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ABSTRACT: The addition of more greenhouse gases (GHG) to the earth's atmosphere, which accounts for more than half of the
planet's warming potential, has resulted in changes in long-term average weather conditions, or climate change. In order to counter
the increased concentration of carbon dioxide in the atmosphere, carbon sequestration is a newly developed strategy. Contrary to
carbon emission reduction measures, carbon sequestration has a strong potential to lower carbon dioxide levels or mask carbon
dioxide emission if the gas is trapped from several stationary sources and used effectively to produce chemical and energy. The
implementation of carbon regulations has spread widely.

The cost of air pollution is credited with a monetary value. Due to this, investments in the growth of microalgae for carbon
sequestration have received attention from all around the world. With these systems, existing carbon mitigation strategies are shown
to be a viable and promising alternative. In general, the microorganism groups that make up microalgae are extremely diverse and
quick-growing, and they are very skilled in photoautotrophic, heterotrophic, and mixotrophic settings. With a unit carbon dioxide
fixation capacity 10-50 times greater than terrestrial plants, these microalgae can be grown on non-fertile land. Describe in detail
the most recent advancement in the effective use of microalgae for carbon dioxide in this article review.
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INTRODUCTION

CO; sequestration is the process of capturing and storing CO; that results from burning fossil fuels to produce electricity or from
preparing fossil fuels to use in the processing of natural gas. In addition, it can be utilized in numerous industrial processes that
make biomass-based fuels, as well as the production of hydrogen, ammonia, iron and steel, cement and other products. CO; cannot
be captured unless it is removed from many other gases. Afterward, the CO, needs to be moved to a storage location facility for
long-term storage away from the atmosphere [1]. Storage reservoirs would need to be sizable in comparison to annual emissions if
they were to significantly affect CO, concentrations in the atmosphere.

Three essential advancements-pre-combustion, post-combustion and oxyfuel burning routes—are utilized by the carbon capture,
retention and utilization method are crucial. By contrast, oxy-reforming technology accounted for just 3.4% of all publications,
while the first two pathways accounted for 96.6% of all literature efforts up until 2018 [2]. Chemical, physical and biological
sequestration of carbon dioxide are three effective methods. Every method has merits and drawbacks, but the earlier ones that depend
on chemical methods for carbon dioxide sequestration, such as utilizing amine-coated activated charcoal, cleaning with alkaline
conditions or immobilising carbon dioxide with multi-walled nanostructures, adsorption substances or both are a few possibilities.
Examples of physical approaches include releasing pollutants into the earth, into the ocean, depleted oil and gas wells and aquifers.
Photosynthetic bacteria, algae, and plants all participate in the biological fixation of carbon dioxide [3]. Large-scale carbon dioxide
sequestrations are feasible by utilizing physical techniques including direct injection. However geomorphological and geological
systems, extraction equipment and carbon dioxide gathering and contraction processes must all be available for this to happen.
Uncertainty and an increased probability of long-term leakage result from this. The utilization of chemical neutralization techniques
is constrained by the expensive cost of the neutralization reagents, despite the fact that they are safer and offer long-term carbon
dioxide fixation. It is difficult to collect carbon dioxide from diffused or nonpoint sources at low quantities using physical or
chemical methods [4]. In recent decades, all industries have been concerned about the rising global energy demand and greenhouse
gas (GHG) emissions. In 2030, the globe will require almost a higher percentage of energy than it does today if governments
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throughout the world maintain their current policies. China and India combined will account for 45% of this [5]. CO; levels are also
rising due to the production of power, transportation, industry and home usage. The atmosphere is pumped full of about 90 MT
(million tons) of heat-trapping substances every day, slowly encircling the earth with an artificial GHG screen. However, CO;
produced by the combustion of fossil fuels is a major source of GHG emissions because CO; increases the atmosphere's capacity to
hold heat. According to the "Keeling curve," it is recommended that the CO- level in the atmosphere not rise above 550 ppm [6].
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Figure 1: Measured annual atmospheric CO, concentrations. The straight line is a fit to the CO. concentrations at the South Pole.
The keeling curve is the accepted expression for the increase in atmospheric CO- concentrations since the 1950s [7].

The manufacture of cement, the production of power from the burning of fossil fuels [8] and other anthropogenic activities all
contribute to global CO; emissions. Effects of global warming include more deserts in the subtropics, altered rainfall patterns, and
rising sea levels. Extreme weather phenomena such as heavy rains, heavy snowfall [9], heat waves, ocean acidification [10], droughts
and major animal extinctions owing to sudden changes in the environment are predicted to result from global warming more over
the land than the oceans. Threats to food security result from these harsh weather events that harm agriculture [11]. The most
sustainable and environmentally benign method of sequestering CO; is through photosynthesis [8]. Algae and plants both engage
in photosynthesis. By enhancing natural sinks like forestry, ocean fertilization and microalgae farming, biological CO; capture is
made possible [12].

The Current Global Focus on the Carbon Cycle and Carbon Credits

The development of green and clean biofuels to replace conventional fossil fuels has become a focus of international study in recent

years due to the depletion of fossil fuels, the global energy crisis, and the escalating severity of environmental pollution [13-15].

Energy efficiency is one of the major obstacles to transforming existing power plants in the United States to use carbon capture, as

the National Energy Technology Laboratory (NETL) noted in its report in 2011. The Global CCS Technology Research Center

reported in 2016 that the annual capacity of carbon capture demonstration projects worldwide had exceeded 700,000 tonnes and

that carbon capture's energy consumption is still a significant issue [16]. One of the most significant and efficient carbon

sequestration technologies in the world is the carbon dioxide fixation technology used by microalgae. Long-term carbon dioxide

fixation technology is practical from an economic, environmental, and sustainability standpoint [10].

Following are some special features of microalgae as an effective type of micro-cell factory for fixing carbon dioxide:

(1) When compared to physical and chemical approaches, solar energy can be directly used to save a significant amount of energy.

(2) A significantly higher rate of photosynthetic activity. Microalgae are 10-50 times more effective at fixing carbon dioxide using
sun energy than other terrestrial plants [17].
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(3) There is rapid growth. Microalgae can multiply significantly more quickly than bigger plants in a matter of hours [17-22].

The Kyoto Protocol is the first global agreement to reduce GHG emissions. due to the difficult ratification procedure (target of least
55 countries emitting 55% GHG). The following six greenhouse gases (GHGSs) are recognized under the Kyoto Protocol: HFCs,
PFCs, N20, SFs, CH4 and CO, The treaty mandated a 5.2% reduction in six GHG emissions among 41 nations and the European
Union. The Kyoto Protocol, which was signed by 169 countries, set enforceable emission targets for developing nations. Members
of this agreement have pledged to reduce their GHG emissions within the country-specific target ranges in a set amount of time.
The Kyoto Protocol, which went into force in February 2005, stipulates that 55 countries must either adopt new techniques for CO>

scrubbing and sequestration through tree planting and algae farming.

CARBON CREDIT

A carbon credit is a certificate or permission that may be traded that certifies that a certain amount of carbon dioxide or another
greenhouse gas can be emitted. An aspect of national and worldwide efforts to reduce the rise in greenhouse gas concentrations is
the use of carbon credits and carbon markets (GHGs). One tonne of carbon dioxide, or in certain markets, carbon dioxide equivalent
gases, equates to one carbon credit. An implementation of the emissions trading strategy is carbon trading. After setting a cap on
greenhouse gas emissions, the emissions are distributed among the group of controlled sources using markets. The objective is to
enable market mechanisms to steer industrial and commercial processes toward low emissions or less carbon-intensive ways than
those utilized when there is no cost associated with generating carbon dioxide and other GHGs into the atmosphere. This strategy
can be used to fund carbon reduction programs among international trading partners because GHG mitigation initiatives earn credits
seeking issue statements and priority areas from the country's business community as India moves toward decarbonizing its

industrial sector and fulfilling its contribution obligations. There are two common ways to use carbon credit:

(1) Reforestation and afforestation operations can absorb COz: Afforestation and reforestation activities can be used to further
this dual function for forest ecosystems. On the other hand, reforestation is the practice of replanting trees on previously
deforested land. On the other hand, afforestation describes the establishment of woods where none previously existed or where
none had existed for a significant amount of time (50 years, according to UNFCCC) (i.e. converting recently non-forested land
in the forest). It might be possible to find "win-win" policy solutions if these two approaches are considered complementary.
Both methods could be contentious, though, as they could result in the extinction of the original non-forest ecosystems if they
are not maintained sustainably (e.g. natural grassland). Between 1994 and 2015, two million hectares of trees were planted on
agricultural land with the help of EU afforestation programs. Although afforestation is currently thought of as a CO
sequestration mitigation option, the level of afforestation has dropped over the past few decades. According to the current
budgetary allotment in the EU Rural Development programs (2014-2020), an additional 510 thousand hectares will be planted
[23].

(2) COz2reduction initiatives, such as the utilisation of renewable energy sources : CO; that has been gathered from industrial
sources can be mixed with hydrogen that has been extracted from water using extra renewable energy to create methanol.
Additionally, the resultant fuel can be used in vehicles or ships, lowering both the consumption of fossil fuels and greenhouse
gas emissions. The MefCO, project demonstrated how industry may aid in the preservation of renewable energy as it is created
and assist in absorbing some of the variations inherent in the generation of sustainable energy. In order to illustrate the
procedure, the study utilized carbon capture technology at a coal-fired power station in Germany, storing some of the emissions
as methanol [24].

Global Carbon Cycle

It is determined that carbon, which offers a unique cycle of capture and buildup, is a crucial element needed to sustain ecological
stability. This balance has been dramatically altered by human interference. The instability brought on by growing industrialization
has had devastating effects on the ecosystem [2]. Additionally, this adverse effect is a result of the unrestrained use of natural
resources [25]. Global ecosystems are at risk as a result of increased atmospheric carbon dioxide and long-term viability brought on
by the post-industrial age. With 68% of all greenhouse gas emissions being carbon dioxide, it contributes to global warming.
According to the UNFCCC Kyoto Protocol, some helpful measures should be taken to lower the earth's temperature, such as
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geoengineering and the widespread use of environmental engineering to fend off harmful changes in atmospheric chemistry,
particularly to lower concentrations of greenhouse gases like carbon dioxide [26, 27]. In 2009, Folger emphasized that while the
total amount of vegetation only uses around 2.8 GtC (Gigatonne carbon)per year [28], approximately 7.2 GtC of CO; is released
into the atmosphere annually through the combustion of fossil fuels. As a result, the CO- level in the atmosphere rises. The Kyoto
Protocol (UNFCCC) has defined a maximum increase in global warming of 2°C above the range of pre-industrial temperature levels
as the upper limit. With a budget for a maximum of 250 Gt of emissions between 2000 and 2049, the likelihood of exceeding this
limit is limited to less than 20%, yet by 2005, more than 30% of that had already been consumed. According to estimates on current
CO; emissions, the budget will expire in 2024 [29, 30].

Microalgae Capacity to Sequester Carbon Dioxide and its Process

By raising the temperature of the atmosphere, the increase in carbon dioxide in the atmosphere exacerbated the hazards associated
with climate change [31]. Algae-based carbon dioxide mitigation is one of the potential methods for reducing greenhouse gas
emissions and might be easily replaced by currently available technology [4]. The bio-sequestration of CO; utilizing microalgae cell
factories would be a cost-effective and environmentally sustainable solution to the pressing problem of growing carbon dioxide
emissions [32, 33]. Microalgae contribute significantly (about 50%) to photosynthesis on earth by generating a large portion of the
atmospheric oxygen and ingesting carbon dioxide [34].

The photosynthetic efficiency of microalgae typically ranges from 11 to 20 percent, which is higher than that of terrestrial plants
(1-2 percent). Microalgae are more capable of fixing CO, than C4plants. When some algae species experienced exponential growth,
their biomass might quadruple in as little as three and a half hours [35]. Additionally because of their benefits of improved carbon
dioxide tolerance, these microorganisms are a great choice for organisms (flue gas), low light intensity needs, environmental
sustainability, and co-production of important products [36, 37].

Microalgae can thrive in any severe climate, including high temperatures, saline-alkaline soil, land and water. This makes them far
easier to cultivate than standard forestry, agricultural and aquatic plants. On the toxic effluent, they can even thrive [38].

For one kilogram of biomass 1.3 kilos carbon dioxide can be held in reserve by microalgal species. Nicotinamide adenine
dinucleotide phosphate (NADP), adenosine triphosphate (ATP), adenosine diphosphate (ADP) are all produced by microalgal
species as a consequence of photon absorption. Following that, this energy is directed toward the dark cycle, which uses the Calvin-
Benson cycle to transform carbon dioxide into functional organic molecules [39]. Different kinds of microalgae start a system where
inorganic carbon is actively transformed in their cells to vary in response to variations in the amount of inorganic carbon in water.
This is known as a carbon dioxide concentration mechanism, which is important for microalgae because it is the only way for them
to use carbon dioxide during their photosynthetic process [40]. Different microalgae strains have different levels of carbon dioxide
affinities and tolerance. Different carbon dioxide conditions are able to support microalgae. In order to survive in situations with
low carbon dioxide concentrations, microalgae at carboxylated sites have developed processes similar to concentration mechanisms.
Microalgal cells are immobilized by an increase in carbon dioxide concentration, which prevents photosynthesis and algal
development [4].

These phases make up the cycle, which is broken down into three categories: fixation, reduction, and regeneration.

Carboxylation stage: Ribose-1, 5-diphosphate carboxylase catalyses the reaction between carbon dioxide and ribose-1, 5-
diphosphate to create 3-phosphoglyceric acid.

Reduction stage: In order to make 3-phosphoglyceric acids more acidic, adenosine triphosphate is utilized. The 3-phosphoglyceric
acid kinase subsequently converts this acid into 1, 3-diphosphate glyceric acid. Once NADPH and phosphoglyceraldehyde
dehydrogenase is involved, this is converted into glyceraldehyde-3-phosphoric acid.

Regeneration stage: Ribose 1, 5-diphosphate is regenerated as part of it. After that, ribonuclease 1, 5-diphosphate, an enzyme and
adenosine triphosphate, acidify the glyceraldehyde-3-phosphate molecule. Ribose 1, 5-diphosphate is produced as a result of carbon
dioxide fixation. Carbon dioxide was recycled through biological mechanisms and used for photosynthetic activity [40].

Positive Aspects of Microalgae Based Carbon Sequestration
Compared to terrestrial plant systems, the cultivation of photosynthetic microalgae can offer a long-term solution for carbon
sequestration. Microalgae are a viable option due to their straightforward harvesting, quick development, minimal requirements,
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higher tolerance to environmental stress, increased carbon dioxide improved biomass production levels, robust photosynthetic
capacity, and adaptability. The ability of microalgae to withstand higher carbon dioxide concentrations, which increases their
maximum production by even more effectively fixing carbon dioxide than plant species, efficiently converts solar energy into
biomass [41]. Growing photosynthetic microalgae is one of the innovative methods for reducing environmental carbon emissions
and it can easily meet all the criteria for carbon sequestration [42]. Microalgae are more effective at reducing carbon dioxide than
other terrestrial plant systems because of their quick and easy harvesting processes, low light intensity needs, high CO, tolerance,
higher photosynthetic capabilities, and increased biomass production rate [43]. Carbon can come from soluble carbonates, industrial
exhaust gases, and atmospheric CO2 (e.g. sodium bicarbonate and sodium carbonate). The most practical and cost-effective way to
reduce CO; emissions from the environment by cutting cooling costs is to use different thermopile microalgae. Wastewater from
industrial, agricultural and municipal sources can encourage the development of microalgae because it contains a variety of trace
elements and heavy metals that are essential for their survival. Therefore, this microalgae utility can be applied to bioremediation,
especially the elimination of toxic metals from aquatic bodies and wastewater reuse [44--46]. Algae can develop in conditions that
are autotrophic, heterotrophic, or mixotrophic [47]. Algae have significantly improved mechanisms for CO; concentration, a greater
rate of CO; fixation [48] and a faster rate of growth [49].

Algal Strains for Sequestering Carbon Dioxide

The recommended range for the ideal CO, level for microalgae cultivation is 0.038 to 10%. Algae's growth efficiency was
significantly impacted at CO, concentrations greater than 5% (v/v) [50] and research has revealed that biomass production peaks
around 2.5% [51]. At 6% CO-, Scenedesmus obliquus was found to be the most productive [52]. Furthermore, compared to lower
CO; concentrations, certain microalgae species cannot thrive at higher CO, concentrations (10-15% CO,) due to reduced growth
rates, carbon fixation, and productivity. Some specific strains of Chlorella sp. ZY-1 and Chlorella sp. KR-1 has evolved to withstand
exceptionally high CO- concentrations of 70%. Additionally some species, such as Chlorella sp. T-1[53, 54] can withstand 100%
CO:.. If a stepwise adaption strategy is used, Chlorococcum littorale is shown to be tolerant to 60% CO; and might develop.
Microalgae that are thermophilic may grow between 42 and 100 °C, which lower cooling expenses. For instance, the thermophilic
microalga Cyanidium caldarium can withstand 100% CO. [55]. Cyanobacterial species Synechococcus elongates can withstand
temperatures of 60 °C and 60% CO; [55].
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Figure 2: The tolerance of various microalgal species to carbon dioxide concentration [55].
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The Principal Obstacles to Microalgae's Ability to Efficiently Sequester Carbon during Photosynthesis

Microalgae's ability to photosynthesis allows for the production of biofuels and other goods with a high added value. This is in
accord with how the carbon cycle works in nature. Its effective metamorphosis has drawn increasing attention. The technology for
sequestering carbon using microalgae still has several issues, which limits its industrial use [56].

Problem 1 The method of growing microalgae for biological carbon sequestration outdoors involves a lot of hazardous variables.
The entire interaction of engineering technicians and theoretical researchers is required to maintain and regulate specific illumination
conditions and ensure the stability of culture temperature [56].

Problem 2: Theoretical investigation on the CO, absorption process is lacking. The majority of absorption is based on a selection
process or empirical operation. The paucity of thermodynamic and kinetic research on the CO; absorption mechanism has no
scientific justification. It is therefore difficult to implement the quantitative control of the industrial process since experimental
results cannot give design data for the industrial production process [56].

Problem 3: Algae farming requires a lot of land area, which is challenging to achieve in industrial zones even if microalgae have a
high photosynthetic efficiency. System engineering is needed to solve this issue, as well as the interdisciplinary use of fields
including chemical engineering, biotechnology, materials science, manufacturing, and engineering [56].

Problem 4: Microalgae products should be used in food and medicine in order to maximize the added value of the products and
the process economy. Analysis and verification are required of the algal products produced by industrial waste gas [56, 57].

Updated Strategies Increasing Microalgae’s Capacity to Sequestering Carbon Dioxide (Future Prospects)

The concrete ways to improve carbon sequestration efficiency of microalgae are as follows:

1) Select and grow algae species that are easy to grow outdoors, can fix carbon effectively, and can withstand pollution.

Effective carbon sequestration, anti-pollution, and simple large-scale outdoor cultivation should be taken as the objective and basis
of algae species optimization throughout the research of screening and cultivating algae species. This is essential for advancing this
technology from the lab to industry [58].

2) To design and develop a new photobiological reaction system with high efficiency, three dimensions, and a reasonable cost in
order to realize the commercialization of microalgae carbon sequestration technique. This requires for sound theoretical
investigation, material and engineering assistance, as well as the knowledge and system integration of design developers.

In order to apply microalgae carbon sequestration technique, the relationship between algal culture and industrial sources of CO;
emissions must first be understood [57, 59, 60, 61].

3) Conduct study on the microalgae growing process using quantitative and scientific methods. Realizing the quantitative control of
the process with scientific research methods and engineering control mechanisms is a prerequisite for industrialization.
Measurements of the CO- absorption rate, solubility, and associated pH values under various settings can be used to quantitatively
control the best pH culture conditions for various algae species (e.g. CO2 concentration, temperature, medium).

4) The economics is a key component in technological industrialization. The commercialization of microalgae sequestering carbon
technology will be substantially aided by accelerating the development of microalgae energy technology and the development of
high value-added product extraction and production technology.

CONCLUSION

Microalgae productivity is limited, which restricts the large-scale development of photoautotrophic microalgae carbon sequestration.
This technical issue can be resolved by further researching its energy-to-mass conversion method. Different strains of microalgae
have been shown in numerous works of literature to be effective at assimilating inorganic and organic carbons from a variety of
significant sources. Therefore, to encourage its development on a larger scale, effective studies should be conducted in the areas of
biological features, reaction characteristics, and efficiency characteristics. The investigation of photosynthetic reaction can provide
quantitative solutions to the bottleneck of low yield in the industrialization process and can also correlate various scales and subject
contents. It can also disclose the rules of energy conversion and energy quality transition in microalgal carbon sequestration. The
majority of microalgae farming operations are suited for carbon mitigation applications. However, the feasibility and cost-
effectiveness of microalgae-based carbon sequestration systems for large-scale use have not yet been determined.
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