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Abstract
[bookmark: _GoBack]Carbon is recognized as the most abundant element in the universe. Carbon sequestration refers to a process through which carbon present in the atmosphere is removed and subsequently stored, aiming to regulate climatic conditions. This approach plays a vital role in decreasing atmospheric carbon levels, and its significance is increasingly acknowledged as a necessary measure to combat the extraordinary changes in climate, predominantly caused by global warming and the resultant heating of the Earth's crust. Carbon Capture and Storage (CCS) emerges as a highly promising technology for addressing climate change, as it effectively reduces carbon dioxide emissions originating from industrial activities, power generation, and various other anthropogenic sources.
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Introduction
Carbon is the most prolific element in the universe. Carbon sequestration is a method by which carbon present in the atmosphere can be removed and stored in order to control the climatic conditions. 1 It is an important measure for the prevention of emission of carbon dioxide in large quantity (About 40-45%) by the human which is one of the main reason of global warming.2 Carbon sequestration is helpful in reducing the amount of carbon from the atmosphere, the deliberation of carbon sequestration is increasing day by day to deal with the exceptional change in climatic conditions which is a result of global warming or heating of the earth’s crust.3 Carbon can be obtained from the environment in both natural way and evolutionary way, the natural way include the storing of carbon dioxide in oceans, forest & soils etc. And the evolutionary or phylogenetic way involves the storing of carbon obtained from the burning of fossil fuels.4 Greenhouse gases is carbon dioxide that is the gases in the atmosphere that absorbs heat.5
Process of carbon sequestration

The process of carbon sequestration involves removing and storing the atmospheric carbon dioxide into the carbon pool, it is considered to be an important step in the removal of carbon dioxide from the earth’s atmosphere.1,6 We are living in a technology driven world which allows the carbon sequestration to be performed on a large scale if the carbon is trapped during any possible activity due to which it could be emanate, then it would be helpful in neutralizing the production of Carbon more rapidly.7,8
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Figure 1: Carbon Sequestration.
Carbon sequestration may happen basically in two ways i.e., biologically and geologically.9 While carbon sequestration is being persuaded artificially through different biological and geological method it is also performed naturally in the environment on the largest scale.10 
Objectives of carbon sequestration
The main objective of performing carbon sequestration on the large scale is to reduce the concentration of greenhouse gases in the air to prevent exceptional climate changes.11 Another important factor that leads to the encouragement of performing carbon sequestration is the reduction of air pollution and also the Improvement of carbon content in the soil through various natural activities. Another objective behind carbon sequestration is to preserve the carbon in solid and liquid form so that it does not heat up the Earth’s atmosphere.12, 13
Sources of carbon dioxide Emission: Sources of carbon dioxide emissions include both natural and man-made activities, with the latter being the primary contributors. The burning of fossil fuels in power plants, industrial processes, and transportation is the leading source, significantly increasing atmospheric CO2 levels. Additionally, deforestation and land-use changes further exacerbate the carbon imbalance, underscoring the importance of implementing carbon capture and sequestration technologies to mitigate these emissions and combat climate change.
a) Natural sources: - Volcanoes produce prominent amount of carbon dioxide eruptions and through underground magma volcanic CO2 has the capacity to enhance that impact of global warming. The eruption of Mt. St. Helens released approx 10 million tons of carbon dioxide into atmosphere in only nine hours in 1980.14
b) Decomposition: - Plants release oxygen and absorb carbon dioxide during photosynthesis at a constant rate and this carbon dioxide gets stored in the roots, forests etc. Plants release CO2When they decompose and in similar way, other Organism also release CO2 where they live and die.14, 15
c) Respiration:-Respiration is a process of combining glucose with oxygen to produce energy for organisms. During respiration glucose and oxygen is converted into energy and carbon dioxide. Hence CO2 is released into atmosphere during the process of respiration. An average amount of CO2 released by humans is about 2.3 pounds.15
Man-made sources: Man-made sources of carbon dioxide primarily result from the combustion of fossil fuels in industries, power generation, and transportation, contributing significantly to atmospheric CO2 levels. These human activities are the main drivers of climate change, highlighting the urgent need for carbon sequestration and capture technologies. Innovations like Carbon Capture and Storage (CCS) and Direct Air Capture (DAC) are being developed to mitigate emissions from these sources and reduce their impact on the environment.
a) Industries: - About 23% of greenhouse gases are emanated from industrial sources, for example manufacturing, mining etc. 46% of increase in carbon dioxide emission is created by the electricity and heat production in industries. Carbon emission was increased from coal in 2021 by about 40%.16
b) Transportation: - Transportation is the largest source of emission of greenhouse gas in US. Almost 1/5 that is 27% of the carbon dioxide is emanated by the transport of total greenhouse gas. Carbon dioxide released from transports have the capacity to represent 97% of global warming in comparison to other greenhouse gases. 16
c) Biomass burning: - CO2 is released by the burning of biomass or biofuel fossil fuels. Biomass is a carbon neutral energy source because the amount of CO2 released by plants are almost of the same amount of that released when biomass is burned. 16
Another such carbon dioxide emission source involves soil cultivation, wildfires, land use, etc.
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Biological Carbon Sequestration: - The buildup of carbon dioxide in the natural atmosphere, such as in forests, grasslands, soils, and oceans, is known as biological carbon sequestration.17
i) In oceans: - 25% carbon dioxide is exhaled every year through the human activities which is soaked up by the oceans. CO2 is absorbed by the colder parts of the oceans in large amount as compared with the warmer parts, Due to which colder or the polar region of the ocean would be acidic in nature because of more concentration of carbon dioxide in ocean.18
ii) In forest: - Forest absorb approx 25% of the atmospheric carbon dioxide. The carbon is emitted out by the trees, leaves, etc. when they die and the practice of cutting down of the trees leads to deduct the forests as carbon sink.19
iii) In soils: - Soil store carbon into it through the process of photosynthesis performed by the plants. Soil can also absorb carbon in the form of carbonates and these carbonates are inorganic in nature that means they can store carbon for much more time in contrast, soil organic matter has a limited capacity to store carbon.
iv) In grasslands: Because Forest practices like deforestation, wildfires, etc. can have an impact on forests, grasslands are more credible for storing carbon than forests. More carbon can be stored underground by grasslands, and as they burn, carbon is incorporated into the soil and roots. Even if forests are better at storing carbon than grasslands, grasses will still be able to survive when the climate changes.20
1. Geological carbon sequestration: - means the storage of carbon in underground like in rocks etc. when the carbon dioxide is released by the industries such as in steel or cement product companies then it will be injected in the porous rocks for storage for a long time. This type of carbon sequestration is used until a new technique or its substitute become available for the sequestration on large scale. 21, 22, 23 
2. Technological Carbon Sequestration: - Technological carbon sequestration is being considered as fighting against climate changes technologies for carbon sequestration may include the direct or indirect capture and storage of atmospheric carbon dioxide in the carbon pool.24 There are many ways through which it Can be used, some of them are- 
i) Graphene production: - Graphene production can be utilized as a way to reduce carbon dioxide emission from atmosphere. However, it is limited to specific industries only, Screens for cellphones and other technological devices are also made with it. 
ii) Molecular engineers: A few scientists work on creating molecules which are capable to take shape of any kind and thus capturing the atmospheric carbon dioxide these engineered molecules only attract those elements or compounds they were created to attract. Engineered molecules acts as a filter. 
i) Direct air capture: - Direct air capture is a method by which CO2 can be captured directly from the air using the technological plants. However, it is an expensive method to be accessed at a large scale. $500 to $ 800 is used to remove per ton of carbon from the air directly. 
Industrial carbon sequestration: Although industrial carbon sequestration is not a widely used technique, certain businesses can use it to absorb carbon from power plants in three different ways.25 
i)  Pre-combustion: This method involves capturing the carbon before the fuel burns. Removing carbon from coal prior to burning is the primary goal. where hydrogen and carbon monoxide are produced when coal and oxygen react. Water is added to carbon monoxide to create carbon dioxide for storage after this hydrogen is burned directly.26, 27 
ii) Post-combustion: Following combustion, carbon dioxide is extracted from the fuel gas. Carbon dioxide is released for storage when the gases are passed through ammonia, which explodes with steam.28
iii) Oxy-fuel combustion: - In this process, oxygen is used for combustion, instead of air. Here, burning fuel in more oxygen is the goal pure oxygen is used to burn fuel, that produce pure steam and carbon dioxide gas. After cooling and condensation, the steam is removed and carbon dioxide is stored safely.29, 30
Process of carbon sequestration
Carbon sequestration may occur as either a natural phenomenon or as a process driven by anthropogenic activities. Between 1980 and 2000, emission rates resulting from fossil fuel combustion increased by 40%. Nevertheless, the concentration of carbon dioxide accumulating in the atmosphere remained relatively constant during this period. This apparent stability is attributed to the fact that the excess carbon dioxide released into the atmosphere was being absorbed by oceans, forests, soils, and other terrestrial and aquatic ecosystems.31
The removal, capture, or sequestration of carbon dioxide from the atmosphere serves the purpose of slowing or reversing atmospheric carbon dioxide pollution, thereby helping to mitigate or reverse global warming and prevent dangerous climate change. This approach has been proposed as an effective strategy to slow the accumulation of greenhouse gases in both the atmosphere and marine environments, which primarily results from the combustion of fossil fuels.32
There are the number of processes by which this carbon sequestration or carbon capture or removal will be carried out Carbon capture and storage (CCS) is one of the technologies that scientists and policymakers discuss. As we know that natural gas is mined, crude oil is mined from the depleted oil gas reservoirs and these reservoirs are identified by measuring the unusual amount of carbon dioxide concentration or carbon. 33
Whatever carbon dioxide is present in the atmosphere, it is combined with other gases; therefore, the initial step involves segregating carbon dioxide from these accompanying gases. Subsequently, the isolated carbon dioxide must be captured and then transported to a designated storage location through an appropriate medium, ensuring that it remains isolated from the atmosphere for an extended period of time. Abiotic sequestration of anthropogenically emitted carbon dioxide through direct injection into oceanic and geological strata offers a substantial sink capacity.27
Abiotic sequestration relies on physical and chemical reactions, as well as engineering techniques, without the involvement of living organisms. This strategy of carbon sequestration in oceanic and geological formations has garnered significant attention because, in theory, abiotic sequestration possesses a larger sink capacity compared to biotic sequestration. Rapid advancements are underway in the development and testing of technologies for the capture, transport, and injection of carbon dioxide. It constitutes a geoengineering approach, wherein carbon dioxide is shipped to a location where it may be securely isolated from the atmosphere for long-term storage after first being separated from other gases found in industrial emissions and then compressed.28
At the ocean's surface, plankton utilize photosynthesis to convert carbon dioxide into oxygen. Biotic carbon sequestration is based on the removal of atmospheric carbon dioxide through the natural process of photosynthesis.29 The capacity for carbon dioxide removal through photosynthesis in woody plants within both managed and natural ecosystems is expected to increase in the future due to the carbon dioxide fertilization effect.30
The technique of storing carbon dioxide in subterranean geological formations is known as geological carbon sequestration. In this method, carbon dioxide is typically pressurized until it transitions into a liquid state, after which it is injected into porous rock structures located in geological basins. These rock formations, often deep saline aquifers, depleted oil and gas reservoirs, or unmineable coal seams, serve as long-term storage sites where carbon dioxide can be securely isolated from the atmosphere. This technique offers a highly stable and enduring solution for mitigating greenhouse gas emissions by utilizing the Earth's subsurface as a vast storage medium. In contrast, biological carbon sequestration involves the capture and storage of atmospheric carbon within vegetation, soils, woody biomass, and aquatic ecosystems. This method encourages the growth of large plants, particularly trees, as natural carbon sinks. Advocates of biological sequestration aim to enhance the natural processes that remove the atmosphere's carbon dioxide, thereby contributing to climate change mitigation through afforestation, reforestation, soil management, and marine ecosystem restoration.
In addition to geological and biological approaches, technological carbon sequestration has emerged as a field exploring innovative methods to manage atmospheric carbon dioxide. Rather than solely focusing on capturing and storing carbon dioxide, scientists are increasingly investigating ways to utilize it as a valuable resource. One promising technology in this domain is graphene production, where carbon dioxide serves as a raw material for producing graphene—a highly versatile material used in the manufacture of smartphone screens and other advanced technological devices. Another frontier in technological sequestration involves the development of engineered molecules. Scientists are creating new substances that can absorb carbon dioxide from the atmosphere with precision. By serving as extremely selective filters that exclusively draw in and bind to carbon dioxide molecules, these modified molecules increase the effectiveness of carbon capture systems. Furthermore, direct air capture technologies employ sophisticated air processing plants to extract carbon dioxide directly from ambient air. These systems represent a cutting-edge approach in carbon management, aiming to address atmospheric concentrations of carbon dioxide on a global scale and offering potential pathways for significant environmental remediation.
Recent research and development
MAN Energy Solutions has been at the forefront of developing advanced technologies to address the challenges associated with carbon dioxide management. Their innovations in the compression of carbon dioxide (CO₂) and supercritical CO₂, as well as in the liquefaction of CO₂, have proven critical for various industrial processes that generate significant carbon emissions. By incorporating techniques for efficient heat recovery and heat integration, MAN Energy Solutions has enabled industries to not only capture carbon dioxide more effectively but also to optimize their overall energy usage, thereby reducing secondary emissions. The compressed CO₂ is typically stored in geologically secure sites such as depleted oil fields or deep saline aquifers, where it can remain isolated from the atmosphere for millennia. However, sequestration is not the only path forward; there is an increasing emphasis on the transformation of captured CO₂ into valuable products, promoting a circular carbon economy. In some cases, the captured carbon dioxide is stored temporarily in tanks or transported via trucks to different facilities where it can be utilized or further processed into commercial goods, minimizing waste and adding economic value.
Innovations in direct air capture (DAC) technologies are also reshaping the future of carbon management. One particularly novel approach is being pioneered by the company High Hopes, which is developing a revolutionary DAC system that employs high-altitude balloons as a capture mechanism. These balloons are equipped with sophisticated carbon capture rigs and are deployed to altitudes between 10 and 15 kilometers above sea level. At these elevations, ambient temperatures are significantly lower, facilitating the natural freezing of atmospheric carbon dioxide. The frozen CO₂ forms dry ice, which can then be easily collected. This physical state transition simplifies the capture process by eliminating the need for complex chemical reactions or energy-intensive sorbents typically used in ground-based DAC systems. Once the carbon-loaded balloons descend back to the Earth's surface, the dry ice reverts to gaseous CO₂ due to temperature increase but remains confined within pressurized tanks designed for storage or further sequestration. Although this process is energy-intensive, its potential for scalability and the novel exploitation of natural temperature gradients make it an intriguing prospect for the future of atmospheric carbon dioxide removal.
The fusion of industrial engineering solutions, such as those developed by MAN Energy Solutions, with cutting-edge atmospheric capture methods, like High Hopes’ balloon-based DAC system, demonstrates the growing synergy between traditional and emergent carbon capture technologies. These multidisciplinary approaches not only broaden the scope of carbon management strategies but also highlight the necessity for innovative thinking in tackling the global carbon crisis. By focusing on both capturing emissions at their source and extracting diffuse atmospheric carbon, humanity can build a diversified portfolio of techniques critical for achieving net-zero emissions goals. Despite the energy demands of some of these technologies, the continued refinement of energy integration strategies, coupled with advancements in renewable energy systems, could make large-scale deployment of such capture mechanisms both feasible and economically viable in the near future.
Advanced biological process
Advanced biological processes offer remarkable potential to address carbon sequestration by reducing energy expenditures, minimizing the need for chemical treatments, and promoting greater recycling of carbon within ecosystems. These processes also provide an opportunity to significantly lower reliance on fossil fuels. Photosynthesis, the fundamental natural mechanism responsible for nearly all carbon dioxide fixation on Earth, stands at the center of these efforts. Through genetic engineering, it becomes possible to enhance the capacity of biological systems for carbon sequestration, creating durable new products that resist decomposition and prevent the re-release of carbon dioxide into the atmosphere. Furthermore, targeted manipulation of plant structure could profoundly impact soil sequestration processes. By developing plant species with increased below-ground biomass, heightened resistance to decay, enhanced promotion of carbonate and mineral formation, and optimized interactions with soil microbes, scientists aim to engineer ecosystems that more effectively lock carbon into stable soil matrices, offering a sustainable route to mitigating atmospheric carbon levels.
Advanced biological technologies for carbon sequestration encompass four critical topic areas: carbon capture technology, sequestration as reduced carbon compounds, boosting plant productivity, and developing alternative durable materials. These innovations possess cross-disciplinary applications spanning terrestrial landscapes, geological subsurfaces, and marine environments. Carbon capture technologies focus on enhancing the natural ability of plants and microbes to fix and store atmospheric CO₂, while sequestration of reduced carbon compounds involves stabilizing carbon in long-lasting molecular forms. Strategies to increase plant productivity center on improving photosynthetic efficiency and biomass accumulation, thereby sequestering more carbon per unit area. Meanwhile, the development of alternative materials—such as durable bioplastics and bio-composites—aims to utilize captured carbon in products that have long lifespans, preventing rapid recycling of carbon back into the atmosphere. By integrating these interdisciplinary approaches, the potential for biological carbon sequestration can be vastly expanded, contributing meaningfully to global climate stabilization efforts.
Recent research has illuminated the critical role of ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco), one of the most abundant and essential enzymes in plants, responsible for fixing atmospheric carbon by catalyzing the incorporation of CO₂ into precursor sugars. However, Rubisco is known for its inefficiency, often reacting with oxygen instead of carbon dioxide, leading to the degradation of sugars and a significant diversion of the enzyme’s productive activity. Innovative scientific efforts are now underway to engineer Rubisco for improved performance. Researchers are exploring naturally occurring, more efficient variants of Rubisco found in underexplored organisms, and genetic engineering techniques are being employed to modify specific active sites of the enzyme to analyze and enhance its carbon-fixing efficiency. Such breakthroughs could dramatically boost photosynthetic rates and, by extension, the capacity of plants to sequester carbon, offering one of the most powerful biological tools for combating climate change.
While bioplastics and biofuels are among the promising technological frontiers in carbon sequestration, other biological innovations may also yield even greater long-term impacts. Bioplastics, manufactured from plant-derived biomass, can potentially rival petroleum-based plastics in terms of cost and performance, providing a sustainable material option that simultaneously locks carbon away from the atmosphere. If biomass is used as the carbon source, the net effect is a significant contribution to carbon sequestration. However, the current limitations of plant- and bacteria-derived plastics—such as brittleness and rapid decomposition—pose challenges for wide-scale application. Addressing these issues will require the integration of gene shuffling, protein engineering, and advancements in fermentation technologies capable of operating under extreme conditions. By refining the biosynthetic pathways of bioplastics production, scientists aim to develop materials that are not only stronger and more durable but also capable of contributing substantially to the sequestration of atmospheric carbon through long-lived consumer products, thereby enhancing both environmental sustainability and technological innovation.
Advanced chemical approaches to carbon sequestration
Chemistry plays a fundamental and cross-cutting role in addressing the challenges of carbon sequestration, interacting with nearly every aspect of the problem. Since the majority of CO₂ emissions result from the combustion of fossil fuels, advanced chemical technologies are being developed to allow the co-production of chemicals and power, aiming not only at reducing emissions but also at utilizing carbon dioxide as a resource. Innovative approaches are focused on decarbonizing methane and coal to produce hydrogen, with simultaneous capture of carbon dioxide that can later be used for the production of transportation fuels³⁴. Advanced chemical separation and capture processes are now capable of isolating pressurized CO₂ with minimal impurity at ambient temperatures, a significant achievement that facilitates its transport and storage. Moreover, chemical strategies extend beyond direct capture; they are also being employed to enhance carbon sequestration through terrestrial sinks and ocean filtration techniques³⁵. Transforming CO₂ into stable, non-commercial materials offers another viable sequestration pathway. For example, the conversion of carbon dioxide into magnesium carbonate—a substance of little commercial value—provides an inexpensive and long-lasting storage method. These carbonates can even be utilized to refill the mining pits from which the magnesium and associated minerals were originally extracted, offering a closed-loop solution that benefits both environmental restoration and carbon management.
In marine environments, carbon sequestration has been proposed through the formation of CO₂ hydrates, also known as "CO₂ Earth Rotes," which are ice-like structures capable of trapping carbon dioxide securely when located at sufficient depths beneath the ocean surface. This method reduces the spatial footprint of free carbon dioxide in the ocean, mitigating potential environmental disruption. Additionally, carbon dioxide can be dissolved into the ocean in the form of soluble carbonates, presenting another effective strategy for long-term storage. Chemistry's inherent flexibility has enabled the creation of an impressive range of products and has opened multiple avenues for carbon capture, storage, and reuse. One of the key objectives today is to design chemical processes that not only separate and capture CO₂ but also transform it into valuable, durable products with reasonable lifespans, effectively integrating carbon management into industrial production systems. In a notable example of applied chemistry and material science, the Rocky Mountain Institute conducted significant research on the development of ultra-light vehicles. Their December 1996 report, "Costing the Ultra-Light in Volume Production: Can Advanced Composite Bodies in White Be Affordable?" examined the potential for manufacturing a vehicle body entirely from carbon fiber composites, assembled with adhesives to create a lightweight, energy-efficient structure. In these designs, carbon fibers—embedded in epoxy or other resins—would constitute approximately 50% of the vehicle's body weight. Importantly, the carbon needed for these fibers could be sourced through decarburization processes or captured CO₂ following chemical transformation, demonstrating a powerful synergy between carbon sequestration technologies and advanced manufacturing techniques. The integration of captured carbon into high-performance products like ultralight vehicles represents a promising frontier in achieving sustainable carbon management while supporting technological innovation.
Summary
Carbon sequestration and capture, commonly referred to as Carbon Capture and Storage (CCS), is a critical technological strategy aimed at mitigating the growing threat of climate change by capturing carbon dioxide (CO₂) emissions from various anthropogenic sources such as power plants, industrial facilities, and transportation systems, and storing them to prevent their release into the atmosphere. This process involves a sophisticated series of engineering techniques designed to capture CO₂ emissions at their source, transport the captured gas to designated storage sites, and inject it into stable geological formations such as deep saline aquifers, depleted oil and gas fields, or unmineable coal seams. This review identifies three primary methods used for carbon capture: post-combustion, pre-combustion, and oxy-fuel combustion techniques. Among these, post-combustion capture is the most widely implemented, wherein CO₂ is extracted from the flue gases produced by burning fossil fuels in power plants and industrial operations, typically using chemical solvents like amines that selectively absorb CO₂.
Pre-combustion capture, on the other hand, involves gasifying fossil fuels to produce a mixture of hydrogen gas and carbon dioxide, where the CO₂ is separated and stored, and the hydrogen can be utilized as a clean energy carrier. Oxy-fuel combustion is the third technique, which burns fossil fuels in an oxygen-rich environment instead of air, leading to exhaust gases that are mainly CO₂ and water vapor. This method simplifies CO₂ capture by separating CO₂ more efficiently and improving system performance. While these technologies hold considerable potential for reducing greenhouse gas emissions, their deployment faces significant challenges. Chief among these are the high capital and operational costs required for the installation and maintenance of capture systems, the absence of a reliable infrastructure for transporting CO₂ to storage sites, and the technical complexities involved in ensuring the long-term stability and safety of storage locations.
Furthermore, there are environmental risks associated with CO₂ storage, including potential leakage from storage sites and unforeseen ecological impacts, which must be managed through comprehensive monitoring and regulatory oversight. Despite these challenges, CCS technologies are considered vital components of a comprehensive climate change mitigation strategy. However, carbon sequestration and capture alone cannot be a comprehensive solution to the climate crisis. Instead, CCS must be integrated into broader climate mitigation strategies, which include substantial reductions in fossil fuel consumption, increased deployment of renewable energy technologies, widespread electrification of transportation, and enhancement of natural carbon sinks such as forests and soils. The review highlights the need for continued investment in research and development to improve the efficiency of CCS systems, reduce costs, and develop safer, more reliable storage solutions.
Additionally, the integration of Carbon Capture, Utilization, and Storage (CCUS) systems, which combine capture, utilization, and storage, presents an exciting opportunity to create economic value from captured CO₂. This approach can enhance the financial viability of sequestration projects, making them more attractive for commercial applications. Public-private partnerships, international collaborations, and supportive policy frameworks are essential to accelerating the commercialization and scaling of CCS technologies globally. Public awareness and engagement also play a crucial role in overcoming societal resistance and building trust in the safety and effectiveness of CCS initiatives. As global greenhouse gas emissions continue to rise and the window for meaningful climate action narrows, the importance of CCS technologies becomes increasingly critical. In particular, CCS is vital for decarbonizing hard-to-abate sectors such as cement, steel, and chemical manufacturing, where alternatives to electrification or renewable energy substitution remain technologically difficult. Therefore, while CCS is not a stand-alone solution, it is an essential component of a comprehensive strategy needed to achieve net-zero emissions and stabilize the global climate system. Ultimately, realizing the full potential of carbon sequestration and capture technologies will require overcoming significant technical, economic, and societal challenges through sustained innovation, collaborative policymaking, and a holistic approach to global decarbonization.
Conclusion
Carbon Capture and Storage (CCS) has emerged as a highly promising and sophisticated method for combating climate change by directly reducing carbon dioxide (CO₂) emissions, particularly from key sectors such as power generation, industrial activities, and other major anthropogenic sources. The core principle of CCS involves three crucial stages: capturing CO₂ emissions at their source, transporting the captured gas via pipelines or other methods to designated storage sites, and injecting it deep into geological formations or other secure reservoirs where it can be stored safely for the long term. This process helps prevent large amounts of carbon dioxide from entering and accumulating in the atmosphere, providing a potential short-term solution that complements the global shift towards renewable energy systems. There are three primary methods of capturing CO₂: post-combustion, pre-combustion, and oxy-fuel combustion, each with its own set of technological challenges and benefits. The storage of captured CO₂ typically occurs in geological sites such as depleted oil fields, deep saline aquifers, and unmineable coal seams, chosen for their stability and ability to contain CO₂ for thousands of years. However, the widespread implementation of CCS is not without its challenges, particularly concerning its scalability.
The most significant barrier to CCS is the substantial financial cost associated with capturing, transporting, and storing CO₂, which makes large-scale commercial deployment financially unfeasible without significant policy support or carbon pricing mechanisms. Additionally, technical challenges, such as ensuring the long-term security of storage sites, preventing leakage, and optimizing capture systems, complicate widespread adoption. Regulatory frameworks for CCS also vary considerably across regions, with many lacking the necessary guidelines for managing liability, monitoring, and maintaining CO₂ storage sites over the long term. Public concerns about the safety of underground CO₂ storage, environmental impacts, and the fear that CCS could be used to prolong reliance on fossil fuels rather than accelerate the shift to renewable energy also present significant obstacles. Critics argue that while CCS may reduce emissions from existing infrastructure, it does not address the fundamental causes of climate change, such as the ongoing extraction and burning of fossil fuels. They warn that excessive reliance on CCS could divert attention and resources away from the necessary development of renewable energy technologies and broader systemic changes required for achieving substantial decarbonization. However, proponents of CCS assert that, given the scale of the climate crisis and the current energy landscape, it is unwise to disregard any viable technology that can contribute to emissions reduction, particularly in hard-to-abate sectors like cement, steel, and chemical manufacturing.
Furthermore, the integration of carbon utilization technologies is gradually improving the economic and environmental feasibility of CCS. Captured CO₂ can be repurposed to produce fuels, chemicals, and building materials, adding value to the sequestration process. Support from governments through funding, tax incentives, and the establishment of carbon pricing mechanisms is critical to encourage innovation and reduce the costs associated with CCS infrastructure. Additionally, international collaborations and private sector investments are essential for scaling up pilot projects and creating markets for captured carbon. Despite its inherent challenges, CCS should be recognized as a vital component of a comprehensive climate mitigation strategy. It complements efforts to deploy renewable energy, enhance energy efficiency, and change consumption patterns, offering an immediate solution to reduce emissions from sectors where alternatives are currently difficult or economically impractical. The Intergovernmental Panel on Climate Change (IPCC) has emphasized the indispensable role of CCS in its models for limiting global warming to 1.5°C above pre-industrial levels. Without CCS, achieving net-zero emissions by mid-century would be significantly more challenging and costly.
Although Carbon Capture and Storage is not a comprehensive solution to the climate crisis, it is undeniably a crucial technology with the potential to significantly reduce greenhouse gas emissions when implemented in conjunction with other mitigation strategies. Successfully integrating CCS into global climate policies requires overcoming economic, technical, and social challenges through coordinated efforts by governments, industries, scientists, and the public. Through these collective actions, we can unlock the full potential of CCS and make meaningful progress toward reducing atmospheric CO₂ concentrations, ultimately helping to safeguard the planet for future generations.
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