noted that for metrics such as TRL and
capture efficiency, a higher value would be considered the ideal best, whereas for energy
penalty and cost, a lower value would be considered the ideal best. V+ denotes the ideal
best values, and v— denotes the ideal worst values for each metric. Equations (3) and (4)
are used for calculating Euclidean distance from the ideal best and ideal worst. The formula
for calculating the Euclidean distance from the ideal best is as follows:

®)
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where Ujj denotes elements of the normalised matrix, and v;r denotes the ideal best value

for that metric. Similarly, the formula for calculating the Euclidean distance from ideal
worst is

)

vjj denotes elements of the normalised matrix, and vj_ denotes the ideal worst value
for that metric. Equation (5) to calculate the performance score is

S.
Pj=—1— 5
"ost s ©)

Here, the denominator is the sum of the Euclidean distance from ideal best (si+ ) and
ideal worst (s;"). The numerator is the Euclidean distance from the ideal worst. The option
with the highest performance score could be considered the best available solution. In this
study, we consider four different cases, with varying weightage on metrics depending on
the varying income level and carbon footprint.

3. Results and Discussion

In this section, the various technologies used to achieve post-combustion carbon
capture will be assessed. These are absorption, adsorption, membrane separation, and
cryogenic methods. Analysis will be carried out to evaluate their strengths, weaknesses,
and energy consumption. TOPSIS will then be used to rank them as the most promising
technologies for post-combustion carbon capture towards achieving net-zero CO, emissions
by 2040.

3.1. Absorption

Absorption is the main technique currently used for carbon capture and is the most ma-
ture and deployed system in industry. Absorption could be broadly classified into physical
and chemical absorption processes. Chemical absorption includes using chemical reactions
to separate carbon dioxide. Physical absorption involves mass transfer at the interface [6].
Physical absorbents are generally derived from Selexol and Rectisol. Physical absorption
depends on the solubility of CO, in the solvent and is preferred at higher pressures [7].

3.1.1. Chemical Absorption

The main advantage of chemical absorption is its high absorption capacity [8]. Amine-
based carbon capture mainly works on an absorption-regeneration loop. The solvent in
the absorber reacts with the carbon dioxide in the flue gas from the plant. This CO,-rich
solvent is then transferred to a stripper to regenerate CO, at high temperatures. This
will reverse the process to release CO,, and this cycle is repeated. The amine method
can recover 85-95% CO, from flue gas. Piperazine is noted to have a high resistance to
degradation. Using solvent blends would assist in enhancing absorption properties. It has
been found that blending piperazine with monoethanolamine can enhance the absorption
rate since piperazine is faster than monoethanolamine [9]. Chemical absorption is the most
widely deployed industrially for post-combustion carbon capture. Readers can find a lot of
material on classifications in the open literature. Hence, they will not be repeated here.

3.1.2. Physical Absorption

Physical absorption methods are useful for small temperatures and large pressures
of the separated gas. In the coal gasification process, chemically inert solvents such as
Selexol, Rectisol, and Purisol are used [9,10]. There are many existing commercial processes
(see Figure 4), such as the Selexol Process, Rectisol Process, Purisol Process, Morphysorb
Process, and Fluor Process. The absorbents are diethyl ether or propylene glycol for the
Selexol Process, methanol for the Rectisol Process, N-Methylpyrrolidone for the Purisol
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Process, morpholine for the Morphysorb Process, and propylene carbonate for the Fluor
Process [11]. The merits and demerits for different physical absorption carbon capture are

shown in Table 1.

Absorbent Materials

Amines (mono and diethanolamine)

Chemical absorbent

lonic liquids
Aqueous solvents
Ammonia
Blends

Physical absorbent
Purisol
Morphysorb
Rectisol
Fluor

Selexol

Figure 4. Carbon capture absorbent classification [6].

Table 1. Merits and demerits of different physical absorption processes [12].

Process Advantages Disadvantages
Hydrogen sulphide selectivity is high.
No washing is required to recover solvent. Reduced absorption rate at

Selexol High stability. low temperature [15].
Pollution level in exhaust will be low [13] CO; concentration should be high for
Capable of moisture removal. efficient operation [14].
Minimal capital and operational expenditures [14].
Efficiency is high.
Enable simultaneous capture of H,S and CO,. .

. Expensive due to

Rectisol No solvent wastage [13]. complex process [14,16]
Reduced energy penalty. piexp T
Stable and resistant to corrosion [14].

Purisol Can be used for both H,S and CO; removal [13]. Low efficiency and stability

for solvent [13].
Morphysorb process High absorption and corrosion-resistant solvent. Technology readiness level is low.

Reduced Capex and Opex. Energy efficient.

Fluor process

Expensive. Contactor technology is

High absorption and resistance to corrosion [14]. not mature [14]

3.2. Adsorption

In the adsorption carbon capture process, a rigid surface is used to remove CO, from
the flue gas. There are mainly two types of adsorption: physical adsorption and chemical
adsorption [12]. Pressure swinging (PSA) or temperature swinging (TSA) is used to release
and revive the adsorbent material [17]. In TSA, the saturated adsorbent is heated (using
hot air or steam) to the temperature range at which the physical or chemical bond is broken
to release the adsorbed species, whereas in PSA, pressure is reduced to achieve the same
effect [12]. Table 2 shows the advantages and disadvantages of various types of adsorbents.
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Table 2. Merits and demerits of major adsorbents [18].

Type of Adsorbents Merits Demerits

Highly porous. Stability with high

Zeolite Susceptible to corrosion.
capture rate.
. . s Efficient only at high carbon dioxide
Activated carbon [19] Compact and economical. High stability concentration. Prior water separation

and corrosion resistance . .
is required.

Amine-functionalised adsorbents [20] Works at low flue gas pressure. High No’F stable at high
capture capacity. operating temperatures.
Metal-Organic Framework [19] High capture capacity and efficiency. Costly and susceptible to corrosion.

Cheap and available. Works on a wide

Alkali-metal-based oxides [21] temperature range

Low stability and capture capacity.

3.2.1. Physical Adsorption

In physical adsorption, porous materials like activated carbon, zeolites and metallic
oxides are used [22]. Even though zeolites are hydrophilic, they have strong adsorption
properties for carbon dioxide capture. Study [23] indicates that water could weaken the
compound interactions. Metal ions in the metal-organic framework (MOF) are helpful in
creating strong coordination bonds. Research [24] suggests that an optimum adsorbent
should have fast kinetics, low heat capacity, high selectivity, and adsorption capacity.
Although porous carbon is thermally stable and cheap, its application is limited to treating
pressured gases [25]. Zeolites are another widely used physical adsorbent.

3.2.2. Chemical Adsorption

Chemical modification would help improve adsorption and selectivity. Due to reduced
heat capacity, adsorbents have less regeneration heat. Low capture capacity, along with
an increase in cost, is another drawback of this technology [11]. They could be further
classified into amine-impregnated and amine-grafted materials [24].

3.3. Membrane Separation

This is usually carried out in a scheme consisting of two stages. At first, the flue
gas is cooled down via an absorber before sending it to the membrane. The permeate is
then sent to the second membrane, while the remaining is recirculated as a sweep [26].
There are various types of membrane separation processes: (a) Gas separation and gas
absorption membranes. This separation process involves passing flue gas via separation
membranes and absorption membranes. In the gas separation membrane, flue gas is in
contact with the part of the membrane with high pressure, while CO; is separated from
the other side with low pressure. In a gas absorption system, a microporous membrane
enables gas flow and absorption [10]. (b) Ceramic, polymeric, and hybrid membranes.
Permeability and selectivity are the main characteristics to keep in mind when selecting
this type of membrane. Three important subtypes are polymeric membranes (organic),
ceramic membranes (inorganic), and hybrid membranes [27]. Recent studies (including [28])
indicate that membranes like PRISM, Polaris, PolyActive, PermSelect, and Medal [28] could
be used for post-combustion capture. Experiments on metal-organic frameworks (MOFs)
might offer advantages like large surface areas, adjustable pore sizes, and controllable
pore-surface properties [27].

3.4. Cryogenic Carbon Capture

Carbon dioxide separation from the flue gas mixture is carried out using condensation
and desublimation to obtain a high recovery rate [29]. The process includes freezing carbon
dioxide prior to solid gas separation. The main types of cryogenic carbon capture methods
are shown in Figure 5. Different cryogenic methods are used for two regions. Conventional
liquid-vapour separation is used for above 193 K, and non-conventional solid-vapour
separation is for regions under the black solid curve.
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Figure 5. Cryogenic carbon capture separation types [30].

3.4.1. Conventional Cryogenic-Based Vapour-Liquid Separation

This gas-to-liquid separation prevents clogging due to solid formation. Heavier
hydrocarbons are used to avoid carbon dioxide solidification. Carbon dioxide purification
units would require techniques for water elimination to steer clear of ice plugging [30].
Holmes and Ryan [31] originally proposed this cryogenic distillation for the purification of
natural gas. The feed gas is cooled by a precooler, which is again chilled down by a heat
exchanger. The distillation column consists of vapour-liquid contact devices. Condensed
carbon dioxide, which is gathered at the bottom, is then transported to a separator. Purified
carbon dioxide is then extracted from the separator [32].

3.4.2. Unconventional Cryogenic-Based Vapour-Solid Separation

Low energy consumption, when compared to conventional separation, is an advantage
for vapour-solid separation. Study [33] shows that for a gas with 70% carbon dioxide
concentration, energy consumption for a cryogenic packed bed is considerably low when
compared to conventional cryogenic distillation. The different options to achieve these cold
temperatures are heat exchangers, cryogenic liquids, and packed beds [33].

3.4.3. Heat Exchangers

Heat exchangers mainly include coil-wound heat exchangers, plates, multi-stream
plates, fin, and regenerative types. Defrosting would be required to optimise pressure loss
on the gas side circulation [33]. This switching between frosting and defrosting conditions
could become an operational challenge.

3.4.4. Cryogenic Liquid

Flue gas is in direct contact with cryogenic liquid. Carbon dioxide would be dissolved
in the cryogenic liquid and later become slurry. Final filtration would provide pure carbon
dioxide [34]. The contacting liquid could be reused since the solid carbon dioxide is filtered.
Recent study [34] indicates that energy consumption of 0.74 MJ/kg CO, is required to
attain a 90% capture rate.

3.4.5. Packed Beds for Cryogenic Capture

Nitrogen at cryogenic temperature is filled in a packed bed prior to feeding flue gas.
Carbon dioxide will be desublimated to become frost. Once the column is saturated, a
regeneration step is required to avoid frost from the packed beds. Multiple packed beds
are operated in parallel to continue capture, regeneration, and cooling steps. Numerical
analysis [35] reveals a cooling duty range from 1.2 to 2.6 MJ/kg CO,. They were also
proposed [36] instead of operating multiple beds in cycles. This prevents excessive CO,
frost formation on the column.
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3.5. Strengths, Weaknesses, Opportunities, and Threats (SWOT) Analyses

Studies [9,23,37] propose that using biphasic solvents and water-free solvents would
considerably reduce the energy consumption of the process. Research [38] indicates that a
capture efficiency of up to 95% could be achieved by using ethylene glycol-based solvent
mixtures. As per [39], using deep eutectic solvents could decrease corrosion, require low en-
ergy consumption for regeneration, and lessen the solvent vapour pressure. Studies [40,41]
indicate some drawbacks to chemical absorption technology, which include high equip-
ment corrosion rate, low carbon dioxide loading capacity, amine degradation, high energy
penalty, and large equipment size. Disadvantages of aqueous amine absorption also include
a low gas-liquid contact area. Table 3 highlights the strengths, weakness, opportunities,
and threats associated with different carbon capture routes.

Table 3. SWOT Analysis.

Absorption Adsorption Membranes Cryogenic
High carbon High carbon
capture efficiency. i recovery rate.
Could be used to filter out i?;ﬁi_?g;ig?t Could be used to filter
other pollutants as well. Sorbents could be Hieh puritv and rec}(:ver out other pollutants
Easily adaptable at power g1 purtty y as well.
. regenerated and reused. of COy. .
Strengths stations and other ) Easily adaptable at
. Low cost of sorbents. Short startup time and :
point sources. Mature technolo low energy requirement power stations and
Availability of cheap solvents. &Y: By requurer ' other point sources.
. Low-cost separation .
Suitable for of CO Energy required for
high-temperature 2 compression can
applications be saved.
Scilrfcirelzgi;ig I:Eiitlon Membranes have strict Moisture removal from
ey Frequent regeneration temperature . .
consumption 1d lead - flue gas is required.
for regeneration would ead to requirements. Substantial energy
. ) quick replacement. Susceptible to corrosion. .
Amines are prone Less carbon Low selectivity for requirements for
Weaknesses to corrosion. capture capacit CO, ca tur}(]e cryogenic process.
Solvent regeneration P pactty. . 2 capture. High installation cost.
. Huge energy High capital expense. .
efficiency. consumption Hich carbon Not economical when
Huge plant equipment size. pho &1 car . carbon dioxide
. for regeneration. concentration is required L
Large capital cost for in flue oas concentration is low
high-performance sorbent. 8as.
High commercial
availability and
separation efficiency.
Cheap solvent availability DeV('eIOI;ment n
with high capture capacity. Development in composite ollow—ﬁbre . Long ’Erack record for
Amine absorption is the most ~ composite adsorbents. Ei?il:(ri?eeri{bﬁi:\ij mdgsatnﬁrggi;ggzery
widely used technology in Low-cost reusable and hvbrid / dioxige could be used
Opportunities carbon capture. sorbents make this Y . . .
Recent progress in technology promising membrane—cryogenic for industrial purposes.
4 ’ processes. High purity of product

technology readiness levels.
Advanced amines and
Ionic liquids.

Noncorrosive.
Gas products are dry.

Low cost of separation
and energy requirements
could drive this
technology in the future.
Low footprint, good for
offshore use.

increases the
economic value.
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Table 3. Cont.

Absorption Adsorption Membranes Cryogenic

High energy
Achieving optimum Energy intensive. consumption and
Large capital costs and high ~ operating temperature. Low selectivity and installation costs could
energy penalties would be Low technology temperature sensitivity.  serve as a deterrent for
challenging. readiness level. Requires multiple stages this technology.
Potential corrosion issues. Increased energy of removal and Only viable for high
Amine degradation. penalty along with compression. carbon dioxide
Environmental impact periodic sorbent Operational issues like concentration.
regeneration. low fluxes and fouling. Subzero temperature
requirement.

References [11,12,42,43] [11,12,30] [29,43,44] [32,35,45]

Threats

Adsorption processes for carbon capture are usually carried out using specialised
materials which are activated to be micro- and nanoporous. Once adsorbed, the material
needs to be regenerated, and this is carried out by a process known as temperature swing
adsorption (TSA). TSA processes have been found to be most effective for low CO, concen-
trations. If the carbon dioxide partial pressure is high, pressure swing adsorption (PSA) is
preferred [46]. Due to less requirement for adsorbent regeneration, study [17] argues PSA
would be more appealing. Advantages of adsorption include less energy penalty with an
economical regeneration process, higher stability, and high loading capacity [47]. Study [48]
indicates that the adsorption efficiency of zeolites is determined by the density of charge,
size, and molecular arrangement of positively charged ions. Metal-organic frameworks
(MOF) have generated interest because of their tuneable opening surface and increased
area of contact [49]. MOFs have extraordinary adsorption capacity while dealing with pure
carbon dioxide at high pressure [50]. The main drawback for most physical adsorbents is
low carbon dioxide selectivity.

Membrane processes have the advantages of low cost, mechanical stability, and high
gas flux [51]. However, low selectivity is one of the drawbacks of polymeric membranes.
Although ceramic membranes have high selectivity, their production is more difficult [27].
Hybrid membranes combine the advantages of both polymeric and ceramic membranes.

For cryogenic carbon capture processes, the main disadvantage is the high energy
demand that would be more than half of the plant’s operating costs. High purity of
recovered carbon and operating capability at atmospheric pressure are advantages of this
process. This comparative analysis is the result of comparing data obtained for each carbon
capture route. The main parameters used to measure these technologies are technology
readiness level (TRL), capture cost, energy consumption, and carbon recovery rate (Table 4).

Table 4. Comparative analysis of different carbon capture routes showing variability in capture costs
at different locations.

Technology Absorption Membrane Adsorption Cryogenic
Technology Readiness Level 41 4 3.6 3.7

Capture Cost/tCO, USD 40-100 USD 15-55 USD 50-150 USD 55-130
CO; recovery 60-95% 60-90% 80-95% 99.99%
Energy consumption (GJ/tCO;) 2.3-9.2 GJ/tCO, 0.5-6 GJ/tCO, 4-6 GJ/tCO, 2.4-5.2 GJ/tCO,
References [11,12,42,43] [29,43,44] [11,12,30] [32,35,45]

3.6. Assessment

All carbon capture technologies incur energy penalties. Scalability or the technology
readiness level varies considerably across these different types of technology. While some
carbon capture technologies are already in commercial-scale operation, some are still being
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Technology

Readiness Level
(TRL)

developed and tested in laboratories. Capture efficiency, or the percentage of carbon
dioxide captured successfully from the flue gas, is another decisive factor for prioritising
the technologies. Retrofitting a carbon capture unit on an existing power plant and building
a new power plant with an inbuilt capture unit would have different economic impacts.
The Levelised Cost of Energy or LCOE measures the average net cost of energy along
with the average capital and operational expense involved in carbon capture units. All
the above parameters should be given weightage while selecting the optimum technology.
Detailed assessments (under the headings shown in Figure 6) would consider these critical
technical and economic factors in the decision-making process. A comprehensive review
of all these factors would enable the governments and other stake holders to make an
informed decision.

Assessment

I I

Energy penalty

Carbon dioxide Capture efficiency

capture cost

Figure 6. The four metrics considered for the assessment of capture methods.

3.6.1. Technology Readiness Level

The technology readiness level (TRL) is used by many institutions to assess the readi-
ness of a technology for the market. It was pioneered by the US National Aeronautics and
Space Administration (NASA) and adopted by other US organisations such as the Electric
Power Research Institute (EPRI) and the Department of Energy (DOE). A variation of it
was standardised by the European Union (EU) and used worldwide. A technology in the
conceptual stage would have a TRL score of 1, while a fully tested commercial service
would have a TRL score of 9. As per the EPRI definition [52], TRL stages 1-3 would fall
under research, 4-6 would be development, and 7-9 would be the demonstration phase
(Table 5). Following this framework, EPRI assigned TRL levels to different carbon capture
technologies. The EPRI study [52] concluded that absorption is the most mature carbon
capture technology.

Table 5. Technology readiness level score.

Demonstration

Normal commercial service

Commercial demonstration, full-scale deployment in final form
Sub-scale demonstration, fully functional prototype

Development

Fully integrated pilot tested in a relevant environment
Sub-system validation in a relevant environment
System validation in a laboratory environment

Research

Proof-of-concept tests, component level
Formulation of the design
Basic principles observed, initial concept

RN W[ 01T ]| O

EPRI has evaluated over 100 post-combustion carbon capture technologies [53]. TRL
ranking is shown in the histogram in Figure 7. The vertical axis shows the number of
post-combustion carbon capture technologies reviewed, while the horizontal axis shows
the TRL score. Almost 60% of the technology are absorption-based, followed by membrane
and adsorption.
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Figure 7. Technology readiness level of various CC technologies (horizontal axis) versus number of
technologies reviewed (vertical axis).

Study [33] indicates that the technological readiness level of moving packed bed
cryogenic carbon capture technology is TRL 3. Other sub-types of cryogenic carbon capture
technology are also in the early phase of development. Most advanced cryogenic carbon
capture technology uses heat exchangers followed by bio-methane liquefaction with a TRL
score of 6 [33].

Absorption carbon capture is already widely used in petrochemical and other indus-
tries. Its ease of operation, along with economy of scale, has made it a favourable choice
for natural gas treatment [54]. The existing main challenge for this technology is consid-
erable energy consumption for solvent regeneration. Incremental improvements in this
technology occurs by modifying the solvent and using corrosion inhibitors [55]. The current
research focus is on reducing regeneration heat for the system [56]. It has been observed
that increasing solvent concentration along with using solvents with low-reaction kinetics
helps to reduce required regeneration energy. Using amine blends such as Cansolv [57] by
Shell has helped in process optimisation. Methods such as using catalysts to enhance the
absorption rate are still a long way from commercialisation. Other examples of absorption
types with low TRL include piperazine [58] and carbonic anhydrase [54]. Ongoing research
on amine solvents includes siloxanes [59] and ionic liquids [60].

Significant experience in industrial gas separation [52] has been an advantage for
absorption technology when compared to membrane and adsorption carbon capture tech-
nologies. Figure 7 shows that for TRL 3, TRL 4, and TRL 6, there is a significant dominance
of absorption carbon capture technology. For TRL 3 and 4, relatively new chemicals such as
ionic liquids and solvents [52] are used for absorption, while those in TRL 6 use mature
chemicals such as amines. However, considering the technology readiness level for all
sub-types of absorption carbon capture technology, the Electric Power Research Institute
(EPRI) has assigned the average TRL value as 4.1 [52].

Adsorption capture technologies are less commonly used in chemical industries when
compared to absorption-based processes. Successfully developing a commercial-scale
adsorption-based capture system requires the technological development of adsorbent
materials along with the corresponding progress in process design [61]. Economical and
humidity-inert adsorbent development shows progress in some studies released by the
University of Wyoming [62]. Detailed cost-benefit analyses are required to verify the
performance of these latest adsorbent techniques to justify their higher cost. Initial studies
at the University of Berkeley [63] are aligned in this direction. The use of metal Oxide
frameworks (MOFs), along with organic molecules, is being undertaken at the University of
California [64]. It may be noted that all these advancements are in the laboratory validation
stage, thereby determining its technology readiness level at 3 and 4 [54]. Bench scale testing
is already in progress at Ohio State University [65], where adsorbents are integrated with
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sophisticated process designs for carbon capture. The overall technology readiness level
assigned by EPRI for adsorption technology is 3.6 [52].

The usage frequency of membrane separation in chemical processes is low when
compared with absorption and adsorption carbon capture processes. Honeywell [66]
is using a polymeric membrane for carbon separation for natural gas processing. An
important technical challenge faced by membrane technology in coal-fired power plants is
the particulate depositing on the membrane, causing significant permeability decrease [67]
over time. Another technical challenge is the requirement for a large membrane area. Since
relative pressure from the flue gas is low, accommodating this large membrane area raises
significant design challenges. However, the relatively low energy penalty [43] is a driving
force for the advancement of membrane separation technology. Considering the overall
progress in membrane separation, EPRI has assigned a technology readiness level of 4 [52].

Several sub-types of cryogenic carbon capture process are in different stages of tech-
nical development. For packed bed cryogenic technology [35], the cold energy source
is liquid nitrogen gas. Therefore, the advancement of this technology is limited to the
availability of liquid nitrogen gas. Although this technology can avoid high-pressure drops,
its development is still at the lab scale [68]. The limitation of anti-sublimation technology
is that it is dependent on liquefied natural gas as its cold energy source. Now in the pilot
demonstration stage [69], its lower energy consumption makes it a promising technology
for the future. Cryocell technology [70] is only suitable for high carbon concentrations. The
high energy requirement for compression is another limitation of this technology. High in-
stallation cost is the main hindrance to the growth of distillation cryogenic technology [71].
The main advantage of distillation technology is that compression costs can be avoided.
Stirling cooler technology has the advantage of low energy penalty [72]. Research [73] indi-
cates that this technology is still at the lab scale. Since most of the cryogenic carbon capture
technologies are in component-level testing or system validation stage, EPRI has assigned
an overall technology readiness level of 3.7 [52] for cryogenic carbon capture technology.

Although the TRL framework provides an overview of the scalability and commercial
feasibility of the technology, it does not show the information needed to assess the progress
required [52] to move on to the next stage. The technology readiness level, as calculated by
EPRI, for main carbon capture types is shown in Table 6.

Table 6. Overall TRL for capture routes.

Type of Capture Technology Overall TRL References
Absorption 41 [52,54]
Adsorption 3.6 [52,54]
Membrane 4 [52,54]
Cryogenic 3.7 [52,54]

3.6.2. Capture Efficiency

The carbon dioxide capture efficiency or recovery rate is a determining factor while
prioritising the technologies. The recovery rate varies with the pressure of flue gas and the
type of fuel used. It may also be noted that increasing the capture efficiency often happens
at the expense of increased capture cost and energy penalty. Therefore, process optimisation
is required to consider the overall benefit. Absorption carbon capture technology has a great
recovery rate when compared with other post-combustion carbon capture technologies.
Research [74] indicates that monoethanolamine sorbents have an efficiency of over 90%
for carbon dioxide absorption. A successful pilot plant testing [75] was carried out with
a monoethanolamine-based absorption system. Other studies [76] with piperazine and
ionic liquid sorbents have also shown promising capture efficiency. Although piperazine
reacts faster than monoethanolamine, it is more expensive, and development is still under
process. Studies [11,12,42,43] suggest an overall carbon dioxide recovery rate of 60-95%
for absorption capture. Research [77-79] indicates that adsorption technology has lower
capture efficiency when compared to cryogenics and absorption carbon capture. Study [80]



Energies 2024, 17, 1460

14 of 26

indicates that pressure swing adsorption has succeeded in achieving more than 85% ef-
ficiency in carbon dioxide recovery. Temperature swing adsorption [81] has been shown
to achieve a more than 80% recovery rate. Various research [11,12,30,82] have indicated a
recovery rate of 80-95% for adsorption carbon capture.

Membranes with high efficiency [29,83] achieved a recovery rate of 82-88%. Polymeric [83],
metallic [84], and ceramic membranes have shown more separation efficiency than absorp-
tion systems [85]. Low carbon dioxide concentration and pressure are critical factors affect-
ing the capture efficiency of the membrane system. A study on polymeric membranes [86]
shows that increasing the recovery rate would require an additional 50% increase in cap-
ture cost. Facilitated [87] transport membrane was successful in achieving more than 90%
capture efficiency. Multi-stage [88] membrane systems could also achieve 90% capture
efficiency in power plants. An overall capture efficiency of 60-90% was achieved for mem-
brane separation carbon capture technology in various studies [29,43,44]. Cryogenic carbon
capture technologies generally have a very high carbon capture rate. A gas separation
process called cryogenic distillation [85] could achieve a 90-95% carbon dioxide recovery
rate. Operating temperature is a critical factor in determining the capture efficiency of
a cryogenic carbon capture system. When maintaining cryogenic [34] temperature, car-
bon dioxide concentration in the air from the capture unit exhaust would be less than
that of ambient air. Cryogenic-packed beds have recorded a 99% [35] carbon dioxide
recovery rate. Controlled freeze zone [89] using natural gas sources also succeeded in
achieving a 98-99% recovery rate. The external cooling loop cryogenic process [90] was
able to achieve 95.6% capture efficiency. Experiments at coal-fired power plants with the
anti-sublimation cryogenic process [69] showed a 90% carbon dioxide recovery rate. The
recovery and capture rates of different cryogenic capture technologies is summarised in
Tables 7 and 8 respectively.

Table 7. Recovery rate for types of cryogenic capture routes.

Type of Cryogenic Recovery Rate Reference
Packed bed 99% [35]
Anti-sublimation 90% [69]
Controlled freeze zone 98-99% [89]
External cooling loop 95.6% [90]
Stirling cooler 85% [91]

Table 8. Overall capture rate for types of carbon capture.

Type of Capture Technology Overall Capture Rate References
Absorption 60-95% [11,12,42,43]
Adsorption 80-95% [11,12,30,82]
Membrane 60-90% [29,43,44]
Cryogenic 99.99% [32,35,45]

3.6.3. Capture Cost

Although there are numerous studies [45,92-94] investigating the economic aspects of
carbon capture, a significant difference in cost estimation could be observed. This could be
partly due to the difference in assumptions and cost assessment methods along with the
variety of capture technologies and cases studied. Different scenarios, such as brownfield
(retrofitting) projects and Greenfield projects, along with the type of fuel used and the
intended capture efficiency, are all determining factors for a scientific cost assessment [93].
Since the scope of the study is to prioritise different carbon capture techniques, carbon
storage and transportation costs are not taken into consideration here. Additionally, in
many projects, transportation and storage infrastructures are pooled with other entities
(factories or power plants). Since the standard assumptions will not fit all situations, the
scope of an accurate cost estimate may vary on a case-by-case basis. The cost-estimating
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framework is dependent on a reference plant without carbon capture to which the plant
fitted with carbon capture is compared. The levelised cost of electricity (LCOE) is the unit
cost of power generation in a power plant’s lifetime. It can be used as a tool to compare
unit costs for different types of technologies. Discounted value is taken into consideration
while calculating over a period of time [93].

The operation cost for the Purisol process is 30-40% [95], which is less than the Selexol
process. The degradation of absorbents is the leading cause of the increase in operational
cost for absorption technologies. Study [96] indicates that the overall cost for amine
absorption is USD 52-77/tCO,. A study on exergetic and exergoeconomic analysis of
chemical absorption [97] indicates that the capture cost would be 31.8-35 USD per ton of
CO;. The main capital cost components of absorption technology are absorber and stripper.
Research [98] indicates that absorber cost comes to around 55%, while stripper cost accounts
for 17% of the total capital cost required for the installation. The overall capture cost per
ton of CO; for absorption carbon capture technology is USD 40-100 [11,12,42,43].

Activated carbon is an attractive physical adsorbent due to its low cost [25]. Amine-
based adsorbents have relatively low capture efficiency and high cost. Although highly
flammable, propane is a cheaper adsorbent. Study [99] also indicates that calcium-based
adsorbents are cheap and widely available. Alkali-based oxides [48] have low cost with high
adsorption capacity. Equilibrium-based temperature swing adsorption [100] was estimated
to have an operating cost of USD 80-150 per ton of CO,. This study also demonstrated that
cost could be reduced to USD 50-80 per ton of CO; by limiting the adsorption capacity.
Research [11,12,30,82] indicate that for adsorption carbon capture, the overall cost per ton
of CO, is USD 50-150. Conversely, membrane carbon capture technology is relatively
cheaper when compared with other post-combustion carbon capture technologies. A report
by the US Department of Energy [101] indicates a capture cost of USD 15-20 per ton of CO5.
A study [43] on combustion air sweep membranes resulted in a low capture cost of USD
23 per ton of CO,. This research also found that enhancing the membrane permeability
would be even more economical. A study on hybrid membrane systems [44] indicated a
cost estimation of USD 25 per ton of carbon dioxide. Research on the two-step membrane
separation system [43] indicated the capture cost to be about USD 39 per ton of carbon
dioxide. A counter-current sweep carried out in the same study showed a cost of USD
23 per ton of CO,. Studies [29,43,44] indicate an overall capture cost of USD 15-55 per ton
of COZ.

Although cryogenic carbon capture is expensive when compared to other options,
its main advantage is that liquefaction costs can be avoided [32]. Studies [90,102] have
found that the enormous energy demand for cryogenic distillation comprises more than
50% of the operating cost. Cryogenic heat exchangers are a main component of huge initial
costs. Since the bed size is small, a cryogenic packed bed [32] needs a lower investment for
installation than the vacuum pressure swing adsorption process. Several research [32,35,45]
indicate an overall capture cost of USD 55-130 per ton of CO, for various cryogenic carbon
capture methods (see Table 9).

Table 9. Overall capture cost for the various carbon capture methods.

Type of Capture Technology Overall Capture Cost References
Absorption USD 40-100 [11,12,42,43]
Adsorption USD 50-150 [11,12,30,82]
Membrane USD 15-55 [29,43,44]

Cryogenic USD 55-130 [32,35,45]

3.6.4. Energy Penalty

The Purisol absorption process has comparatively low energy [11] consumption. A
high energy requirement for regeneration is a disadvantage for chemical absorption. For
amine absorption and stripping technology, an overall energy requirement of 0.72 GJ per
ton of CO, [11] was observed. As per a report from the International Energy Agency [103],
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regeneration energy is 3.24-4.2 GJ per ton of CO,. A percentage of 50-80% [104] of energy
consumption in chemical absorption is for solvent regeneration. The MEA absorption
process has shown an energy usage of 2.5-3.5 GJ per ton of CO, [98]. Studies on ammonia-
based solvents [105] showed an energy usage of 2.6 GJ per ton of CO,. An overall energy
consumption of 2.3-9.2 GJ per ton of CO; for the absorption process can be deduced from
various studies [11,12,42,43]. Research on temperature swing adsorption has shown an
energy consumption of about 3.2 GJ per ton of CO,. Energy consumption required for
adsorbent regeneration is low. The energy consumption for zeolites is lower than chemical
absorbents [106]. Research [46] on pressure vacuum swing adsorption has found low energy
consumption. A Rapid Vacuum Pressure Swing Adsorption Process [107] made for a biogas
plant has shown an energy consumption of 822.9 KJ/kg. CO,. A pressure and temperature
swing adsorption process experiment using zeolite [108] obtained an energy consumption
of 3.8 GJ/t CO,. Another study on temperature swing adsorption [109] showed a low
energy consumption of 0.6638 MWh per ton of CO;. Various studies [11,12,30,82] show an
overall energy consumption of 2.3-9.2 GJ /tCO; for adsorption carbon capture technology.
The membrane separation process is a relatively low energy-intensive process with
energy consumption of around 0.5-6 GJ [29] per ton of CO,. A study carried out on a facili-
tated transport membrane [110] system showed an energy consumption of 0.259-0.796 GJ
per ton of CO;. Another parametric study on single-stage membranes [111] demonstrated
an energy consumption of 0.5-1 GJ per ton of CO,. Study [44] shows improvement in
energy efficiency with membrane selectivity. Research [43] also demonstrated an energy
saving of 18% when using counter-flow permeate modules. Table 10 shows that an overall
energy consumption of 0.5-6 GJ /tCO, can be deduced from various studies [29,43,44].

Table 10. Overall energy consumption for types of carbon capture.

Type of Capture Technology Overall Energy Consumption References
Absorption 2.3-9.2 GJ/tCO, [11,12,42,43]
Adsorption 4-6 GJ/tCO, [11,12,30,82]
Membrane 0.5-6 GJ/tCO, [29,43,44]
Cryogenic 2.4-5.2 GJ/tCO, [32,35,45]

Studies (including [35]) indicate that the energy consumption of a cryogenic packed
bed is 22% less than that of a vacuum pressure swing adsorption process (see Table 11).
Improving thermal insulation to reduce latent heat loss is a challenge for the cryogenic
packed bed process. The external cooling loop system proposed by Baxter [71,112] reduces
energy consumption by reusing waste cold energy. Research [113] indicates that the
average energy requirement for this process would be 0.98 GJ per ton of CO;. The energy
requirement for the anti-sublimation process [69] is 3.8-7.2% of the plant’s efficiency.
This study also demonstrated that energy consumption depends on the required capture
efficiency and carbon dioxide concentration in the flue gas. Ongoing studies [114,115] are
exploring less energy-intensive options by introducing an integrated cryogenic network.
An energy analysis [116] demonstrated that the energy consumption of the Stirling cooler
system is about 0.55 GJ per ton of CO,. Low-temperature carbon dioxide could also be
used as an energy source for other low-temperature processes.

Table 11. Energy consumption for different types of cryogenic processes.

Type of Cryogenic Energy Requirement Reference
Packed bed 1.8 GJ/tCO, [35]
Anti-sublimation 1.18 GJ/tCO, [69]
Controlled freeze zone 5.2 GJ/tCO, [89]
External cooling loop 1.48 GJ/tCO, [90]
Stirling cooler 3.4 GJ/tCO, [91]
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3.7. Carbon Capture Forecast towards Net-Zero

The current capacity of the capture plant, along with a forecast for 2050, is shown in
Figure 8a. Capture data for the last decade are obtained from reports [117]. Forecasted
value for 2030 and 2050 is obtained via the forecast feature in Microsoft Excel (2021 for
Windows). The trend line, the slope of the equation, and the R squared value are also shown
in the graph. Figure 8b shows the required carbon capture capacity to achieve the 1.5 °C
trajectory and the existing wide gap with the actual capacity. The data for the required
capacity are taken from Figure 4 [117]. This gap reiterates the importance of prioritising
the carbon capture technology and aligning capture strategies accordingly to achieve the
net-zero goal.
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Figure 8. (a) Actual capture capacity with projection to 2050. Data from Ref. [117] from which we
made the projection. (b) Actual vs. required capacity with projection to 2050.

3.8. Multicriteria Ranking of Carbon Capture Technologies (Using TOPSIS)

The TOPSIS method assists in multiple criteria decision making based on the Euclidean
distance from the ideal best and ideal worst situation. Calculations using TOPSIS allow
governments and other stakeholders to decide what typical case they would fit in and align
their carbon capture strategies accordingly. This method would serve as a tool for informed
decision making while selecting the suitable type of technology for carbon capture. Here,
four case studies were analysed, namely 1. developed countries with high emissions;
2. developed countries with low emissions; 3. developing countries with high emissions;
4. developing countries with low emissions. The TOPSIS procedure enumerated in the
methodology was applied in each case. The weightages were decided as shown below
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for Case 1 and subsequent calculations (in Tables 12-16). The other cases (2—4) are given
numerically in the Sections A—C.

Table 12. Decision matrix for Case 1.

Capture Route (Weightage) TRL (0.2)

Capture Efficiency, % (0.5)

Energy Penalty,
GJ/tCO, (0.2)

Cost, USD/tCO, (0.1)

Absorption 41 77.5 5.75 70
Adsorption 3.6 87.5 5 100
Membrane 4 75 3.25 35
Cryogenic 3.7 99.99 3.8 92.5
Table 13. Calculation of the normalised matrix for Case 1.
Capture Route TRL Capture Efficiency (%) Energy Penalty (GJ/tCO») Cost (USD/tCO3)

To Absorption 0.531706 0.452872 0.6309 0.446

Adsorption 0.466864 0.511307 0.5486 0.637

Membrane 0.518737 0.438263 0.3566 0.223

Cryogenic 0.479832 0.584292 0.4169 0.589
Table 14. Calculation of the weighted normalised matrix for Case 1.

Capture Route TRL Capture Efficiency (%) Energy Penalty (GJ/tCO,) Cost (USD/tCO3)
Absorption 0.106341 0.226436 0.1262 0.045
Adsorption 0.093373 0.255653 0.1097 0.064
Membrane 0.103747 0.219132 0.0713 0.022
Cryogenic 0.095966 0.292146 0.0834 0.059

Table 15. Calculation of ideal best V+ and ideal worst V— values for Case 1.
V+ 0.106341 0.292146 0.0713 0.022
V- 0.093373 0.219132 0.1262 0.064

Table 16. Calculation of the performance score from the Euclidean distances from ideal best and ideal
worst values for Case 1,i.e., P; =s; + (sl+ + s;)

Capture Route s} s P; Rank
Absorption 0.088 0.024 0.215 4
Adsorption 0.068 0.04 0.369 3
Membrane 0.073 0.069 0.487 2
Cryogenic 0.04 0.085 0.68 1

Case 1 (i.e., developed countries with high emissions) is the typical case, as developed
countries tend to have high carbon emissions. A lower weightage is given for cost, and a
higher weightage is given for capture efficiency. Cryogenic has the highest performance
score, indicating that this would be the type of carbon capture technology suitable for
developed countries with high emissions. Secondly, for Case 2. (i.e., developed countries
with low emissions), capture efficiency is given a higher weightage with equal weightage
considered for all other metrics. Performance score indicates that membrane technology
is the most suitable type of carbon capture technology for developed countries with low
emissions. In the scenario of Case 3 (developing countries with high emissions), capture
efficiency is given a higher weightage with equal weightage considered for all other metrics.
Performance score indicates that membrane technology is the most suitable type of carbon
capture technology for developing countries with high emissions. Finally, for Case 4.
(i.e., developing countries with low emissions), capture cost is given a higher weightage
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with equal weightage considered for all other metrics. Performance score indicates that
membrane technology is the most suitable type of carbon capture technology for developing
countries with low emissions. For all typical cases considered, cryogenic is best suited
for developed countries with high emissions, while membrane separation is the optimum
choice of technology for all other cases. This assumes that there is a low cost of electricity.

A note on the limitations of TOPSIS will be given. The weightages given to different
metrics are only indicative, and real values may vary depending on the individual priorities
of each nation. The metric data for each technology, such as capture rate, energy consump-
tion, and cost of capture, are obtained from various research papers and are normally
indicated as a range with minimum and maximum values. Since applying a range of values
is not rational in the TOPSIS method, a median value of this range is chosen for calculation
purposes. Correlations between performance criteria should also be considered in decision
making. For example, energy consumption is often a function of capture efficiency, and the
cost of capture also varies with change in energy consumption.

4. Conclusions

Increased anthropogenic greenhouse gas emissions have been shown to greatly con-
tribute to the changing global climate. Carbon dioxide, the leading contributor, is released
mainly via fossil fuel combustion, and carbon capture technology has been identified as key
to reducing these emissions prior to an energy transition in the 20-30 years. This study has
carried out an extensive assessment of the various sub-types of carbon capture technologies
to prioritise their application in different market sectors and geographic locations. The
TOPSIS method was used to establish a scientific technology rank for each case where
weightages are allotted considering the emissions status and economic conditions of each
case. It was found that for developed countries with high emissions, cryogenic capture
had the highest ranking, followed by membrane, adsorption, and absorption. However, in
the case of developed countries with low emissions, membrane separation had the highest
ranking, followed by cryogenic, absorption and adsorption. This is due to capture efficiency
being given a higher weightage with equal weightage considered for all other metrics. For
developing countries with high emissions, capture efficiency was given a high weightage
with a medium weightage for cost, and membrane separation exhibited the highest ranking,
followed by cryogenic, absorption and adsorption. Finally, for developing countries with
low emissions, capture efficiency was given a medium weightage with a high weightage
for cost. Membrane separation had the highest ranking, followed by absorption, cryo-
genic, and adsorption. While there are many areas of ambiguity when considering the
statistics in relation to emissions and capture capacity, the very act of capturing carbon is
energy-intensive, and manufacturing the chemicals and solvents required for this process
also leaves a carbon footprint. The true value of capture capacity would be the difference
between emissions removed and emissions made during the process of removal. Some
of the carbon capture technologies are in the initial level of maturity. Research must be
carried out to reduce the corrosion rate and energy consumption for absorption technology;,
enhancing contact area for membrane, surface modification for absorbents, and by-product
disposal. Furthermore, cryogenics are known for their high energy consumption and may
not be the best over long periods compared to absorption. However, research is needed to
develop energy-efficient cryogenic processes. Post-combustion carbon capture is not just
limited to these technologies; however, these capture routes were chosen for this study as
they are the most widely used ones. There are many more sub-types to each of these routes,
many of which are yet to be explored but must be considered to keep the planet on course
for carbon neutrality by 2050.
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Appendix A. Case 2: Developed Countries with Low Emissions

Table A1l. Decision matrix for Case 2.

Capture Route (Weightage) TRL (0.2) Capture Efficiency, % (0.5) Energy Penalty, Cost, USD/tCO; (0.1)
GJ/tCO; (0.2)
Absorption 4.1 77.5 5.75 70
Adsorption 3.6 87.5 5 100
Membrane 4 75 3.25 35
Cryogenic 3.7 99.99 3.8 92.5
Table A2. Calculation of normalised matrix for Case 2.

Capture Route TRL Capture Efficiency (%) Energy Penalty (GJ/tCO,) Cost (USD/tCO3)
Absorption 0.531706 0.452872 0.6309 0.446
Adsorption 0.466864 0.511307 0.5486 0.637
Membrane 0.518737 0.438263 0.3566 0.223
Cryogenic 0.479832 0.584292 0.4169 0.589

Table A3. Calculation of weighted normalised matrix for Case 2.

Capture Route TRL Capture Efficiency (%) Energy Penalty (GJ/tCO,) Cost (USD/tCO3)
Absorption 0.106341 0.181149 0.1262 0.089
Adsorption 0.093373 0.204523 0.1097 0.127
Membrane 0.103747 0.175305 0.0713 0.045
Cryogenic 0.095966 0.233717 0.0834 0.118

Table A4. Calculation of ideal best and ideal worst value for Case 2.
V+ 0.106341 0.233717 0.0713 0.045
V- 0.093373 0.175305 0.1262 0.127

Table A5. Calculation of performance score based on Euclidean distance from ideal best and ideal
worst value for Case 2.

Capture Route

Si+

Si— Pi Rank
Absorption 0.088 0.041 0.316 3
Adsorption 0.097 0.034 0.258 4
Membrane 0.058 0.1 0.631 1
Cryogenic 0.075 0.073 0.494 2

Appendix B. Case 3: Developing Countries with High Emissions

Table A6. Decision matrix for Case 3.

. . o Energy Penalty,

Capture Route (Weightage) TRL (0.2) Capture Efficiency, % (0.5) GJINCO; (0.2) Cost, USD/tCO; (0.1)
Absorption 4.1 77.5 5.75 70
Adsorption 3.6 87.5 5 100
Membrane 4 75 3.25 35
Cryogenic 3.7 99.99 3.8 92.5
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Table A7. Calculation of normalised matrix for Case 3.

Capture Route TRL Capture Efficiency (%) Energy Penalty (GJ/tCO,) Cost (USD/tCO3)
Absorption 0.531706 0.452872 0.6309 0.446
Adsorption 0.466864 0.511307 0.5486 0.637
Membrane 0.518737 0.438263 0.3566 0.223
Cryogenic 0.479832 0.584292 0.4169 0.589

Table A8. Calculation of weighted normalised matrix for Case 3.

Capture Route TRL Capture Efficiency (%) Energy Penalty (GJ/tCO») Cost (USD/tCO3)
Absorption 0.106341 0.181149 0.1262 0.089
Adsorption 0.093373 0.204523 0.1097 0.127
Membrane 0.103747 0.175305 0.0713 0.045
Cryogenic 0.095966 0.233717 0.0834 0.118

Table A9. Calculation of ideal best and ideal worst value for Case 3.

V+ 0.106341 0.233717 0.0713 0.045
e 0.093373 0.175305 0.1262 0.127

Table A10. Calculation of performance score of the Euclidean distance from ideal best and ideal
worst value for Case 3.

Capture Route Si+ Si— Pi Rank
Absorption 0.088 0.041 0.316 3
Adsorption 0.097 0.034 0.258 4
Membrane 0.058 0.1 0.631 1
Cryogenic 0.075 0.073 0.494 2

Appendix C. Case 4: Developing Countries with Low Emissions

Table A11. Decision matrix for Case 4.

. . Energy Penalty,
o,

Capture Route (Weightage) TRL (0.2) Capture Efficiency, % (0.5) GJItCO, (0.2) Cost, USD/tCO, (0.1)
Absorption 4.1 77.5 5.75 70
Adsorption 3.6 87.5 5 100
Membrane 4 75 3.25 35
Cryogenic 3.7 99.99 3.8 92.5

Table A12. Calculation of normalised matrix for Case 4.

Capture Route TRL Capture Efficiency (%) Energy Penalty (GJ/tCO,) Cost (USD/tCO3)
Absorption 0.531706 0.452872 0.6309 0.446
Adsorption 0.466864 0.511307 0.5486 0.637
Membrane 0.518737 0.438263 0.3566 0.223

Cryogenic 0.479832 0.584292 0.4169 0.589
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Table A13. Calculation of weighted normalised matrix for Case 4.

Capture Route TRL Capture Efficiency (%) Energy Penalty (GJ/tCO,) Cost (USD/tCO3)
Absorption 0.106341 0.090574 0.1262 0.178
Adsorption 0.093373 0.102261 0.1097 0.255
Membrane 0.103747 0.087653 0.0713 0.089
Cryogenic 0.095966 0.116858 0.0834 0.236

Table A14. Calculation of ideal best and ideal worst value for Case 4.

V+ 0.106341 0.116858 0.0713 0.089
V— 0.093373 0.087653 0.1262 0.255

Table A15. Calculation of performance score based on Euclidean distance from ideal best and ideal
worst value for Case 4.

Capture Route Si+ Si— Pi Rank
Absorption 0.108 0.078 0.418 2
Adsorption 0.171 0.022 0.114 4
Membrane 0.029 0.175 0.856 1
Cryogenic 0.147 0.055 0.273 3
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