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Abstract

Human behaviors have resulted in a significant rise in emissions of carbon dioxide (CO2), a principal greenhouse gas (GHG) that is
exacerbating climate change (CLC), leading to a global temperature increase above 2°C compared to levels before industrialization. This
work assessed the primary methods used for carbon capture (CC). The article outlines the progress in CC, storage, and use for climate
change mitigation (CCM). This research aggregated data on GHG emission mitigation activities, including CC and storage (CC&S) and
usage, contemporary technical advancements in CC&S, and their financial, ecological, and social ramifications. The potential of CC&S
technology for CCM has also been examined. CC&S procedures need reduced energy use, making them more economically viable for
CCM. CC&S for CCM has problems, and the public view of these programs seems intricate or unsatisfactory for the implementation of
significant initiatives, obstructing the achievement of emissions reduction objectives across different states. A single migration seems
insufficient for achieving an economy without emissions. Stringent regulations, monetary benefits, stakeholder engagement, and technical
advancements are essential for migration; nevertheless, these technological innovations and regulatory measures must be validated via a
comprehensive sustainability assessment to mitigate the risks associated with capital and CLC.

Keywords: Greenhouse Gas; Carbon Capture; Climate Change; Storage; Ecology.

1. Introduction

Green energy sources have advanced significantly during the last 10 years. The average power price for sunlight and wind power technol-
ogies has decreased by 65% and 86%, respectively [1]. The average solar electricity price was almost five times greater before 10 years.
Notwithstanding the rapid advancement of renewable technology, nations depend on oil and gas to meet worldwide power demands [4].
The worldwide energy demand is projected to be mostly satisfied by fossil fuels, accounting for 80% by 2045. While awaiting the complete
maturation of green energy to supplant fossil fuels, CC&S and coal-based emissions are essential during this transitional phase [11]. The
combined combustion cycle (CCC) is a prevalent method associated with CC&S in green energy source facilities. Transport and electricity
production in developing nations account for 50% of the nation's total GHG releases [3].

Moreover, coal is considered the present and future energy source in developing nations, with overall reserves estimated at roughly 165 gi-
gatons. Consequently, the CCC method, in conjunction with CC, becomes essential. Worldwide, coal is the predominant form of energy
for power production and the second-biggest supply for electricity generation [12]. Currently, the worldwide emissions of CO2 rate and
atmospheric CO2 levels over 410 ppm have resulted in almost 1.5°C of CLC compared to the pre-industrial era, with an extra 0.5°C
attributable to coal combustion [5] [2].

Consequently, examining CC technology is crucial since it is the only method to reduce CO2 releases from industrial-scale power produc-
tion facilities, potentially decreasing these releases by 55% in 2055 [6]. The expense of mitigating CO2 releases would escalate if
CC&S technologies are disregarded [13].
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The International Energy Agency (IEA) also forecasted the necessary sector modifications to attain the CO2 emission reduction objective
[7]. To achieve the CLC objective by 2055, CO2 emission reductions must be 20% for CC&S, 18% for green energy, 7.5% for atomic
power effectiveness, 6% for power production efficiency, 16% for final consumer energy shifting, and 40% for final usage effectiveness.
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Fig. 1: Projected Emission Reductions by Technology (2015-2055).

Fig. 1 illustrates the emission reductions achieved via various technology modifications from 2015 to 2055. Despite extensive endeavors
to implement CC&S, its financial, ecological, and social potential remains underdeveloped [14] [10]. This research aggregated data on
GHG release reduction projects, including CC&S, while examining current technical advancements in these areas and their financial, eco-
logical, and social ramifications [8]. Due to the fact that climate change is a global concern, carbon capture and storage within CC&S has
become a major focus in the energy transition strategy worldwide. In prior sections, we discussed emission reduction pathways, mitigation
contributions, and other factors of emissions. Now we will shift our attention to the technology which makes these reductions possible.
Carbon capture and storage technologies will not only help achieve long-term climate goals but also enable more effective deployments
by understanding scientific mechanisms and current advancements . This enables the classification of these approaches into chemical,
biological or emerging frameworks thus providing an overall assessment of their operational feasibility.

In the first section of this document we discuss fossil fuels as a persistent source of energy worldwide with emphasis on CC&S. We further
build upon Chapter two concentrates on transfer mechanisms discussing trade offs pertaining to article efficiency then concludes claiming
chapters four five and six being devoted towards describing renewable hydrogen policies advanced materials such as MOFs while illus-
trating public perception through communication platforms as basic components helping drive forward even supported structural pil-
lars.The paper claims CCS can be achieved with creative technologies and policies that meet climate ambitions through innovation.

2. Carbon capture and storage (CC&S)

CC&S includes CC, segregation, contraction, transportation, storage, and usage, and is acknowledged as an appealing technique for emis-
sion reduction. Diverse methodologies are employed or suggested within the CC&S attempts for CCM like reforestation, harvesting bio-
mass for biological energy or biological substance generation, direct atmospheric CC, the immediate release of technological carbon into
oceanic or underground lakes and rivers, and exploitation of collected carbon from different sectors, yielding distinct outcomes like chem-
ical compounds, energy sources, plastic items, or algal blooms. Research that included industrial carbon capture and storage into a world-
wide, multi-regional, multi-sector power business framework also validated the potential for CO2 reduction in business sectors, particularly
in the chemical, iron, and construction sectors [15].

Biological energy CC&S, reforestation, and land utilization administration are acknowledged as the primary negative carbon techniques.
Nevertheless, CLC was shown to be a superior alternative to CC&S, exhibiting more acceptability [17]. Conversely, the CC&S strategy is
recognized for its practicality and adaptability in tackling global CLC concerns. CC&S for CCM is acknowledged as an appropriate sub-
stitute for mineral preservation and generating goods with additional value [16].

For instance, pollutants from steel plants and gasified biomass waste have been instantly transformed into nonethylene glycol (MEG) via
oxidation utilizing an engineered bacteria as a precursor for diverse polymer goods, including resins, fibers, and containers; however, the
requirement for CO2 as a raw material for different outcomes is observed to be lower than the worldwide emissions of CO2. Nonetheless,
CCA&S is recognized as resource-intensive (20 times more than other processes when H2 is created), mostly due to elevated power use in
H2 synthesis. Conversely, the bio-route (where biomass is cultivated and treated to produce chemicals) demands 40 times more land than
CC&S procedures for CCM.

Examining different CCS methods brings out important trade-offs associated with each. Algae-based capture systems, for example, CO-
fixing while concurrently producing biomass have capture efficiencies of 50-70%. Furthermore, they require extensive land and sunlight
which hinders their scalability potential. On the other hand, amine scrubbing performs chemical absorption with greater than 90% capture
efficiency and is already used at an industrial scale. However, these systems incur hefty operating costs of 40—40—120 per ton of CO:
captured alongside significant energy penalties of up to 3.5 GJ/ton CO: scrubbed. Amine scrubbing dominant usage in industry demon-
strates its maturity and near term economic viability, while biological approaches hold promise for long-term sustainability but require
additional refinement to improve cost effectiveness along with efficiency [11].
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Fig. 2: A Summary of CC&S Methods for CCM.

Sophisticated methods and systems may facilitate CLC without reforming the chemical sector for CC&S, such as H2 synthesis from col-
lected carbon; nonetheless, the authors observed that each method had distinct advantages and disadvantages, resulting in no definitive
superior option. While numerous options exist for industrial carbon reduction, CC&S is recognized as the most cost-effective solution for
the cement and iron sectors. Modern fossil fuel stations need around 27% of power per net kW/h production for CC. In a sophisticated
chemical procedure, industrial carbon is sequestered and transformed into artificial solid carbonated substances to diminish the carbon
impact of power plants. Furthermore, CO2 may be generated using rapid carbonation while managing solid waste processes, which possess
recycling possibilities.

A summary of CC&S methods has been given in Fig. 2. Carbon can be extracted from energy production, industrial sectors, or the natural
environment, utilizing chemical-based intake, segregation, or adsorption methods. It is then concentrated at elevated temperature, shipped
to inshore or far away reservoirs or saline waterways, and subsequently administered to storage facilities. On the other hand, carbon from
the air may be sequestered by sunlight and transformed into diverse biological products. Successful deployment of CC&S requires tech-
nology advancements and stakeholder engagement for CCM.

Various advanced segregation methods are used via the combustion procedure for the CO2 extraction from the exhaust gases. The ap-
proaches include intake, small algae, membrane division, adsorption, and freezing (Fig. 3). Assimilation is a well-established CO2 segre-
gation method used in the chemical and oil industries to date. Assimilation is categorized into two types: (1) physical, which depends on
humidity and pressure (occurring at extreme pressures and reduced temperatures), and (2) chemical-based, where CO2 uptake is contingent
upon an acid-base neutralization reaction [9]. Notable among the preferred solvents are amino acids, ammonium solutions, and fluorinated
solutions. Ionized fluids are a prevalent contemporary addition, demonstrating outstanding potential in CO2 uptake and exhibiting eco-
friendliness.
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Fig. 3: Flue Gas CO: Capture Methods

Algal cell biological fixation is an effective method for removing CO2 from exhaust gases. This approach requires using organisms that
photosynthesize for human-induced CC&S for CCM. Maritime phytoplankton are posited to possess greater possibilities due to their su-
perior carbon stabilization rates compared to terrestrial plants. Algae cultivation is expensive, yet the method generates many high-value
compounds that may be used for revenue generation. Algae respiration facilitates the dissolution of calcium dioxide, which may serve as
a long-term carbon store.

The division of compounds via walls relies on the differences in relations among gases and the cell wall materials, which are tailored to
allow selective transport of certain components into the barrier. Substrates provide exceptional efficacy in CO2 removal for both pre-
combustion CC and post-combustion CC. A wide array of varied substrate materials and techniques is available, some of which are used
in industry and may be pertinent to CO2 isolation. The implementation of substrate separation methods and the associated expenses for
substantial CO2 collection mostly depend on the substrate substances.
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Adsorptive extraction is an integrated separation method based on the differences in adsorption and the components' removal characteris-
tics. The frozen CO2 separation process employs the principles of liquid phase thermal and pressure fluctuations in the constituent mole-
cules of the exhaust gas. This process involves the cooling and precipitation of CO2, which is then collected from the exhaust gases.

3. Conclusion

The article delineates carbon capture, storage, and utilization advancements for climate change mitigation. This study collected data on
GHG mitigation initiatives, including CC&S and use, recent technological breakthroughs in CC&S, and their financial, ecological, and
social implications. The capabilities of CC&S technology for CCM have also been analyzed. CC&S methods need diminished energy
consumption to enhance CCM's economic viability.

Although several hurdles persist in enhancing its general effectiveness, the initial combustion technique has promise for CC. The solution
rejuvenation temperature must be maintained at a lower level than now used to prevent solvent degradation. The exploration of innovative
air segregation technologies, including ion-transport and oxygen-transport barriers and biochemical looping techniques, is crucial in the
combustion of the oxygen fuel process. Both classic and innovative approaches for CC have been assessed. The post-combustion technique
necessitates unique solutions with advantageous characteristics, including high cycle capacities, cheap manufacturing costs, minimal cor-
rosion, reduced deterioration, fewer by-products, and diminished ecological impact. Simultaneously, other obstacles are linked to sub-
strate segregation, including condensation of moisture on the substrate, a fast decline in choice and permeability during execution, and the
passage of pollutants through the substrate. CC&S for CCM has challenges, and The negative perception people have about carbon capture
and storage mortally handers its adoption. This is often caused by safety concerns and lack of awareness. A good example of this is the
Barend Recht project in Netherlands. These problems are a direct relation to why communication strategies fail capturing the attention
from stakeholders. Local trust and participation, social license to operate, and open communication are primary for endorsement as well as
building confidence for social acceptance. Their focus should shift on MOFs: Metal organic frameworks with high CO: selectivity and
efficiency. Safety studies post long term storage also seem to be critical alongside techno-economic assessments on sectors that are hard
to decarbonize like cement or steel CCS integration. In terms of climate mitigation a large scale deployment of CCS could be enhanced
using policy tools such as carbon credits, subsidies or creating emission trading systems.
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