
 

 

Role of Biological Carbon Mitigation in Carbon Sequestration- A 

review 

 

Abstract 

The imperative to address climate change has ushered in a growing interest in carbon 

sequestration as a mitigation strategy. While current methods offer some promise, they also 

come with a host of challenges, including technological limitations, environmental impacts, and 

economic barriers. This review paper provides a comprehensive analysis of the future prospects 

and recommendations for advancing carbon sequestration methods. Technological innovations 

are highlighted, particularly the advent of Direct Air Capture technologies, bioengineering for 

enhanced biological mitigation, and material science for more efficient storage. The policy 

landscape is discussed, emphasizing the need for robust carbon pricing mechanisms and 

international collaboration. Additionally, the paper identifies pressing areas for further research, 

such as long-term impact studies, the exploration of social and economic implications, and 

advances in monitoring and verification technologies. By synthesizing the emerging trends and 

potential strategies for overcoming current limitations, this paper aims to provide a cohesive 

roadmap for making carbon sequestration a viable and effective tool in the global effort to 

combat climate change. 
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Introduction 

Climate change is not just a phrase bandied about by environmentalists and policymakers; it is an 

alarming reality that humanity is facing today. According to the Intergovernmental Panel on 

Climate Change (IPCC), human activities have been the dominant cause of global warming since 

the mid-20th century [1]. This alteration in the Earth's climate system has led to unprecedented 

disruptions in weather patterns, melting polar ice, sea-level rise, and severe natural disasters. 

Such dramatic changes endanger both human life and ecosystems, raising significant concerns 

for the sustainability of the planet.Climate change has multidimensional impacts, affecting 

virtually every aspect of human life. From agriculture and water resources to health and 

economic stability, the reverberations of climate change are vast and far-reaching [28]. One of 

the most compelling aspects of these changes is the frequent occurrence of extreme weather 

events. Hurricanes, wildfires, and droughts, exacerbated by global warming, have caused 

unprecedented levels of destruction, affecting millions of lives and causing billions in economic 

losses. Hence, understanding and combating climate change isn't just a scientific or political 

issue—it is an existential necessity.Given the current climate scenario, several strategies have 

been employed to counterbalance the effects of global warming. Among them, carbon 

sequestration stands as one of the most promising and discussed methods. The term 'carbon 
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sequestration' refers to the capture and long-term storage of carbon dioxide from the atmosphere, 

thus reducing its concentration and mitigating its impact on climate change. It is a vital part of 

any comprehensive strategy to stabilize atmospheric concentrations of greenhouse gases at less 

hazardous levels.Two broad approaches to carbon sequestration exist: geological and biological. 

While geological methods involve trapping carbon dioxide underground, biological methods 

employ natural processes to capture carbon. The latter has garnered considerable attention due to 

its sustainability and the added benefits it offers, such as biodiversity enhancement and soil 

health improvement [2].The potential for carbon sequestration to mitigate climate change is 

substantial. By capturing and storing carbon dioxide, it directly attacks one of the root causes of 

global warming. Moreover, as renewable energy technologies continue to advance, the ability to 

couple these technologies with carbon sequestration methods can offer a holistic solution to 

climate change challenges.The primary aim of this review article is to investigate the role of 

biological carbon mitigation in carbon sequestration. As mentioned earlier, biological methods 

offer sustainable and often cost-effective ways to sequester carbon. While traditional methods 

focus mostly on geological storage or technological fixes, biological carbon mitigation 

incorporates natural processes and solutions. These natural systems not only capture carbon but 

also offer several co-benefits like improved soil health, water retention, and conservation of 

biological diversity [3].This review will present an overview of the different types of biological 

carbon mitigation strategies, including plant-based, microbial, and marine ecosystem-based 

approaches. We will also delve into a comparative analysis of these biological methods against 

other forms of carbon sequestration, examining factors like efficiency, costs, and environmental 

impact. Furthermore, the article will highlight case studies that have demonstrated success in 

employing biological carbon mitigation for carbon sequestration. 

The Concept of Carbon Sequestration 

The term "carbon sequestration" is frequently mentioned in discussions about climate change 

mitigation. But what exactly is it? Carbon sequestration is defined as the long-term capture and 

storage of carbon dioxide (CO2) from the Earth's atmosphere. The goal is to reduce the 

atmospheric concentration of this greenhouse gas, thus lowering its contribution to global 

warming and climate change [1].The importance of carbon sequestration cannot be overstated, 

especially when considering the monumental challenge of climate change that faces humanity. 

CO2 is a key culprit behind the enhanced greenhouse effect. Since the industrial revolution, the 

levels of CO2 in the atmosphere have risen dramatically, largely due to human activities like 

fossil fuel combustion, deforestation, and industrial processes. These elevated levels have 

accelerated the natural greenhouse effect, contributing to higher global temperatures, erratic 

weather patterns, and sea-level rise.Carbon sequestration acts as a countermeasure to these 

developments. It is like a form of 'damage control,' pulling CO2 out of the atmosphere and 

storing it in a manner that prevents it from contributing to global warming. The significance of 

this cannot be dismissed; it provides a way to mitigate the adverse effects of past emissions, and 

when coupled with reduced ongoing emissions, offers a way to stabilize the Earth's climate 
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system. It's not a magic bullet or a cure-all for climate change, but it is an essential tool in the 

climate mitigation toolbox. 

 

Image 1:Carbon sequestration 

 

Traditional Methods of Carbon Sequestration 

Traditional methods of carbon sequestration primarily fall under two broad categories: 

geological and oceanic. Geological sequestration involves the capture of CO2 at its source (such 

as power plants) and its subsequent injection into underground geological formations like 

depleted oil fields, saline aquifers, or deep coal seams. The idea is to trap this gas underground 

indefinitely, isolating it from the atmosphere. One of the most well-known techniques in this 

category is Carbon Capture and Storage (CCS), where CO2 is chemically captured from power 

plants and then stored underground [4].Oceanic sequestration, on the other hand, involves the 

direct injection of CO2 into the ocean at great depths, where it combines with seawater to form 

stable compounds. This process,raises concerns about its long-term effects on marine ecosystems 

and ocean acidification. Therefore, while oceanic sequestration may provide a way to store large 

volumes of CO2, its ecological implications are still not fully understood.While traditional 

methods have shown some promise, they come with a set of challenges. Geological sequestration 

demands large-scale infrastructure, high operating costs, and the need to monitor leakage risks 
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continuously. Oceanic sequestration raises serious environmental concerns and is still in the 

experimental phase. Moreover, both methods focus more on end-of-pipe solutions and do little to 

promote sustainability or address the root causes of excessive CO2 emissions. 

The Need for Alternative and Sustainable Methods 

Given the limitations and challenges of traditional carbon sequestration methods, there is a 

growing consensus on the need for alternative and more sustainable approaches. And this is 

where biological carbon sequestration comes into play. This approach involves using natural 

ecosystems like forests, grasslands, and wetlands to capture and store CO2 [5].The advantages of 

biological sequestration are manifold. First, it is generally more cost-effective than its geological 

and oceanic counterparts. The utilization of existing natural systems eliminates the need for 

expensive infrastructure. Second, biological sequestration provides co-benefits, such as 

biodiversity enhancement, improved soil health, and water retention. Third, biological methods 

can be integrated into existing land-use practices, making them easier to implement at the 

community or even individual level.Another alternative approach is the development of 

innovative materials and technologies designed to capture CO2 directly from the air. Known as 

Direct Air Capture (DAC), these technologies, though still in the nascent stage, offer the promise 

of scalable and efficient carbon sequestration. These technologies have the potential to capture 

CO2 from any location, thus providing a flexible tool for carbon management [6].So why the 

need for alternatives? The answer lies in the multi-faceted nature of the climate crisis. No single 

method can provide a complete solution to the problem of atmospheric CO2. Traditional methods 

like geological and oceanic sequestration are not without drawbacks, as discussed earlier. In a 

world grappling with biodiversity loss, social inequality, and economic challenges, the ideal 

carbon sequestration strategy should be not just effective but also sustainable, equitable, and 

integrated with other ecological and societal goals. 

Biological Carbon Mitigation 

Biological Carbon Mitigation refers to the use of biological systems—like forests, grasslands, 

soils, and oceans—to capture and store carbon dioxide from the atmosphere. Unlike traditional 

methods of carbon sequestration, such as geological or oceanic storage, biological carbon 

mitigation utilizes the natural ability of certain organisms to sequester carbon in a more 

sustainable and eco-friendly manner [7].The scope of biological carbon mitigation is vast. It 

encompasses a wide array of ecosystems and organisms, ranging from terrestrial plants to 

microbes and marine life. The goal is not just to capture carbon but also to offer additional 

ecological benefits such as enhanced biodiversity, improved soil and water quality, and a more 

resilient natural environment. These 'co-benefits' make biological carbon mitigation a 

particularly attractive strategy for both local and global scale climate change 

mitigation.Biological carbon mitigation can be broadly classified into three major types: plant-

based strategies, microbial processes, and marine ecosystems. These different types represent the 

spectrum of life forms and ecosystems that contribute to biological carbon 



 

 

sequestration[8].Plant-based strategies for carbon mitigation involve the use of forests, 

grasslands, and agricultural lands to sequester carbon. Trees, shrubs, and grasses naturally absorb 

CO2 from the atmosphere during photosynthesis, converting it into organic matter that is stored 

in plant tissues and soil. 

Table 1:Biological Carbon Mitigation Methods and Their Estimated Potential 

Method Mechanism Estimated Carbon Capture 

Potential (Gt CO2/year) 

Afforestation Planting trees on unused land 1.1-1.6 

Reforestation Replanting trees in deforested 

areas 

0.5-1.0 

Agroforestry Integrating trees into 

farmlands 

0.2-0.8 

Improved Forest Management Thinning, controlled burns, 

etc. 

0.1-0.5 

Ocean Algae Cultivation Growing algae in oceanic 

farms 

0.5-3.0 

Wetland Restoration Reviving natural swamp and 

marsh habitats 

0.1-0.3 

Soil Carbon Sequestration Using cover crops, reduced 

tillage 

0.4-1.2 

Biochar Application Incorporating charcoal into 

soil 

0.1-0.5 

Grazing Land Management Rotational grazing, shrub 

encroachment control 

0.2-0.4 

Blue Carbon 

(Seagrasses/Mangroves) 

Coastal ecosystem restoration 0.1-0.5 

 

1. Afforestation and Reforestation: Planting trees on lands where they have not grown 

recently or replanting trees in deforested areas are common plant-based strategies [26]. 

Afforestation and reforestation have been widely endorsed as effective methods to capture 

significant amounts of CO2. 



 

 

2. Agroforestry: Integrating trees and shrubs into agricultural systems offers another 

sustainable option. In addition to capturing carbon, agroforestry can improve soil health, 

enhance biodiversity, and even provide additional income sources for farmers [27]. 

3. Grasslands and Pastures: Grasslands are often overlooked as carbon sinks, but they can 

store a significant amount of carbon in their root systems and soil [25]. Managing grasslands 

to maximize their carbon storage potential is a growing area of research and practice. 

Microbial Processes 

Microbes play an essential role in the Earth's carbon cycle [30]. Certain microbial processes can 

either capture or release CO2, depending on environmental conditions. Understanding these 

processes and how to manage them is crucial for biological carbon mitigation [9]. 

1. Methanotrophs: These are microbes that consume methane, a potent greenhouse gas, and 

convert it into CO2, which is comparatively less harmful. 

2. Sulfate-Reducing Bacteria: These microbes can convert organic matter into stable forms of 

carbon that are less likely to be decomposed and returned to the atmosphere. 

3. Biochar Production: Certain microbes can help in the decomposition of organic matter to 

produce biochar, a stable form of carbon that can be added to soils. 

Marine Ecosystems 

Marine ecosystems offer a different yet critical avenue for biological carbon mitigation. Oceans 

absorb about 30% of the CO2 emitted into the atmosphere, and marine life plays a significant 

role in this process [10]. 

1. Mangroves and Seagrass Beds: These unique ecosystems capture and store a considerable 

amount of carbon. Moreover, they serve as nurseries for fish, protect coastlines from erosion, 

and offer various other ecological benefits. 

2. Algal Blooms: Certain types of algae can absorb large quantities of CO2. However, the 

consequences of artificially inducing algal blooms for carbon capture are still not well 

understood and are a subject of ongoing research. 

3. Marine Fauna: Creatures like mollusks and corals can sequester carbon by incorporating it 

into their shells and skeletons. However, the potential for large-scale carbon capture through 

this method is still under investigation. 

Comparative Analysis of Biological Carbon Mitigation and Other Sequestration 

Techniques 



 

 

As the urgency to mitigate climate change intensifies, various carbon sequestration techniques 

are under scrutiny for their efficiency, cost, and environmental impact. Biological carbon 

mitigation leverages natural ecosystems like forests and wetlands to absorb CO2 through 

photosynthesis and microbial activities. It offers long-term potential and can be adapted to 

different landscapes and agricultural practices [11]. In contrast, geological and oceanic 

sequestration involve capturing CO2 and injecting it into underground formations or dissolving it 

in oceans. These methods have immediate effects but require high initial investments and carry 

potential environmental risks [12]. While biological approaches may be slower but are generally 

more sustainable, geological and oceanic methods are efficient in the short term but have 

unproven long-term stability. In terms of costs, biological methods often prove more cost-

effective over the long term and offer ecological co-benefits, whereas geological and oceanic 

methods require extensive infrastructure and continuous monitoring. Lastly, the environmental 

impact of biological carbon mitigation is largely positive, contributing to habitat restoration and 

biodiversity enhancement [13], while geological and oceanic methods pose questions about long-

term environmental risks like leaks and ocean acidification. 

Challenges and Limitations 

The concept of carbon sequestration has been widely lauded as a potential solution for mitigating 

the detrimental impacts of climate change. While the optimism surrounding these techniques is 

considerable, it's essential to scrutinize the challenges and limitations associated with their large-

scale implementation. These challenges are multifaceted, encompassing technological barriers, 

environmental consequences, and economic aspects, each deserving a nuanced exploration 

[20].Beginning with technological barriers, one of the most critical challenges relates to 

monitoring and verification, especially for geological and oceanic sequestration techniques. 

Precise and constant monitoring is necessary to ensure that the carbon stored remains where it's 

supposed to and that no leakage occurs, which could otherwise negate the benefits of 

sequestration [15]. Another obstacle lies in the existing infrastructure or, more accurately, the 

lack thereof. For instance, geological sequestration requires extensive pipelines to transport CO2 

from emission sources to storage sites. Similarly, certain biological mitigation strategies could 

require significant shifts in current agricultural practices [21]. A third challenge involves the 

maturity of the technology. Many of the sequestration techniques are still in their developmental 

or experimental phases, meaning that their long-term effectiveness remains untested. Finally, the 

scale and efficiency of these technologies often leave much to be desired, with effectiveness 

sometimes hampered by external variables such as soil quality, climate, and land-use practices. 

Environmental consequences of carbon sequestration are another area of concern. Oceanic 

sequestration has been criticized for its potential to lead to ocean acidification, a change in water 

chemistry that can have harmful effects on marine life, particularly organisms that rely on 

calcium carbonate for their skeletal structures [15]. Biological carbon mitigation strategies like 

afforestation can inadvertently lead to a loss of local biodiversity if executed as large-scale 

monoculture plantations. Further, land availability is a significant limitation for both geological 
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and biological sequestration, and converting large tracts of arable land for these purposes could 

have other repercussions such as impacting food security. Another concern is the long-term 

environmental impact of geological sequestration, as we lack comprehensive knowledge about 

the long-term stability of underground reservoirs.The economic aspects of implementing carbon 

sequestration techniques are equally daunting. The initial setup costs for these projects, 

especially geological sequestration, can be exorbitantly high, involving not just advanced capture 

technology but also the infrastructure for safe transport and storage [22]. Market mechanisms, or 

rather the lack thereof, present another economic challenge. Existing carbon pricing schemes are 

often insufficiently robust to make these projects financially viable without government support 

[16]. Beyond the initial investment, operational costs can also be prohibitively expensive. 

Geological and oceanic sequestration, in particular, necessitate ongoing monitoring and 

verification to ensure the carbon remains stored, which is a continuous financial burden. Finally, 

there's the economic risk associated with potential failure. Any leak or malfunction could not 

only result in the loss of invested capital but also bring forth legal liabilities. 

Future Prospects and Recommendations 

The issue of climate change, aggravated by the accumulation of greenhouse gases in the 

atmosphere, necessitates immediate action to mitigate its harmful impacts [23]. One of the 

mitigation strategies that have gained considerable attention in recent times is carbon 

sequestration. While the existing techniques face challenges and limitations, as detailed in 

preceding discussions, the future holds several promising avenues. This extensive consideration 

will focus on the future prospects and recommendations for carbon sequestration, especially in 

the realms of technological innovations, policy implications, and opportunities for further 

research. 

Technological Innovations 

The domain of carbon sequestration is not static; it is continuously evolving, thanks to ongoing 

technological advancements. One of the most anticipated developments is the proliferation of 

Direct Air Capture (DAC) technologies. While still in their nascent stages, DAC methods hold 

the promise of capturing carbon dioxide directly from the atmosphere, thereby offering a 

proactive approach to carbon sequestration. The energy efficiency of these systems is a focal 

point of ongoing research, with the aim of making DAC a commercially viable and 

environmentally sustainable option [17].Another exciting avenue in technological innovations is 

bioengineering. Advances in genetic engineering could make it possible to create plant species 

that can absorb more CO2, thereby amplifying the effectiveness of biological carbon mitigation 

strategies [29]. In a similar vein, the cultivation of algae and plankton species that can absorb 

more carbon could be a game-changer for oceanic sequestration methods.Lastly, innovations in 

material science could usher in a new era for carbon sequestration. Researchers are looking into 

the development of materials that can capture and store carbon more efficiently, thus improving 

the viability of geological and industrial methods. The integration of AI and machine learning 
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algorithms to monitor and manage sequestration processes also offers intriguing possibilities for 

optimizing efficiency and minimizing risks. 

Policy Implications 

Technological advances are just one piece of the puzzle. Equally important are the policies that 

facilitate the adoption and scaling of these technologies. The introduction of more robust carbon 

pricing mechanisms could be a significant step forward. A well-designed carbon tax or cap-and-

trade system can provide the economic incentives needed for industries to adopt carbon 

sequestration methods more widely. However, these pricing mechanisms need to be harmonized 

at a global level to prevent 'carbon leakage,' where companies move their operations to countries 

with lax environmental regulations [18].Another critical policy implication involves international 

collaboration. Climate change is a global problem requiring a collective solution. International 

agreements and partnerships can facilitate the sharing of technology and best practices, thereby 

accelerating the progress in carbon sequestration methods. The focus should not just be on high-

income countries; low- and middle-income countries also need to be integrated into the global 

carbon sequestration efforts.Finally, policies should be aligned to promote research and 

development in carbon sequestration technologies. Government grants, subsidies, and public-

private partnerships can accelerate technological advancements, thereby making these methods 

more efficient and cost-effective. 

Opportunities for Further Research 

The journey towards effective carbon sequestration is fraught with unknowns, which is why 

further research is pivotal. One pressing area of study is the long-term impact of different 

sequestration methods. While short-term studies exist, long-term trials are needed to assess the 

viability and safety of these techniques conclusively.Another promising area for research is the 

social and economic impacts of large-scale carbon sequestration [24]. Questions surrounding 

land use, job creation or displacement, and community engagement need to be studied in depth 

to develop strategies that are not just technologically feasible but also socially and economically 

sustainable.Lastly, further research is needed in the area of monitoring and verification 

technologies. As previously mentioned, the efficacy of a carbon sequestration project largely 

depends on its ability to securely store carbon over long periods. Advances in sensor technology 

and remote monitoring can play a crucial role in ensuring the success of these projects [19]. 

Conclusion  

The quest for effective carbon sequestration techniques is crucial in the fight against climate 

change. This paper has delved into the future prospects, focusing on technological innovations, 

policy implications, and areas needing further research. Emerging technologies like Direct Air 

Capture and bioengineering offer transformative potential, while evolving policy frameworks 

can serve as the scaffold for these technologies. Research gaps, particularly in long-term impacts 

and social-economic facets, require urgent attention. As we move forward, a multidisciplinary 
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approach integrating science, policy, and public engagement is vital for realizing the full 

potential of carbon sequestration methods. The collective endeavor can lead to more sustainable 

and effective solutions, thereby making a significant dent in global carbon emissions. 
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