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Abstract: Carbon dioxide is a byproduct of our industrial society. It is released into the atmosphere,
which has an adverse effect on the environment. Carbon dioxide management is necessary to limit
the global average temperature increase to 1.5 degrees Celsius and mitigate the effects of climate
change, as outlined in the Paris Agreement. To accomplish this objective realistically, the emissions
gap must be closed by 2030. Additionally, 10–20 Gt of CO2 per year must be removed from the
atmosphere within the next century, necessitating large-scale carbon management strategies. The
present procedures and technologies for CO2 carbonation, including direct and indirect carbonation
and certain industrial instances, have been explored in length. This paper highlights novel tech-
nologies to capture CO2, convert it to other valuable products, and permanently remove it from the
atmosphere. Additionally, the constraints and difficulties associated with carbon mineralization have
been discussed. These techniques may permanently remove the CO2 emitted due to industrial society,
which has an unfavorable influence on the environment, from the atmosphere. These technologies
create solutions for both climate change and economic development.

Keywords: CO2 emissions; CO2 mineralization; carbon management; CO2 technologies; CO2 capture;
greenhouse gas emission; sequestration; amine absorption

1. Introduction

CO2 emissions from industries that use fossil fuels can be a significant cause of CO2
accumulation in the atmosphere. More than 36 Gt of CO2 is emitted globally per year from
fossil fuel combustion, cement production, and other industrial processes. Between 1975
and 2018, atmospheric CO2 levels dramatically increased from 250 ppm to 410 ppm [1,2].
Comparatively, this increase was 48% greater than records from the previous two decades;
however, even these two decades demonstrated a 39% increase in CO2 levels, resulting
in a 0.8 ◦C rise in the global surface temperature [2,3]. Continuous improvements in CO2
mitigation stabilized the global annual CO2 emissions between 2014 and 2017; however,
data obtained between 2018 and 2019 suggested an annual 2.7% and 0.6% increase, re-
spectively. These data predict CO2 emissions to increase further in the coming years [4].
In the absence of any climate sustainability policies, using 2000 as a baseline, a 25–90%
increase of global greenhouse gases (GHG) emissions is expected by 2030. The growth in
atmospheric CO2-equivalent concentrations for this estimate is considered to be as much
as 600–1550 ppm [5]. Different fuel sources contribute in different ways to the emission
of CO2, though typically emissions are the result of energy and industrial production.
The contributing fuels include gas, liquid (i.e., oil), solids (coal and biomass), flaring, and
cement production [4,6]. The global energy-related CO2 emissions increased in 2018 to
33.1 Gt of CO2, indicating a 1.7% rise in emissions. Eighty-five percent of the net increase
was attributed to China, India, and the United States’ emissions, mainly from using coal
in power generation. For Asia, the emission levels surpassed 10 Gt of CO2 [7]. Besides
coal, other fossil fuels, including oil and gas, cause severe environmental concern [3]. CO2
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emissions are the main cause of climate change and increased global warming, creating
many global issues. This concern has triggered the international research community to
examine how best to reduce the concentration of CO2 in the atmosphere [3–7]. Various
countries have considered and adopted different approaches. These approaches include:

• Improve and promote energy conservation and efficiency
• Use fuels with low carbon output, such as nuclear, hydrogen, natural gas, etc.
• Set up solar, hydropower, wind, and bioenergy as renewable energy sources (RES)
• Promote carbon capture and storage (CCS)
• Use and promote geoengineering approaches—for example, reforestation and af-

forestation [3].

To reduce CO2 emissions, a variety of mitigation strategies have been developed [1,4].
Among the technological alternatives for reducing the amount of CO2 emitted into the
atmosphere are the following: (a) substituting less carbon-intensive fuels, such as natural
gas, for coal; (b) increasing the use of RES or nuclear energy, both of which emit little or
no net CO2; and (c) capturing and sequestering CO2. This article will examine the third
option, CO2 capture and sequestration (CCS), as a cost-effective strategy for mitigating
climate destabilization caused by high levels of energy-related CO2 emissions [8]. Table 1
(below) compares the strategy, areas of application, advantages, and limitations for the
reduction of CO2 emissions using different approaches. Some of the approaches deal
with reducing the sources that CO2 comes from, such as using clean technologies or clean
fuel. Others use demand-side management, for example, energy conservation for source
emissions reduction. Depending upon the applicability, each approach has its advantages
and limitations under specific conditions. Furthermore, a single strategy or approach is
unlikely to be adequate enough to meet the Intergovernmental Panel on Climate Change
(IPCC) goals for CO2 emissions [3]. These include the goal of a 50–85% reduction by 2050
as compared to levels in 2000. To maintain the rise in Earth’s temperature below 1.5 ◦C,
the IPCC has emphasized achieving the Paris Agreement climate targets by 2030. Clean
hydrocarbon technologies (CHTs) can play a crucial role in meeting the demands of a
circular carbon economy. The CHTs result in a minimal carbon footprint while converting
hydrocarbons’ energy into electricity, fuel, or other valuable mechanical work [9]. Newer
conversion technologies are under development and are being researched for meeting
climatic targets while realizing energy transitions, including direct hydrocarbon fuel cells,
conversion of CO2 into fuels, and underground gasification of hydrocarbons in combination
with CCS to enable a cost-effective global circular carbon economy (CCE) [9].

Implementing the CCE recommended clean energy transitions can be accomplished
by promoting the ‘4Rs’ [10]. The first ‘R’ stands for reduce, which involves using energy
efficiency and other alternative energy sources such as renewable or nuclear energy to
reduce the amount of carbon entering the atmosphere. The second stands for reuse, which
involves capturing and converting carbon into valuable industrial feedstock or increasing
productivity by re-injecting carbon back into oil and gas reservoirs. The third stands for
recycling, which consists of producing fertilizer, cement, or other valuable fuels through
natural processes used for carbon transformation. Finally, the last ‘R’ stands for remove,
which involves geological and chemical carbon removal from the system [11].

A stepwise closure of the carbon cycle through utilization and conversion of carbon
is involved in the CCE, which significantly reduces carbon emissions. Many of the CHTs
which are needed for CCE are still under development [9]. The integration of carbon capture
and utilization (CCUS) into existing power plants and the increase in its implementation is
expected to lower the electricity consumption costs to $50/ton in 2050 [12]. However, the
CCUS technology is still being researched for cost-reduction and developed for improved
energy needs and capture efficiency. Based on the CO2 capture and production process
used in CCUS, its projects can be categorized as carbon positive, carbon-neutral, or carbon
negative. To ensure sustainable utilization of hydrocarbons, the carbon-neutral and carbon-
negative CCUS projects are required [9].
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The direct capture of carbon dioxide from air using absorbent technologies or biomass
combustions is performed in negative CO2 capture technologies, whose economic via-
bility can be enhanced by producing high-value chemical products from captured CO2.
Gasification of hydrocarbons is another promising commercially demonstrated technology
that involves producing high-value gaseous products from heavy low-value feedstock,
thus improving the cost efficiency of the system. However, this technology is still being
developed for underground implementation [13].

The solid oxide fuel cell (SOFC) system is considered the most efficient for producing
clean power. Theoretically, an efficiency of 90% is recorded for SOFCs when combined with
underground gasification or carbon capture systems. Thermal splitting technology is also
used for clean hydrogen production, which competes with electrochemical, photo-chemical,
and photo-biological routes utilizing solar energy for clean hydrogen production [14]. The
latter provides the heat for the production process through concentrated solar radiation, and
the combustion or fuel cells are used to generate electricity from the produced hydrogen.
However, unlike nuclear, photo-biological, or photo-chemical routes, thermal splitting
does not require the construction of new plants, as it can utilize the existing conventional
facilities with modifications [9].

Mineralization of carbon, known alternatively as mineral carbonation or CO2 min-
eral sequestration, is an emerging approach used for carbon dioxide (CO2) removal and
storage. Although government agencies generally adopt a piecewise approach to CO2
management, long-term solutions typically involve the underground injection of CO2.
This solution, however, involves substantial risk and cost. An alternative to traditional
geological sequestration is carbon mineralization, in which CO2 is reacted to form carbon-
ate minerals with metal cations such as magnesium, calcium, and iron. This storage is
mainly performed in carbonate minerals, e.g., calcite or magnesite. The solid inorganic
carbonates, which are thermodynamically more stable, are provided as an alternative by
mineral carbonation to the underground storage of gaseous carbon dioxide [2]. Industrial
or large-scale CO2 utilization or recycling can result in large-scale production of carbon
dioxide products that can be sold to different industries and thus help improve the eco-
nomic viability of such processes. Calcium carbonate products can potentially be produced
using Ca-based CO2 mineralization processes. These products can find application in
industries requiring precipitated calcium carbonates, e.g., paper and cement, or landfill
storage options. For example, cement clinkers and road construction aggregates require
calcium carbonate [15]. Carbon dioxide products obtained from different technologies
have two separate applications. These include low-end high-volume uses and high-end
low-volume uses. However, these products should fulfill certain specifications and quality
criteria of commercial value [16]. Diverse industrial applications are currently recorded
for carbonate minerals, finding use in construction, paper and pulp, the pharmaceutical
industry, and applications in the agricultural sector and refractory metals [17]. Potential
markets have been explored for inorganic and organic carbonates obtained from carbon
mineralization. These products include CaCO3, MgCO3, NaCO3, KCO3, polycarbonate,
dimethyl/ethyl carbonates, etc. [15–17].
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Table 1. Comparing the Carbon Dioxide Reduction Approaches [3,18].

Strategy Application Area Advantages Limitations

Enhance efficiency and
conservation of energy

Mainly used in industrial and
commercial buildings. 10% to 20% energy saving. Extensive investment in

installation.

Use renewable energy Solar (thermal), hydro, and
wind power.

Uses local natural resources;
no toxic gas emissions.

Intermittent energy
generation limitations open
spatial and temporal gaps

between the availability of the
energy and its consumption

by the end-users.

Increase clean fuels usage Substitute natural gas with
coal.

Natural gas has lower carbon
content and w.r.t. compared to

coal. Emits 40–50% less
carbon dioxide. Has higher

combustion efficiency.

More costly than conventional
natural gas.

Adaptation of clean coal
technologies

Replace conventional
combustion through

pressurized fluidized bed
combustor, integrated

gasification combined cycle
(IGCC), etc.

Use of coal with lower CO2
emissions.

Significant investment is
needed.

Afforestation and
reforestation Applicability in all countries. Approach to create natural

and sustainable sinks of CO2.
Restricts the use of land for

other applications.

Nuclear power development

Nuclear fission was adopted
mainly in France, Russia, the

US, Japan, and China.
It is still in the developmental

phase.

No greenhouse gas and air
pollutant emissions.

Controversial to use.
Hindered due to the nuclear

accident at Fukushima in
2011.

CCS (Carbon capture and
storage)

Applicability to significant
emission sources of CO2

Its capture efficiency can
reduce CO2 emissions by

>80%.

Technologies of CCS are not
commercially approved.

The construction industry offers the most suitable application opportunities for min-
eral carbonates concerning overall CO2 emission avoidance [17]. Crushed stone construc-
tion aggregates present the largest conventional carbonate market, with a 22.5 Gt global
demand for carbonate materials such as limestone and dolomite [16].

The low-end high-volume uses of mineral carbonate products include liming agents
in soil acidity treatment, silica, magnesium, and calcium carbonates for land reclamation
and mine reclamation, etc. The high-end product applications call for strict specifications.
Other applications include catalysts, chromatography, ceramics, pigments, pharmacy,
photographic emulsions, etc. Moreover, other novel functional usages of calcium carbonate
include plastics, rubber, paint, printing ink, weaving, toothpaste, make-up, and foodstuffs.
Different polymorphic forms of CaCO3 can improve paint dispersion, plastic reinforcement,
and ink transparency. However, these applications require a high level of purity, which
demands additional post-processing of these products [16].

Therefore, complementary strategies need to be developed to reduce CO2 emissions.
As far as the different approaches are concerned, CCS can functionally reduce around
85–90% of the emission of CO2 from significant sources. This process involves technology
such as cement kiln plants. These plants separate the captured CO2 from the gases into
the sorbent. After being detached, CO2 can be reutilized or permanently stored. Different
technologies concerning various processes, such as capture, separation, storage, transport,
etc., are used for CO2 capturing. They all fall under the portfolio of CCS, which is discussed
in the following section [3,18].
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2. Current Industrial Technologies to Mitigate CO2 Emissions

CCS is an auspicious method of reducing GHG emissions by capturing CO2 at the
power plant, transporting it to an injection site, and sequestering it in suitable formations
for long-term storage. By installing a CCS unit at thermoelectric plants, approximately
85–95% of CO2 processed in a capture plant can be captured efficiently. CO2 capture
technologies have been introduced, but they are costly. They typically make up 70–80%
of the total cost of an entire CCS system, including various technological processes such
as separate capture and storage, etc. [19,20]. Various R&D groups are working to develop
a cheaper operating system with less energy penalties. The CCS process consists of three
major components: capturing CO2 produced by fossil fuel combustion, transporting CO2 to
the storage site, and storing CO2 for an extended period of time rather than releasing it into
the atmosphere. Four primary CO2 capture processes are linked to combustion processes,
which are post-combustion, pre-combustion, oxy-fuel combustion, and chemical looping
combustion, as illustrated in Table 2 [3].

Post-combustion CO2 capture is a widely used technique in the chemical processing
industry [7]. Post-combustion capture technology can be retrofitted to existing significant
point sources of carbon dioxide emissions in the atmosphere, such as fossil fuel power
plants, cement manufacturing industries, or refineries [21]. It collects and captures car-
bon dioxide primarily using sorption and the sorption/desorption principle. Prior to
combustion, post-combustion capture technology treats the exhaust stream to reduce the
concentration of secondary species such as nitrogen oxide (NOx), sulfur oxide (SOx), water
vapor, and particulate matter in the flue gas. Existing power plants also retrofit post-
combustion technologies and can achieve a recovered rate of CO2 of around 800t/day at a
small-scale plant [22]. However, this process of capturing CO2 has significant challenges
associated with a large parasitic load. As the flue gas has low emissions of CO2 (around
4%) compared to coal-fired emissions (7–14%), it requires the energy penalty and cost
for the capture unit to have a high concentration of CO2 (above 95.5%) for transport and
storage [23,24]. According to the report, the U.S. National Energy Technology Laboratory
elucidates that using post-combustion technology would increase the electricity production
cost by 70%. Post-combustion technology in gas and coal-fired plants would increase the
cost of producing electricity by 32% and 65%, respectively. Furthermore, it has been noted
that 16 large-scale CCS projects are operating. Out of this amount, two of them are running
on post-combustion technology [25].

Pre-combustion carbon capture is the process of sequestering carbon dioxide from
fossil fuels or biomass fuels prior to the combustion process being completed. Typically,
it is used in the gasification of coal and biomass and in natural gas power plants. A
typical pre-combustion carbon capture system for a gasification power plant begins with
the gasification (or partial oxidation) of fuel to produce synthesis gas (or syngas) that is
enriched in carbon monoxide and hydrogen. After removing particulate matter with a
cyclone separator, syngas is processed in a water–gas shift (WGS) reformer, where carbon
monoxide reacts with steam to form carbon dioxide and hydrogen.

In pre-combustion, the fuel is treated before the combustion, such as when coal is
pre-treated by a gasification process under a low oxygen level. This results in syngas
compromised of CO and H2 (Equation (1)). The syngas is free from pollutant gas that
undergoes a gas-shift reaction. This results in more H2, and during the process, CO is
oxidized to CO2 (Equation (2)) [25]. As defined, natural gas is mainly methane (CH4),
which can lead to H2 and CO, or syngas (Equation (3)). In order to expand the amount of
H2, a water-shift reaction can increase the concentration of H2 (Equation (2)) [26].

gasificationC + H2O
−−−−−−−−→
gasi f ication CO + H2 (1)

CO + H2O
−−−−−−−−→

water− gas shift H2 + CO2 (2)
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CH4 + H2O
−−−−−−−−→

water− gas shift CO + 3H2 (3)

Regarding the application of low-carbon technology, the Energy Sector is undergoing
a rapid technological transformation. Consequently, conventional gas turbines and internal
combustion engines will probably need to be incorporated into systems utilizing biofuels
and/or CCUS. Also, the European Union is moving quickly toward low-carbon technolo-
gies (such as energy efficiency, Smart Grids, renewables, and CCUS), as seen by the Energy
Union Strategy [27]. A viable method for efficiently capturing carbon dioxide emissions
generated by natural gas burning in the combustion chamber could be implementing im-
proved combustion technology. When it comes to a combined cycle (CC) powered entirely
by hydrogen, this is a new technology that is expected to hit the market in the coming
years; one example is Vattenfall’s Magnum natural gas-fired gas turbine combined cycle
(GTCC) plant (440 MW) in the Netherlands, which will be converted from natural gas to
hydrogen by Mitsubishi Hitachi Power Systems (MHPS) in 2025 [28]. From 2010 to 2018,
the Fusina power station in Italy was powered by hydrogen (16 MW, estimated efficiency
of 43 percent, GE10-1 type, single shaft, eleven compressor stages, three turbine stages) [28].
More than 75 GE gas turbines have accumulated more than 5 million working hours using
hydrogen-based fuels. An A-Frame 6B unit at the Daesan petrochemical facility in Korea
was constructed in 1997 and consistently runs with hydrogen concentrations between 85
and 97 percent [29]. It is an example of a hydrogen fleet leader. The HYFLEXPOWER is
also moving towards this approach [30]. It uses hydrogen instead of natural gas (H2-CC)
(a CC powered by hydrogen). The substitution of natural gas with hydrogen (H2-CC)
reduces CO2 by 33% from natural gas combined cycle (NGCC), which consumes 450 to
150 kgCO2eq/MWh using hydrogen instead (Table 2) [31]. However, the gas turbines
of the combined cycles must be somewhat updated, and the power plants require an
infrastructure capable of providing hydrogen at a cost-effective rate. The production of hy-
drogen through power-to-gas technology represents a possibility. Because of this, the excess
electricity from wind and solar PV is utilized to produce hydrogen via electrolyzers [31].

Instead of using air, oxygen is used in the combustion of the oxyfuel process. When
pure oxygen is used in place of air for combustion, an oxy-fuel capture system produces
a flue gas mixture primarily composed of CO2 and condensable water vapor, which can
be separated and cleaned relatively easily during the compression process. This reduces
the nitrogen production present in exhaust gas, hindering the separation process. Using
pure oxygen is beneficial and results in the production of flue gases including CO2 and
water. Additionally, SO2 and particulates are also produced. These can be removed via
desulphurization and conventional electrostatic precipitator, respectively. Other gases
produced also contain some CO2, depending on the fuel used. These can be separated,
transported, and stored [32]. This process is more feasible, but the large consumption of
oxygen results in a high loss and an energy penalty of 7% [3]. Moreover, system corrosion
problems can be intensified with the high concentration of SO2. Many developmental
oxy-fuel projects are currently operating and under further development. Some sub-
scale oxy units are also under development, as CS energy and Vattenfall proposed [33].
Burning coal under these conditions produces a flue gas rich in CO2 (60–70 mol%) with
substantial amounts of H2O (20–25 mol%), O2 (3–4 mol%), and N2 (0–10 mol%), which
varies according to coal rank and process design. Using a gas processing unit (GPU), this
flue gas is enhanced to transport criteria [34–36]. The oxyfuel coal CCS system can reduce
the impact of global warming. However, the energy demand of the air separation unit
(ASU) and CO2 compression unit in the oxyfuel CCS system necessitates an increase in fuel
combustion per kilowatt-hour, hence increasing the chain-wide consequences. Due to the
energy demand of the air separation unit, the use of oxyfuel combustion in a power plant
reduces the facility’s net efficiency (ASU). Due to the energy allocation for ASU, the natural
gas oxyfuel combustion system is projected to have an efficiency loss of 11.3% [31]. By
upgrading NGCC to oxy-NGCC, 450 can be lowered to 111 kgCO2eq/MWh (a reduction
of 75%).
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In chemical looping combustion (CLC), the metal oxide is used for combustion instead
of pure oxygen, which is used in oxy-fuel combustion. The metal results from metal oxide,
and fuel oxidation produces CO2 and water in this process. Metal is further oxidized
and recycled; water (a by-product) is removed by condensation, while CO2 can be sepa-
rated without consuming additional energy. Researchers found that using inert material
can optimize the ability of metal oxide, but the inert material is specific for each metal
oxide [33,37,38]. Moreover, the feasibility of this combustion in an experiment was studied,
finding this technology to be promising for CO2 capture [39]. In comparison to IGCC using
pre-combustion technology, the efficiency of chemical looping is 2.8% higher [40]. CLC has
unrealized potential for use in power generation systems with zero CO2 emissions. CLC
technology can compete with other pro-CCS technologies, such as oxy-fuel combustion,
pre-combustion capture, and post-combustion capture, due to the inherent separation in
CLC reactors, which drastically reduces the internal load of the plant. However, it is not
yet mature enough to be implemented commercially [41]. The combination of CLC and
gas turbines (GT)s can reduce a CC power plant’s efficiency from 60% to around 40% [42].
To maintain the same level of energy output, more natural gas will need to be used. This
type of plant’s investment expenses is also anticipated to rise. It is estimated that the
combustion chamber accounts for 11% of the total turbine expenditure [43] and that a
pressurized fluidized bed combustor can cost between 2140 and 5700 $/kW [44]. Based on
these economic numbers, a comprehensive financial analysis of the required investment for
a standard CC power plant and a CC power plant with CLC was undertaken. Studies using
sensitivity analysis were performed on the carbon credit price to determine at what price
the investment becomes attractive [31]. In addition, a comprehensive analysis of the life
cycle of the two power plants was conducted to determine whether the loss of efficiency of
the plant employing the chemical looping combustor impacts environmental performance.
Fan et al. conducted an intriguing Life Cycle Assessment (LCA) on CLC plants coupled
to CC fueled by natural gas. They evaluated the influence of four technical aspects on
the ultimate impact: the type of oxygen carrier, its lifespan, the environmental impact
caused by its production, and the thermodynamic performance of the technology. The
environmental impact is highly dependent on the thermodynamic efficiency of the plant.
Thus, it is preferable to use a CC with a pressurized CLC reactor instead of an atmospheric
reactor, which can only be coupled to a steam turbine and has lower efficiency. In addition,
the duration of the oxygen carrier has a significant impact on the plant’s environmental
impact. The oxygen carrier is concerned with attrition and reactivity losses. An NGCC
plant emits around 450 kgCO2eq per megawatt-hour of power produced. Upgrading
NGCC to CLC-NGCC can reduce emissions by 422 MtCO2 (a reduction of 49%) [31].

The utilization of CO2 in CCS is more feasible for high-concentration point sources
(12–15%) such as power plants and cement industries, while in small-concentration sources
of CO2 emissions such as those being removed from transportation, it is less likely to
be feasible. CO2 capture from flow gas has been implemented in multiple natural gas
processing industries and existing power plants. The ability of this strategy to be retrofitted
to existing power plants and other industries makes it superior to prior combustion of CO2.
The CO2 content ranges from 3 to 15%, the lower end of this range (3–5%) being typical
for gas-fired plants and the upper end (12–15%) for coal-fired plants. The CO2 emissions
from steel production typically amount to ~1.4 t-CO2/t-steel. Oil refineries accounted for
~3% of global emissions with a total of ~0.9 Gt-CO2 emitted to the atmosphere in 2015 [45].
An IPCC analysis of large point sources identified 638 refineries emitting an average of
1.25 Mt-CO2/year [46]. Total global CO2 emissions from cement production amounted to
~2 Gt-CO2 and yielded a flue gas with CO2 of typically 14–33% with ~0.8 t-CO2/t-cement.
Large fossil fuel power plants account for almost half of the total CO2 emissions from fossil
fuel combustion. These large point sources emit nearly 26% of the total global fossil fuel and
industry emissions. Modern technologies, such as coal-fired, oil-fired, and combined cycle
gas turbine (CCGT) power plants, are primarily responsible for most of the CO2 emissions
from the power sector. Depending on the fossil fuel composition and lower heating value
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(LHV), CO2 emissions are assessed. The greater the percentage of fuel, the greater the CO2
emissions. Considering lower heating value (LHV) and CO2 emission levels, the increasing
proportion of H2 gives fossil fuels better properties. Natural gas consists primarily of CH4
and has nearly two times fewer emissions than hard and lignite coal as well as an almost
two-times greater LHV. This fact is based on the composition of gas fuels, in which each
methane molecule contains four hydrogen atoms for every carbon atom [47].

Other contemporary power generation methods, such as nuclear, RES, and hydrogen-
based methods, are less likely to produce emissions [48]. Without carbon capture, a newly
constructed CCGT power plant emits 350 kgCO2/MWh of CO2, which is the same as
a gas-fired power plant. In the case of a coal-fired ultra-supercritical power plant, CO2
emissions of up to 700 kgCO2/MWh are possible. CO2 emissions range between 690
and 820 kgCO2/MWh, depending on the type of coal-fired critical power plant used [49].
Modern energy technology will continue to use fossil fuels until they are replaced by
alternative technologies, such as renewable energies and emission-free power production.
CO2 capture is required to reduce greenhouse gases and protect the environment until
these technologies can be replaced with those that do not emit CO2.

Table 2. Comparison of Four Capture Processes [3,27,31,50–54].

Capture
Process

Application
Sector Advantages Disadvantages

Energy
Required

(MWh/t-CO2)

Carbon
Footprint

(kgCO2eq/MWh)

Post-
combustion

Gas-fired and
coal-fired plants

More mature technology;
easily retrofit into

existing plants

Capture efficiency can
be affected by low CO2

concentration
0.50 [50] -

Pre-
combustion

Plant of coal
gasification

High CO2 concentration
enhances efficiency;

fully developed
technology,

commercially deployed,
and can be retrofitted

into existing plants

Heat transfer and
efficiency decay

problems associated
with turbine fuel, such
as using hydrogen-rich
gas; high operational

cost; and parasitic
power requirement for
sorbent regeneration

2.6–3.0 [51] 150 [31]

Oxy-fuel
combustion

Coal-fired and
gas-fired plants

A high concentration of
CO2 enhances

absorption efficiency;
mature air separation
technologies are also

available

Drop-in efficiency and
energy penalty; costly

O2 production; and the
problem of corrosion

may arise

0.10–0.50 [52] 110–120 [27,31]

Chemical
looping

combustion

Coal-gasification
plants

CO2, the main
combustion product,

remains unaltered with
N2 to avoid air

separation

A process under
development and

inadequate for large
scale operation

1.30 [53] 65–69 [31,54]

After CO2 is captured, it is compressed to create a supercritical fluid with properties
intermediate between a gas and a liquid. It is then transported to a long-term storage
location. When selecting CO2 storage sites, several factors are typically considered: the
volume, purity, and rate of the CO2 stream; the proximity of the source and storage sites;
the infrastructure for CO2 capture and delivery; the presence of groundwater resources;
and the storage site’s safety [55,56]. There are several options for CO2 storage, including
injecting it into the ocean and allowing it to sink to the bottom or, more commonly, using
geological formations as natural reservoirs, in which wells are drilled and CO2 is injected
to depths greater than 1 km. Carbon sequestration is the long-term storage of carbon
in soils, plants, oceans, and geologic formations which occurs spontaneously and due
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to anthropogenic activities. It refers to the storage of carbon, which can become CO2.
Due to climate change, carbon sequestration has been increasing in response to increased
CO2 in the atmosphere. Changes in the land, forestry, and CCS techniques can increase
carbon sequestration for the long-term storage of carbon [57]. Gas reservoirs and depleted
oils, un-minable coal seams, deep saline formations, and enhanced oil recovery operation
formations are the geological sinks of CO2. Together with the help of different physical
and mechanical trapping mechanisms, carbon sequestration can store thousands of GtC
(gigatons of carbon) [58]. Geological storage is considered the most reliable way of storing
a large quantity of CO2 to reduce the increasing global warming [59–61]. The site for
geological storage of CO2 should be suitable, with appropriate porosity and a stable
geological environment [61]. Table 3 shows the potential CO2 storage capacity of worldwide
reservoirs for the sequestration sources as illustrated by Figure 1.

Table 3. The potential CO2 storage capacity of worldwide reservoirs, reprinted with permission from
Ref. [58]. Copyright 2022 Elsevier.

Sequestration Option Worldwide Capacity (Gt C)

Depleted Oil and Gas Reservoirs 100–1000

Deep Saline Formations 100–10,000

Ocean 1000–10,000+

Terrestrial 10–100

Coal Seams 10–1000

Figure 1. Sequestration sources of CO2 captured from power plants are a byproduct of industry or
decarbonization plants.
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3. Carbon Dioxide Mineralization
3.1. Background

Although government agencies generally adopt a piecemeal approach to CO2 man-
agement, long-term solutions typically involve the underground injection of CO2. This
solution, however, involves substantial risk and cost. An alternative to traditional geologi-
cal sequestration is carbon mineralization. In this process, CO2 is reacted to form carbonate
minerals with metal cations, such as magnesium, calcium, and iron. The mineralization of
carbon, known alternatively as mineral carbonation or CO2 mineral sequestration, is an
emerging approach used for CO2 removal and storage. This storage is mainly performed
in the form of carbonate minerals, e.g., calcite or magnesite. The solid inorganic carbon-
ates, which are thermodynamically more stable, are provided as an alternative by mineral
carbonation to the underground storage of gaseous carbon dioxide [62]. The weathering
of silicate materials and rocks is considered natural mineralization. Olivine, serpentine,
and wollastonite are examples of silicate materials (Equations (4)–(8)). Rocks that are
considered to have undergone the natural mineralization process should be rich in Ca
and Mg. Peridotite rocks are one such example, and they form a significant component of
Earth’s upper mantle and basaltic lava [63]. Spontaneous and exothermic reactions take
place at this level [15–17].

Walloastonite
CaSiO3 + CO2 → CaCO3 + SiO2 (4)

Olivine (forsterite)

Mg2SiO4 + 2CO2 → 2MgCO3 + SiO2 (5)

Pyroxenes
CaMgSi2O6 + 2CO2 → CaMg(CO3)2 + 2SiO2 (6)

Serpentine polytypes

Mg3Si2O5(OH)4 + 3CO2 → 3MgCO3 + 2SiO2 + 2H2O (7)

Serpentine polytypes

Mg(OH)2 + CO2 → MgCO3 + H2O (8)

Relatively rapid reactions are observed for high surface area to volume ratios with
wollastonite, olivine, fibrous serpentines, and brucite. Asbestiform chrysotile is an example
of a material with high surface area to volume ratios. The rate of reaction for Ca and Mg is
identical to that of wollastonite. During the mineralization process, carbonates are formed
by the reaction of CO2 with Ca- and Mg-rich minerals. Examples of carbonates which
are the product of this process include calcite (CaCO3), magnesite (MgCO3), dolomite
(CaMg(CO3)2), and often quartz (SiO2) [64]. The utilization or sale of carbon dioxide
mineralization products to different industries can help improve the economic viability
of the carbonation process. Industrial or large-scale CO2 mineralization can result in
large-scale production of products, which can be reused or resold [15]. Calcium carbonate
products can potentially be produced as a result of Ca-based CO2 mineralization processes.
These products have found applications in industries that require precipitated calcium
carbonates. They are commonly used in the paper and cement industry or as landfill storage
options [65]. Potential markets have been explored for inorganic and organic carbonates
obtained from carbon mineralization. These products include CaCO3, MgCO3, NaCO3,
KCO3, polycarbonate, and dimethyl/ethyl carbonates [15].

The carbonate products obtained from the mineral carbonation of CO2 have two
separate applications. These include low-end high-volume uses and high-end low-volume
uses. However, these products should fulfill certain specifications and quality criteria to
be of commercial value. A low level of contaminants and a reasonable particle size are
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examples of such parameters [16]. Diverse industrial applications are currently recorded
for carbonate minerals. They have been found to be useful in construction, paper, and pulp
manufacturing, the pharmaceutical industry, the agricultural sector, and refractory metals.
The construction industry offers the most suitable application opportunities for mineral
carbonates and overall CO2 emission avoidance. The overview for these applications is
shown in Figure 2, which also indicates the potential risk of CO2 release in some of these
applications, often making them unsuitable [17].

Figure 2. Industrial applications of carbonate minerals.

At present, crushed stone construction aggregates present the largest conventional
carbonate market. There is a 22.5 Gt global demand for carbonate materials such as
limestone and dolomite [17,66]. However, this application is inexpensive due to the readily
available crushed stone at just under 12 USD t−1 [67]. The higher-purity requirements
(>99%) related to other applications of carbonate products may add to the expenses during
the mineral carbonation processes despite the market value for these product applications
being around 550 USD t−1 in the case of creating fillers for paints and paper. Therefore, if
mineral carbonation products are to compete effectively with their natural counterparts,
they should possess previously unestablished end uses and be superior in their physical or
economic characteristics [17].

The low-end high-volume uses of mineral carbonate products include using liming
agents in soil acidity treatment and silica and using magnesium and calcium carbonates
for land and mine reclamation [68]. The high-end product applications call for strict
specifications. The widely industrially applicable mono-disperse nanoparticles can be
produced using mineral carbonation processes, such as silica in the amorphous phase, with
potential use as filler or pozzolanic cement replacement material. Other applications include
catalysts, chromatography, ceramics, pigments, pharmacy, and photographic emulsions.
Moreover, other novel functional uses of calcium carbonate include plastics, rubber, paint,
printing ink, weaving, toothpaste, make-up, and foodstuffs. Different polymorphic forms of
CaCO3 can improve paint dispersion, plastic reinforcement, and ink transparency. However,
These applications necessitate a substantial amount of purity, which in turn demands
additional post-processing in these products [16]. Mineralized calcium carbonate products
can be majorly used as a replacement for limestone in the cement industry [65]. Carbonate
ore mining can be avoided by using mineralized calcium carbonate as the lime precursor,
eventually resulting in a potential net gain. The widespread calcium carbonate applications
provide an extensive market for calcium carbonate mineralized from carbon dioxide fixation.
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For example, cement clinkers and road construction aggregates require calcium carbonate.
Concrete carbonation has also been explored using flue gas CO2. Moreover, the usage of
hydrated magnesium carbonate products as an acid-resistant building material has been
tested. This product is obtained by flushing magnesium-rich brine with CO2 gas. Despite
the potential benefits, the possibility of carbon dioxide release from carbonated products
requires attention [15].

CO2 capture and sequestration in underground geological storage (CCGS) are the most
widely endorsed methods for carbon dioxide mitigation. The most apparent and significant
alternative for these techniques is provided by carbon dioxide mineralization, which
provides a CSS option for long-term storage of CO2 [69]. The geological storage reservoirs
for CO2 storage used in carbon dioxide sequestration were assessed in a U.S. geological
survey. A significant concern is a potential for liquefied carbon dioxide gas leakage from
fractures or permeable rock and the overlying aquifers. Leakage from subsequent reservoirs
may result from the improper engineering and buoyancy of the residually trapped gas. This
problem is not faced during carbon dioxide storage, as it uses stable and inert carbonate
rock produced from mineral carbonation reactions [70]. These more stable carbonates
tend not to release CO2 until they are dissolved in harsh acidic environments. Thus, CO2
mineralization makes carbon dioxide storage permanently verifiable and uses a cost-free
monitoring process. The process can be economically attractive, producing industrially
valuable carbonate, silicate, and rare earth metal products [63]. Moreover, the carbonation
of industrial byproducts eliminates the need for a separate carbon capture step due to CO2
availability at the source, applying the process to the entire CO2-containing flue gas or
process gas.

In contrast, heavy energy penalties and significant losses of sorbent are faced when
using amine absorption methods [69]. Mineral carbonation provides an opportunity to
utilize and process toxic wastes to produce stabilized materials. These materials involve
lower risks of leaching heavy metals. As a result, the products of CO2 mineralization have
a greater potential for industrial application, such as in industrial work. Moreover, there
are zero chances for CO2 leakage once it has been stored through mineral carbonation.
This is because the carbon dioxide is bound for transformation into solid calcium or
magnesium carbonates. This implies the possibility of retaining 100% of CO2 stored using
mineral carbonation, even after 1000 years. This limits the requirement for disposal site
monitoring [69].

3.2. Currently Used Processes and Technologies

Two process routes are identified for CO2 mineralization, including direct carbonation,
a kinetically slow one-step process involving the direct reaction of carbon dioxide with the
mineral source (Figure 3). It further consists of the use of two general schemes. These are
dry gas–solid carbonation and aqueous carbonation. To lower the processing costs for these
reactions, the reactions must be explored at the particle–reactant interface for rate-limiting
mechanisms [15].

The other process route is indirect carbonation, which comprises multiple kinetically
faster steps. The two general reactions essentially included in this process are Ca or Mg
reactive components’ extraction and carbonate formation/precipitation reactions (Figure 4).
The two reactions are kept separate due to the difference in their pH requirements. Two-
stage or pH swing routes are examples of indirect carbonation techniques [15]. The carbon
mineralization methods aim to either ensure solid storage or combined mineral capture
and storage. Solid storage involves carbon dioxide storage in the form of carbonate
minerals. Ex situ carbon mineralization involves transporting the solid reactants to the
CO2 capture site used to accomplish solid storage carbon mineralization. The reaction
is then performed between these solid reactants and CO2-rich fluid or gas [64]. Surficial
carbon mineralization is based on mine tailings and other fine-grained solid reactants.
These mine tailings, alkaline industrial wastes, or sedimentary formations are reacted with
CO2-bearing fluid or gas, as they have a rich proportion of reactive rock fragments and



ChemEngineering 2022, 6, 44 13 of 32

surface area [64]. Others performed in situ carbon mineralization, where two medium-
scale experiments in basaltic rocks have been studied for this technology. Suitable rock
formations with appropriate depths are selected to circulate CO2-bearing fluids through
them during this process [64]. Surficial or in situ carbon mineralization processes also allow
the accomplishment of combined mineral capture and storage. However, the difference
lies in using natural surface waters as an alternative for CO2-enriched fluids. Additional
technologies and energy input may be needed in the case of direct air capture systems. In
in situ mineral capture and storage, a lower-cost potential is observed compared to surficial
methods. However, in terms of permeability, reactive surface area, and reaction rate, the
former faces uncertain feedbacks [64].

Figure 3. Principles of Direct Carbonation.

Figure 4. Principles of Indirect Carbonation.
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Aside from mining, the generation of high-surface-area materials containing Fe2+,
Mg2+, and Ca2+ cations is gained through different industrial processes, and evaluation of
industrial byproducts such as cement kiln dust, fly ash, iron, and steel slag has been done for
potential mineral carbonation [71,72]. According to an estimation, using these byproducts
could prevent 7.6 million metric tons of carbon dioxide. It is noted that a small number
of total byproducts could restrict niche application usage. In contrast, carbonation could
remediate hazardous waste to achieve emissions targets for the company [73]. Moreover,
high concentrations of brines possess cations that could form carbonates. The injection of a
CO2 mixture and brine in disposal wells could mineralize in-depth pore space and create
scaling within the disposal well, leading to pressure management issues. The desalination
process forming carbonates in the reaction could have many economic uses [70].

Constituents of fly ash contain MgO and CaO that help gradually absorb moisture for
concrete and cement (Figure 5). This increases the product’s life cycle and is widely used in
the construction industry. Increased fly ash stability and reduced CO2 emissions can be
achieved using fly ash in CO2 sequestration. However, the capacity of CO2 sequestration is
lower in fly ash than in other industrial wastes due to the low content of carbon dioxide
present. Regardless of its low capacity, the application of fly ash is still attracting attention
as viable mineral carbonation of CO2 [74]. Large-scale industrial processes such as solid
waste incineration, the paper and steel industry, and oil or coal shale fired power plants all
use solid wastes to avoid drawbacks. This is because feedstock in primary earth minerals
arises from mineral carbonation, which leads to the following advantages:

• Calcium or magnesium mineral matter is originated from waste materials in the form
of CaO or Ca(OH)2 without mining.

• They require less energy and pre-treatment conditions to increase carbonation yield,
as they are chemically less stable than other minerals.

• The materials used are considered to be associated with the point source emission of
carbon dioxide.

• The end product derived after sequestration can be re-used in other products. For
example, precipitated carbonates of Ca and Mg, road base, and a range of other
construction materials.

• Mineral transformation and pH neutralization can reclassify the hazardous waste.

Contrarily, the legislation issues, technological developments, chemical composition,
and availability all limit industrial waste materials. Additionally, research is currently in
progress to increase/maximize CO2 storage by improving gas humidity, gas flow rate,
temperature, pressure, liquid ratio to solid, solid pretreatment, and particle size [16].

According to an IEA report, the fuel transformation sector and industry (e.g., cement
and steel production) contribute 26% and 20% to the mitigation of CO2, respectively,
through the application of CCS. There is less likelihood of generating an economically
viable option by scaling down the CCS systems to distributed energy systems or industrial
processes [75].
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Figure 5. Innovative CCUM process: integration of carbon mineralization and waste utilization
through accelerated carbonation [76].

Such an approach ensures the fixing of gaseous flue gas CO2 into solid carbonates
with simultaneous neutralization of the wastewater to a pH value of 6–7. These fixed solid
carbonates are upgraded in terms of physicochemical properties to find their applications as
green cementitious materials. Moreover, the heavy metal immobilization and reduction in
leaching are positively aided by the carbonation process due to the sorption of these metals
(Pb, Zn, Cr, Cd, Cu, and Mo) into the carbonated products [77]. The durability of concrete
can be effectively improved using the carbonation process, involving the conversion of
soluble Ca(OH)2 into insoluble CaCO3 in concrete. Hence, the chemical and physical
quality improvement of the carbonated and treated residues can result in their reuse on
an industrial scale, e.g., in construction materials [78]. This ex situ carbonation further
involves two different approaches:

1. Direct Carbonation:

There are two ways to conduct direct carbonation: a dry gas–solid reaction or an
aqueous reaction (gas–liquid–solid). The gas–solid carbonation is considered to be the
simplest method and is represented by the following equation:

Ca/Mg-silicate (s) + CO2 (g) → (Ca/Mg)CO3 (s) + SiO2 (s) (9)

However, the dry gas–solid reaction has decreased efficiency in large-scale carbon
capture utilization in mineralization (CCUM) due to extremely slow reaction kinetics at
ambient pressure and temperature. Feedstock pretreatment or possessing carbonation up to
500 ◦C can help slightly accelerate the reaction. However, these steps are energy-intensive,
ultimately offsetting the environmental benefits of this technique and making it unviable
on an industrial scale. The reaction kinetics are accelerated significantly in the aqueous
carbonation due to the addition of water, which causes the mobility of ions. The schematic
diagram for this direct aqueous carbonation is demonstrated in Figure 6, indicating CO2
fixation for construction material production [76]. This process can use industrial alkaline
solid waste or wastewater for carbonation. In solid waste, the liquid phase is used, in which
the waste is brought into direct contact with the flue gas. Waste separation follows this into
carbonated solid wastes and liquid solution; the latter is heated with relatively hotter flue
gas in a heat exchanger. A reactor is then used to recirculate it for the next carbonation [76].
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Figure 6. Ex situ Direct Aqueous Carbonation (one-step carbonation), adapted from Pan et al. [76].

This process requires no extra heat to enhance the reaction kinetics, and its process
chemistry can be classified into three spontaneous pathways:

• Leaching of Ca/Mg ions into solution from the alkaline solid matrix:

Ca/Mg-silicate (s) + H2O (l) → (Ca/Mg)CO3 (s) + SiO2 (s) + 2H+
(aq) (10)

• Dissolution of gaseous CO2 into solution:

CO2 (g) + H2O (l) → H2CO3 (aq) 
 HCO3
−

(aq) + H+
(aq) 
 2H+

(aq) + CO3
2−

(aq) (11)

• Ca/Mg carbonates’ precipitation:

(Ca, Mg)2+
(aq) + CO3

2−
(aq) → (Ca, Mg)CO3 (s) ↓ (12)

Aqueous carbonation has focused on previous studies exploring reaction kinetics
modeling, process evaluation, optimization, multi-feedstock development, and novel
reactor design [76].

2. Indirect Carbonation:

Figure 7 represents the schematic diagram for indirect carbonation, which can be
divided into the following steps:

• Metal ions’ extraction from alkaline solid wastes, e.g., calcium ions are extracted from
the mineral crystals of CaSiO3 using acetic acid.

CaSiO3(s) + 2CH3COOH (l) → Ca2+
(aq) + 2CH3COO− (aq) + H2O (aq) + SiO2 (s) (13)



ChemEngineering 2022, 6, 44 17 of 32

Figure 7. Ex situ indirect carbonation (multi-step carbonation), adapted from Pan et al. [76].

• Liquid–solid separation—A fiber membrane filters and separates the mother solution
and extracted solids. The former is rich in Ca ions, while the latter can be Ca-depleted
SiO2 particles.

• Filter solution carbonation—Precipitation occurs after filtering solution with a CO2
source.

Ca2+
(aq) + 2CH3COO− (aq) + CO2 (aq) + H2O (aq) → CaCO3 (s) ↓ + 2CH3COOH (l) (14)

The extraction stage may also use several other effective extractants, including CH3COONH4,
NH4NO3, NH4SO4, NH4HSO4, etc. [76].

Pure carbonates such as CaCO3 and MgCO3 are produced as the end products due to
the extraction and direct carbonation of oxides and hydroxides with the CO2. The limiting
factor for its large-scale application is the energy intensity of this process. However, ways
to reduce energy and chemical costs have been indicated in various pieces of research [76].

3.2.1. Calera Process: Using Brines for Cement Manufacture

Calera has introduced a new approach to owning a demonstration plant in the USA. It
is known as the gas-fired Moss Landing power plant. It aims to capture flue gas CO2 for
at least two years with a 90% efficiency from a 10 MW power generator. Figure 8 defines
the Calera process, which foresees the brine in the reactor containing alkaline earth metal
ions [79]. In the Calera process, calcium carbonate is produced from flue gas and brines [16].
Calera is a process that captures CO2 from power plants and stores it in carbonaceous
material. The Calera process converts gas to stable solids such as metastable calcium,
magnesium carbonate, and bicarbonate minerals through a process called “mineralization
via aqueous precipitation.” Because the process requires a high pH, it is most economically
feasible when power plants are located near sources of suitable brines extracted from
geological formations and alternative sources of alkalinity and minerals. Calera cement
and aggregate are similar to Portland cement (PC) and aggregate, but may vary by location
due to the addition of trace components. After processing, the Calera process produces
solid materials that can be used in a variety of construction applications. Calera also has a
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proprietary high-efficiency electrochemical process called “alkalinity based on low energy”
that produces sodium hydroxide and hydrochloric acid using only salt and electricity.

Figure 8. Schematic Diagram for Calera Process, adapted from Sanna et al. [16].

CO2 and brine contact each other, whereas CO2 dissolves in water to create carbonate
and bicarbonate to decrease the pH of the solution. To produce the precipitates that
contain carbonate, it is necessary to remove a proton from the solution. This makes the
pH around 9–11 and shifts the equilibrium towards carbonate. The alkalinity increases
the pH (hence carbonates precipitated), making cement manufacture feasible. Around
10–40% of the energy penalty is associated with the characteristics of power plants and the
brine’s availability of the process [79]. The brine’s technical suitability and alkaline earth
metal ions (such as calcium and magnesium) are more present in brines and offer potential
feedstocks. Besides this, alkaline water for the Calera process and the need for seawater
reduce this technology’s broad application.

3.2.2. SkyMine Process Via Direct Mineral Carbonation of Brines

Skymine is another process for CO2 sequestration using brines. Skyonic Corporation is
producing sodium carbonate and bicarbonate using the SkyMineTM technology, which also
utilizes flue gas and brines [80] The SkyMine® Process is a patented, one-of-a-kind method
for removing carbon dioxide from a gaseous waste stream, converting it to mineralized
carbon, and producing valuable chemical byproducts (Figure 9). SkyMine® is a multi-
column system that reacts carbon dioxide from waste flue gas with sodium hydroxide to
form sodium bicarbonate. Columns equipped with recirculation pumps, metering pumps,
pH sensors, temperature sensors, pressure sensors, sample points (for fluid samples), test
points (for gas samples), drip trays (for fluid distribution), flow indicators, and manual
valves to control recirculation flow were used in the on-site field test unit. SkyMine® is a
process that is capable of removing more than 90% of carbon dioxide from a flue gas stream.
This project aims to capture 15% of the flue gas from Capitol Aggregates’ cement plant.
The process produces high-purity products that are readily marketable and in demand.
Before construction, Skyonic had multiple off-take agreements to sell or distribute these
products for use in various industries, including oil and gas, animal feed, municipal water
treatment, and industrial cleaning. Skyonic anticipates that its products will be certified for
use in the food and pharmaceutical industries due to their purity. It involves the absorption
of CO2 in caustic soda to produce carbonate or bicarbonate products [81,82]. Besides
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having a 98% conversion rate using electricity or NaOH, the SkyMine process also claims
to remove heavy metals such as mercury and clean NO2 and SOx from flue gas [81]. The
Skyonic Corporation, a joint venture that includes ConocoPhillips and BP, has launched
the commercial capturing of CO2 to remove 83,000 tCO2 from the cement plant annually.
The strength of this process lies in low-energy and low-cost mineralization plants with
chemical inputs involved in the production of valued carbon-negative products, such as
NaHCO3 and HCl. However, this limits the broad application of the technology, as there
is no significant market for bicarbonate and hydrochloric acid [16]. Heat exchangers cool
down the flue gas from 300 ◦C to 30 ◦C. At the bottom, NaOH is absorbed to form the
final product, followed by brine electrolysis [83–85]. The following reaction occurs in the
carbonation chamber:

2NaOH + CO2 → Na2CO3 + H2O and Na2CO3 + H2O + CO2 → 2NaHCO3 (15)

Figure 9. Schematic Diagram for SkyMine Process [83–85].

Potential applications of Products from the Skyonic and Calera process are highlighted
in Table 4.
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Table 4. Use of Carbonation Products, adapted from Sanna et al. [16].

Carbonation
Process

Amount of
CO2 Utilized

Value of
Byproducts
($ Per tCO2)

Energy Penalty
for By-Product

Process (%)

CO2 Emissions
Avoided

Products
Market

Market Size
(Billion $ Per

Year)

Skyonic

Cl2: 14 Mt per
year; Na2CO3:
20 Mt per year;

H2: 836 Mt
per year

Na2CO3: ∼300
$ per t, H2: ∼10
$ per t, Cl2: 240

$ per t

20 2.9 t per tCO2;
captured

Solvay process
(Na2CO3 or

CaCO3)
3.4–9

Calera

Sand and
aggregate

market: 1500
Mt per year;

cement: 24 Mt
per year

Aggregate: 7 $
per t, cement:

100 $ per t
8–28 0.5 t per tCO2

captured

CaCO3 for
cement,

aggregates
21

3.2.3. Production of Low-Carbon Concrete Products

CO2 mineralization in concrete during the batching phase [86–88], natural carbonation
throughout the service life of a concrete structure and at the end of life [89], and natural
carbonation during the service life of a concrete structure have all gained attention in the
last decade, as they are viewed as options to lessen the impact of concrete on the environ-
ment. A group of academics attempted to calculate the global yearly CO2 fixed by natural
carbonation using a model. According to the researchers, natural carbonation mitigates 43%
of annual worldwide calcination emissions [88]. Additionally, other researchers studied
the degree of carbonation in end-of-life concrete structures. They found that between 3.6%
and 10% of process-based cement manufacturing emissions are reabsorbed [89].

The production of both PCs and carbonated calcium silicate-based cement (CSCs)
consumes a lot of energy and produces a lot of CO2. The raw grain must be dried, the
limestone must be calcined, the oxide components must be reacted, and the cement clinker
must be formed. This analysis will not consider the electrical energy required to crush and
grind the raw materials, operate the clinkering process, comminute the clinker, and trans-
port materials throughout the process. The changes in energy usage and CO2 emissions
are outlined below to demonstrate the advantages of CSC processing. The manufacturing
of one tonne of PC clinker in existing cement plants requires 3.2 GJ of heat energy [90].
The thermal energy needed to produce one ton of PC clinker is around 1.757 GJ. The heat
retained in clinker, heat losses via kiln dust and exit gases, and heat losses from radia-
tion contribute to the gap between actual and theoretical heat requirements. Because the
endothermic decomposition of calcium carbonate (calcination) consumes the most heat
energy during pyroprocessing, the thermal energy of CSC clinker is expected to be lower
than that of ordinary portland cement (OPC) clinker [87]. The vast concrete market offers
an impactful sink for CO2 emissions, using CO2 mineralization reactions thermodynami-
cally [91–95]. Sustainable concrete is made by capturing and mineralizing CO2 from air
and water, producing a more robust cement-like material than traditional concrete and
significantly reducing the carbon footprint. With this solution, buildings can be made
with less energy, less cost, and less pollution. CO2 is used to replace limestone in concrete,
meaning that the CO2 never escapes into the atmosphere. This technology can remove CO2
from the air while also using it to make carbon-negative concrete. This means that CO2 is
reduced in the air producing a product that absorbs more CO2 than it emits (Figure 10). If
this product is proved to be successful, it would be a significant step in addressing climate
change [86–95].
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Figure 10. Production of low-carbon CO2 concrete products from coal combustion residues, flue gas
CO2, and low-grade waste heat, adapted from Sant [96].

This process is yet to be developed and may produce various precast concrete/concrete
masonry products. Hollow-core block (concrete masonry units) may be obtained as the
initial product, fulfilling the ASTM C90 performance criteria. These criteria include:

• Compressive strength (>13.8 MPa)
• Density (determines weight classification)
• Water absorption (<320 kg/m3)
• Physical appearance/dimensional tolerances
• Preliminary lifecycle analysis (LCA): ~65% CO2 emissions reduction relative to con-

ventional CMU

The project aims to utilize CO2 in flue gas and coal combustion residues (CCRs) to
synthesize concrete by using the CO2 mineralization process and accelerating its pace of
development. This product is designed to provide a functional replacement for traditional
concrete. This project is to be created, fabricated, and optimized as a field-scale CO2
processing (carbonation) system by the University of California, Los Angeles (UCLA) with
the support of Susteon Inc. [96].

Additionally, Solidia Cement, patented in 2016 [86], is a non-hydraulic binder made
from the same raw ingredients as OPC but with a lower proportion of CaCO3 and a kiln
temperature of roughly 1200 ◦C, resulting in a 30% reduction in CO2 emissions [86,87].
This binder’s overall C/S molar ratio is 1, and it is primarily made up of wollastonite/
pseudowollastonite, with minor amounts of rankinite (13%wt) belite (3%wt) [97]. This
mixture of calcium silicate phases has the potential to harden through a carbonation
process; therefore, no water is required for the reaction to take place [87]. The granulated
raw material is fed into a natural gas-fired rotary kiln to make this cement. The calcium
silicate compositions produced in the rotary kiln are “clinker,” or small granules with
diameters ranging from 1 to 4 mm. After that, the clinker is processed into a powder with a
mean particle size of around 12 mm. This substance is combined with aggregates, sand, and
water to make concrete. When the concrete mixture is subjected to a high-concentration
gaseous CO2 atmosphere (60–90%) [98], the binder phases react, and CaCO3 and SiO2
are produced. Solidia Cement is a non-hydraulic binder made from the same PC raw
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material in existing cement kilns. The main distinction is that the Solidia binder is made
with less limestone and lower kiln temperatures. As a result, CO2 emissions from cement
manufacture are lowered (30% reduction). The binder, aggregates, sand, and water react
with CO2 to form a durable matrix of the Solidia concrete solution. The curing process
collects up to 300 kg of CO2 per ton of cement used. Compared to traditional cement
and concrete products, Solidia cement and concrete products minimize CO2 emissions by
70% [87].

3.2.4. Ion Exchange Implementation on CO2-Rich Streams

The critical challenge to the previous alkaline addition processes is maintaining al-
kalinity during carbonation. The Calera, Solidia and SkyMineTM process relying on the
consumption of hydroxides or electrolysis is costly. Ion exchange processes provide an
alternative method to adding stoichiometric inorganic bases (e.g., NaOH) to induce alkalin-
ity for the consequent precipitation of CaCO3. This process proposes using regenerable ion
exchange materials to increase the pH of CO2-rich solutions via ion exchange, providing
alkalinity required for CO2-mineralization [99–101]. CO2 exchanges protons with sodium
from ion exchange materials to dissolve the CO2 into bicarbonates that are then precip-
itated as carbonates. The reactions are carried out in columns filled with porous, solid
media called zeolite [102]. In principle, ions exchange between an electrolyte solution and
similarly charged ions immobilized in an ion exchange material through a stoichiometric
reversible ion-exchange reaction (Figure 11). The goal is to develop a process cycle that
can carbonate Ca in produced water while regenerating the ion exchange resins. However,
the technical challenge is to regenerate the zeolite without using a base and using low
energy-consumption steps [99,100].

Figure 11. Schematic of the ion exchange process.

Additionally, CO2 is produced during wastewater treatment on a considerably lesser
scale than in anthropogenic activities such as agriculture, industry, or those that utilize
fossil fuels, with an emission of 4.13 kg CO2 per m3 of treated water [103]. In this way,
this research aimed to absorb CO2 from the ambient air during the mineralization of
municipal wastewater using a moisture-driven CO2 sorbent [104–107]. To complete the
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CO2 capture–release cycle, a successful sorbent for direct air capture (DAC) must (1) have
fast reaction kinetics, (2) be low in cost, and (3) be able to regenerate with a low-energy
barrier. Because they must overcome a significant energy barrier to regenerate, most CO2
sorbents failed in the third category [108]. Temperature Swing Absorbents (TSV) or Pressure
Swing Absorbents (PSV) such as hydroxides, oxides, or alkaline salts, for example, may
easily scrub CO2 from the air. However, calcination necessitates heating the sorbent to high
temperatures. It takes a lot of energy to overcome the binding energy and compensate for
the heat losses that occur during the heating of bulk materials, and heat losses are difficult
to avoid [109]. A new energy-efficient sorbent process captures CO2 by simply adjusting
the amount of water on it. When the environment is dry, the sorbent binds CO2 from the
air, and when the environment is wet, it desorbs CO2. It uses a tenth of the energy of other
CO2 sorbents on the market [108].

3.2.5. Electrochemical Ocean Mineralization

Brine production/disposal and a huge carbon footprint resulting from energy usage
are two major negative environmental implications of seawater desalination. Sequential
CO2 mineralization appears to provide a possible solution to both problems. The impacts
of critical reaction parameters in this method, such as extra agitation of the reactant phases,
electrolytes, and the rate of CO2 microbubble injection, are reported in this study [110].

The electrochemical carbon dioxide removal process takes advantage of the natural
carbonate cycle in the ocean to sequester CO2 on a large scale. Because CO2 is the dominant
acid in the ocean system, increased pH results from CO2 removal via photosynthesis or
de-gassing; consequently, there is typically a nearly one-to-one correspondence between
CO2 reduction, alkalinity generation, and limestone precipitation in that sequential order.
However, in the case of electrolysis, hydroxyl ions are generated directly from the electroly-
sis of water, so no CO2 is released; instead, a locally higher pH promotes CO2 dissolution
and ionization to carbonate anions, which replace the precipitated-out carbonate anions.
This process uses membranes composed of mechanically and chemically stable metallic
materials [111]. Periodically, the membrane surface can be cleaned with either an acid
solution or a knife to remove or dissolve any carbonates precipitated on the pores. Ad-
ditionally, reversing the applied potential can be used to anodically generate O2 and H+

near the membrane surface, detaching or dissolving any carbonates deposited [112]. A
solids collector system similar to that found in a rotary drum filter can be integrated into
the membrane, and the precipitated solids will be discarded into the oceans (Figure 12).
Electrolysis of OH− at the site of the Ca2+ combination is advantageous, as it reduces the
diffusion barrier for precipitation, and the presence of a substrate in the form of a mem-
brane surface promotes nucleation. Thus, localized pH changes on membrane surfaces
create favorable thermodynamic and kinetic conditions for CO2 mineralization in a more
sophisticated process.

Desalination plant energy consumption should be reduced from both an environmen-
tal and an economic standpoint [113–115]. Desalination, as with any other human-made
activity, has had several environmental consequences. The major repercussions include the
discharge of chemical-laden brine into the environment and the emission of GHGs into the
atmosphere [115]. Combining saltwater desalination with salinity gradient-based power
generation technologies (such as pressure retarded osmosis (PRO) [116,117]) generates pres-
sure and thus energy by utilizing the salinity difference between a relatively fresh impaired
water supply and seawater. The PRO system has a lot of benefits. When compared to an
optimized reverse osmosis (RO) system (i.e., a RO with an energy recovery device), energy
production from PRO reduces RO energy usage even more. Another significant benefit of
this system is that the brine produced during the RO process is diluted back to seawater
concentration, reducing the negative environmental impact of seawater RO brine disposal
on marine ecology and habitats.
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Figure 12. A schematic of localized OH− generation on membrane surfaces using the electrochemical
process to induce carbonate precipitation.

Furthermore, the impaired water and RO product water are in different circuits, ensur-
ing that the inadequate water does not contact the drinking water. Finally, because the draw
solution in the RO-PRO system is an open loop, pollutants are unlikely to accumulate [117].
Electrodialysis is projected to reduce energy consumption and brine salinity [118,119].
Nonetheless, contemporary desalination facilities use much non-renewable energy, and
the CO2 produced by such sources contributes significantly to global climate change [120].
A desalination plant requires energy for seawater input, pretreatment, demineralization,
brine disposal, and outfall [115]. The least energy-intensive demineralization process is
RO, while the demineralization step consumes the most energy [121]. Raluy et al. [122]
compared the number of contaminants produced by multi-stage flash (MSF), multiple-effect
distillation (MED), and RO demineralization procedures. RO needs 4 kWh of energy and
generates 1.78 kg of CO2 to produce 1 m3 of demineralized water. The energy consumption
of seawater RO, according to Panagopoulos, is 3–9 kWh/m3 water [123]. According to Jia
et al., RO uses 5 kWh to produce 1 m3 water [28]. New energy recovery systems have low-
ered the energy need for RO compared to conventional demineralization processes [124].
Assuming 100% RO technology and removing other energy-intensive procedures, the
CO2 emission still exceeds 170 k ton/day based on the global desalination capacity of
95.37 million m3/day [125]. Seawater desalination plants, fortunately, are frequently lo-
cated near fossil power plants, simplifying the energy supply chain [126]. This shows
that desalination brine might be used to mineralize CO2, effectively accomplishing two
goals simultaneously.

3.3. Constraints of CO2 Mineralization Process for Global Scale Application

Mineral carbonation offers the safest and most stable and permanent method of CO2
storage [16–18,61,68,76]. This stability is confirmed by the carbon distribution and storage
of carbonates such as limestone (CaCO3) in the Earth’s lithosphere, as shown in Figure 13.
A large CO2 sequestration potential is provided by the resources of this process, up to
410,000 Gt C [16].
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Figure 13. Global carbon reservoirs (GtC) and their net fluxes (GtC per year), adapted from Sanna
et al. [16].

Mineral carbonation is still considered an immature technology in terms of technol-
ogy, market acceptance, economics, and impact assessments [63]. The mineralization
processes should be introduced with technical solutions which fulfill the relevant engineer-
ing requirements and are in accordance with the public acceptance criteria [50,127,128].
These areas need to be adequately addressed if CO2 mineralization is established globally.
Table 5 summarizes precursor-based barriers faced in mineral carbonation approaches.
Below are the significant constraints of this process, which act as a hindrance to its global
application [15–17,127]. Three key factors are the primary cause of obstruction in the
carbonation process:

• Competitive reactions—Refers to hydration tendency of solids versus carbonates.
Highly hydratable Ca-rich solids demonstrate poor carbonation potential compared
to fully hydrated Ca-rich solids, e.g., Ca(OH)2.

• Formation of surface-passivating films—Refers to the formation of dense calcite films
(physical barriers) on carbonating surfaces, causing hindrance to the reactant solid
in contacting CO2. For example, this factor is attributed to the fractional carbonation
(<10%) of a highly hydratable solid (CaO is attributed to this factor).

• Presence of water—Refers to the inhibition of carbonation due to condensation of
water within the micro or mesoporous solid pores. This causes the hindering of
the transport of vapor-phase CO2 into the microstructure. This is observed during
carbonation with precast sections.

The potential energy penalty is used to drive the mineral carbonation process [67].
This energy is needed for three aspects, which differ in their importance corresponding to
the metal oxides’ source:

• Preparation and activation of the solid reactants (mining, transport, and grinding included)
• Processing, recycling, and possible losses of additives and catalysts; and
• Disposal of carbonates and byproducts

Currently, additional energy consumption is observed along with additional CO2
production compared to other storage options. Studies suggest that 60–180% more energy
is required for a full CCS system with mineral carbonation than those power plants with-
out CCS [62]. Carbonation processing limitations due to the complexity of carbonation
processing are associated with two key factors:
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• Requirement for alkaline precursors, which are neutralized progressively after contact
with CO2. This is problematic due to high-temperature activation in the production of
alkaline precursors and reactants [50,99–101,127].

• Sustained elevated pH levels in the solution are needed to promote carbonate precipi-
tation. This is because increasing pH diminishes CaCO3 solubility. Moreover, acidity
is induced by CO2′s dissolution in water, thus requiring alkaline buffering to sustain
the precipitation of carbonates [76,100].

Table 5. Summary of precursor-based barriers faced in mineral carbonation approaches. Adapted
with permission from Ref. [127]. Copyright 2022 The National Academies Press.

Input Key Barriers

Mature OPC-based concrete It takes years for carbonation to occur under mass transfer
(diffusion) control at ambient conditions.

Fresh OPC-based concrete
Slow reaction rates, the limited concentration of carbon

dioxide in the slurry, and presence of moisture, hindering
carbonation.

Low-rank calcium silicates Requires a high concentration of CO2 to hasten the reaction
kinetics sufficiently.

Hydrated lime Requires the maintenance of slightly above-ambient
temperature conditions.

Industrial wastes Heterogeneity accounts for broad variations in reaction
kinetics with substantially lower CO2 uptake.

The current need is the development of chemical additives, which may affect both
kinetic and thermodynamic reaction controls, resulting in enhancing carbonation rates [58].
The mineral carbonation process poses serious environmental concerns associated with
large-scale mining, ore preparation, and waste product disposal. These processes may
contribute directly to potential soil, water, and air pollution. These environmental impacts
are the major hindrance in achieving public acceptance of the mineralization process [62].
Relatively little research is available on CO2 mineralization, its economic viability, and
feasibility [128]. The different process designs for mineral carbonation have great potential
for improvement and development, as stated in various literature [16–18,50,99–101,127].
Further research can be conducted to evaluate, understand, and improve the necessity
of heat activation for various mineral resources used for this method. The potential of
mineral carbonation products to be used as industrial feedstock can be evaluated for
residual silica (or silicate) and Mg/Ca carbonate. Thus, the economic competitiveness of
CO2 mineralization can be explored by working towards the improvement of its product
value [63]. Moreover, the concerns regarding the large-scale energy requirements, scale
mining, and associated environmental concerns need to be preemptively dealt with to
ensure public acceptance of this process. Therefore, research needs to be done to evaluate
the natural mineral reserves needed for this process. Additionally, it would help to examine
the optimization of costs, power generation, mining, product disposal, and their transport
in accordance with a site-specific manner [63]. Below, some of the potential future scopes
for the future of this industry are outlined:

1. To tackle future challenges, an efficient and well-designed process plant that fulfills
the efficient mass transfer among phases such as gas–liquid–solid (high fixation of
CO2 with low energy consumption) is required [3,7,15–17,21,36].

2. The integration of mineral carbonation should be processed with waste treatments to
reduce the total cost, such as reducing SO2, CO2, fly ash stabilization, flue gas, and
alkaline wastewater neutralization [76,80,100,101,127].

3. Prior to the CO2 mineral carbonation, valued elements should be extracted and
recovered. These might include aluminum, iron, or sodium [67].

4. In the engineering industry, carbonated fly ash should be given more attention [17,67,92].
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5. Systematic analysis should consider the operation and capital costs for the profit gain
from CO2 reduction and waste utilization [74].

4. Conclusions

The societal consequences of rising carbon dioxide levels are grave, and actions to
mitigate them are critical to maintaining our standard of living. To summarize, this work’s
analysis highlights the massive (but not insurmountable) scale of the CO2 problem. The
scope of this work precludes an in-depth examination of the mechanisms for CO2 man-
agement. It began with an overview of the global greenhouse gas crisis, followed by a
discussion of the current industrial technologies deployed to address the crisis. To reduce
the emission of CO2, various countries have considered and adopted different approaches.
These have included promoting energy conservation, using low-carbon fuels, using renew-
able energy, promoting CSS, and promoting geoengineering approaches. The industrial
technologies to mitigate carbon dioxide emissions have been described throughout this
paper. They include carbon capture, sequestration, and amine absorption techniques. CCS
is the most widely used approach; however, CCS is expensive and fraught with risk. The
mineralization concept was then introduced as an alternate method for permanently car-
bonating CO2 into valuable goods. This paper also represented the significance of carbon
dioxide mineralization as an effective alternative for carbon capture and sequestration tech-
niques. The present procedures and technologies for CO2 carbonation, including direct and
indirect carbonation and certain industrial instances, were explored in length. Additionally,
the constraints and difficulties associated with carbon mineralization were discussed. This
technology is faced with certain constraints regarding its global-scale application. This
process’s potential scope is diverse, though it mainly focuses on utilizing industrial wastes
and other alkalinity sources as feedstock for the carbonation process.
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