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Greenhouse gas emission into the atmosphere is considered the main reason for the rise in Earth’s mean surface

temperature. According to the Paris Agreement, to prevent the rise of the global average surface temperature beyond two

degrees Celsius, global CO  emissions must be cut substantially. While a transition to a net-zero emission scenario is

envisioned by mid-century, carbon capture, utilization, and storage (CCUS) will play a crucial role in mitigating ongoing

greenhouse gas emissions. Injection of CO  into geological formations is a major pathway to enable large-scale storage. 
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1. Introduction

Global climate change is evidenced by disruptions in historical geographical and seasonal climate patterns. Persistent

increases in the globally averaged surface air temperature are prominent features of these changes. The average

temperature of Earth’s surface has increased by approximately one degree Celsius (1.8 degrees Fahrenheit) since the

late 19th century . These changes have accelerated rates of the mean sea level rise . Human activities and the

associated greenhouse gas (GHG) emissions, especially those emitted since the industrial revolution, are the main

culprits of the ongoing changes in the Earth’s climate . GHGs trap atmospheric heat  by absorbing infrared radiation

from the sun . These gases comprise a range of substances whose atmospheric concentrations considerably affect the

global mean temperature . According to the Fifth Intergovernmental Panel on Climate Change (IPCC) Assessment

Report, the most critical GHGs based on their relative concentration and global warming potential comprise carbon

dioxide (CO ), methane, nitrous oxide, chlorofluorocarbon-12 (CFC-12), hydrofluorocarbon-23 (HFC-23), sulfur

hexafluoride, and nitrogen trifluoride . CO  accounts for approximately 76–79% of annual global GHG emissions .

The monthly average Mauna Loa concentration of CO  for September of 2022 was reported as 415.95 ppm . In 2020,

CO  emissions comprised 79% of the total anthropogenic GHG emissions in the US, of which 92% were due to fossil fuel

combustion . Despite a reduction in global energy demand and CO  emissions by approximately 5.1% in 2020 due to

the COVID-19 pandemic, the world experienced a fast economic recovery in 2021. A 5.9% increase in economic output in

2021 was associated with a 6% rise in CO  emissions, making 2021 the most significant year-over-year increase in

energy-related CO  emissions . Developing Asian countries, especially China and India, significantly contribute to

increasing global CO  emissions . CO  emissions must be substantially curtailed worldwide in all sectors of the

economy to prevent further global temperature rises . To this end, the Paris Agreement was negotiated in 2015 as a

legally binding international treaty on climate change. This agreement was adopted by 196 Parties at the twenty-first

session of the Conference of the Parties (COP) in December 2015 and entered into force on 4 November 2016 . The

main objective of the agreement is “[h]olding the increase in the global average temperature to well below 2 °C above pre-

industrial levels and pursuing efforts to limit the temperature increase to 1.5 °C above pre-industrial levels …” (Paris

Agreement, Art. 2(1)(a)) . The implementation of the agreement requires significant economic and social

transformations . The energy sector is responsible for approximately three-quarters of GHG emissions. To achieve the

Paris Agreement’s main objective, global CO  emissions must be reduced to net zero by 2050 . This reduction will

necessitate a complete transformation of our means of energy production, transport, and consumption . Climate-

change-related problems and increasing scarcity of natural resources compel the world community to better manage

energy demand and supply and transition to a sustainable energy system. Such a transformation requires a combination

of energy efficiency, renewable energy use (solar, wind, biomass, hydroelectric, etc.), and carbon capture and storage .

Energy-related and industrial processes are responsible for approximately 80% of CO  emissions . According to the

International Energy Agency (IEA), in 2020, about 78% of the world’s energy needs were met by fossil fuels (e.g., oil,

natural gas, and coal) and the remaining 22% by nuclear, biofuel, hydro, and other sources . These figures represent

an increase of 3% in renewable energy use, with electricity generation from renewable sources having risen by 7% to

account for approximately 29% of global electricity generation in 2020 . A profound transformation from fossil-fuel-

dependent to renewable-energy-based systems enhances energy efficiency. The International Renewable Energy Agency
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(IRENA) reports that renewables may account for up to two-thirds of the global primary energy supply by 2050 .

According to a report by the IEA, solar PV and wind make up two-thirds of the renewable energy growth. IRENA estimates

that energy efficiency and renewable energy can, together, contribute 90% of the mitigation measures needed to reduce

energy-related emissions. That means the energy-related CO  emissions must fall by approximately 3.8% every year until

2050 to achieve levels 70% below today’s level and meet the goals of the Paris Agreement .

2. CCUS

Significant amounts of CO  are produced and emitted into the atmosphere due to industrial processes . Carbon

capture, utilization, and storage (CCUS) is necessary to significantly reduce carbon dioxide emissions in the near term .

The CCUS supply chain comprises capture and compression of CO , as well as transportation of CO  to utilization and

geologic storage sites . It is predicted that carbon capture and storage will prevent about 32% of GHG emissions by

2050 .

The efficacy and adoption of utilization and sequestration of captured CO  depend heavily on the availability of technology

elements and favorable economic drivers. Leonzio et al.  use a mathematical model to assess the optimal supply chain

of CCUS in the UK. Considering the net present value and the payback period of different utilization and storage options,

they concluded that the geologic storage of captured CO  is the most economical pathway .

The US Department of Energy (DOE) reports that the US has more than 2400 billion metric tons of CO  storage capacity

in saline aquifers, unminable coal seams, and oil and gas reservoirs . A 2021 report by the IEA indicates that CCUS

facilities around the globe have approximately 40 Mt of capture capacity each year . However, the applications of

CCUS technologies are complex. They depend on several factors, such as a detailed understanding of geology,

geoengineering, geophysics, environmental impact, and related mathematical and computer science know-how .

2.1. Carbon Capture

CO  separation and capture technologies for flue gas streams are commercially available . Examples include direct air

capture (DAC), precombustion, post combustion, and oxyfuel combustion .

2.1.1. Direct Air Capture

Unlike point-source capture from industrial sources, DAC refers to the capture of CO  directly from the atmosphere and

includes two main technologies: liquid and solid DAC. Liquid capture passes air through a solution, such as hydroxide,

while solid DAC uses solid sorbent filters that chemically bind with carbon dioxide . The world’s first and largest

climate-positive DAC and storage plant, Orca, launched in September 2021 in Hellisheidi, Iceland. Orca is located near

the Hellisheiði geothermal power plant, runs entirely on renewable energy, and has around 4000 tons of CO  capture

capacity yearly . According to the IEA, there are 19 DAC plants currently operating worldwide, which capture more than

0.01 Mt of CO  per year. An additional 1 Mt of annual CO  capture capacity is in an advanced development stage in the

US .

2.1.2. Precombustion Capture

The precombustion method refers to capturing and removing CO  before combustion is completed . Precombustion

CO  capture is usually associated with high CO  concentrations (15–60% by volume) and high-pressure and high-

temperature process streams . In precombustion, fossil fuels are converted to syngas (a mixture of CO and H ).

Syngas is typically produced by adding either steam (i.e., steam reforming) or oxygen (i.e., partial oxidation or

gasification) to the primary fuel. In both cases, the process is followed by a water–gas shift reaction . This water–gas

shift reaction converts CO and water to CO  and H -rich gas. CO  can be separated, and H -rich fuel can be combusted

.

2.1.3. Post-Combustion Capture

Post-combustion capture refers to removing CO  from the product flue gas stream. CO  may be removed from hydrogen-

rich gases using a physical solvent . The main adsorbents for the post-combustion process include activated carbon,

metallic oxides, alumina, and zeolites. Regeneration of adsorbents requires heat (temperature swing adsorption) or a

reduction in pressure (pressure swing adsorption) . The leading post-combustion technologies rely on adsorption,

physical and chemical absorption, cryogenics separation, and membranes . Aqueous amine solutions (chemical

absorption) are the most mature technology for removing CO  from natural gas. Recent improvements in polymeric

membrane technology have enabled CO  capture from coal-fired power plants and related combustion sources .
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Dissolution of CO  requires high pressures, with CO  released once more as the pressure drops. The precombustion

approach does not require heat for solvent regeneration, and the removed CO  can be released above atmospheric

pressure. Therefore, precombustion capture and compression of CO  may be twice as efficient as post combustion.

Disadvantages of precombustion capture include a loss of the potential for power generation due to the removal of CO

that may otherwise be burned in the turbine to generate power. Additionally, natural gas or syngas (conventional) turbines

are more efficient than hydrogen-burning gas turbines .

2.1.4. Oxyfuel Combustion

Oxyfuel combustion technologies are among the leading technologies for CCUS. The main principle of oxyfuel

combustion is the burning of the fuel using pure oxygen instead of air, which allows for improved control over flame

temperature and recycling of a portion of the flue gas back to the furnace. The advantage of the oxyfuel method is that it

generates a highly concentrated CO  flue stream, which eases the post-separation process , and it only requires CO

in most combustion systems . The optimal oxygen concentration for the oxyfuel process is approximately 97% oxygen

purity . Oxyfuel combustion in power generation comprises four units: an air separation unit (oxygen production), a gas

turbine or boiler (heat generation), a flue gas processing unit (quality control system), and a CO  processing unit (CO

purification, transport, and storage) .

The use of oxygen instead of air in oxyfuel combustion results in more efficient combustion ; it decreases fuel

consumption and helps to obtain more than 80% volume concentrated CO  stream, which makes purification easier

through mechanical separation .

2.2. Utilization

CO  is often considered a waste product in the context of flue gases. Recent crises have led to the exploration of the use

of CO  in various applications, which has turned CO  into a potentially valuable product . Through carboxylation

reactions, CO  can be employed to produce various chemicals . Moreover, CO  can be directly applied for compound

extraction, e.g., in enhanced oil recovery (EOR), the food industry, and dry cleaning . CO  can also be incorporated into

construction and building materials . This research classifies CO  utilization technologies into (i) CO  to products and

(ii) geological categories .

2.2.1. CO  to Products

CO  may be used as raw material in products such as beverages and food, inorganic chemicals, fertilizers, fuels,

agricultural goods, building materials, etc. . Methanol, formic acid, urea, cyclic carbonates, and salicylic acid are the

most common products that can be obtained via CO  . The United States National Academy of Sciences (NAS)

categorizes CO -based products into long-lived and shorter-lived products. Long-lived CO -based products are durable,

with more than 100 years of carbon storage capacity. In contrast, shorter-lived products may be recycled as part of the

circular carbon economy over a shorter time span .

CO  to Methanol

The idea of upgrading CO and CO  to produce methanol dates back to the 1970s . Large-scale methanol production is

possible through the following reactions :
CO+2H2↔CO3O

(1)

CO2+H2↔CO+H2O

(2)

CO2+3H2↔CO3OH+H2O

(3)

The first reaction is methanol synthesis from CO, the second is a reverse water–gas reaction, and the third is methanol

synthesis. Recently, Nobel Prize winner George A. Olah advocated for a term called “methanol economy”, in which

captured CO  from the atmosphere and H  produced from renewable energy sources can be used to produce methanol

and used as fuel and raw material for synthetic hydrocarbons . Although hydrogen is considered a clean energy source

and plays an essential role in the chemical industry, it is not easy to store and transport, restricting its wide-scale adoption

as an energy carrier. On the other hand, methanol is an excellent H  source with low toxicity. Low-chain alcohols are
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considered an alternative, more accessible pathway to transport and store hydrogen . Methanol may be mixed with

conventional gasoline without requiring technical modifications of vehicles . Around 90% of methanol is produced from

natural gas .

CO  to Formic Acid and Urea

Urea is an essential product that can be obtained from CO . Urea is the most widely used synthetic nitrogen fertilizer and

accounts for about 70% of worldwide fertilizer usage . Urea has a high nitrogen content (up to 46%) and is most

commonly produced through the following reactions :
N2+3H2→2NH3

(4)

CO2+2NH3→NH2CONH2+H2O

(5)

Urea production requires fossil fuels, which leads to greenhouse gas emissions. In urea production, natural gas is purified

and converted to syngas in a reforming unit . Agriculture and other land use contribute significantly to GHG emissions,

according to the IPCC. These activities accounted for about 23% of anthropogenic CO  emissions between 2007 and

2016 . However, the contribution of agricultural activities to the global carbon cycle is complex. Nitrogen-based

synthetic fertilizers can change forest carbon distribution . Results from a worldwide meta-analysis from 1998 to 2021

proved that nitrogen fertilizers significantly decrease soil bacterial and fungal diversity, affecting the soil’s important carbon

content . Adding nitrogen to soil also plays a critical role in soil respiration. Soil respiration is also temperature-

sensitive, and increasing average global temperature and increasing nitrogen-based fertilizer usage can significantly

affect the cycle .

Formic acid is also an essential and often-used commodity in the chemical industry. It can be obtained in various ways,

including the CO  hydrogenation reaction shown below to synthesize formic acid using CO  as raw material . The

worldwide production capacity of formic acid is approximately 950 thousand tons per year .
CO2+H2→HCOOH

(6)

Life cycle assessment of several CO -based chemicals shows that CO -based production of formic acid reduces the

environmental impact significantly . Most of the produced formic acid is used in silage for animal feeds, as tanning

and dyeing agents in the textile industry, as a coagulating agent for latex rubber production, and as a food preservative

.

2.2.2. Biological Sequestration

Photosynthesis is the conversion of solar energy into chemical energy by green plants and certain other organisms.

Carbohydrate molecules synthesized from water and CO  can store this chemical energy . The overall oxygenic

photosynthesis reaction can be expressed as :

CO  + H O → (CH  O) + H O + O

(7)

A single mature tree can absorb about 50 pounds of carbon dioxide annually. This absorption rate means that

approximately 200 billion trees are needed to remove the CO  emitted in the US annually . However, some

microorganisms and microalgae have higher carbon fixation rates than terrestrial plants . Generally, there are two main

biological processes for biological carbon sequestration: (i) biomass for energy generation with CO  capture and (ii) the

photosynthetic systems of microorganisms . Microalgae can transport bicarbonate into their cells with as high as 90%

efficiency and harvest 100% of the biomass .

2.2.3. Geologic Utilization

Geological utilization of CO  mainly comprises applications for subsurface energy extraction, including enhanced oil

recovery (CO -EOR), hydrocarbon production from residual oil zones (ROZs), coalbed methane, and CO -enhanced

shale gas recovery .

CO -EOR
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The most substantial use of CO  is in enhanced oil recovery . During the life of a petroleum reservoir, the fluids are

typically produced initially by a natural drive mechanism such as a gas cap or dissolved gas expansion and saline water

influx. This production is possible until the reservoir pressure and oil production rates decline. At that point, a secondary

recovery phase, referred to as improved oil recovery (IOR), begins, which is most commonly achieved by injecting water

. Under favorable conditions, primary recovery and IOR may produce up to one-third of the oil that was originally in

place. The remaining oil, estimated to be more than 5000 billion barrels worldwide, may be accessed and produced using

EOR techniques such as “next generation” CO -EOR . Recovery techniques that are applied after a primary and a

secondary recovery phase are referred to as tertiary recovery, and EOR often falls in that category, even though CO

EOR may be applied during the secondary recovery phase, such as in the North Cross field in West Texas . CO -

EOR has been studied and applied in several experimental projects since the 1950s . According to a recent report from

the IEA, about 375 active EOR projects supplied about 2% of the global oil supply in 2017, of which 166 were CO -EOR

projects .

Most reservoirs under CO -EOR projects are deep enough and are pressurized beyond the minimum miscibility pressure

(MMP) of CO  . For reference, the Yates field in West Texas is an example of an immiscible CO  flood . Main CO

EOR mechanisms include oil viscosity reduction, the oil-swelling effect, interfacial tension reduction, light-hydrocarbon

extraction, and miscible displacement if the reservoir pressure exceeds its MMP . The density of supercritical CO

approaches that of a liquid, but its viscosity remains quite low . CO  flooding approaches include CO  huff-n-puff,

continuous CO  flooding, and CO  water-alternating-gas (CO -WAG) methods . Supercritical CO  flooding has been

demonstrated to improve the oil recovery factor in unconventional reservoirs .

Residual Oil Zones

A ROZ is defined as residual oil with respect to waterflood below the oil-water contact (OWC) of a reservoir. ROZs are

similar to classical reservoirs after a mature waterflooding process, the difference being that ROZs have essentially been

flooded by natural aquifers . Although primary or secondary oil production from ROZs is often not economical, CO

flooding is a viable recovery technique . Three primary types of ROZs are identified : (i) One type of ROZ happens

because of a regional tilt of a basin. This type occurs when an existing hydrocarbon reservoir (stratigraphic trap) is

subjected to a tectonically induced tilt . (ii) Another type of ROZ is due to water invasion of areas that are subject to

migration of trapped oil through breached seals. (iii) The final type of ROZ is similar to type one, the difference being that

they are a result of changes in hydrodynamic conditions of groundwater . CO -EOR is an increasingly used

technique for oil production from ROZs, especially in the Permian Basin . ROZs are also considered potential

targets for long-term geologic carbon storage . CO  storage in ROZs is mainly impacted by reservoir heterogeneity and

injection strategies . For example, in the case of vertical CO  injectors, high ratios of WAG always result in higher

retention fractions; however, this process results in a reduction in cumulative CO  injection. Therefore, different strategies

may be applied depending on whether the intention is to maximize oil production or enhance storage . Since EOR

contributes to anthropogenic GHG emissions, whether CO -EOR will result in a net CO  reduction is an ongoing

discussion. Comparisons indicate that one barrel of oil recovered by CO -EOR has a lower CO  emission than one barrel

produced through primary recovery or IOR .

Enhanced Gas Recovery in Coalbed Methane

Coalbed methane (CBM) is considered an unconventional gas reservoir. Methane in coalbeds is stored on the internal

surfaces of microporous coal as sorbed gas near liquid densities . CBM is also called coal seam methane, coal seam

gas, and coal seam natural gas and may contain trace amounts of other fluids . CBM can be a significant hazard for

coal mine development, with the potential for explosions ignited by different sources during mining operations and causing

severe causalities . Since the 1970s, CBM has been successfully developed into a commercially and economically

sustainable product, primarily in the United States and Canada . Conventional CBM recovery is based on the pressure

depletion strategy of the reservoir. Removing water from the reservoir reduces the pressure, and some gas desorbs from

the coal . The main problems associated with CBM development are the low permeability of coal beds and high

methane adsorption. Therefore, CBM development techniques involve injecting various materials, including water, CO ,

and steam . Injecting supercritical CO  in the coal seam can enhance methane recovery considerably . CO -

enhanced coalbed methane (ECBM) is based on competitive sorption between CO  and methane on coal. CO  has more

significant adsorption than methane, resulting in the desorption of existing methane when injecting CO  into a coal bed

.
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2.3. Storage

The captured CO  must be permanently stored to mitigate the adverse effects on the global climate . Long-term CO

storage may be possible through underground sequestration in sedimentary formations and carbon mineralization .

Between the two, CO  sequestration in the subsurface is a mature technique and may be applied to different sedimentary

formations . Geological formations can store massive amounts of CO . Examples include oil and gas reservoirs, deep

saline aquifers, silicate formations, and unminable coal streams . It is estimated that up to 11,000 Gt of CO  may be

stored in subsurface formations. In contrast, the 2022 global energy-related CO  emissions reached 36.8 Gt .

Saline aquifers are brine-saturated layers of porous rock and are more extensive than oil-and-gas-bearing rocks or coal

streams . Saline aquifers are estimated to hold most of the overall geologic storage potential . The

estimations of this potential storage fall within a wide range due to differences in assumptions such as density,

characteristics of aquifers, technological and economic constraints, and whether CO  remains as a separate fluid phase

or dissolves in brine. The upper limit of the storage capacity of saline aquifers is uncertain due to insufficient geologic data

. Even though aquifers may be located near stationary CO  emission sites , their depth and high concentrations

of dissolved salt contents make saline aquifers economically suboptimal. Hepple and Benson  concluded that 90–99%

of injected CO  is expected to remain effectively trapped over thousands of years. Expertise related to transportation and

injection aspects of geologic CO  storage is readily available in the EOR community . Although there is no universally

accepted definition of coal minability, some coal mines are accepted as qualitatively and economically unminable. The

reasons may include the mines being too deep, having poor quality, and land use restrictions . ECBM processes in

unminable coal seams can permanently store CO . Although unamenable coal seams have a smaller CO  storage

capacity than other geological formations, it is estimated that about 3 to 200 Gt of CO  can be stored globally in

unminable coal seams .

Several industrial-scale CO  storage projects in saline aquifers are underway . CO  injection in a saline aquifer has

been operated in Canada to decrease H S flaring from sour gas wells . The Sleipner project in the Norwegian part of

the North Sea is considered the first commercial CO  storage project in deep aquifers. Injection in Sleipner started in

October 1996, with 1 Mt of CO  injected yearly . The In Salah project in Algeria is another example of CO  from the

production of natural gas sequestered in the subsurface. This project is estimated to have saved the equivalent of 1.2

million tons of greenhouse emissions every year since 2004 . A similar CO  injection project is implemented offshore

in Norway in the Snøhvit field. The injection started in 2008, and the cumulative CO  injection is estimated to be

equivalent to 2% of the total emissions of Norway over 30 years . The Weyburn project in Canada is a large-scale

CO -EOR storage project estimated to store 50 million tons of CO  over its lifetime . CO  injection in saline aquifers is

simpler than CO -EOR, since aquifers contain only brine. Furthermore, rates of injection into saline aquifers may be kept

high while bottomhole pressures are kept relatively low. In general, there are three main CO  storage mechanisms,

namely geochemical, geological, and hydrodynamic trapping  (see Figure 1). Amongst various trapping mechanisms,

the following are considered the most significant in saline aquifers: structural, residual, solubility, and mineral trapping

.
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Figure 1. CO  trapping mechanisms.

Mineral trapping is a permanent storage mechanism in saline aquifers. Injecting a slug of brine after the completion of

CO  injection may accelerate CO  dissolution . Dissolved CO  reacts with the minerals in host formations and creates

stable minerals over geological timeframes . Solubility also plays a vital role in geological storage, depending on

temperature, pressure, and salt content .

Since the goal is permanent geologic storage of CO , safety and storage reliability over the long term are paramount. As

such, one must assess potential risks associated with the formation and activation of fractures . Hazards include

possible leakage of stored fluids through the caprock, degraded well cement, and transmissive faults and fractures .

Minimization of CO  mobility by mineralizing it into some form of the carbonate, such as limestone or magnesite, will

reduce the amount of free and mobile CO . However, mineralization may occur on the order of the geological timescale.

Research into improving and accelerating the mineralization process is ongoing in the community .
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