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Carbon dioxide (CO») is a gas generated by both natural and man-made sources, such as the burning of fossil fuels
for power generation and from agriculture. Currently, it is seen as the main contributor to the increase in the
greenhouse effect, leading to global warming. Therefore, the development of technologies for the capture and use
of this gas are of great importance for the mitigation of greenhouse gases (GHG) and the reduction of their
negative environmental effects. The objective of this review is to survey the main carbon dioxide capture

technologies under development for the energy sectors, especially for thermoelectric and bioenergy (ethanol
plant). Pre-combustion, oxy-fuel and post-combustion technologies were depicted, among them: adsorption,
absorption, membrane separation and chemical capture. By means the compiled information, it was possible to
identify the main advances as well as the main difficulties of carbon dioxide capture & use technologies.
Moreover, aspects of the carbon market were discussed also.

1. Introduction

Carbon dioxide (COy) is a gas originated from natural processes -
produced during breathing by all animals, fungi and microorganisms
that depend directly or indirectly on living or decomposing plants for
food - and anthropic activities, mainly from combustion processes using
fossil fuels. Carbon dioxide is considered a gas with potential to be used
as a raw material (Poliakoff and LeitnerStreng, 2015). As its commercial
applications, it can be highlighted: use as a solvent for extraction by
supercritical fluid, vasodilating agent, anesthetic, antagonist, gas for
food packaging, food propellant, gas for soda; in addition, it is a
metabolite of the yeast Saccharomyces cerevisiae, used in the production
of ethanol.

For a better understanding of the potential use of this gas, promoting
the decarbonization of industrial and agro-industrial processes, espe-
cially those of power generation, several aspects must be considered,
with thermodynamics and kinetics, the technical and economic viability
of projects and technologies, process integration, sustainability and
green chemistry & engineering principles.

It is known that the emission of greenhouse gases (GHG) occurs
through natural sources, but that a significant portion of these emissions

are of anthropic origin - for which carbon dioxide is considered the main
contributor. Such gases produce climate change on a global scale, with
adverse environmental effects. Events such as global warming due to the
greenhouse effect, present themselves as a valuable justification for the
search for technologies that mitigate the consequences of air pollution.

The objective of this review is to position the main technological
developments in each R&D&I theme, such as carbon dioxide capture for
usage purposes. For this case, its scope is delimited in order to sub-
stantiate the composition and concentration of gaseous residues from
chimneys of thermochemical plants and ethanol plants (bioenergy) and
to present the main capture technologies available on the market. The
literature review survey is justified by the need for new technologies
that mitigate the uncontrolled emissions of carbon dioxide, contributing
to the decarbonization of the various sectors that make up the global
economy.

2. The environmental context of carbon dioxide emission

It is paramount to establish the impact of carbon dioxide on global
warming to justify the application of technological approaches.
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2.1. Global warming

With industrial growth, emissions of gaseous pollutants have gained
strength. According to the Intergovernmental Panel On Climate Change
et al. (2018), approximately 41 billion tons of carbon dioxide are
emitted annually that contribute to an increase in the temperature of the
planet. Because of this, global warming, caused by uncontrolled emis-
sions of gases that promote the greenhouse effect (e.g., carbon dioxide,
methane and nitrous oxide), is the object of scientific research, envi-
ronmental policies and awareness of modern society.

The greenhouse effect is a phenomenon that occurs naturally in the
Earth’s atmosphere. It is a fundamental phenomenon for the existence of
life on the planet, as it acts as a blanket receiving solar energy to
maintain the average global temperature (Kweku et al., 2017). The
greenhouse effect prevents the heat that returns to the atmosphere from
being lost to space. Without this condition, the earth would have a
temperature so low that there are no suitable conditions for terrestrial
life (United Kingdom, 2011). In turn, global warming occurs due to the
massive presence of gases in the atmosphere that retain heat beyond
what is necessary for the maintenance of the earth (Kweku et al., 2017).

Greenhouse gases (GHG), mostly carbon dioxide, nitrous oxide and
methane, have a molecular structure capable of absorbing a certain
amount of heat and this capacity configures the effect of global warm-
ing. If the concentration of molecules in these gases is high, the earth’s
protective blanket is overloaded with heat, causing global warming. The
percentage contribution to the greenhouse effect is as follows (Falci,
2019):

@ Carbon dioxide: 53%

@ Methane: 17%

@ CFCs (chlorofluorocarbons): 12%
@ Nitrous oxide: 6%

@ Others: 12%

The large amount of GHG emitted to the atmosphere through in-
dustrial and agro-industrial activities - such as the burning of fossil fuels
for the generation of energy in thermoelectric plants and the fermen-
tation of sucrose to produce ethanol in sugarcane plants -, they can
promote the greenhouse effect by allowing greater absorption of
infrared radiation from the electromagnetic spectrum. Thus, anthropic
processes are those that are intensifying global warming (Kumar, 2018).
Since global warming is a matter of great economic, social and envi-
ronmental interest, most countries have directed major actions towards
mitigating GHG (Lin and Xu, 2018).

It is worth highlighting the importance of understanding, monitoring
and controlling climate change, especially global warming, which can
be reflected in the organization of major world conventions on the
subject, such as the Paris Agreement,’ Rio +20” and Convention-United
Nations Framework on Climate Change, which aim to join efforts and
establish international actions and policies to reduce GHG emissions.

2.1.1. The Paris Agreement as an incentive for GHG reductions

Vigorously accepted in the 1990s, world conventions add great
prominence to discussions on climate change, especially for establishing
goals and agreements that guide the tools for reducing GHG. The Paris
Agreement corresponds to one of the most important treaties on the
subject. It was from this point onwards that the United Nations Frame-
work Convention on Climate Change established 1.5 °C as the limit for
the increase in Earth’s temperature (Intergovernmental Panel On
Climate Change et al., 2018).

For the 1.5 °C limit to be met, the countries involved in the

1 https://news.un.org/en/tags/acordo-de-paris.
2 http://www.rio20.gov.br/sobre_a_rio_mais_20.html.
3 https://unfccc.int/.
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agreement pledged to reduce disorderly GHG emissions and stressed
that by the year 2050, net CO, emissions must be zero.

Aiming at the most punctual sources of GHG emissions worldwide,
the tools sought by the countries mainly serve the following sectors:
energy, land change and use, and traffic and transport, as according to
the Intergovernmental Panel On Climate Change et al. (2018), they are
the sectors that contribute the most to emissions.

For the energy sector, great efforts have been directed towards clean
energy. Based on the Paris Agreement, the International Energy Agency
(2021), defines as a priority action for the 2020s the expansion of clean
energy sources worldwide. Garcia-Freites et al. (2021), studies bio-
energy with integrated CO2 capture as a technology to achieve zero net
emissions targets by 2050, Hafner et al. (2021) addresses the main
economic impacts involved in GHG reduction targets in the energy
sector through scenarios of electricity system costs of different
low-carbon electricity transitions.

As for land use, many studies are focused on the issue of deforesta-
tion and suggest that reforestation, sustainable agriculture and forestry
can be responsible for a 30% reduction in emissions by 2050 (Roe et al.,
2019). Tanneberger et al. (2021) proposes an emission reduction sce-
nario for organic soils in Germany with panoramas up to the year 2050,
the Intergovernmental Panel On Climate Change et al. (2018) produced
a report on land use changes and presents data on the relationship be-
tween population density in 2050 and the impacts that are linked to this
factor and explore scenarios, since the trend is to intensify the search for
areas of cultivation.

For the traffic and transport sector, the research is aimed at formu-
lating alternatives that range from social factors to financial factors,
such as the massive purchase of combustion cars. The International
Energy Agency (2021) discusses the policies imposed by governments in
order to boost the switch from combustion cars to electric cars, fuel cells,
public transport, bicycles, etc. Becattini et al. (2021) proposed scenarios
for air transport, since the sector directly demands fuel and faces chal-
lenges to collaborate with GHG mitigation, Yan et al. (2021) explored
decarbonization in cargo transport, proposing traffic and emissions
scenarios until the year 2050.

Actions aimed at combating global warming are predominantly
based on the Paris Agreement. These are carried out in the scientific
community through research on new GHG mitigation technologies, as
well as the optimization of existing technologies, environmental and
social policies and the monitoring and establishment of new GHG
reduction tools.

Currently, there is a great contribution from the scientific commu-
nity in proposing scenarios, priority actions and sectors that require a
detailed look and that will in fact contribute to making net emissions
zero in 2050.

2.2. Sources of GHG emissions

According to van Heek et al. (2017), the main GHG emission activ-
ities are:

@ The generation of energy in plants that use fossil fuels such as min-
eral coal, natural gas and oil.

@ Traffic and transportation.

@ Agriculture.

@ Manufacturing industries.

@ Construction.

Tajudin et al. (2019) point out that the notable increase in industries
and automobiles in urban areas characterizes the main cause of the
uncontrolled emission of pollutants such as carbon monoxide (CO), ni-
trogen dioxide (NO3) and carbon dioxide (CO,). Antony et al. (2018),
observed that the chemical industry is the sector that most contributes to
the generation of gaseous pollutants, being desirable the development of
sustainable transformation processes.
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The GHG emission had its global growth accelerated from the first
industrial revolution, in the middle of the 19th century. The need to
burn fossil fuels to obtain energy, for example, is responsible for % of the
emission of carbon dioxide into the atmosphere (Khapre, 2020), this
being the sector that most contributes to the release of gas. Then there is
a change in land use, with uncontrolled deforestation and misuse of
wood and the like. Knowing that the thermoelectric plants are included
in the sector that contributes the most with the emissions of gaseous
pollutants, it is pertinent to add efforts for the development of GHG
mitigating technologies for this sector. In the agroindustry sector, more
specifically in the production of ethanol, Paulo (2019) highlights as the
main gaseous emissions of this activity carbon dioxide, water vapor,
particulate matter and nitrogen dioxide.

Carbon dioxide comes mainly from activities such as combustion and
changing forest use (Sistema de Estimativa de Emissao de Gases, 2017)
and it is used as a reference medium for other gases when considering
their potentials for influencing global warming; for example: the nitro-
gen oxide (N20) resulting mainly from combustion has a global warming
power 310 times greater than carbon dioxide (Braga et al., 2007).
Methane, which is produced by activities such as the decomposition of
organic matter, being issued generally in landfills and landfills, has
global warming power 21 times greater than carbon dioxide (Brasil,
2018).

As previously observed, carbon dioxide is considered the GHG that
contributes the most to global warming, mainly due to a 35% increase in
its emission after the beginning of the industrial era. For instance, in the
case of Brazilian emissions in the year 2019 was 2.17 billion gross tonnes
of carbon dioxide equivalent (COgze) (Brasil, 2022). This is 3.2% of the
world total, which keeps Brazil as the sixth largest emitter of this gas on
the planet (Sistema de Estimativa de Emissao de Gases, 2020).

According to GWP100 (100-year Global Warming Potential), as per
the document of the Intergovernmental Panel On Climate Change et al.
(2014a), reference used in decarbonization calculations, the relative
impacts of different gases on global temperature are:

@ CO,=1

@ CHj4 fossil = 30

@® CH,4 biogenic = 28
® N20 = 265

2.2.1. Thermoelectric and ethanol plants as sources of carbon dioxide

The generation of fossil electricity is the economic activity that most
contributes to air pollution, accounting for 17% of this contribution
(Intergovernmental Panel On Climate Change, 2014b). A thermochem-
ical plant (Fig. 1) generates energy by burning non-renewable fossil fuels
- such as coal and diesel.

Due to the environmental impacts caused by this non-renewable
generation of energy, alternatives for substitution with natural gas,
nuclear energy, hydroelectric plants and technologies that minimize the
impacts are the fully studied (World Health Organization, 2016).
However, many of these alternatives depend on technical and economic
viability, which varies according to the country and its natural condi-
tions. This impasse requires technologies that reduce gaseous emissions
from existing plants, despite the concentration of carbon dioxide emitted
being approximately 8% v/v."

Ethanol production presents itself as a mitigation alternative in
relation to other agro-industrial processes, since the gas emitted could,
in theory, be fully absorbed by cultivated plants (e.g., sugarcane)
through photosynthesis. As by-products of sucrose fermentation to
produce ethanol, there is heat and carbon dioxide (Fig. 2). In addition to
yet another alternative to reduce GHG emissions through use as a

4 Value determined by the Agricarbono project (Eletrobras CGTEE-Embrapa-
ANEEL R&D Program) in 2019.
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biofuel, ethanol production generates 99% v/v carbon dioxide (Zhang
et al., 2017), very desirable purity for the use of the second as an in-
dustrial raw material. Due to the high purity content of the gas, the
feasibility of capturing it becomes more significant as it allows for lower
cost capture technologies (Silva et al., 2018).

3. Carbon dioxide capture technologies

Considered the main cause of global warming, carbon dioxide is a
topic of great academic and industrial interest. Mikayilov et al. (2018)
claim that the number of activities emitting this gas tends to grow in the
future and they emphasize that not only countries with large economies
should adopt reduction measures, but every country should employ
environmental policies aimed at mitigating them.

To address the control of carbon dioxide emissions, several R&D&I
efforts are conducted in order to mitigate this gas emission. Ghanbar-
alizadeh (2016) point out that its use can be divided into four categories:

i. Chemical production (e.g., raw material for polymers and
carbonates).
ii. Fuel production (e.g., raw material for gasoline and diesel).
iii. Biological exploitation (e.g., source of C for microalgae growth).
iv. Conventional use (e.g., solvent).

Moreover, Souza (2016) cites as carbon dioxide mitigation processes:
more efficient use of energy, replacement of fossil fuels with others with
less carbon content, use of energy solutions that use renewable energy
sources and storage of carbon dioxide in geological formations.

Among the alternatives for mitigating carbon dioxide, its use as a raw
material represents an option of great economic and environmental
appeal, as it allows its use as an input in industrial processes and can
collaborate in the formation of innovative products and materials (van
Heek et al., 2017). Characteristics such as abundance, low toxicity and
low cost, make carbon dioxide an excellent raw material (Antony et al.,
2018).

Aiming its capture for industrial usages, the technologies are directed
to capture this gas in the purest, economical and environmentally viable
way. The carbon dioxide capture can be carried out during three stages
(Intergovernmental Panel On Climate Change, 2005):

@ Pre-combustion
@ Combustion
@ Post-combustion

Pre-combustion is based on a gasification process through which the
fuel passes and is intended to produce a synthesis gas, mainly composed
of hydrogen and carbon monoxide. Subsequently, hydrogen and carbon
monoxide are converted into carbon dioxide and then this goes through
the gas separation process (Mohammad et al., 2020).

The capture of gases that occurs during combustion is called oxy-
combustion and its principle is the burning of fuel in an oxygen-enriched
environment (Wilcox, 2021; Mohammad et al., 2020).

Post-combustion is the capture in the final phase of release of the
combustion gases. It is ideal for capturing CO2 from energy generation
sources, such as thermoelectric plants and other plants that use waste to
generate energy (Mohammad et al., 2020). After the combustion gases
exit, they go through the process of separating CO;, from the other gases
using the appropriate technology.

Defining the stage at which gas capture will occur is essential for
defining separation technologies. Since these two factors are directly
related, it is possible to provide the best technology that meets the
criteria of cost, deployment, time, purity and abundance of CO,. In the
next session we will discuss the main categories of carbon dioxide sep-
aration technology.

To determine the quantity of carbon dioxide captured, Kemache
et al. (2017) proposed to use Equations (1) and (2).
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Fig. 2. An ethanol plant (A) with its chimney of carbon dioxide emission from fermentation vessels (B). This plant is located in Araraquara region, Sao Paulo State,

Brazil. Credit: Silvio Vaz Jr.

COx(captured) (8) = COxinter) (&) - CO20utpury () 1)
COZ(captured) (%) = COZ(captured) (g)/COZ(inlet) (g) x 100 (2)
3.1. Adsorption

In the adsorption process, the gas meets porous particles capable of
adsorbing the gas due to its surface affinity (e.g., similar chemical
groups), separating it from the gas mixture. Table 1 shows examples of
technologies in development to promote adsorption.

The adsorption processes are considered complex separation pro-
cesses. Research that aims to minimize the costs of these processes has,
today, some limitations, among them the low efficiency in the gas sep-
aration process (Karimi et al., 2018). Another limiting factor in the
development of adsorption technologies is the need for large amounts of
energy to operate the process - that is, the energy balance is unfavorable.
Table 2 shows the main advantages, disadvantages and research trends
of surveys in this category.

3.2. Absorption

In absorption processes, they must occur in such a way that the
carbon dioxide is capable of later separation, post-capture. This is
possible, as this technology has materials capable of absorbing the gas
and transporting it from one phase to another, in this case the carbon
dioxide is solubilized by passing to the liquid phase of the mixture,
making it possible to separate it from the other components.

In thermoelectric plants, for instance, the mixture of process gases is
directed to a system in which the gases come into contact with amine
solutions. This phase is intended to separate the CO, from the other
components of the mixture by increasing the temperature (Silva et al.,
2018).

Absorption is among the most promising technologies for its effi-
ciency and economic viability. However, and as already mentioned, the
energy expenditure during the process is also high (Silva et al., 2018).
Because of this, research is aimed at optimizing the energy needed for
the operation. Table 3 shows examples of technologies under develop-
ment to promote absorption.

Absorption technologies are highly chosen by researchers for their
advantages. These, in turn, occur, mainly because absorption has been a
reason for research for over 70 years (Silva et al., 2018). This condition
makes absorption the most mature technology and capable of large-scale
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Table 1
R&D&I examples for adsorption.

Table 3
R&D&I examples for absorption.

Title of the work Author Summary Title of the work Author Summary

In-situ capture and conversion Karimi et al.  In this study, CO, capture is Results from a pilot plant Quyn et al. This work aimed to study the

of atmospheric CO, into (2018) carried out from a solvent using un-promoted (2013) capture of CO, by absorption
nano-CaCOs3 using a novel solution based on eutectic potassium carbonate for using potassium carbonate as a
pathway based on deep choline chloride and has the carbon capture solvent. The specificities of the
eutectic calcium purpose of making CO, a useful process were analyzed from the
chloride precursor for the production of incorporation of the chosen
calcite nanoparticles with added solvent. To trace the simulation
value. The results show parameters, the Aspen® software
feasibility for the precursor to be was used and percentages of the
applied on a large scale, solvent were established to
reducing CO, emissions and evaluate scenarios. The authors
demonstrating the efficiency of considered the results as
the solution for the adsorption promising to predict the
process. performance of potassium
Enhancement of CO5 captureby ~ Pham et al. This research deals with the carbonate in the absorption
using synthesized nano- (2016) application of nano-zeolite in process.
zeolite the process of CO, capture by Use of frothers to improve the  Valluri and In this work, a pilot scale study
adsorption, based on the absorption efficiency of Kawatra was carried out of 4 types of
temperature employed. dilute sodium carbonate (2020) solvent for the capture of CO by
Simulations were performed slurry for post combustion absorption. During the tests, the
that varied parameters such as CO-, capture authors incorporated a
percentage of adsorbent, CO, surfactant in order to evaluate it
captured and temperature. and sparkling material. The main
Keeping the CO, capture above result of the tests, referred to the
88% v/v, resulting in: high efficiency of absorption by the
efficiency of the nano-zeolite, in solvents that had the sparkling
addition to the savings produced water incorporated in the
by the adsorbent. process. The capture efficiency in
Development of carbon-based Plaza and This work deals with vacuum, the scenario in question
vacuum, temperature and Rubiera temperature and concentration increased from 55 to 99%. The
concentration swing (2019) adsorption in a coal feasibility of this optimization

adsorption post-combustion

CO-, capture processes

thermoelectric plant. Energy
expenditure is considered the
main impediment of this
technology. In order to be able
to evaluate the parameters used
during the research, two
scenarios were established, and
the main result referred to the
specific heat rate that presented
itself as an advantage in relation
to the use of conventional

amines.

Table 2

Advantages,
technologies.

disadvantages

and research

trends

aimed at

adsorption

Advantages

Disadvantages

Research trends

Simple operation process
compared to others and
does not produce liquid
waste, (Ochedi et al.,
2021); lower energy
cost for regeneration,
operates at different
temperatures and has
no problems related to
corrosion (Silva et al.,
2018).

Low efficiency in the gas
separation process (
Karimi et al., 2018) and,
therefore, in gas capture;
not suitable for high
volume flue gas sources (
Ochedi et al., 2021);
unfavorable energy
balance; low selectivity
of adsorbents (Liu et al.,
2021).

Studies: aimed at
optimizing energy
expenditure; the
parameters of the
adsorption process
(temperature,
percentage of
adsorbent); feasibility of
large-scale application of
solid adsorbents, as they
facilitate the
regeneration process
compared to chemicals (
Abd et al., 2020); which
aim at the adsorption
capacity of the adsorbent
and, consequently, its
selectivity (Liu et al.,
2021).

Experimental investigation on
absorption performance of
nanofluids for CO, capture

CO-, absorption rate and
capacity of semi-aqueous
piperazine for CO2 capture

Devakki and
Thomas
(2020)

Yuan and
Rochelle
(2019)

was low cost, in addition to being
environmentally appropriate.

In this research, nanofluids were
studied as CO, absorbers. The
nanofluids used were those of
TiO, and Al,O3. The main
objectives of this research were
to observe the types of
nanoparticles and the influence
of their concentrations on the
absorption process. The result
showed that increasing the
concentration of these
nanofluids decreased the relative
CO, absorption index. To
perform the comparison, a base
fluid was used. Saline-based
nanofluids were also tested,
where it was found that this
combination decreased the
stability of the nanoparticles,
reducing the efficiency of
absorption.

This research studied one of the
most used solvents in CO5
absorption technologies,
piperazine. Combinations with
water and another solvent, were
carried out to evaluate the
piperazine for its precipitation.
The precipitation of this
compound influences the
efficiency of the gas absorption
and, therefore, interest in its
properties is considered. The
results showed that due to the
incorporation of new
compounds, the CO, capture
capacity and the absorbent
recycling capacity were
increased.

application (Freeman and Bhown, 2011). Table 4 presents the advan-
tages and disadvantages of chemical absorption and research trends in
this category.
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Table 4 Table 5

Advantages, disadvantages and research trends aimed at absorption R&D&I examples for membrane separation.

technologies. Title of the work Author Summary
Advantage Disadvantages Research trends

More effective from an
economic and
operational point of
view; large processing
capacity on an
industrial scale; better
return and better long-
term performance, (
Castro et al., 2021)

High solvent
consumption; tendency to
corrosion of equipment;
low carbon dioxide load
justified by general
solvent stoichiometry (
Castro et al., 2021);
environmental issues
related to the
composition of solvents;
low solvent regeneration
(Ochedi et al., 2021;
Baltar et al., 2019)

Studies: of solutions, as
they are more effective
than isolated solvents;
the capture capacity
and selectivity of
solvents; solvents that
reduce energy
expenditure and have
regeneration capacity;
the potential for
atmospheric pollution
of solvents, as they are
highly released; (

Ochedi et al., 2021);

3.3. Separation by membranes

The capture by membranes is based on the selectivity of the material
constituting them in relation to the gas. Carbon dioxide permeates
through membranes, separating itself from other compounds. Due to
their function, membranes depend on parameters such as medium
permeability, particle size, selectivity and pore volume (Nocito and
Dibenedetto, 2020). Table 5 shows the main directions of research on
this technology, according to the literature.

Research aimed at capturing carbon dioxide by membranes has as a
major challenge the development of systems that optimize the param-
eters necessary for the capture process. However, according to Wilcox
(2021), this technology is considered the most effective technology
among the existing ones. Table 6 presents the advantages, disadvantages
and main research trends of this capture category.

Defining the capture technology - as well as all the unit operations
involved in the process - is of fundamental importance and will dictate
its application feasibility. Then gas separation methods involving
membranes highlights to show better results.

The main discussion raised by the capture processes is related to the
economic factors involved - CAPEX (CAPital EXpenditure) and OPEX
(OPerational EXpenditure). It is known that green technologies require a
high level of improvement and are generally linked to high investments
(KalatjariHaghtalab et al., 2019).

3.4. Chemical capture

Among the carbon dioxide capture technologies currently under
development, there is also the chemical capture for the generation of
carbonates as one that can promote added value to industrial and agro-
industrial chains, in addition to leading to more sustainable production
systems. This capture makes use of chemical reactions with carbon di-
oxide to obtain final products - these can be inorganic or organic —
mainly carbonates. Table 7 shows works involving the capture of carbon
dioxide to produce carbonates.

The great interest in this class of technology is because the carbon-
ates obtained have a high boiling point, low toxicity and are biode-
gradable (North et al., 2010). Table 8 presents the main advantages,
disadvantages and research trends of this category in the scientific
community.

Regarding this category of technologies to capture of COj;, we
highlight its application in cement production plants as a possibility to
transfer technology to other industry sectors with a considerable GHG
emission. Cement sector is responsible for high amount of CO5 emis-
sions, thus requiring capture technologies to mitigate them.

Gupta et al. (2021) and Gupta (2021) investigated the application of
biochar as an additive in cement matrix aiming at carbon sequestration
in carbonate mineralization. Gupta et al. (2021) combined biochar with

Hybrid membrane
process for post-
combustion CO,
capture from coal-
fired power plant

CO;, capture by modified
hollow fiber
membrane contactor:
Numerical study on
membrane structure
and membrane
wettability

Mass transfer
characteristics of a
continuously operated
hollow-fiber
membrane contactor
and stripper unit for
CO,, capture

Ren et al. (2020)

Abdolahi-Mansoorkhani
and Seddighi (2020)

Nieminen (2020)

This research is aimed at
evaluating the
selectivity of hybrid
membranes that act in
the process of capturing
CO, and N, (which is
also a greenhouse gas) in
thermoelectric plants. In
this work, Aspen®
software was used to
simulate a UT, and
economic parameters of
the membrane
technology,
permeability and useful
life were optimized. The
result showed causality
factors between the
design of the UT and the
properties of the
membranes, in addition
to identifying the
selectivity of the
membrane and cost
variables.

In this work, the authors
researched
characteristics of
membranes to be used to
capture CO, from a
natural gas source. A
mathematical model
was used to study
elements such as
membrane wettability,
structure, type of
absorbent used in the
capture process,
porosity and fiber size.
The simulations were
carried out with four
types of absorbents,
varying fiber sizes;
percentages were
defined to estimate the
most efficient values, in
order to define the ideal
membrane. The results
presented showed that
absorbent
concentration, density
and porosity directly
influenced the
separation of CO,.

The focus of this work
was to evaluate the mass
transfer of a hollow fiber
membrane contactor.
The parameters that
directly influenced the
mass transfer coefficient
were explored in order
to make the efficiency of
the contactor visible
when connected to the
membrane. From the
tests it was possible to
observe the workability
of the contactor used. It
had many limitations
regarding desorption.
Therefore, it was
suggested that vacuum
tests were inefficient,

(continued on next page)
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Table 5 (continued)

Title of the work Author Summary

requiring the moistening
of the membranes, in
order to facilitate the
transfer of mass through
them.

This research involved
an absorption test
carried out in a pilot
plant for the generation
of energy from mineral
coal. Here, the authors
used gas-solvent
contactors in order to
promote greater
efficiency and
compactness in the CO,
capture process through
hybrid membrane
capture technology. The
contactors were able to
assist the solvents in the
gas absorption process.
As a result, the
contactors proved to be
efficient when applied
on an industrial scale.

Membrane gas-solvent Scholes et al. (2020)
contactor pilot plant

trials for post-

combustion CO,

capture

Table 6
Advantages, disadvantages and research trends aimed at membrane separation
technologies.

Advantages Disadvantages Research trends

Studies: aimed at
optimizing the
selectivity, permeability
and energy of material

Easy operation and
ecological process (
Castro et al., 2021);
low energy

Low processing capacity
and low stability (Ochedi
etal., 2021); asitisa
new capture category,

consumption (Liu

et al., 2021); no need
for additives,
relatively low costs (
Czarnota et al., 2019);
the percentage of
separation of CO2
from other gases can
reach 80% (
Mohammad et al.,
2020); separation
properties and ease of

many parameters are still
unknown to researchers (
Norahim et al., 2018);

regeneration (Silva et al.,
2018); of hybrid
membranes; materials
that optimize the
permeability of the
membrane, aiming
mainly at reducing the
membrane areas and,
consequently, the capital
cost (Singh et al., 2021);
of the partial pressure of
gases (Scholes, 2020)

fabrication (Scholes,
2020).

fly ash to improve CO, absorption and carbonate mineralization in
cement mortars. As a main result, the research showed that the use of 3%
biochar contributes to greater carbon sequestration and shows better
yields in parameters such as durability and mechanical strength when
compared to plain mortar. And in his study, Gupta (2021) evaluates the
insertion of biochar in cementitious composites, stressing that its
application has potential in the production of low-carbon cements and
highlights its use as a “green mixture".

Then both examples show the potential of use of the chemical cap-
ture technologies, based on mineralization, for CCU.

3.5. Technological readiness level (TRL) of CO> capture technologies

The search for green technologies gained proportion due to the
worldwide concern with the environmental impacts arising from in-
dustrial processes, such as chemical processes. Since the beginning of the
21st century, this problem has driven the great increase in research and
new technologies for the most diverse areas. The energy generation,
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Table 7
R&D&I examples for chemical capture.
Title of the work Author Summary
Experimental investigation of Hornberger In this work, CO, capture
the carbonation reactor in a (2021) through calcium looping

tail-end calcium looping
configuration for CO,
capture from cement plants

technology was investigated.
The research was conducted
on a semi-industrial scale in
thermoelectric plants burning
fossil fuels. The results showed
that higher concentrations of
sorbent increase the transport
of gas. The tests validated the
technology used to capture
CO,, with the same being
shown for application in
cement manufacturing plants.
In order to optimize the Ca-
Looping technology, this work
investigated the use of
additives in order to reduce the
deactivation of CaO during the
CO,, capture process. The
results obtained showed that

Silva and
Santos (2018)

Captura de CO; utilizando o
processo Ca-Looping com
CaO e Al,03

the combinations of
carbonates withAl;O3,
additive used in this
experiment, were effective in
capturing CO., since
prevented the closure of pores
and the growth of CaO
crystals.

This work aimed to evaluate
the incorporation of calcium
oxide to the CO, capture
process by carbonation. Two
carbonation combinations
were made: one with pure
calcium and the other with
calcium mixed with alumina.
It was found that carbonation
with pure calcium promoted
greater CO,, capture than the
mixture with alumina, which
proved to be inefficient in the
process of capturing CO; as
carbonate.

This work studied the capture
and conversion of CO, to
produce calcium carbonate
with CaO and CaSiO3 as
precursors. Calcium glycinate
was used to promote CO,
capture and parameters such
as temperature, concentration
of the additive and reaction
time were investigated. The
results obtained suggested that
glycinate undergoes multiple
cycles of capture and
regeneration, favoring the
precipitation of carbonates.

Bisinoti et al.
(2017)

Captura de dioxido de carbono
utilizando oxidos a base de
cadlcio [Carbon dioxide
capture using calcium
oxides]

Liu and
Gadikota
(2020)

Single-step, low temperature
and integrated CO- capture
and conversion using sodium
glycinate to produce calcium
carbonate

chemical and agricultural sectors stand out quantitatively in the emer-
gence of green technologies, as they are the main responsible for the
high GHG emissions. Monitoring the development of new technologies
and the optimization of existing technologies is important as it enables
future projections for a particular branch of R&D&I.

Technological maturity analysis is a tool developed by NASA in 1990
and was adapted by The Electric Power Research Institute (EPRI) such as
the Technology Readiness Level (TRL) system, which can level existing
technologies, pointing out the status in which they are found (Freeman
and Bhown, 2011). TRL has a simple nomenclature (TRL1, TRL2, TRL3,
...) and allows analyzing the development of technologies through
stages. These stages progress gradually and each one of them is a
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Table 8
Advantages, disadvantages and trends of research aimed at chemical capture
technologies.

Cleaner Engineering and Technology 8 (2022) 100456

Table 10
TRL analysis for adsorption, absorption, membrane separation and chemical
capture technologies carried out by the International Energy Agency (2020).

Advantages

Disadvantages

Research trends

Products from this
category have a high
boiling point, low
toxicity and are
biodegradable (North
et al., 2010); favor
sectors such as energy,
agriculture and the
polymer industry (Liu
et al., 2020);

Cost for solvent
regeneration and
degradation by
oxidation that generate
corrosive compounds
that reduce the
efficiency of the process
(Aquino et al., 2016);
generally, the
substances used in
carbonation lose their
capture capacity due to
the closing of their
pores, with the need for

Studies: focused on
chemical cycles of
carbonation/
decarbonation, of
solvents involved in
chemical reactions and
their kinetics (Liu et al.,
2020); on ionic liquids,
mainly aiming at
economic factors (
Hospital-Benito et al.,
2021); of additives that
favor the capture of CO, (
Silva and Santos, 2018).

additives (Silva and
Santos, 2018).

prerequisite for the next, as shown in Table 9.

The analysis through TRL allows projections of time, cost and envi-
ronmental impacts, quantifies existing technologies and helps decision
making. Currently, it is a tool used worldwide by political leaders and
entrepreneurs in various fields, especially in R&D&I.

As they are generally high-cost technologies, the use of technological
maturity analysis is extremely important for carbon capture, storage and
use (CCSU) technologies, as it identifies promising technologies capable
of guiding investments in R&D&I by analyzing the TRL levels the
technology can achieve (Roh et al., 2020).

The International Energy Agency (2020) carried out a survey of
perspectives on CO5 capture technologies according TRL levels. From
this review, data from the four categories of technologies discussed so
far (adsorption, absorption, membrane separation and chemical cap-
ture) is presented in Table 10.

TRL surveys are conducted using data from technology providers.
For comparison purposes, data from Kearns et al. (2021) were
considered.

Freeman and Bhown (2011) also point out that the main limitation of
the TRL scale is the lack of requirements at each stage of development to
advance to the next stage, that is, the level of effort required to advance
from TRL-1 is unknown for the TRL-2 and so on.

4. Carbon market

With the negative impacts rising from climate change, pollution

Table 9
TRL development stages according to EPRI. Source: adapted from Freeman and
Bhown (2011).

TRL Technology maturity level
Level
9 Normal trade service

Demonstration 8 Commercial demonstration, large-scale deployment
in final form

7 Subscale demonstration, full functional prototype

6 Fully integrated pilot testing in a relevant

environment

Development 5 Subsystem validation in an environment
4 System validation in a laboratory environment
3 Proof of concept tests, component level
Research 2 Application formulation
1

Observation of basic principles, initial concept

Technology TRL Considerations

category Level

Adsorption 9 Mainly applied in natural gas and ethanol processes,
this technology is responsible for CO, capturing in
large plants and has great application perspectives.
Its advances are mainly due to the simple operation
attributed to it.

It is the most advanced technology. This is due to
the research time and consequently its application
in small and large power generation, fuel
transformation and industrial production plants.
Relatively new but promising technology and
considered to be the most effective separation
technology among the existing ones. Its advances
depend on the type of gas emission source and its
application. Currently, part of its applications is in
the demonstration phase, and another part in the
development phase, few are commercially
available.

The capture involving chemical reactions, are
presented in that TRL for its time and research
intensity. As it is relatively new, its level is justified
by the need for large pilot scale tests.

Absorption 9

Membrane 6-7

separation

Chemical 4-6
capture

control mechanisms are even more focused on mitigating GHG emis-
sions. Kim and Park (2018) argue that the mechanisms created in world
conventions such as the Kyoto Protocol,” are essentially due to the in-
crease in GHG emissions, especially carbon dioxide. Thus, the global
concern with the emissions of this gas goes beyond global warming,
gaining an economic and social focus.

The carbon market comprises agreements made at world conven-
tions by several countries with the objective of promoting and boosting
searches for mitigating processes and to provide the union of them
aiming at raising awareness of GHG reductions (Godoy, 2013).

As a way of encouraging the reduction of GHGs, this market allows
carbon transactions between countries that have not reached their
reduction quota and those that have exceeded it, with these transactions
generating revenues for those who have carbon credits (Anand et al.,
2021), making them of great economic and social interest.

Understanding the economic viability of the carbon dioxide market
will help to estimate, more accurately, the anthropogenic emissions of
this gas. Over the years, climate change will promote more aggressive
effects, with the carbon market being a stimulus for countries to comply
with the agreements made in international conventions (World Health
Organization, 2018), in addition to promoting research on the reduction
and/or use of GHGs.

Currently, carbon pricing systems mainly cover industrial, energy
and land use change sectors. Examples of international pricing efforts:

@ The Partnership for Market Readiness (PMR)°
@ The Carbon Pricing Leadership Coalition (cpLC)’
@ The Mitigation Action Assessment Protocol (MAAP)®

In Brazil, the thermoelectric and ethanol sectors are objects of
research because they are major generators of carbon dioxide. It is worth
mentioning the purity of this gas produced by the ethanol production,
which makes it more easily monetizable, when compared to that coming
from the thermoelectric sector, whose purity is considerably reduced. As
an example of carbon pricing, the sale of carbon credits on the stock
exchange can be mentioned: B3 - Bolsa Brasil Balcao - records the

5 https://ipam.org.br/entenda/o-que-eo-protocolo-de-quioto/.
6 https://www.thepmr.org/.

7 https://www.carbonpricingleadership.org/.

8 https://maap.worldbank.org/#/homepage.
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emissions made by producers and importers of biofuels, negotiates and
requests the retirement of the decarbonization credits (CBIO) in Brazil
(Brasil, 2022).

5. Conclusion

Due to the environmental impacts caused by the non-renewable
generation of energy, alternatives for substitution depend on technical
and economic viability, which varies according to the country and its
natural conditions. This impasse requires technologies that reduce
gaseous emissions from existing plants as those dedicated to energy from
coal. On the other hand, ethanol production presents itself as a mitiga-
tion alternative in relation to other agro-industrial processes, since the
gas emitted could, in theory, be fully absorbed by cultivated plants (e.g.,
sugarcane) through photosynthesis. In addition, ethanol production
generates a high-purity carbon dioxide, very desirable for use as an in-
dustrial raw material.

Regarding the capture and use processes for carbon dioxide, the
adsorption processes are considered complex separation processes and
research aims to minimize the costs of these processes and technical
limitations, among them the low efficiency in the gas separation process.
Another limiting factor in the development of adsorption technologies is
the need for large amounts of energy to operate the process with an
unfavorable energy balance.

In absorption processes, they must occur in such a way that the
carbon dioxide is capable of later separation, post-capture. This is
possible, as this technology has materials capable of absorbing the gas
and transporting it from one phase to another, in this case the carbon
dioxide is solubilized by passing to the liquid phase of the mixture,
making it possible to separate it from the other components. Absorption
is among the most promising technologies for its efficiency and eco-
nomic viability and the most mature technology capable of large-scale
application. However, the high-energy expenditure is a limitation.

The capture by separation membranes is based on the selectivity of
the material constituting them in relation to the gas. Carbon dioxide
permeates through membranes, separating itself from other compounds.
Due to their function, membranes depend on parameters such as me-
dium permeability, particle size, selectivity and pore volume. Research
aimed at capturing carbon dioxide by membranes has as a major chal-
lenge the development of systems that optimize the parameters neces-
sary for the capture process. However, this technology is considered the
most effective technology among the existing ones.

Among the carbon dioxide capture technologies currently under
development, there is also the chemical capture for the generation of
carbonates as one that can promote added value to industrial and agro-
industrial chains, in addition to leading to more sustainable production
systems. This capture makes use of chemical reactions with carbon di-
oxide to obtain final products - these can be inorganic or organic —
mainly carbonates. The great interest in this class of technology is
because the carbonates obtained have a high boiling point, low toxicity
and are biodegradable. Furthermore, its application in cement produc-
tion plants is a possibility to transfer technology to other industry sectors
with a considerable GHG emission.

Monitoring the development of new technologies and the optimiza-
tion of existing technologies is important as it enables future projections
for a particular branch of R&D&I. The analysis through TRL (technology
readiness level) allows projections of time, cost and environmental im-
pacts, quantifies existing technologies and helps decision making.

To finalize, the carbon market is highly promisor to develop a new
sustainable value chain. The understanding the economic viability of the
carbon dioxide market will help to estimate, more accurately, the
anthropogenic emissions of this gas.

Declaration of competing interest

The authors declare that they have no known competing financial

Cleaner Engineering and Technology 8 (2022) 100456

interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgment

Ana Paula Rodrigues Souza thanks to Coordination for the
Improvement of Higher Education Personnel (CAPES) by her M.Sc.
scholarship. Silvio Vaz Jr. thanks to Eletrobras, CGT Eletrosul and Bra-
zilian National Agency for Electric Energy (ANEEL) R&D Program by the
funding of the Agricarbono project.

References

Abd, A., Naji, S.Z., Hashim, A.S., Othman, M.R., 2020. Carbon dioxide removal through
physical adsorption using carbonaceous and non-carbonaceous adsorbents: a review.
J. Environ. Chem. Eng. 8, 104142 https://doi.org/10.1016/].jece.2020.104142.

Abdolahi-Mansoorkhani, H., Seddighi, S., 2020. CO; capture by modified hollow fiber
membrane contactor: numerical study on membrane structure and membrane
wettability. Fuel Process. Technol. 209, 106530 https://doi.org/10.1016/j.
fuproc.2020.106530.

Anand, N., Duin, R., Tavasszy, L., 2021. Carbon credits and urban freight consolidation:
an experiment using agent based simulation. Res. Transport. Econ. 85, 100797
https://doi.org/10.1016/j.retrec.2019.100797.

Antony, A., Ramachandran, J.P., Ramakrishnan, R.M., Raveendran, P., 2018. Sizing of
paper with sucrose octaacetate using liquid and supercritical carbon dioxide as a
green alternative medium. J. COz Util. 28, 306-312. https://doi.org/10.1016/j.
jcou.2018.10.011.

Aquino, A.S., Bernardo-Gusmao, K., Souza, M.O., 2016. Conversao de CO2 a carbonatos
ciclicos com liquidos i6nicos suportados em zedlitas [Conversion of CO2 to cyclic
carbonates with ionic liquids supported on zeolites]. II Congresso Nacional de
Engenharia de Petréleo, Gas Natural e Biocombustiveis. Universidade Federal do Rio
Grande do Sul, Instituto de Quimica, Porto Alegre, Brazil.

Baltar, A., Diaz, D.M., Navaza, J.M., Rumbo, A., 2019. Absorption and regeneration
studies of chemical solvents based on dimethylethanolamine and
diethylethanolamine for carbon dioxide capture. AIChE J. 66, e16770 https://doi.
org/10.1002/aic.16770, 66.

Becattini, V., Gabrielli, P., Mazzotti, M., 2021. Role of carbon capture, storage, and
utilization to enable a net-zero-CO,-emissions aviation sector. Ind. Eng. Chem. 60,
6848-6862. https://doi.org/10.1021/acs.iecr.0c05392.

Bisinoti, L.V., Silva, J.A., Santos, J.B.O., 2017. Captura de di6éxido de carbono utilizando
o6xidos a base de calcio [Capture of carbon dioxide using calcium oxides]. XII
Congresso Brasileiro de Engenharia Quimica em Iniciacao Cientifica. UFSCar, Sao
Carlos, SP, pp. 2902-2907.

Braga, B., Hespanhol, L., Conejo, J.G.L., Mierzwa, J.C., Barros, M.T.L., Spencer, M.,
Porto, M., Nucci, N., Juliano, N., Eiger, S., 2007. Introducao a Engenharia
Ambiental: O desafio do Desenvolvimento Sustentavel [Introduction to
Environmental Engineering: The Challenge of Sustainable Development], second ed.
Sao Paulo. Pearson Educational Brasil.

Brasil Bolsa Balcao, 2022. Crédito de Descarbonizagao (CBIO) [Decarbonization Credit
(CBIO)]. http://www.b3.com.br/pt_br/produtos-e-servicos/outros-servicos/servicos
-de-natureza-informacional/credito-de-descarbonizacao-cbio/.

Castro, M., Gomez-Diaz, D.M., Navaza, J.M., Rumbo, A., 2021. Carbon dioxide capture
by chemical solvents based on amino acids: absorption and regeneration. Chem. Eng.
Technol. 44, 248-257. https://doi.org/10.1002/ceat.201900562.

Czarnota, R., Knapik, E., Wojnarowski, P., Janiga, D., Stopa, J., 2019. Carbon dioxide
separation technologies. Arch. Min. Sci. 64, 487-498. https://doi.org/10.24425/
ams.2019.129364.

da Silva, F.T.F., Carvalho, F.M., Corréa, J.L., Merschmann, P.R.C., Tagomori, LS.,
Szklo, A., Schaeffer, R., 2018. CO2 capture in ethanol distilleries in Brazil: designing
the optimum carbon transportation network by integrating hubs, pipelines and
trucks. Int. J. Greenh. Gas Control 71, 168-183. https://doi.org/10.1016/j.
ijggc.2018.02.018.

Devakki, B., Thomas, S., 2020. experimental investigation on absorption performance of
nanofluids for co2 capture. Int. J. Air-Condit. Refrig. vol. 28, 2050017 https://doi.
org/10.1142/52010132520500170.

Falci, P.A., 2019. Repesando Préticas em Educacao Ambiental: Proposta de uma
Sequéncia Didatica [Rethinking Practices in Environmental Education: Proposal for a
Didactic Sequence]. Dissertacao de Mestrado. Universidade Federal de Vicosa, Vigosa,
p- 48.

Freeman, B.C., Bhown, A.S., 2011. Assessment of the technology readiness of post-
combustion CO; capture Technologies. Energy Proc. 4, 1791-1796. https://doi.org/
10.1016/j.egypro.2011.02.055.

Garcia-Freites, S., Gough, C., Roder, M., 2021. In: The Greenhouse Gas Removal Potential
of Bioenergy with Carbon Capture and Storage (BECCS) to Support the UK’s Net-
Zero Emission Target. Biomass and Bioenergy, vol. 151, p. 106164. https://doi.org/
10.1016/j.biombioe.2021.106164.

Ghanbaralizadeh, R., Bouhendik, H., Kabirim, K., Vafayan, M., 2016. A novel method for
toughening epoxy resin through CO2 fixation reaction. J. CO2 Util. 16, 225-235.
https://doi.org/10.1016/j.jcou.2016.06.006.

Godoy, S.G.M., 2013. Projetos de reducao de emissoes de gases de efeito estufa:
desempenho e custos de transagao [Greenhouse gas emissions reduction projects:


https://doi.org/10.1016/j.jece.2020.104142
https://doi.org/10.1016/j.fuproc.2020.106530
https://doi.org/10.1016/j.fuproc.2020.106530
https://doi.org/10.1016/j.retrec.2019.100797
https://doi.org/10.1016/j.jcou.2018.10.011
https://doi.org/10.1016/j.jcou.2018.10.011
http://refhub.elsevier.com/S2666-7908(22)00061-1/sref5
http://refhub.elsevier.com/S2666-7908(22)00061-1/sref5
http://refhub.elsevier.com/S2666-7908(22)00061-1/sref5
http://refhub.elsevier.com/S2666-7908(22)00061-1/sref5
http://refhub.elsevier.com/S2666-7908(22)00061-1/sref5
https://doi.org/10.1002/aic.16770
https://doi.org/10.1002/aic.16770
https://doi.org/10.1021/acs.iecr.0c05392
http://refhub.elsevier.com/S2666-7908(22)00061-1/sref8
http://refhub.elsevier.com/S2666-7908(22)00061-1/sref8
http://refhub.elsevier.com/S2666-7908(22)00061-1/sref8
http://refhub.elsevier.com/S2666-7908(22)00061-1/sref8
http://refhub.elsevier.com/S2666-7908(22)00061-1/sref9
http://refhub.elsevier.com/S2666-7908(22)00061-1/sref9
http://refhub.elsevier.com/S2666-7908(22)00061-1/sref9
http://refhub.elsevier.com/S2666-7908(22)00061-1/sref9
http://refhub.elsevier.com/S2666-7908(22)00061-1/sref9
http://www.b3.com.br/pt_br/produtos-e-servicos/outros-servicos/servicos-de-natureza-informacional/credito-de-descarbonizacao-cbio/
http://www.b3.com.br/pt_br/produtos-e-servicos/outros-servicos/servicos-de-natureza-informacional/credito-de-descarbonizacao-cbio/
https://doi.org/10.1002/ceat.201900562
https://doi.org/10.24425/ams.2019.129364
https://doi.org/10.24425/ams.2019.129364
https://doi.org/10.1016/j.ijggc.2018.02.018
https://doi.org/10.1016/j.ijggc.2018.02.018
https://doi.org/10.1142/S2010132520500170
https://doi.org/10.1142/S2010132520500170
http://refhub.elsevier.com/S2666-7908(22)00061-1/sref15
http://refhub.elsevier.com/S2666-7908(22)00061-1/sref15
http://refhub.elsevier.com/S2666-7908(22)00061-1/sref15
http://refhub.elsevier.com/S2666-7908(22)00061-1/sref15
https://doi.org/10.1016/j.egypro.2011.02.055
https://doi.org/10.1016/j.egypro.2011.02.055
https://doi.org/10.1016/j.biombioe.2021.106164
https://doi.org/10.1016/j.biombioe.2021.106164
https://doi.org/10.1016/j.jcou.2016.06.006

S. Vaz Jr. et al.

performance and transaction costs]. Rev. Administ., Sao Paulo 48, 310-326. https://
doi.org/10.5700/rausp1090.

Gupta, S., 2021. Carbon sequestration in cementitious matrix containing pyrogenic
carbon from waste biomass: a comparison of external and internal carbonation
approach. J. Build. Eng. 43, 102910 https://doi.org/10.1016/j.jobe.2021.102910.

Gupta, S., Kashani, A., Mahmood, A.H., Han, T., 2021. Carbon sequestration in
cementitious composites using biochar and fly ash — effect on mechanical and
durability properties. Construct. Build. Mater. 291, 123363 https://doi.org/
10.1016/j.conbuildmat.2021.123363.

Hafner, S., Jones, A., Anger-Kraavi, A., 2021. Economic impacts of achieving a net-zero
emissions target in the power sector. J. Clean. Prod. 312, 127610 https://doi.org/
10.1016/j.jclepro.2021.127610.

Hornberger, M., Moreno, J., Schmid, M., Scheffknecht, G., 2021. Experimental
investigation of the carbonation reactor in a tail-end calcium looping configuration
for CO2 capture from cement plants. Fuel 284. https://doi.org/10.1016/j.
fuel.2020.118927, 118927.

Hospital-Benito, D., Lemus, J., Moya, C., Santiago, R., Ferro, V.R., Palomar, J., 2021.
Techno-economic feasibility of ionic liquids-based CO; chemical capture processes.
Chem. Eng. J. 407, 127196 https://doi.org/10.1016/j.cej.2020.127196.

Intergovernmental Panel On Climate Change, 2005. IPCC Special Report on Carbon
Dioxide Capture and Storage. Prepared by Working Group III of the
Intergovernmental Panel on Climate Change. Cambridge University Press,
Cambridge, p. 442.

Intergovernmental Panel On Climate Change, 2014b. Climate Change 2014: Mitigation
of Climate Change Contribution of Working Group 3 to the Fifth Assessment Report
of the Intergovernmental Panel on Climate Change. Cambridge University Press,
Cambridge and New York, pp. 511-597.

Intergovernmental Panel On Climate Change, 2014a. In: Pachauri, R.K., Meyer, L.A.
(Eds.), Climate Change 2014: Synthesis Report. Contribution of Working Groups I, II
and III to the Fifth Assessment Report of the Intergovernmental Panel on Climate
Change [Core Writing Team. IPCC, Geneva, Switzerland, p. 151.

Intergovernmental Panel On Climate Change, 2018. In: Masson-Delmotte, V., Zhai, P.,
Portner, H., Roberts, D., Skea, J., Shukla, P., Pirani, A., Moufouma-Okia, W.,

Péan, C., Pidcock, R., Connors, S., Matthews, J.B.R., Chen, Y., Zhou, X., Gomis, M.L.,
Lonnoy, E., Maycock, Tignor, M., Waterfield, T. (Eds.), Summary for Policymakers.
in: Global Warming of 1.5°C. An IPCC Special Report on the Impacts of Global
Warming of 1.5°C above Pre-industrial Levels and Related Global Greenhouse Gas
Emission Pathways, in the Context of Strengthening the Global Response to the
Threat of Climate Change, Sustainable Development, and Efforts to Eradicate
Poverty. World Meteorological Organization, Geneva, Switzerland, p. 32.

International Energy Agency, 2020. Energy Technology Perspectives 2020. https://www.
iea.org/reports/energy-technology-perspectives-2020.

International Energy Agency, 2021. Net Zero by 2050: A Roadmap for the Global Energy
Sector. https://www.iea.org/events/net-zero-by-2050-a-roadmap-for-the-global-e
nergy-system.

Kalatjari, H.R., Haghtalab, A., Nasr, M.R.J., Heydarinasab, M., 2019. Experimental,
simulation and thermodynamic modeling of an acid gas removal pilot plant for CO2
capturing by mono-ethanol amine solution. J. Nat. Gas Sci. Eng. 72 https://doi.org/
10.1016/j.jngse.2019.103001, 103001.

Karimi, M., Jodaei, A., Khajvandi, A., Sadeghinikrahim, A., Jahandideh, R., 2018. In-situ
capture and conversion of atmospheric CO2 into nano-CaCO3 using a novel pathway
based on deep eutectic choline chloride-calcium chloride. J. Environ. Manag. 206,
516-522. https://doi.org/10.1016/j.jenvman.2017.11.005.

Kearns, D., Liu, H., Comsoli, C., 2021. Technology Readiness and Costs of CCS. Global
CCS Institute. https://www.globalccsinstitute.com/wp-content/uploads/2021/04/
CCS-Tech-and-Costs.pdf.

Kemache, N., Pasquier, L.-C., Cecchi, E., Mouedhen, 1., Blais, J.-F., Mercier, G., 2017.
Aqueous mineral carbonation for CO, sequestration: from laboratory to pilot scale.
Fuel Process. Technol. 166, 209-216. https://doi.org/10.1016/j.
fuproc.2017.06.005.

Khapre, A.S., Jaiswal, A., Rena, R., Kumar, S., 2020. Utilizing the greenhouse effect as a
source to produce renewable energy. Encycl. Renew. Sustain. Mater. 3, 835-843.
https://doi.org/10.1016/B978-0-12-803581-8.11021-5.

Kim, J., Park, K., 2018. Effect of the clean development mechanism on the deployment of
renewable energy: less developed vs. well-developed financial markets. Energy Econ.
75, 1-13. https://doi.org/10.1016/j.eneco.2018.07.034.

Kingdom, United, 2011. Met Office. Warming: a Guide to Climate Change. Exeter, U.K.
Met Office Hadley Centre. https://www.metoffice.gov.uk/weather/climate-change
/what-is-climate-change.

Kumar, V., Nanda, M., Joshi, H.C., Singh, A., Sharma, S., Verma, M., 2018. Production of
biodiesel and bioethanol using algal biomass harvested from fresh water river.
Renew. Energy 116, 606-612. https://doi.org/10.1016/j.renene.2017.10.016 part
A.

Kweku, D.W., Bismark, O., Maxwell, A., Desmond, K.A., Danso, K.B., Oti-Mensah, E.A.,
Quachie, A.T., Adormaa, B.B., 2017. Greenhouse effect: greenhouse gases and their
impact on global warming. J. Sci. Res. Rep. 17, 1-9. https://doi.org/10.9734/JSRR/
2017/39630.

Lin, B., Xu, M., 2018. Regional differences on CO; emission efficiency in metallurgical
industry of China. Energy Pol. 120, 302-311. https://doi.org/10.1016/j.
enpol.2018.05.050.

Liu, M., Gadikota, G., 2020. Single-step, low temperature and integrated CO; capture and
conversion using sodium glycinate to produce calcium carbonate. Fuel 275. https://
doi.org/10.1016/j.fuel.2020.117887, 17887.

Liu, J., Baeyens, J., Deng, Y., Tan, T., Zhang, H., 2020. The chemical CO; capture by
carbonation-decarbonation cycles. J. Environ. Manag. 260, 110054. https://doi.org/
10.1016/j.jenvman.2019.110054.

10

Cleaner Engineering and Technology 8 (2022) 100456

Liu, R.-S., Shi, X., Wang, C., Gao, Y., Xu, S., Hao, G., Chen, S., Lu, A., 2021. Advances in
post-combustion CO» capture by physical adsorption: from materials innovation to
separation practice. ChemSusChem 14, 1428-1471. https://doi.org/10.1002/
¢ssc.202002677.

Mikayilov, J.I., Galeotti, M., Hasanov, F.J., 2018. The impact of economic growth on CO2
emissions in Azerbaijan. J. Clean. Prod. 197, 1558-1572. https://doi.org/10.1016/j.
jclepro.2018.06.269.

Brasil, Ministério do Meio Ambiente, 2018. Efeito estufa e aquecimento global
[Greenhouse effect and global warming]. http://www.mma.gov.br/informma/item
/195-efeito-estufa-e-aquecimento-global.

Mohammad, M., Isaifan, R.J., Weldu, Y.W., Rahman, M.A., Al-Ghamdi, S.G., 2020.
Progress on carbon dioxide capture, storage and utilisation. Int. J. Glob. Warming
20. https://doi.org/10.1504/ijgw.2020.10027060 issue 2.

Nieminen, H., Jarvinen, L., Ruuskanen, V., Laari, A., Koiranen, T., Ahola, J., 2020. Mass
transfer characteristics of a continuously operated hollow-fiber membrane contactor
and stripper unit for CO2 capture. Int. J. Greenh. Gas Control 98, 103063. https://
doi.org/10.1016/j.ijggc.2020.103063.

Nocito, F., Dibenedetto, A., 2020. Atmospheric CO, mitigation technologies: carbon
capture utilization and storage (CCUS). Curr. Opin. Green Sustain. Chem. 21, 34-43.
https://doi.org/10.1016/j.cogsc.2019.10.002.

Norahim, N., Yaisanga, P., Faungnawakij, K., Charinpanitkul, T., Klaysom, C., 2018.
Recent membrane developments for CO, separation and capture. Chem. Eng.
Technol. 41, 211-223. https://doi.org/10.1002/ceat.201700406.

North, M., Pasquale, R., Young, C., 2010. Synthesis of cyclic carbonates from epoxides
and CO2. Green Chem. 12, 1514-1539. https://doi.org/10.1039/COGCO0065E.

Ochedi, F.O., Yu, J., Yu, H,, Liu, Y., Hussain, A., 2021. Carbon dioxide capture using
liquid absorption methods: a review. Environ. Chem. Lett. 19, 77-109. https://doi.
org/10.1007/5s10311-020-01093-8.

Paulo, A.A., 2019. Analise das Emissoes de Gases e Consumo Especifico de um Grupo
Motor-gerador Abastecido com Misturas Diesel, Biodiesel e Ethanol [Analysis of Gas
Emissions and Specific Consumption of a Motor-generator Group Supplied with
Diesel, Biodiesel and Ethanol Mixtures]. Dissertacao de Mestrado. Pontificia
Universidade Catélica do Rio Grande do Sul, Escola Politécnica, Programa de Pos-
Graduacao em Engenharia e Tecnologia de Materiais. Porto Alegre, p. 83.

Pham, T.-H., Lee, B.-K., Kim, J., Lee, C.-H., 2016. Enhancement of CO5 capture by using
synthesized nano-zeolite. J. Taiwan Inst. Chem. Eng. 64, 220-226. https://doi.org/
10.1016/j.jtice.2016.04.026.

Plaza, M.G., Rubiera, F., 2019. Development of carbon-based vacuum, temperature and
concentration swing adsorption post-combustion CO capture processes. Chem. Eng.
J. 375 https://doi.org/10.1016/j.cej.2019.122002, 122002.

Poliakoff, M., Leitner, W., Streng, E.S., 2015. The twelve principles of CO, chemistry.
Faraday Discuss 183, 9-17. https://doi.org/10.1039/C5FD90078F.

Quyn, D., Rayer, A.V., Gouw, J., Indrawn, I., Mumford, K.A., Anderson, C.J., Hooper, B.,
Stevens, G.W., 2013. Results from a pilot plant using un-promoted potassium
carbonate for carbon capture. Energy Procedia 37, 448-454. https://doi.org/
10.1016/j.egypro.2013.05.130.

Ren, L.-X., Chang, F.-L., Kang, D.-Y., Chen, C.-G., 2020. Hybrid membrane process for
post-combustion CO, capture from coal-fired power plant. Membr. Sci. 603
(118001) https://doi.org/10.1016/j.memsci.2020.118001.

Roe, S., Streck, C., Obersteiner, M., Frank, S., Griscom, B., Drouet, L., Frickp, O.,
Gusti, M., Harris, N., Hasegaw, T., Hausfather, Z., Havlik, P., House, J., Nabuurs, G.,
Popp, A., Sanchez, M.J.S., Sanderman, J., Smith, P., Stehfest, E., Lawrence, D., 2019.
Contribution of the land sector to a 1.5 °C world. Nat. Clim. Change 9, 817-828.
https://doi.org/10.1038/541558-019-0591-9.

Roh, K., Bardoe, A., Bongartz, D., Burre, J., Chung, W., Deutz, S., Han, D.,

Hebelmann, M., Kohlhaas, Y., Konig, A., Lee, J.S., Volker, S., Wessling, M., Lee, J.H.,
Mitsos, A., 2020. Early-stage evaluation of emerging CO, utilization technologies at
low technology readiness levels. Green Chem. 21, 4868-4886. https://doi.org/
10.1039/C9GC04440J.

Scholes, C.A., 2020. Chapter 16 - challenges for CO5 capture by membranes. In:
Mohammad, R.R., Mohammad, F., Mohammad, A.M. (Eds.), Advances in Carbon
Capture: Methods, Technologies and Applications. Woodhead Publishing,
pp. 357-377. https://doi.org/10.1016/B978-0-12-819657-1.00016-5.

Scholes, C.A., Kentish, S.E., Qader, A., 2020. Membrane gas-solvent contactor pilot plant
trials for post-combustion CO; capture. Separ. Purif. Technol. 237, 116470 https://
doi.org/10.1016/j.seppur.2019.116470.

Silva, J.A., Santos, J.B.O., 2018. Captura de CO2 utilizando o processo Ca-Looping com
CaO e Al203 [CO2 capture using Ca-Looping with CaO and Al203]. XXVI Jornada
de Jovens investigadores. Universidad Nacional de Cuyo, Mendoza, Argentina.

Silva, W.W.M., Barros, G.N., Pinto, J.R.S., Camargos Filho, J.F., Rezende, K.L.,
Menezes, M.T.S., Silqueira, M.C.S., Nunes, S, H., Dias, J.F., Mogueira, E., Rabelo, S.
N., 2018. Analise e levantamento das principais técnicas para captura do CO5
[Analysis and survey of the main techniques for CO2 capture]. Semana de Iniciacao
Cientifica e Tecnolégica. Universidade de Itauna, Itauna, Brazil.

Singh, S., Varghese, A.M., Reinalda, D., Karanikolos, G.N., 2021. Graphene-based
membranes for carbon dioxide separation. J. CO2 Util. 49, 101544 https://doi.org/
10.1016/j.jcou.2021.101544.

Sistema de Estimativas de Emissoes de Gases do Efeito Estufa, 2017. Emissoes totais
[Total emissions]. http://plataforma.seeg.eco.br/total_emission.

Sistema de Estimativas de Emissoes de Gases do Efeito Estufa, 2020. Anélise das emissoes
brasileiras de gases de efeito estufa e suas implicacoes para as metas de clima do
Brasil 1970-2019 [Analysis of Brazilian greenhouse gas emissions and their implications
for Brazil’s climate goals 1970-2019]. https://www.oc.eco.br/wp-content/uploads/
2019/11/0C_SEEG Relatorio_2019pdf.pdf.

Souza, D.B., 2016. Estudo do Comportamento Fisico-quimico de Rochas Carbonaticas sob
Injecao de CO Supercritico [Study of the Physical-Chemical Behavior of Carbonate


https://doi.org/10.5700/rausp1090
https://doi.org/10.5700/rausp1090
https://doi.org/10.1016/j.jobe.2021.102910
https://doi.org/10.1016/j.conbuildmat.2021.123363
https://doi.org/10.1016/j.conbuildmat.2021.123363
https://doi.org/10.1016/j.jclepro.2021.127610
https://doi.org/10.1016/j.jclepro.2021.127610
https://doi.org/10.1016/j.fuel.2020.118927
https://doi.org/10.1016/j.fuel.2020.118927
https://doi.org/10.1016/j.cej.2020.127196
http://refhub.elsevier.com/S2666-7908(22)00061-1/sref25
http://refhub.elsevier.com/S2666-7908(22)00061-1/sref25
http://refhub.elsevier.com/S2666-7908(22)00061-1/sref25
http://refhub.elsevier.com/S2666-7908(22)00061-1/sref25
http://refhub.elsevier.com/S2666-7908(22)00061-1/sref26
http://refhub.elsevier.com/S2666-7908(22)00061-1/sref26
http://refhub.elsevier.com/S2666-7908(22)00061-1/sref26
http://refhub.elsevier.com/S2666-7908(22)00061-1/sref26
http://refhub.elsevier.com/S2666-7908(22)00061-1/sref27
http://refhub.elsevier.com/S2666-7908(22)00061-1/sref27
http://refhub.elsevier.com/S2666-7908(22)00061-1/sref27
http://refhub.elsevier.com/S2666-7908(22)00061-1/sref27
http://refhub.elsevier.com/S2666-7908(22)00061-1/sref28
http://refhub.elsevier.com/S2666-7908(22)00061-1/sref28
http://refhub.elsevier.com/S2666-7908(22)00061-1/sref28
http://refhub.elsevier.com/S2666-7908(22)00061-1/sref28
http://refhub.elsevier.com/S2666-7908(22)00061-1/sref28
http://refhub.elsevier.com/S2666-7908(22)00061-1/sref28
http://refhub.elsevier.com/S2666-7908(22)00061-1/sref28
http://refhub.elsevier.com/S2666-7908(22)00061-1/sref28
http://refhub.elsevier.com/S2666-7908(22)00061-1/sref28
https://www.iea.org/reports/energy-technology-perspectives-2020
https://www.iea.org/reports/energy-technology-perspectives-2020
https://www.iea.org/events/net-zero-by-2050-a-roadmap-for-the-global-energy-system
https://www.iea.org/events/net-zero-by-2050-a-roadmap-for-the-global-energy-system
https://doi.org/10.1016/j.jngse.2019.103001
https://doi.org/10.1016/j.jngse.2019.103001
https://doi.org/10.1016/j.jenvman.2017.11.005
https://www.globalccsinstitute.com/wp-content/uploads/2021/04/CCS-Tech-and-Costs.pdf
https://www.globalccsinstitute.com/wp-content/uploads/2021/04/CCS-Tech-and-Costs.pdf
https://doi.org/10.1016/j.fuproc.2017.06.005
https://doi.org/10.1016/j.fuproc.2017.06.005
https://doi.org/10.1016/B978-0-12-803581-8.11021-5
https://doi.org/10.1016/j.eneco.2018.07.034
https://www.metoffice.gov.uk/weather/climate-change/what-is-climate-change
https://www.metoffice.gov.uk/weather/climate-change/what-is-climate-change
https://doi.org/10.1016/j.renene.2017.10.016
https://doi.org/10.9734/JSRR/2017/39630
https://doi.org/10.9734/JSRR/2017/39630
https://doi.org/10.1016/j.enpol.2018.05.050
https://doi.org/10.1016/j.enpol.2018.05.050
https://doi.org/10.1016/j.fuel.2020.117887
https://doi.org/10.1016/j.fuel.2020.117887
https://doi.org/10.1016/j.jenvman.2019.110054
https://doi.org/10.1016/j.jenvman.2019.110054
https://doi.org/10.1002/cssc.202002677
https://doi.org/10.1002/cssc.202002677
https://doi.org/10.1016/j.jclepro.2018.06.269
https://doi.org/10.1016/j.jclepro.2018.06.269
http://www.mma.gov.br/informma/item/195-efeito-estufa-e-aquecimento-global
http://www.mma.gov.br/informma/item/195-efeito-estufa-e-aquecimento-global
https://doi.org/10.1504/ijgw.2020.10027060
https://doi.org/10.1016/j.ijggc.2020.103063
https://doi.org/10.1016/j.ijggc.2020.103063
https://doi.org/10.1016/j.cogsc.2019.10.002
https://doi.org/10.1002/ceat.201700406
https://doi.org/10.1039/C0GC00065E
https://doi.org/10.1007/s10311-020-01093-8
https://doi.org/10.1007/s10311-020-01093-8
http://refhub.elsevier.com/S2666-7908(22)00061-1/sref52
http://refhub.elsevier.com/S2666-7908(22)00061-1/sref52
http://refhub.elsevier.com/S2666-7908(22)00061-1/sref52
http://refhub.elsevier.com/S2666-7908(22)00061-1/sref52
http://refhub.elsevier.com/S2666-7908(22)00061-1/sref52
http://refhub.elsevier.com/S2666-7908(22)00061-1/sref52
https://doi.org/10.1016/j.jtice.2016.04.026
https://doi.org/10.1016/j.jtice.2016.04.026
https://doi.org/10.1016/j.cej.2019.122002
https://doi.org/10.1039/C5FD90078F
https://doi.org/10.1016/j.egypro.2013.05.130
https://doi.org/10.1016/j.egypro.2013.05.130
https://doi.org/10.1016/j.memsci.2020.118001
https://doi.org/10.1038/s41558-019-0591-9
https://doi.org/10.1039/C9GC04440J
https://doi.org/10.1039/C9GC04440J
https://doi.org/10.1016/B978-0-12-819657-1.00016-5
https://doi.org/10.1016/j.seppur.2019.116470
https://doi.org/10.1016/j.seppur.2019.116470
http://refhub.elsevier.com/S2666-7908(22)00061-1/sref62
http://refhub.elsevier.com/S2666-7908(22)00061-1/sref62
http://refhub.elsevier.com/S2666-7908(22)00061-1/sref62
http://refhub.elsevier.com/S2666-7908(22)00061-1/sref63
http://refhub.elsevier.com/S2666-7908(22)00061-1/sref63
http://refhub.elsevier.com/S2666-7908(22)00061-1/sref63
http://refhub.elsevier.com/S2666-7908(22)00061-1/sref63
http://refhub.elsevier.com/S2666-7908(22)00061-1/sref63
https://doi.org/10.1016/j.jcou.2021.101544
https://doi.org/10.1016/j.jcou.2021.101544
http://plataforma.seeg.eco.br/total_emission
https://www.oc.eco.br/wp-content/uploads/2019/11/OC_SEEG_Relatorio_2019pdf.pdf
https://www.oc.eco.br/wp-content/uploads/2019/11/OC_SEEG_Relatorio_2019pdf.pdf
http://refhub.elsevier.com/S2666-7908(22)00061-1/sref67
http://refhub.elsevier.com/S2666-7908(22)00061-1/sref67

S. Vaz Jr. et al.

Rocks under Supercritical CO2 Injection]. Dissertacao de Mestrado em Engenharia
Civil, Universidade Federal de Pernambuco, Recife, Brazil, p. 86.

Tajudin, M.A.B.A., Khan, M.F., Mahiyuddin, W.R.W., Hod, R., Latif, M.T., Hamid, A.H.,
Rahman, S.A., Sahani, M., 2019. Risk of concentrations of major air pollutants on the
prevalence of cardiovascular and respiratory diseases in urbanized area of Kuala
Lumpur, Malaysia. Ecotoxicol. Environ. Saf. 171, 290-300. https://doi.org/
10.1016/j.ecoenv.2018.12.057.

Tanneberger, F., Abel, S., Couwenberg, J., Dahms, T., Gaudig, G., Giinther, A.,
Kreyling, J., Peters, J., Pongratz, J., Joosten, H., 2021. Towards net zero CO2 in
2050: an emission reduction pathway for organic soils in Germany. Mires Peat 27,
17. https://doi.org/10.19189/MaP.2020.SNPG.StA.1951. Article 05. http://www.
mires-and-peat.net/, ISSN 1819-754X International Mire Conservation Group and
International Peatland Society.

Valluri, S., Kawatra, S.K., 2020. Use of frothers to improve the absorption efficiency of
dilute sodium carbonate slurry for post combustion CO; capture. Fuel Process.
Technol. 212, 106620 https://doi.org/10.1016/].fuproc.2020.106620.

van Heek, J.V., Arning, K., Ziefle, M., 2017. Reduce, reuse, recycle: acceptance of CO3-
utilization for plastic products. Energy Pol. 105, 53-66. https://doi.org/10.1016/].
enpol.2017.02.016.

11

Cleaner Engineering and Technology 8 (2022) 100456

Wilcox, J., 2021. Carbon Capture. Springer, New York. https://doi.org/10.1007/978-1-
4614-2215-0.

World Health Organization, 2016. Ambient Air Pollution: a Global Assessment of
Exposure and Burden of Disease. https://www.who.int/phe/publications/air-poll
ution-global-assessment/en/.

World Health Organization, 2018. Nine Out of Ten People Around the World Breathe
Polluted Air. http://www.who.int/es/news-room/detail/02-05-2018-9-out-of-10-
people-worldwide-breathe-polluted-air-but-more-countries-are-taking-action.

Yan, S., Bruin, K., Dennehy, E., Curtis, J., 2021. Climate policies for freight transport:
energy and emission projections through 2050. Transport Pol. 107, 11-23. https://
doi.org/10.1016/j.tranpol.2021.04.005.

Yuan, Y., Rochelle, G.T., 2019. CO, absorption rate and capacity of semi-aqueous
piperazine for CO; capture. Int. J. Greenh. Gas Control 85, 182-186. https://doi.
0rg/10.1016/j.ijggc.2019.03.007.

Zhang, Q., Cheng, C.-L., Nagarajan, D., Chang, J.-S., Hu, J., Lee, D.-J., 2017. Carbon
capture and utilization of fermentation COo: integrated ethanol fermentation and
succinic acid production as an efficient platform. Appl. Energy 206, 364-371.
https://doi.org/10.1016/j.apenergy.2017.08.193.


http://refhub.elsevier.com/S2666-7908(22)00061-1/sref67
http://refhub.elsevier.com/S2666-7908(22)00061-1/sref67
https://doi.org/10.1016/j.ecoenv.2018.12.057
https://doi.org/10.1016/j.ecoenv.2018.12.057
https://doi.org/10.19189/MaP.2020.SNPG.StA.1951
http://www.mires-and-peat.net/,%20ISSN%201819-754X%20International%20Mire%20Conservation%20Group%20and%20International%20Peatland%20Society
http://www.mires-and-peat.net/,%20ISSN%201819-754X%20International%20Mire%20Conservation%20Group%20and%20International%20Peatland%20Society
http://www.mires-and-peat.net/,%20ISSN%201819-754X%20International%20Mire%20Conservation%20Group%20and%20International%20Peatland%20Society
https://doi.org/10.1016/j.fuproc.2020.106620
https://doi.org/10.1016/j.enpol.2017.02.016
https://doi.org/10.1016/j.enpol.2017.02.016
https://doi.org/10.1007/978-1-4614-2215-0
https://doi.org/10.1007/978-1-4614-2215-0
https://www.who.int/phe/publications/air-pollution-global-assessment/en/
https://www.who.int/phe/publications/air-pollution-global-assessment/en/
http://www.who.int/es/news-room/detail/02-05-2018-9-out-of-10-people-worldwide-breathe-polluted-air-but-more-countries-are-taking-action
http://www.who.int/es/news-room/detail/02-05-2018-9-out-of-10-people-worldwide-breathe-polluted-air-but-more-countries-are-taking-action
https://doi.org/10.1016/j.tranpol.2021.04.005
https://doi.org/10.1016/j.tranpol.2021.04.005
https://doi.org/10.1016/j.ijggc.2019.03.007
https://doi.org/10.1016/j.ijggc.2019.03.007
https://doi.org/10.1016/j.apenergy.2017.08.193

	Technologies for carbon dioxide capture: A review applied to energy sectors
	1 Introduction
	2 The environmental context of carbon dioxide emission
	2.1 Global warming
	2.1.1 The Paris Agreement as an incentive for GHG reductions

	2.2 Sources of GHG emissions
	2.2.1 Thermoelectric and ethanol plants as sources of carbon dioxide


	3 Carbon dioxide capture technologies
	3.1 Adsorption
	3.2 Absorption
	3.3 Separation by membranes
	3.4 Chemical capture
	3.5 Technological readiness level (TRL) of CO2 capture technologies

	4 Carbon market
	5 Conclusion
	Declaration of competing interest
	Acknowledgment
	References


