 Advancements in the application of CO2 Capture and Utilization Technologies – A Comprehensive Review.
ABSTRACT
The urgency to address escalating energy demands and combat rising greenhouse gas emissions in the oil and gas industry has driven extensive efforts toward carbon capture and utilization. With a focus on power plants and industrial facilities, these initiatives aim to capture carbon dioxide emissions efficiently. To confront climate change and mitigate ocean acidification resulting from continuous anthropogenic carbon dioxide emissions, using CO2 as a primary feedstock for industrial fuels and petrochemical materials emerges as a more favorable alternative to sequestration. Byproducts from industrial CO2 utilization can substitute traditional chemical feedstocks in the petrochemical industries.
This comprehensive review delves into the present landscape of CO2 capture technologies, exploring their opportunities and economic viability and efficiency challenges. A detailed analysis of various CO2 utilization methods is presented, shedding light on the potential of these approaches. Additionally, the paper provides insights into the combined process of CO2 capture and utilization.
In conclusion, this review outlines primary obstacles related to the planning, production, and widespread implementation of prevailing CO2 capture and utilization processes. By systematically presenting a perspective, it aims to contribute to advancing the growth of new technologies in the future. The study underscores the critical need for strategic integration of materials research, process performance considerations, and cost-effectiveness evaluations to drive the successful implementation of carbon capture and utilization technologies.
Keywords: CO2 Capture & Utilization, CO2 emissions, flue gas, industrial fuels, petrochemicals.
1.0	Introduction
Fossil fuels have been generally accepted as the primary energy source for the next 50 years, and the CO2 emissions generated from these fuels severely impact climate change [1]. This problem requires the use of developed net-zero carbon technologies in the future. The 2015 U.N. Climate Change conference in Paris witnessed the agreement of two extremely important long-term goals: significant reduction in the generated CO2 emissions across all industries and achieving net greenhouse gas neutrality. The process of net-zero carbon refers to the cognitive balance between the generation of anthropogenic emissions from all industrial sources and the continuous removal from sinks by the next 50 years [1–3]
Contrastingly, the growing global population is predicted to significantly increase the demand for energy supply during the coming decades. This prediction necessitates the emergence of efficient renewable energy alternatives. A prolific solution to the demanding challenges of energy supply and emission is using captured carbon dioxide as a valuable industrial feedstock for synthesizing numerous fuels and chemicals, which provides added value [4]. CO2 capture and utilization concepts concerning climate change and carbon management are frequently employed. Carbon capture and storage (CCS) refers to technologies that extract carbon dioxide from selective gas streams and compress the gas to its supercritical state. The supercritical gas is then sequestered in geological formations such as oceans or depleted hydrocarbon formations. Its high cost has hindered the Large-scale deployment of CCS despite government incentives, regulatory policies, and promises of mitigating large volumes of CO2 [5]
Capturing and compressing the CO2 gas accounts for about 75% of the total cost of CCS [6]. Employing CCS technologies can reduce emissions from power generation industries and other industrial applications such as cement, oil refining, and biofuel. This analysis is from the 2013 report from the International Energy Agency (IEA) [7]It was also predicted that about 3000 CCS projects will be implemented globally, storing over 7000 million tons of CO2 annually [8]
Recently, carbon capture and utilization technologies have garnered significant attention as a more suitable substitute for the permanent sequestration of CO2 [9]. The conversion of the captured CO2 to valuable industrial and petrochemical products has been proven to be a viable option. As an alternative to traditional petrochemical feedstocks, CCU technologies treat the captured carbon dioxide as a renewable source [10]. The thermodynamic stability of CO2 makes it extremely difficult to convert and use in chemical reactions, even with the large benefits that CCU offers over CCS [11].
The main goal of this study is to present a review of the latest advancements in carbon capture and utilization technologies, with significant emphasis on carbon management. This review also gives a broad overview of the opportunities and challenges to expect in the future. By exploring the technological advances, potential benefits, and challenges associated with these approaches, this research provides valuable insights to the ongoing discussion on sustainable carbon utilization and management.

2.	Available Options for CO2 Capture: Analyzing the Challenges and Opportunities
Reducing the carbon intensity of power generation and CO2 capture technologies can directly relate to post-combustion and precombustion processes. Post-combustion carbon capture refers to removing carbon dioxide from flue gas streams, while precombustion is the systematic development of sophisticated reduced carbon-intensive combustion mechanisms. Processes describing precombustion systems comprise integrated gasification combined cycle (IGCC) and oxyfuel combustion, which utilizes purified oxygen fuel [12]. Results from recent techno-economic analyses have shown that to reduce electrical costs and increase combustion efficiency significantly, energy-intensive CO2 capture technologies need to be employed.
The capture technology suitable for a given industry can be determined from the source of carbon dioxide used in the industry and the type of industrial process involved. The source of CO2 generation plays a pivotal role in determining the energy costs associated with CO2 capture. In industries such as petrochemical production plants, highly concentrated CO2 effluents are produced, while power plants produce lower concentrations of carbon dioxide, necessitating greater energy for recovery [13]However, the highest source of CO2 comes from the latter, which poses a huge challenge for the energy sector. Furthermore, supercritical carbon dioxide combustion processes that utilize re-generated carbon dioxide and function using its supercritical state are considered effective in addressing anthropogenic emissions.
Compared to the traditional steam cycle, utilizing supercritical CO2 as an operating fluid in a power cycle has increased the plant's energy efficiency in several dynamic contexts. Studies have also demonstrated that using carbon dioxide as a working fluid instead of oil increases steam turbine efficiency [14]. The disadvantage of this method is that purified oxygen is required for use. Moreover, liquid and gaseous CO2 recirculation are two possible routes. The former entails liquid CO2 that has undergone cryogenically treated CO2. Around 45% of global CO2 emissions are typically attributed to power plants alone, which presents substantial potential for CCU and CCS alternatives to capture CO2. Compared with other options, the commercial Implementation of CO2 capture technologies by post-combustion presents a greater economic influence on the cost reduction of CO2 capture [15]. Considering the best-case approach, utilizing a newly developed power plant equipped with advanced post-combustion capture technologies for capture would cost an estimated 56 USD per ton, resulting in a 62% energy penalty for the plant. Commercial applications of carbon capture already exist in the natural gas and chemical industries [10]
In the recently completed Boundary Dam 110 MW Power Station, SaskPower presented the industrial scale capture of post-combustion CO2 from coal-fired flue gas [16]. The different capture processes that have been studied over the last few decades in both industry and academia are presented in Figure 1. These processes will be further explained in the next section of this study.
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Figure 1: Different capture processes studied in both industry and academia.

2.1	CO2 Capture Technologies: By Absorption
CO2 capture by absorption is the most developed separation technique available in petrochemical industries. This technology has been heavily utilized for precombustion capture and post-combustion capture. The most widely recognized technique for post-combustion CO2 capture used in several industries is the chemical Absorption of aqueous ammonia and amine-based solvents. Commercial physical absorption technologies available for petrochemical and industrial applications include Rectisol, Fluor, Purisol, and Selexol [17–20]
However, their low working capacity is the primary barrier to their widespread application in CO2 capture processes. The huge energy requirements for solvent regeneration are responsible for the high energy penalties associated with absorption processes despite absorption being a well-researched and mature separation technique that is very efficient in CO2 capture. Although heat integration helps to lower energy consumption in some industries, such as power plants, it is impossible to achieve reduced energy consumption in `other industries like cement, iron, or steel [21–23]. Furthermore, other known operational constraints pose serious obstacles, i.e., corrosion and a high-water makeup volume.
Chemical absorption usually depends on thermal swing regeneration; therefore, developing effective absorption-based CO2 capture processes depends on the choice of solvents with the best possible integration of thermal and physical features. Chemical solvents such as piperazine (PZ) and its byproducts are superior chemical solvent substitutes due to their low chemical reactivity, quick reaction kinetics, and, most importantly, low regeneration energy [24]. An additional method to improve the functionality of ionic liquids (ILs) is to include functional groups such as carboxylate anions, amine, and amino acid groups. Adding molecular groups to ILs could eventually result in using ILs as CO2 absorption solvents [4].
Another crucial factor to consider is the disposition between the reaction kinetics and the heat generated during the reaction process. While using thermally stable solvents has significantly reduced separation processes, solvents with heat of absorption greater than 60 KJ/mole are more effective in reducing energy consumption during chemical absorption. The stability of chemical solvents is often decreased by poisoned impurities, predominantly found in flue gas and other effluent streams [5]As a result, it is important to consider resistance to solvent oxidation and impurity tolerance as significant performance indicators when developing new solvents for CO2 absorption technologies [25].
Process improvements are just as important for the next generation of absorption technology to be scaled up as advances in material development and the selection of energy-efficient solvents. Accordingly, innovative CO2 capture solutions could be provided by emerging absorption technologies with enhanced process configurations that provide effective heat integration strategies. Some of these heat integration strategies include intercooled absorbers and inter-heated strippers. 

2.2	CO2 Capture Technologies: Membrane Separation Process
The use of membranes as a technique for gas separation provides a method that is considered more environmentally and energy-friendly than other separation techniques. A pressure gradient through the membrane fuels the degree of permeation in CO2 capture technologies by membrane separation. This process is commonly conducted continuously and uniformly. Some important factors that determine the gas separation performance of the membrane include its material, configuration, design, and operational constraints [26–29]. Several studies have been conducted on membrane separation to remove CO2 from the waste gas streams of power plants. The utilization of membrane technology for CO2 capture by post-combustion is difficult because of the low pressure of flue gas streams. Inorganic membranes have been proven to withstand high-temperature conditions and often portray good mechanical stability. However, their economic constraints hinder the large-scale implementation of these membranes.
Contrastingly, membranes are more efficient in processes such as multistage operations and stream re-generation, often considered obstacles in membrane separation. Several porous inorganic membranes were previously analyzed for CO2 capture from flue gas and other discharge streams. Despite having mechanical stability and the ability to tolerate high temperatures, inorganic membranes are expensive, which prevents them from being widely used. Inorganic membranes are yet to be utilized in large-scale processes and are still not scaled up. The primary obstacles to the widespread use of inorganic membranes remain the huge cost of fabrication as well as their durability and reliability [30–33]
On the other hand, easily formulated polymer-based membranes embodied in concentric-fiber units have proven to be excellent alternatives for the industrial application of membrane separation on a large scale. Furthermore, considering the case of polymer-based synthesized concentric-fiber membranes arranged in units, inorganic membranes cannot match the packing efficiency provided by polymer-based membranes. Nevertheless, polymer-based composite membranes perform poorly in separation compared to inorganic membranes.
The process of CO2 capture using available polymer-based membranes is affected by factors such as low CO2/N2 selectivity, susceptibility to impurities, and molecular stability, particularly for operations requiring high-pressure conditions. Polymer-based membranes must maintain a relatively high permeability and a minimum selectivity ratio of 200 for CO2 over N2 to be economically viable for post-combustion CO2 capture [34]. High permeability lowers the investment cost of the membrane separation process because it disregards the requirement for a large membrane surface area to achieve adequate separation performance. Polymer-based membranes are used in the process of natural gas sweetening. Membrane Technology & Research, Inc (MTR) has achieved a CO2 capture rate of 90% from an 880 MW coal-fired power plant using a membrane-based experimental-scale process [29]. The high selectivity of facilitated transport membranes (FTM) has been demonstrated. However, these membranes have long-term stability issues and can be poisoned by minute amounts of acidic gases in the flue gas stream.
Concentric-fiber membranes, as opposed to spirally configured membranes, offer more compact modules, high surface area-to-volume ratios, and the ideal configuration for high rates of production amongst the various commercially available types of membranes [30,35]. Advanced membrane development is made possible through composite concentric fiber membranes, which are made of a highly porous polymer-based substructure [30]. This polymer-based substructure is often supported by a fine selective layer with a diameter of less than a micrometer [36]. Mixed matrix membranes (MMM) are formed from the dispersion of highly selective molecular-sieve particles. The scaling advantage of polymer-based membranes is integrated with the separation efficiency of molecular-sieve materials to serve as a promising contactor. 
MMMs offer a solution beyond the recognized compromise threshold of polymer-based membranes and the prevailing challenges related to the cost and processing of inorganic membranes. They are currently conceptual and will not be used in industries anytime soon. In addition, their existing fabrications are expensive and intricate. Future developments in membrane CO2 capture should consequently concentrate on composite membranes that can outperform the best membranes presently commercially available by utilizing both polymer-based and inorganic components [37–40]An efficient understanding of the challenges regarding developing complex integrated systems for emerging CO2 membrane separation technologies requires enhancing integrated systems through various configurations and re-enforcing the material systems and the process methodologies.
2.3	CO2 Capture Technologies: By Adsorption
Many industries adopt the method of capturing carbon dioxide through porous solid materials as an effective approach to removing carbon dioxide from their flue gas emissions selectively. Several absorbents have been tested and studied to extract CO2 from the flue gas streams of precombustion and post-combustion processes. In industrial applications, absorbents fall into two categories: high-temperature materials and low-temperature materials. The latter refers to carbonaceous materials such as molecular sieve, activated carbon, and graphene, while the higher temperature materials include calcium oxides and most double salts [41–45]
Most available low-temperature materials are physisorbents in nature, while high-temperature are classified as chemisorbents. Anchored amines are among the current low-temperature adsorbents available; they interact strongly with CO2 as physisorbents [46]The chemical properties of the adsorbent determine the efficacy and the economics of the adsorption processes. These properties must be considered in addition to system design and operational requirements; absorbents must satisfy certain requirements to be effective for industrial-scale separation in any gas separation process [47,48]Some metrics to measure the efficiency of the adsorption separation process include high selectivity and working capacity, durability, and rapid kinetics.
To achieve the maximum capture efficiency of any adsorption process, the physiochemical characteristics of the adsorbents are not the only crucial parameters that require optimization. Other critical parameters that can be optimized include cycle configuration, cycle time, operating conditions, and number of beds [46]. In most laboratory-scale studies, the practical conditions performance of adsorptive CO2 capture has often been overlooked. The main challenge inhibiting the large-spread use of MOF materials is their extensive production scale and water stability despite their exceptional capacity and selectivity towards CO2.
Developing hybrid adsorbents such as MOF-functionalized amines may solve the issues with traditional absorbents and provide a highly successful and affordable capture method for post-combustion capture processes [49]. The process of CO2 capture by adsorption using PSA has garnered significant interest because it is economical and has low energy requirements. However, using this method for low CO2 recovery is still a challenge. These scale-up difficulties might be overcome by cutting-edge methods that provide options for heat management. The heat management processes include monolithic structures with ideal thermal management or concentric-fiber adsorbents using a cooling agent engrafted in the bore [50]. To effectively enhance the energy reduction process and further shorten the time required for cooling in the TSA operation. Design modifications incorporating innovative indirect heating processes such as heat exchangers, heating coils, and heating jackets should be implemented in adsorption separation techniques. It is possible to overcome the challenges of the absorption processes using adsorption-based separation, but the required or suggested technologies are still in the development phase and are not economical [50–53]
Moreover, extensive operation has yet to be fully implemented. It is important to align the assessment of the efficiency and process considerations of high-performing adsorbents with their design, development, and evaluation process. Furthermore, the absorbent features that will be employed should be considered in any cyclic process's design and optimization [48,54]
2.4	CO2 Capture Technologies: By Chemical Looping
The two primary methods through which carbon dioxide and water are naturally separated from flue gas streams are known as chemical-looping combustion (CLC) and chemical-looping reforming (CLR) [55]. These processes are economical CO2 capture methods due to thermal energy requirements. During the reaction, they can significantly reduce the formation of NOx. Combining IGCC with chemical looping produces syngas as a byproduct of CO2 captured by precombustion. The large-scale applications of these technologies heavily rely on the availability of appropriate oxygen carriers because they rely on metal oxides to transport oxygen between fuel reactors and the air [56]
Transition metal oxides are important for the chemical looping process due to their physical and chemical properties and environmental and economic impacts. The most important characteristics to consider are their reactivity in their processes' reduction and oxidation cycle. Also, the transition metal oxides must be fully combusted to attain optimal combustion efficiency. The oxidation catalysts discussed above can only partially meet specified requirements [55]
While high pressures may offer advantages for CCS (carbon capture and storage) applications, overcoming the challenge of achieving high overall efficiency through high-pressure operation is another obstacle in the chemical-looping processes. According to recent energy analysis, it has been established that the efficiency penalty associated with the calcium-looping post-combustion capture process can often be as low as 6-8% [57–59]Including heat-recovery beds to transfer heat between the CO2 stream and the solid particles entering the calciner is a significant improvement, resulting in decreased energy penalties.
Some pilot-scale studies are currently being conducted. However, most of the available chemical technologies being used in the energy generation sector are still in the experimental or initial development stages [60–62]It is anticipated that these technologies will not be fully deployed by 2030 [7]It is important to address the technical challenges resulting from materials development and process optimization to advance the employment of present innovative chemical looping technologies. Reduction of equipment costs and a significant increase in capture efficiency can be attained by utilizing new chemical-looping processes based on the principles of metallic oxides such as calcium and copper. These metal oxides can integrate exothermic and endothermic chemical reactions within a single solid matrix.

2.5	CO2 Capture Technologies: By Direct capture from air
The selective removal of carbon dioxide directly from the environment is referred to as direct air capture (DAC). Recently, this process has been of interest to researchers due to its potential to reduce the difficulties associated with moving significant amounts of carbon dioxide from localized emission sources to locations considered appropriate for geological sequestration. Furthermore, if widely used, DAC can lower atmospheric CO2 levels, unlike traditional capture methods targeting only larger point source emitters, thereby reducing the CO2 accumulation rate [32,63,64]The idea behind DAC is practically related to adsorption-based CO2 capture because the CO2 in the air is diluted at about 400 ppm. Nevertheless, there are significant technological obstacles to overcome.
It is important to utilize materials with efficient binding affinities and high CO2/N2 selectivity during DAC processes due to the extremely low concentration of CO2. Some of these materials include MOFs, alkali-based carbonates, and a variety of aqueous oxides, such as sodium and potassium oxide solutions [32].  Although a high-performance material may be suitable for CO2 capture from large point sources, it might not be efficient for DAC processes [64]. Current thermodynamic studies have shown that as the absorption enthalpy increases at low carbon dioxide concentrations, the TSA process becomes more energy-efficient than the PSA process for DAC technology applications. The estimated cost of applying DAC technology is higher than capturing CO2 from large point sources. Clarifying the underlying assumptions is necessary to address the significant uncertainty in the DAC process design factors and cost analysis.
Furthermore, inexpensive, and durable materials are required for air capture applications on an extensive basis. It is important to minimize the cost associated with the adoption and commercial Implementation of any DAC process in its conceptual stages. A possible means of improving the viability of the DAC process is to minimize the energy requirements by using distributed renewable energy sources such as thermal energy derived from solar systems.
2.6	CO2 Capture Technologies: By Hybrid processes
A viable method for providing an economical and durable capture path is hybrid separation, which merges two or more subsystems for capture. Several applications have employed hybrid processes, particularly in gas separations. Hybrid processes aim to reduce the overall cost of separation while improving separation efficiency by using dual or multiple separation systems in series or parallel configurations. Numerous studies have been conducted to determine the viability of diverse hybrid solutions for CO2 capture, examples being membrane-PSA and membrane distillation [65]
American Air Liquide recently developed a promising hybrid system that could minimize energy costs. The system utilizes hybrid membrane-cryogenic distillation technology to capture CO2 at sub-ambient temperatures of -50°C to -20°C [66]. This hybrid process is designed to improve the efficiency and selective capacity of the membrane module by reducing the energy and investment costs associated with the CO2 capture process. The widespread adoption of this technology on a large scale is dependent on a successful heat-integration strategy, which requires the cooling of all feed gases to sub-ambient temperature conditions [65,67–69]
The high-pressure membrane permeation is the main concept behind the success of hybrid membrane systems, as it is used in pressurizing and absorbing high-pressure materials. Moreover, membrane permeation might be added to the blowdown phase of PSA system cycles to allow the operating pressure of the PSA to catalyze efficient membrane permeation. These two solutions can help reduce the cost of employing heavy-duty pumps. Another process that can efficiently reduce the energy expenditure for CO2 capture is using a unified system called the hybrid pressure-temperature swing adsorption process (PTSA) [70,71]. This system can operate at significantly moderate pressure and temperature conditions, reducing energy costs [66].
The deep vacuum required in PSA to produce highly concentrated CO2 under elevated temperature conditions is significantly reduced using the PTSA setup. Using the PTSA setup results in economical operating conditions, rapid cycles, and, most importantly, the durability of the adsorbents. The goal of designing PTSA systems is to achieve an efficient heat and mass transfer process during the respective phases of desorption and adsorption [71].
Therefore, it is imperative to consider that hybrid processes operate by combining dual or multiple CO2 capture paths as innovative methods to enhance the economics and efficiency of separation, given the present state of innovative technologies. Understanding and commercializing these hybrid systems will require extensive research that considers uncertainty factors and examines them from the perspective of viability, process design, and, most importantly, environmental, and economic considerations.

2.7	Overall comparison of CO2 capture technologies: advantages and disadvantages
An in-depth analysis of various CO2 capture technologies has been presented, encompassing absorption, membrane separation, adsorption, chemical looping, direct air capture, and hybrid processes. Table 1 summarizes the advantages and disadvantages of each technology.

Table 1: Advantages and disadvantages of various CO2 capture technologies
	CO2 capture technologies
	Main advantages
	Main disadvantages
	Ref.

	Absorption
	· Well-established technology that is widely used in various industries.
· High selectivity for CO2 capture.
· Versatile and mature solvent options.
	· Energy-intensive solvent regeneration.
· Moderate to high initial and operating costs.                       
· Solvent degradation and corrosion challenges.
	[19]
	Membrane separation
	· Continuous operation with steady-state processes.
· Lower operating costs in specific applications like natural gas sweetening.
· High selectivity based on material choice.
	· High initial setup costs, particularly for advanced materials and systems.
· Limited scalability due to constraints in membrane materials.
· Membrane fouling and degradation challenges.
	[26]
	Adsorption
	· Efficient CO2 extraction using various materials.
· High selectivity and working capacity.
· Versatile applications for both pre-combustion and post-combustion processes.
	· Dependence on adsorbent material properties and their durability.
· Regeneration energy requirements.
· Challenges in scaling up for large-scale industrial use.
	[41]
	Chemical looping
	· Economically suitable oxygen carriers are used.
· Reduction in nitrogen oxide (NO2) formation during combustion.
· Suitable for both combustion (CLC) and reforming (CLR) applications.
	· Materials development challenges for suitable oxygen carriers.
· Challenges in maintaining high overall efficiency under high-pressure operation.
· Still in experimental or conceptual stages.
	[65]
	Direct Air Capture (DAC)
	· Direct removal of CO2 from the atmosphere.
· Relatively low impact on land use.
· Potential for lowering atmospheric CO2 levels if widely adopted.
	· Technological obstacles, including efficient sorbent selection.
· Higher cost compared to capturing CO2 from large point sources.
· Challenges in achieving cost-competitive viability.
	[72]
	Hybrid processes
	· Enhanced efficiency through dual or multiple subsystems.
· Potential cost reduction through improved heat integration.
· Suitable for various applications.
	· Operational                                      complexities and increased maintenance challenges.                    
· Some processes are still in early development stages.
	[11]


In general, the landscape of CO2 capture technologies presents a spectrum of advantages and disadvantages, each catering to specific industrial needs. Despite significant advancements, most technologies are still in the development phase, awaiting widespread application. Bridging the gap between material properties and process performance is crucial for successful implementation. Integration of the expertise of material scientists and engineers is paramount to unravel the intricate correlation between material properties and hybrid process parameters. This interdisciplinary approach is fundamental for designing next-generation capture technologies that are distinctive, comprehensive, and aligned with environmental and economic considerations. The continuous collaboration between these fields will be instrumental in unlocking the full potential of CO2 capture, bringing us closer to sustainable and efficient solutions for mitigating climate change.
3.	Evaluating the challenges and opportunities encountered in CO2 utilization processes.
CO2 utilization across the years has been considered a major practical means of providing renewable energy sources for manufacturing several useful byproducts. CO2 utilization must be safe, environmentally responsible, and commercially feasible [73]The primary usage pathways for CO2 can be classified into enhanced oil recovery (EOR), chemical conversion, mineralization, and desalination processes. Figure 2 depicts the diverse applications of carbon dioxide. The US Department of Energy classifies CO2 utilization technologies into three main branches: EOR, mineralization, and the production of cement-polycarbonate plastics.
The ammonia synthesis process primarily generates CO2, as CO2 is produced as a byproduct. CO2 is also produced from fermenting and synthesizing ethylene oxide in crude oil refineries [4]CO2 is used as a raw material in various processes such as preserving food, beverage industry, water treatment, petrochemical processes, and EOR [5,74]. Nevertheless, currently, industries only utilize about 1% of the total carbon dioxide emitted globally as raw [75,76]. The captured CO2 should be used to produce valuable fine chemicals and transportation fuels.
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Figure 2: Different methods of CO2 Utilization


3.1	Utilization of CO2 for enhanced oil recovery process
CO2 is utilized to improve the recovery of valuable subsurface products. Depending on the type of formation and reserves, it can be employed in oil reservoirs as CO2-Enhanced Oil Recovery (CO2-EOR), in gas formations as CO2-Enhanced Gas Recovery (CO2-EGR), and in saline aquifers as CO2-Enhanced Deep Saline Water/Brine Recovery (CO2-EWR) [77]. Herein, the diverse applications of CO2 in the enhanced recovery process, encompassing various geological formations. The utilization of CO2 in these recovery methods involves distinct operational and process mechanisms. Numerous studies have delved into these aspects, providing valuable insights into the efficacy and intricacies of CO2-enhanced recovery across different domains [78,79]
3.1.1	CO2-enhanced oil recovery (CO2-EOR)
Enhanced oil recovery involves the injection of substances into the reservoir to restore formation pressure and liberate any trapped hydrocarbons [80]. In the case of the CO2-EOR process, the crude oil is released from the reservoir formation by the injection of CO2. Once the mixture of CO2 and crude oil is brought to the surface, the separated CO2 from the well effluent is reinjected into the formation to commence the cycle. Compared to other conventional oil recovery techniques, this process frequently produces more barrels of oil per reservoir [81,82]CO2 flooding is a widely embraced and effective technique for enhanced oil recovery (EOR). Its effectiveness is attributed to CO2's role in simplifying oil extraction to the surface, achieved through its expansion and the reduction in oil density [77]
While naturally occurring CO2 is used in most CO2-EOR systems, recent studies have focused on using the carbon dioxide extracted from potentially harmful industrial gas streams  [83]. There are two main techniques for conducting CO2-EOR processes, namely water alternating gas (WAG) and continuous gas injection (CGI) [84]. The former produces higher oil recovery. An intermediate hydrocarbon, like propane, can be added to CO2-EOR to increase recovery efficiency by increasing the diffusion coefficient and displacement efficiency [85]
In general, the effectiveness of the CO2-EOR process hinges significantly on the temperature and pressure conditions within the reservoir formation  [86]. CO2 EOR techniques are often faced with several challenges. For instance, the fluid characteristics and capillary pressure of the reservoir formation reduce the efficiency of the CO2 flooding process because of the heterogeneity of the hydrocarbon formation between drilled wells [87]. In addition, several factors are required for the successful execution of CO2-EOR processes, such as production logs, fluid production rates, and compensated neutron logs (CNL) [87]. Despite these limitations, many research studies have been on the efficiency of CO2- EOR & EGR processes, which are projected to increase. Practically, the technology of CO2-Enhanced oil and gas recovery is a promising strategy that can be applied to most types of reservoirs. However, EOR processes account for only about 3% of the global CO2 utilization. The number of hydrocarbon formations utilizing CO2 for enhanced oil recovery is steadily increasing even though the price of CO2 has significantly reduced its advancement in EOR applications [88–90]
3.1.2	CO2-enhanced gas recovery (CO2-EGR)
CO2-enhanced gas recovery (CO2-EGR) is a mechanism employed in the energy industry to enhance natural gas extraction from mature reservoirs. This technique involves the injection of carbon dioxide (CO2) into depleted oil and gas fields, leveraging the unique properties of CO2 to stimulate increased hydrocarbon production [78]. As the injected CO2 interacts with the reservoir fluids and rock formations, it serves multiple purposes. Firstly, CO2 acts as a displacement agent, improving sweep efficiency by reducing the reservoir's residual oil and gas saturation [91]. Secondly, the injected CO2 alters the properties of the reservoir fluids, reducing oil viscosity and enhancing the mobility of hydrocarbons. This process extends the productive life of mature fields and contributes to the efficient utilization of existing energy resources [82]
Beyond its role in enhanced gas recovery, CO2-EGR is crucial in carbon capture and storage (CCS) efforts. The injected CO2 is sequestered underground, preventing its release into the atmosphere, and mitigating greenhouse gas emissions. This dual benefit of enhancing gas recovery while simultaneously addressing environmental concerns aligns CO2-EGR with the broader objectives of sustainable energy practices  [92]. Ongoing research in this field focuses on optimizing injection strategies, understanding reservoir interactions, and developing technologies that maximize hydrocarbon recovery and environmental impact mitigation [86,93]. As the energy industry evolves towards cleaner practices, CO2-EGR is a promising approach combining enhanced resource extraction with environmental responsibility. 
3.1.3	CO2-enhanced water/brine recovery (CO2-EWR)
CO2-enhanced water or brine recovery (CO2-EWR) is an innovative process utilized in subsurface resource management, particularly in geothermal energy and unconventional oil and gas extraction. Unlike traditional enhanced oil recovery (EOR) methods that primarily focus on hydrocarbon extraction, CO2-EWR involves injecting carbon dioxide (CO2) into underground formations to improve the recovery of water or brine resources [78,81]This technique is particularly relevant in geothermal reservoirs, where the injection of CO2 can enhance fluid circulation, increase permeability, and improve heat transfer efficiency [94]. In unconventional oil and gas, CO2-EWR can be applied to optimize water recovery, ensuring more sustainable and efficient use of water resources in hydraulic fracturing operations [95].
The CO2-EWR process relies on carbon dioxide's unique properties to influence the subsurface fluids' physical and chemical characteristics. The injected CO2 can alter the viscosity of water or brine, promoting enhanced fluid flow and, in turn, improving the overall recovery rates  [96]Additionally, the method contributes to carbon capture and storage (CCS) by sequestering CO2 underground, addressing environmental concerns associated with greenhouse gas emissions. As researchers delve deeper into the potential applications and optimization of CO2-EWR, it represents a promising avenue for achieving more sustainable practices in subsurface resource extraction, balancing the imperative for resource recovery with environmental responsibility [15,97]
3.2	CO2 Utilization: Conversion of CO2 into Fuels and Petrochemicals
The use of CO2 is predicted to help overcome the several challenges of implementing CCS on a large scale, such as high financial costs, commerciality, and durability. It also makes the CO2 capture process beneficial and provides the potential to partially replace fossil fuels as the primary source of energy [20]. It may also pave the way for generating sustainable technologies complementing present fossil fuel resources.
3.2.1	CO2 Utilization: Conversion of CO2 into Fuels 
The optimal method of CO2 utilization is its conversion to fuels. Harnessing captured CO2 as a feedstock can produce several compounds, including methane, methanol, syngas, and alkanes. Some industries that use the fuel produced from CO2 include fuel cells, powerplant and transportation industries [5]. There are many ways for CO2 to be used to produce fuels. Given its thermodynamic stability, substantial heat and a considerable catalyst supply are essential for achieving significant fuel production through CO2 utilization [98]. The production of fuels from captured CO2 primarily involves two crucial processes: hydrogenation and dry reforming of methane (DRM) [99]
The hydrogenation of CO2 is a promising approach for using CO2 due to its potential to successfully recycle CO2, store hydrogen, fuel generation, and, most specifically, its capacity to resolve the challenge of electrical energy storage [75]. The dry reforming of methane is regarded as one of the most efficient routes for the Fischer-Tropsch (FT) process, which produces methanol as a byproduct as well as other significant liquid fuels [38,73,100,101]. One of the major challenges to consider in the hydrogenation of CO2 is the source of the hydrogen from fossil fuels because it could lead to an increase in CO2 emissions into the atmosphere [102–104]
To effectively reduce the amount of CO2 emission generated from hydrogenation, renewable energy sources such as solar, biomass, and wind can be considered suitable substitutes for fossil fuels [4]. The low volumetric gas density of methane is the property that makes it inapplicable in the transportation industry  [98]. More specifically, methane has a relatively high global warming potential. It will be economically and environmentally inappropriate for the CO2 capture process to produce large amounts of methane because it is already abundant in natural gas and other hydrocarbon gases. Therefore, it is more beneficial to produce methanol through CO2 hydrogenation [105,106]
Activating hydrocarbon bonds over the existing copper-based catalysts to produce methanol is very difficult. The catalysts previously tested for this process have yet to yield good results. Methanol has found widespread use in petrochemical industries, combustion engines, and the production of organic solvents. Despite its extensive applications, methanol production contributes only a marginal 0.1% difference in CO2 emissions [105]. The reverse water-gas-shift (RWGS) reaction is pivotal for CO2 utilization, transforming carbon dioxide into carbon monoxide. This resulting carbon monoxide plays a crucial role as a raw material in synthesizing methanol and hydrocarbon fuels through the Fischer-Tropsch (FT) reaction [106]. Two main challenges impeding the commercial-scale implementation of methanol production are the endothermic nature of the reverse water-gas-shift (RWGS) reaction and the low conversion rates observed under moderate temperature conditions.
Another major challenge in commercial methanol production is the production of active catalysts that can maximize production and enhance reaction kinetics. The dry reforming of methane has recently directed researchers' focus on using CO2 to produce syngas [107–109]. Syngas produced from the DRM process typically have a higher concentration than those generated from partial oxidation and steam reforming  [100,110]. The process of DRM produces only about 2% unreacted methane, which is significantly lower than steam reforming. As a result, DRM can be used at inaccessible natural gas sites to generate liquid fuels [74]
Several research studies have been conducted on the viability of the DRM reaction using silica, alumina, and lanthanum oxide as supports for nickel, ruthenium, nickel-carbonyl, iridium, and rhodium [70]. Despite advancements in developing highly reactive catalysts with optimal stability for dry reforming of methane, finding a suitable catalyst for this reaction remains challenging. The issue arises because the process of deactivation through coke formation is unavoidable under high-temperature [110–113]
The oxidative hydrogenation of light alkanes to alkenes, utilizing carbon dioxide as a mild oxidant, represents a promising method with the potential to decrease coke formation, which helps maintain the stability of catalysts under high-temperature conditions [7,36,114–116] Furthermore, by eliminating hydrogen through the RWGS reaction, carbon dioxide improves the equilibrium process of the aerobic dehydrogenation of lighter alkanes [117] . It is essential to regulate the temperature conditions because high heat could result in the over-oxidation of the olefins, thereby producing carbon oxides and significantly reducing selectivity [118]. Carbon dioxide is also used as an oxygen compound in the redox cycle process. The role of carbon dioxide in the ODA process is directly influenced by the reducibility of the reactive metals and their supporting materials. It is also significantly influenced by the mechanism of the reaction [119]. The catalysts that have been previously analyzed are characterized by poor stability despite being highly reactive.
Therefore, the primary challenge in the use of the captured CO2 from industrial activities as a feedstock to produce synthetic fuel is the process of designing and developing innovative catalysts that demonstrate chemical durability and structural stability as well as high catalytic reactivity amongst several other reaction considerations and resistance to coke formation.
3.2.2	CO2 Utilization: Conversion of CO2 into Petrochemicals
Carbon dioxide can be utilized as a primary feedstock for developing a wide range of fine chemicals despite being used for synthetic fuel production. Urea is the most popular fertilizer derived from CO2 [5,120]. It has also been extensively utilized as a feedstock for synthesizing polymers, medications, and other important petrochemicals such as urea resins and melamine  [121]
Organic carbonates are another important class of petrochemicals produced from capturing CO2. Some of these chemicals include linear acyclic molecules, diethyl carbonate (DEC, cyclohexane carbonate (CC), and bisphenol polycarbonate (BPA-PC), amongst several others which can be applied in several operations, i.e., pharmaceuticals, production of lubricants, catalytic reactions, and agrochemicals [73,76]
This process has experienced several challenges because it is more efficient at elevated temperature and pressure conditions and has a large catalyst inventory requirement. Moreover, a significant challenge in this process involves the separation of the catalyst from the reaction products [73,76]. AI-based catalysts, readily available in the market, have found extensive use in producing polycarbonates through the chemical reaction of carbon dioxide with epoxides. However, it is important to note that these catalysts, despite their widespread use, are not considered environmentally friendly [74] The oxidative carboxylation process has been presented as a viable, environmentally friendly alternative solution. Polyurethane is an important substance produced from the reaction of CO2 with cyclic amines [74]
A significant chemical obtained through carbon dioxide utilization is formic acid. There is a growing interest in the hydrogenation of CO2 to produce formic acid, mainly due to its intermediate reaction conditions. Other appealing factors include the absence of byproduct formation, the ability to store hydrogen in the liquid phase, and the simple breakdown of formic acid into its hydrogen and CO2 components [75,122]. Another method of producing biodiesel and other petrochemicals derived from biomass is the process of the biological utilization of carbon dioxide. This method produces a variety of valuable byproducts and has the potential for a more rapid growth rate and reduced growth cycle [123]
To eliminate contaminants such as sulfuric oxide, nitrous oxides, and notable heavy metals considered harmful to the development of organisms such as microalgae, captured CO2 should be purified before use as feedstock in photobioreactors [124]. Aside from EOR processes, several industries have utilized CO2 as a technological fluid that does not turn into chemicals. These industries include beverages, dry cleaning, food preservation, air conditioning, and solvents [5,73,75] Approximately 50Mt/year of CO2 is typically consumed by EOR processes, while the food and beverage industries consume about 8Mt per year [125]. The suggested laboratory-scale technologies are yet to be industrially commercialized despite the available commercial market for converting captured CO2 into fuels and petrochemicals. This limitation is because the researched materials are economical to produce but must be chemically stable. The conversion rates of CO2 and the total generation of its primary products are quite low and need to satisfy commercial use requirements. Furthermore, knowledge about the reaction mechanisms influencing the chemical conversions of carbon dioxide is still in the conceptual stages. In this field, the process evaluation and operation requirements are not considered.
3.3	Process of CO2 mineralization
Carbon dioxide can be stored non-geologically or through mineral carbonation when exposed to metallic oxides like calcium and magnesium [126]. The carbonation of calcium and magnesium silicates, occurring spontaneously through a slow and thermodynamically favored reaction with atmospheric CO2, is classified as a natural process known as natural weathering [5]. It is highly possible to artificially improve the carbonation kinetics by increasing temperature and injection of fluids using a higher concentration of carbon dioxide.
The primary obstacle to scaling up the mineralization process remains the slow kinetics, even with major efforts to speed up this reaction [5]. Furthermore, to attain more than 80% carbonation efficiency, this process requires relatively high pressures of approximately 10-15 MPa and temperature conditions of 150 °C – 600 °C [5]. Other requirements for high carbonation efficiency include extraction, processing, and transportation of the rock formations. Also, the carbonation reaction takes a long time, ranging from about 6-24 hours and the rocks need to be mined in diameters of about 37mm. Large plant sizes and the demanding requirements of additives for the successful extraction of reactive species and disposal of reaction byproducts are the factors that result in high penalty costs [127].
The process of mineralization is a type of sequestration since its main aim is the permanent storage of CO2. Unlike the geological sequestration of CO2, which sometimes experiences leakages, carbonates are safe and stabilized [128]. The exothermic characteristics of the mineralization reaction process, coupled with the geothermal gradient of the formation, can ultimately lead to a reduction in energy consumption. Furthermore, flue gas captured from industrial facilities can be directly utilized for mineralization processes, as purified CO2 is not required [125].
Indirect CO2 storage, sometimes called indirect carbonation, can be employed in several industrial reactors to overcome the dire challenge of technological and operational limitations of the process of direct carbonation. By utilizing this method, reduced time and mild conditions can yield high carbonation efficiency and purity [128,129]. The process also yields various products, including silica, iron oxide, and carbonates of magnesium and calcium, which can offset its expenses. Nonetheless, because of this process's complexity, each step's operating conditions should be independently optimized [5]. Furthermore, the high energy costs are a major barrier preventing its commercialization. Other materials, such as sodium hydroxide, acetic acids, and ammonium salts, are employed in this process as substitutes for hydrochloric acid because they can effectively reduce energy [126,128] . Using more sophisticated materials to accelerate the reaction kinetics increases process efficiency [128–130]. The most beneficial method is the process of indirect mineral carbonation, which may soon experience a significant increase in size [81]. In-situ mineralization in basaltic rock has grown significantly in just about two years of applying the indirect mineral carbonation method [131]. Further studies in this area should concentrate on the potential of upgrading wastes generated from alkali metals into highly commercial products through carbonation, for example, the precipitation of highly concentrated CaCO3  [129,130]
3.4	Process of Desalination and Water Production
Another promising approach for utilizing captured CO2 involves converting brine to water and removing total dissolved solids (TDS) [132,133]. In areas where potable water is scarce, water from this reaction can be used [122]. Due to financial limitations, most industrial desalination plants do not utilize CO2 during desalination processes. However, innovative technologies are currently being developed to provide affordable and effective utilization of CO2. During the exposure of ammonia-treated seawater to carbon dioxide, weak bonds are produced, resulting in the separation of the ions in the water phase [110]
Due to their weight, the resulting products, NA2CO2 and NH4CL, can readily sink to the bottom of the container. The two options available for recycling NH4CL are heat and calcium oxide or using NH4CL to produce ammonia and chlorine [30,134]. Another desalination method is the hydrate formation method, which produces hydrates by separating the salts from the water using carbon dioxide. In employing this method, the CO2 can be utilized in either the gaseous or liquid phases. Subsequently, the CO2 hydrates formed are disposed of into the ocean or other water bodies[135]. The forward osmosis process involving ammonia and carbon dioxide represents another significant desalination method that uses carbon dioxide [133].
As a desalination method, reverse osmosis relies on hydraulic pressure as its primary driving force. In this process, osmotic pressure is leveraged, and brine and fresh water are separated through a "draw" solution. One major challenge with this process is the quantity of brine waste generated during desalination [136]. Aside from that, the local ecosystem can become unstable due to metal corrosion, solvent chemical residues, and high salt concentrations [137]. Carbonation, filtration, and recovery are the three primary units suggested for use with chloride and amine compounds to address these challenges  [138]
It is unlikely that the desalination process will achieve commerciality without a substantial cost benefit. The economic implications of producing treated water with around 21 ppm TDS from approximately 233,000 ppm of brine solution while fully utilizing the three primary stages of CO2-based crystalline desalination processes, are predicted to be about 3.17 USD per kilo-gallon, as presented by a 2013 DOE report [139]. The price may differ dramatically depending on the origin of the brine. The economic costs of successfully conducting the desalination process are presently higher than the cost of agricultural water. As a result, the technology of CO2-based desalination is yet to be commercially appealing.
Specifically, it is quite uncertain that this technology will be applied in agricultural operations due to the high costs of producing treated water through CO2-based desalination. Therefore, while CO2 remains a promising option for desalination, the financial implications of producing potable water using CO2-based technologies are comparatively higher than alternative options.
3.5	Challenges and Opportunities in CO2 Utilization
The outlook for carbon-utilization technologies appears promising, presenting abundant prospects across various sectors. The focus has shifted from mere sequestration in saline waterbodies to viewing captured CO2 as a valuable and sustainable energy resource.
3.5.1	Challenges
· Affordability: The widespread adoption of CO2 utilization technologies hinges on their affordability. The economic viability of these innovations will play a crucial role in determining their acceptance and integration into existing industrial processes.
· Efficiency concerns: The current challenges lie in the efficiency of CO2 utilization technologies. Researchers are actively working to address concerns related to high costs and low efficiency, aiming to enhance the overall performance and competitiveness of these processes.
· Limited Utilization: Despite capturing CO2 from flue gas streams, its utilization in energy production and material synthesis remains relatively low. The main hindrances to broader adoption are the anticipated high costs and the efficiency constraints of existing technologies.
3.5.2	Opportunities
· Diverse applications: There is a considerable opportunity for CO2 utilization in multiple sectors, offering a versatile approach to address energy needs sustainably. This shift in perspective unlocks potential applications beyond traditional sequestration practices.
· Emerging technologies: Ongoing advancements in CO2 utilization technologies, including innovative processes discussed earlier, signify a transformative phase. These emerging technologies hold the promise of producing petrochemicals and fuels from captured CO2, marking a paradigm shift in the utilization of greenhouse gases.
· Economic momentum: The economic aspect of CO2 utilization is gaining momentum as a key research area. The potential for economic benefits, including the production of valuable materials, is driving interest and investment in these technologies.
In summary, CO2 utilization is marked by promising opportunities and ongoing challenges. The transition from viewing CO2 solely as a sequestered compound to recognizing its potential as a valuable energy resource underscores a paradigm shift in sustainability practices. The trajectory of these technologies will be shaped by the delicate balance between addressing challenges and leveraging emerging opportunities.
4.	Evaluating the Synergy between CO2 Capture and Utilization processes
Integrating CO2 capture and utilization mitigates the elevated energy costs associated with the direct production of fuels and petrochemicals from flue gas streams, particularly when conducted under the same temperature conditions. This process intensification holds the promise of yielding cleaner and more energy-efficient technologies. Previously, there have been several applications of the concept of integrated CO2 capture and utilization process in gas separation and reaction. For example, membrane reactors (MRs) integrate chemical reactions using membrane separation. Membrane reactors can effectively expedite a reaction process and facilitate equilibrium reactions on the product side by eliminating at least one process from the reaction zone [140–142]
The sorption-enhanced reaction (SER) represents a similar concept, combining the processes of adsorption and reaction into a unified unit. Specifically, the water-gas-shift (WGS) reaction is employed in SER applications to generate highly concentrated hydrogen, demonstrating its broad utility [143–147]. The thermodynamically constrained WGS process can function at relatively high-temperature conditions (approximately 350°C), having favorable reaction kinetics because of the in-situ capture of CO2 [146]. These innovative concepts could be used in various industries to capture and utilize CO2 simultaneously. 
Previously, syngas (CO and H2) production has been commercially possible by directly converting industrial flue gases into chemicals and fuels using a dual-function material. Syngas is a vital reactant for methanol synthesis [70,148,149]. Tri-reforming of methane is a process where supported nickel catalysts work in concert to reform CO2 in a single reactor at about 850 C, steam reform methane, and partially oxidize methane. Synthetic methane has been created by the in-situ capture and carbon dioxide methanation utilizing a double-function material, usually a monolith [49,70,150]. Another recently documented instance of a combined capture and reduction process is the hydrogenation of carbon dioxide [151]. A further illustration of this hybrid process recently proven at an experimental scale in the United States is the process of the simultaneous capture and mineralization of carbon dioxide from the combustion of flue gas using coal [152]
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Figure 3: Schematic of combined carbon capture utilization process [153]
The solutions to the global energy and environmental issues that are currently being experienced may be found in such integrated systems. Process engineering and material science developments are required to create new in situ capture-conversion technology. Considering the distinctive characteristics of the adsorption and catalytic processes, developing highly efficient and economical technologies requires thoroughly examining the fundamentals of composite adsorbents and catalysts, operating conditions, and process considerations. Additionally, the resistance of the materials to impurities, particularly catalysts, may present a problem for the direct use of waste gas streams. Therefore, measures should be taken to guarantee the efficiency of the material over an extended period of use.

5	Conclusion
This review provides a comprehensive overview of the current state and future potential of CO2 capture and utilization technologies. Notably, recent years have witnessed substantial advancements in the innovative design and development of various carbon capture and utilization technologies. Despite this obvious growth, most available technological options are still conceptual. Both cases will undoubtedly witness a reduction in the energy required for the capture and utilization processes with the commercial introduction of innovative materials that perform better than traditional materials in each technique.
Process performance considerations should be integrated with materials research and development to assess their potential in practical settings. This integrated perspective on materials and processes, coupled with effective communication between materials scientists and engineers, is crucial for advancing the development of carbon capture and utilization technologies. Providing a factual assessment of performance and addressing uncertainties in cost estimation are essential steps in aligning with the requirements for successful commercial implementation.
For several emerging CCU technologies, the viability of adoption ultimately depends on cost-effectiveness. The durability of the materials utilized in most carbon capture and utilization processes remains a crucial factor influencing the process economics and system performance. Hence, producing fuels and petrochemicals, especially using renewable energy resources, can mitigate overall costs associated with CO2 utilization. This approach reduces expenses and provides a sustainable means of generating value-added products. Most technologies can be improved more economically by system integration and process intensification, but other relevant factors, such as the complexity of the operation, should also be considered. 
Their thermodynamic analyses have illustrated hybrid processes' energy efficiency and cost-effectiveness by reducing capital and operating costs. Therefore, future research studies should focus on hybrid processes that provide simultaneous CO2 capture and utilization strategies and integrate CO2-capture intermediate systems. Although the developing hybrid systems share several characteristics with the emerging generation of carbon capture and utilization technologies, extensive development, research, process scale-up, and synergistic assessment studies are still required before these developing technologies can be made commercially available soon. Any feasibility study should include other factors about life-cycle analysis, risk assessment, and environmental effects.
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