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Abstract 

Human activities that involve fossil fuel combustion, deforestation, and industrial emissions have become major causes 

of climate change, which ranks as a top global issue during the twenty-first century. This crisis is being combated by 

biotechnology as a key tool to offer innovative solutions in all sectors, such as carbon sequestration, biofuels, sustainable 

agriculture, and waste management. Carbon capture can be improved through genetic engineering, synthetic biology, and 

microbial technologies, and renewable energy can be produced biotechnologically, as well as climate-resilient crops. In 

addition, bioengineered plants and microorganisms can help significantly decrease the levels of CO₂, and biofuels created 

from modified crops and algae provide cleaner alternatives to fossil fuels. Although there exist potential benefits, the 

challenges are financial, and the risks are moral and environmental, as well as the issue of scalability. The deployment of 

these biotechnological solutions depends on effective policy and regulatory frameworks that limit the safety and efficacy 

risks related to them, in the mitigation of climate change. With global efforts at mediatized climate change mitigation 

increasing, biotechnology’s contribution is bound to become highly significant in reducing the greenhouse effect, thus 

providing ways to a more sustainable future. 
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Introduction 

Human activity through fossil fuel use and forest clearing, together with industrial operations, remains the principal global 

challenge of the 21st century because it leads to climate change. The Intergovernmental Panel on Climate Change (IPCC) 

estimates around a 1.1°C increase over pre-industrial levels and projects that without wide control action, such an increase 

could be even 1.5°C or more above by 2050 (IPCC, 2021). Looking at this, warming is causing devastating consequences, 

like more and more frequent and intense heatwaves, rise the sea levels, storms such as hurricanes and floods, and the 

disruption of internal and external ecosystems and disruptions of biodiversity (Clarke et al., 2020; Terzaghi et al., 2020). 

Socio-economic impacts are also significant since the most vulnerable populations face highly disproportionate effects, 

including food and water insecurity, displacement, and above all, exacerbation of health risks (Douglas et al., 2018). 

 

The Need for Mitigation 

The dangerous potential of greenhouse gas reduction through climate mitigation requires emphasizing the necessary 

mitigation approaches. The process of minimizing greenhouse gas emissions through energy efficiency and renewable 

energy sources, and carbon capture and carbon sink expansion constitutes mitigation (Ray et al., 2018). The United 

Nations Framework Convention on Climate Change (UNFCCC), together with the Paris Agreement, contains provisions 

under which countries and relevant stakeholders acknowledge the necessity of achieving an obvious global temperature 

rise below 2°C alongside their most ambitious pursuit of 1.5°C alongside a low-carbon economy transition (UNFCCC, 

2015). Renewable energy transitions with higher energy efficiency and forest protection, as well as industrial emission 

controls and agricultural emission management, remain the leading climate change mitigation solutions (Jones et al., 

2020). 

 

The Role of Biotechnology 

In recent years, biotechnology has been increasingly acknowledged as a very important tool in climate change mitigation, 

particularly with its innovative tools that can supplement traditional mitigation techniques. It ranges from carbon 

sequestration and biofuels to sustainable agriculture and waste management; the field of application of biotechnological 

approaches is very wide. Innovations in genetic engineering, synthetic biology, and microbial technologies have generated 

a device to both trap carbon and lower emissions and develop green energy systems (Onyeaka et al., 2023). The 

development of genetically modified algae and plants occurs through the optimization of carbon fixation, while engineered 

microbes transform waste products into biofuels, which reduces fossil fuel consumption (Fayyaz et al., 2020). The 

agricultural industry benefits from biotechnology research in developing crops that show resistance to adverse weather 

patterns while optimizing natural resource management, according to Chandra and Chakraborty, (2023). The future of 
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climate change mitigation will heavily depend on biotechnology because it will serve as a key component of integrated 

solutions that unite technology with policy and social change (Kumar et al., 2019). 

 

Biotechnological Approaches to Carbon Sequestration 

Bioengineering of Plants for Carbon Capture 

Among all biotechnological approaches to fight climate change, bioengineering plants for better carbon sequestration 

appear as a highly promising solution. Plant genetic modification allows scientists to achieve better CO2 absorption 

capabilities, which results in the accumulation of carbon within plants and the surrounding substrate. The genetic 

engineering methods focus on improving photosynthetic efficiency boosting root growth for better carbon storage and 

developing plant biomass (Hu et al., 2023). For example, the genetic modification of rapidly growing trees like poplar or 

eucalyptus significantly increases CO₂ absorption rates, enabling them to become carbon sinks (Feng et al., 2024). 

Furthermore, the crops that could also prove beneficial are the ones that could be modified to have increased root mass or 

carbon fixation efficiency, to eventually reduce the atmospheric CO2 levels (Nguyen et al., 2019). But these improvements 

could also provide a complementary step to the efforts to save and restore natural forests by nature by creating 

bioengineered systems that sequester more carbon per unit of land (Figure 1). 

 

 
Figure 1: Carbon Sequestration (Selin et al., 2025) 

 

Microbial Solutions 

Innovative solutions to carbon capture are also available through microbial technology. Metabolically, some 

microorganisms convert CO2, such as algae and bacteria, through photosynthesis and chemosynthesis. One great example 

of high-performing systems for carbon capture is algae-based systems that use only sunlight, water, and carbon dioxide to 

grow (Zealand et al., 2019). Genetically modified algae have been engineered to increase their carbon fixation while 

limiting biomass loss in order to increase the CO2 to biomass and CO2 fixation ratio compared to natural strains 

(Radakovits et al., 2010). The use of microorganisms in bioreactors enables both carbon dioxide emission reduction from 

industrial sources and the production of valuable biofuels from renewable materials (Wu et al., 2019). Microbial solutions 

serve as an efficient and scalable method to decrease carbon emissions across various-scale operations. 

 

Soil Microbiome Modulation 

The soil microbiome plays a regulatory role in the process of carbon storage along with carbon cycling in terrestrial 

environments. The study aims to modify soil microbiomes in order to enhance their carbon sequestration capacity along 

with improved general soil wellness for sustainable carbon immobilization. Scientists study mycorrhizal fungi along with 

nitrogen-fixing bacteria as two kinds of symbiotic microbes that enhance plant carbon capture ability (Bhattacharyya et 
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al., 2022). The use of biotechnology enables soil carbon storage optimization through the deliberate addition of 

microorganisms, which improves carbon retention in the soil. Soils receive microbial inoculations containing special 

microorganisms that enable them to produce specific organic matter that functions as a long-term carbon sink (Malusà et 

al., 2021). The modification of soil microorganisms presents a potential future solution to turn them into durable life forms 

that resist environmental stressors when climate change occurs (Beattie et al., 2025). Soil resilience increases through 

microbial interventions, which enable the soil to store greater amounts of carbon, thus becoming a significant factor in 

this trend. 

 

Biotechnology in Renewable Energy 

Biofuels 

Bioethanol and biodiesel function as renewable alternative energy sources to fossil fuels because they reduce greenhouse 

gas emissions, therefore preventing climate change. The development of genetically modified organisms, including plants 

and microorganisms, advances biofuel conversion methods by improving biomass-to-biofuel transformations. The genetic 

modification of switchgrass and corn has resulted in enhanced hectare-based energy output, which leads to more efficient 

and less expensive bioethanol production (Saad et al., 2019). Two microorganisms, Escherichia coli, and Saccharomyces 

cerevisiae, underwent modification to increase their operational efficiency when converting plant biomass-derived sugars 

into ethanol for bioethanol production (Behera et al., 2022). Biofuel production receives environmental benefits from 

genetic engineering advances since these benefits include enhanced crop productivity and reduced usage of chemical 

pesticides and fertilizers (Brandon et al., 2020). Biotechnology ensures the essential optimization of biofuel production 

methods for sustaining growing energy requirements through its continuous process evolution. 

 

Biogas Production 

Biogas production through organic waste anaerobic digestion by microorganisms serves as a sustainable energy source 

that attracts interest. The optimization of biogas production through biotechnology depends on developing better microbial 

communities that decompose organic materials. The methane production efficiency of various organic waste materials, 

such as agricultural residues food waste, and wastewater, can be enhanced through the use of genetically engineered 

microbes, including Clostridium and Methanobacterium (Sharma et al., 2023). The development of metabolic engineering 

techniques has led to the creation of microbial strains that generate elevated methane yields, which strengthens biogas as 

a substitute for natural gas (Mei et al. 2019). The biogas production system, when integrated with waste management 

practice, operates as an effective method to reduce greenhouse gas emissions while enabling waste-to-energy conversion 

within the circular economy framework (Das et al., 2020). The development of sustainable energy systems for the future 

depends on biogas production, and these advancements have positioned it for this purpose. 

 

Algal Biofuels 

Algal biofuel demonstrates excellent promise as a modern bioenergy source because it traps carbon effectively and 

provides efficient land utilization. Algae transform carbon dioxide into biomass, which leads to the production of biodiesel 

bioethanol, and biogas. Genetic engineering has significantly enhanced the production of microalgae, which serve as the 

main biodiesel manufacturing component. Biodiesel production at scale benefits from algae species like Chlorella and 

Nannochloropsis because they produce more lipids (Ben-Alon et al., 2021). The cultivation of algae uses non-arable land 

and wastewater effectively, which makes them an ideal sustainable biofuel feedstock that avoids competing with food 

crops (Zaki et al., 2023). The advancement of synthetic biology enabled scientists to develop algae strains that directly 

generate biofuels without lipid extraction, thus lowering production expenses and making algal biofuels commercially 

feasible (Raman, 2017). Research continues to produce better algal strains than previously known, aiming to achieve 

higher biofuel yields on a large scale. As fuel for the future, algal biofuels become a low-carbon, renewable energy source 

(Figure 2). 
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Figure 2: Advancements in Biotechnology for Renewable Energy 

 

Biotechnology for Sustainable Agriculture 

Climate-Resilient Crops 

Climate change is one of the most important challenges faced by modern agriculture. This is happening on the increase in 

frequency and severity of extreme events in regard to drought, heat waves, and, in particular, floods. The technology 

enables scientists to create durable crops able to face adverse conditions for developing climate-resilient crops. Scientists 

have developed genetically modified crops, including drought-resistant maize and heat-resistant rice, which demonstrate 

resistance to environmental stress that leads to crop failure (Driedonks et al., 2016). Crops have been introduced with 

genes like DREB (Dehydration Responsive Element Binding) that can help them express stress-resistant proteins (Wan et 

al., 2020) when the crop is in drought conditions. Genetically engineered crops receive water constraints from production 

environments to develop improved water efficiency and enhanced root systems, which enhance yield stability (Sami et 

al., 2021). The use of climate-resilient crops serves two functions: securing food during changing climate conditions 

minimizing input resources and forestalling water shortages to enhance sustainable farming practices (Şimşek et al, 2024). 

 

Reduced Chemical Inputs 

Modern agricultural practices using chemical fertilizers and pesticides as their base elements have caused soil degradation 

water pollution, biodiversity elimination, and various resulting environmental concerns. The use of biotechnology brings 

sustainable methods that require fewer chemical materials without compromising agricultural productivity. One single 

means is to grow genetically modified crops that can absorb nitrogen from the air, instead of using synthetic fertilizers. 

An example is legumes, which have been genetically engineered to have nitrogen-fixing bacteria in their roots, therefore, 

this could help reduce the reliance on the use of fertilizer and increase soil fertility (Mahmud et al., 2020). Biopesticides 

derived from Bacillus thuringiensis and other microorganism genera have gained increasing use as environmentally 

friendly pesticides. Biopesticides specifically target particular pests while causing minimal harm to non-target species and 

generating reduced environmental toxin presence (Tadesse Mawcha et al., 2025). The implementation of biotechnological 

solutions helps decrease chemical usage along with improving soil health while stopping agricultural pollution of water 

systems. 
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Agroecological Solutions 

Agroecology uses ecological management principles to develop agricultural systems that improve and eradicate multiple 

food systems while boosting biodiversity in soils, together with maintaining soil structure and environmental 

sustainability. Biotechnology helps agroecological practices through its ability to enhance the ecological functions of 

agricultural ecosystems. Soil health improvement is possible through genetic modification techniques that facilitate better 

development of essential biological organisms like mycorrhizal fungi and nitrogen-fixing bacteria, as these organisms 

play a vital role in nutrient cycling (Xu et al., 2020). The utilization of biotechnology enables resistance improvements in 

crops that function better with organic farming methods without needing synthetic pesticides. The creation of crops 

containing increased nutrient concentrations serves to advance the nutritional benefits of low-input sustainable farming 

system products (Tyczewska et al., 2023). The support of agroecology by biotechnological innovations requires 

sustainable ecologically beneficial, and socially advantageous agricultural systems. 

 

Biotechnological Solutions for Waste Management 

Waste-to-Energy Technologies 

The conversion of organic waste into renewable energy through Waste-to-energy systems based on anaerobic digestion 

technology represents a mature technology. The breakdown of organic matter through microorganisms without oxygen 

leads to biogas production with methane (CH₄) as the main component. The capture and utilization of crude oil as a clean 

energy source helps decrease dependence on petroleum products. The application of anaerobic digestion extends to organic 

waste management from municipal solid waste agricultural residues, and wastewater treatment facilities (Lee et al., 2019). 

Biotechnology shares the advantages of improving this process with optimized microbial consortia for waste degradation, 

increased methane production rate, and lower operational costs. As an example, the methane production efficiency of 

methane from methanoic wastewater and various organic materials has been increased through genetic engineering of 

Clostridium and Methanosarcina (Wang et al., 2022). These innovations also contribute to energy sustainability by 

utilizing biogas for electricity generation, heating, and even transportation (Nahwani et al., 2024) in addition to reducing 

waste. In addition, WTE technologies can mitigate landfilling and greenhouse gas emissions as two important 

environmental concerns in the waste management system (Gupta et al., 2018). 

 

 Biodegradable Plastics 

Traditionally, plastics made from petroleum have taken hundreds of years to decompose and pose a significant ecological 

risk. The more promising finding is through biotechnology and the development of biodegradable plastics that break and 

dissolve faster and safer in natural environments. Polyhydroxyalkanoates (PHA) are biodegradable plastics produced by 

the fermentation of microorganisms. Made from renewable resources like plant sugars and break down into nontoxic 

byproducts under environmental conditions (Vicente et al., 2023). Although genetic engineering has advanced, the 

development of microorganisms that produce PHAs more efficiently than ever before has become possible. As such, 

Pseudomonas putida and Cupriavidus necator are genetically modified bacteria for enhancing PHA production using 

industrial byproducts such as agricultural waste and glycerol (Martín-González et al., 2024). Research has also been 

undertaken to improve the mechanical properties of those plastics in order to make them applicable to a wider variety of 

applications, including packaging, medical devices, and agricultural films (Nanda et al., 2022). These innovations help to 

reduce plastic waste promote the use of renewable resources, and minimize the environmental footprint of plastic 

production (Acharjee et al., 2023). 

 

Synthetic Biology in Climate Change Mitigation 

Synthetic Carbon Fixation 

Carbon capture and fixation can be mitigated by synthetic biology through the development of artificial systems. One of 

these systems seeks to replicate or augment certain natural photosynthesis and carbon fixation processes to lower the 

levels of CO₂ in the atmosphere. An attractive direction is the engineering of microorganisms to capture CO₂ in a useful 

manner (biofuels, chemicals, etc.), by converting it to standard products. For example, scientists have been improving 

cyanobacteria and other microorganisms to use their natural carbon fixation pathways at optimal efficiency for biomass 

or other valuable product production (Agarwal et al. 2022). There is further synthetic carbon fixation, which is the 

integration of artificial photosynthesis wherein inorganic CO₂ is fixed into organic molecules through light and genetically 

engineered catalysts. By increasing carbon sequestration capacity to such an extent, these systems could contribute 

substantially to the offsetting of a large portion of the emissions released from human activity (Santos Correa et al., 2023). 

Synthetic carbon fixation is exemplified by bioengineered plants or algae with increased capacity to fix carbon from CO₂ 

in the atmosphere through sequestration, more carbon than what natural organisms can do. Therefore, by optimizing the 

genetic pathways related to carbon fixation, synthetic biology can develop systems more efficient than their natural 

counterparts and result in a lowering of atmospheric CO₂ on a large scale (Chen et al., 2024). 
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Carbon-Neutral Systems 

Synthetic biology in the context of climate change mitigation prioritizes the creation of carbon-neutral or carbon-negative 

biological systems. There has been a lot of interest in one area of synthetic photosynthesis, in which synthetic 

photosynthesis operates with increased efficiency. At the same time, scientists aim to develop systems that utilize solar 

energy on one hand to convert CO₂ into CO₂-neutral products like biofuels and other organic compounds and on the other 

hand reduce CO₂ emissions in the atmosphere (Machín et al., 2023). Transformation of CO₂ into valuable products relies 

heavily on organisms’ ability to harvest CO₂, as well as their exquisite capability to store and utilize electrons efficiently. 

These systems aim to close the carbon cycle, capture CO₂ from the atmosphere, convert it to useful organic compounds, 

and use these compounds as sustainable fuel sources (Jeswani et al., 2020). Synthetic biology not only helps to reduce 

emissions, but it also supports the construction of carbon-negative systems that absorb more than they release in an attempt 

to undo the effects of climate change. Carbon-neutral industrial processes could also be developed using synthetic biology, 

where carbon is captured, reused, and combined in production cycles for the process, reducing most carbon footprints of 

various industries (Smith et al. 2019) (Figure 3). 

 

 
Figure 3: Comparing Natural and Synthetic Carbon Fixation 

 

Challenges of Biotechnology in Climate Change Mitigation 

Ethical Considerations 

The ethical concern with GMOs and synthetic biology is that most of them are part of biotechnology used in climate 

change mitigation. The GM crop that is developed to survive extreme weather could cause ecological damage, such as 

reduced biodiversity or superweeds resistant to herbicides, which is the GM crop that is combined with the wild relatives. 

The fact that organisms can be altered to mitigate climate change raises the ethical problem of having unknown and lasting 

repercussions on ecosystems and species balance. Finally, if used incorrectly or unintentionally released, artificial 

organisms made through synthetic biology could open up unpredictable environmental consequences. 

 

Environmental Risks 

There are environmental risks associated with biotechnological interventions. Although GM crops with enhanced drought 

resiliency or carbon capture capabilities may bolster some ecosystems at other sites, they may deprive them of critical 

chemicals from the microbial communities, and outcompete native species, causing ecosystem disturbance (Kovak et al., 

2022). Bioenergy crops on a large scale, such as GM algae for biofuels, would change the land use, and bring water 

scarcity and nutrient imbalances (Noack et al., 2024). There is a potential for the release of synthetic organisms for carbon 

fixation or bioremediation to go uncontrollable, thereby threatening native biodiversity (DeLisi, 2019). These 

environmental risks should be monitored for some time with careful consideration. 

 

Scalability and Cost 

Most biotechnological climate solutions currently face challenges of both cost and scalability. The development and 

implementation of GMOs, synthetic biology, and bioenergy solutions are demanding and require substantial investment, 

especially in low-income countries (Symons et al., 2024). There is infrastructure and ongoing research necessary to 
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develop and optimize biofuel yields, and reduce costs, for large-scale production of biofuels from algae or GM crops 

(Varela Villarreal et al., 2020). Commercialization and deployment are hindered by regulatory barriers and regional 

differences in GMO policies (Mbaya et al., 2022). However, while biotechnology is being used to provide cost-effective 

solutions in the long run, technical challenges as well as high initial costs prohibit large-scale implementation (Das et al., 

2020; Fuchs et al., 2023). 

 

Policy and Regulatory Frameworks 

Global and Regional Policies 

Policies on the global and regional levels have an impact on the deployment of biotechnological solutions to climate 

change mitigation. The technology, including biotechnology, is called for under Frameworks like the Paris Agreement 

(UNFCCC, 2015). Nevertheless, there are still some regions that are limited in their ability to use biotechnology due to 

safety and regulatory reasons. Specifically, the requirements of the European Union are strict with regard to GMOs and 

are one of the greatest bottlenecks to biotechnology adoption, whereas countries such as the U.S. and Brazil have more 

relaxed approaches, enabling quicker implementation (Ray et al., 2018; Aerni et al., 2015). Some governments also 

provide incentives to deploy biotechnology for R&D on climate solutions, and this deployment is also shaped by national 

policies. As an example, the development of biotechnological advancement is delayed in the EU regime due to tighter 

regulations, and bioenergy research is heavily invested in by the U.S. (Robertson et al., 2022). 

 

Biotechnology and Climate Agreements 

Since global climate agreements, including the Paris Agreement, have acknowledged the contributions of technological 

innovation, and since biotechnology has become increasingly recognized as a key contributor to becoming more 

sustainable to achieve the mitigation goals set by global climate agreements (UNFCCC, 2015), biotechnology has 

increasingly become involved in such agreements, in this case, the Paris Agreement. In its report, the IPCC mentions 

biotechnology’s potential to limit emissions in the Agriculture, Energy, and Waste Management sectors (IPCC, 2018). Just 

as developed countries' climate targets tend to rely on biotechnology, countries such as Brazil have incorporated 

biotechnology to meet biotechnology targets through biofuels and GM crops, while China and India have introduced 

biotechnology in the agriculture and energy sectors (Pessoa et al., 2005; Fang et al., 2018). Therefore, biotechnology can 

be fully utilized for climate mitigation only with consistent and supportive policies. 

 

Future Directions  

Synthetic biology for carbon capture and biofuel production by engineered algae is emerging as a powerful, innovative 

biotechnology to combat climate change. Moreover, the integration of biotechnology with technologies such as AI, 

nanotechnology, and renewable energy systems is such to increase the efficiency of carbon sequestration, biofuel 

production, and sustainable agriculture. Through AI, biotechnological processes may be optimized; with nanotechnology, 

the carbon capture and storage efficiency would increase. In addition, public perception and education are also important 

steps in accelerating the adoption of biotechnological solutions. Unless we have public support and the technologies are 

universally accepted, increasing awareness about the benefits and safety of biotechnology through education and 

transparent communication will be essential for biotechnology to achieve success. 

 

Conclusion 

Mitigating climate change requires biotechnology to offer innovative solutions to reduce greenhouse gas emissions, 

improve carbon capture, as well as develop sustainable energy sources. Biotechnology can reduce atmospheric CO₂ levels 

to a great extent through genetic engineering, synthetic biology, and microbial technologies, which are major causes of 

global warming. For example, genetically modified plants and algae are developed for carbon sequestration or biofuel 

production, playing the role of an alternative to fossil fuels and promoting the decarbonization of energy systems. 

Moreover, biotechnology assists in increasing the optimal availability of soil microbiomes and microbial carbon 

sequestration methods, which are crucial to the rise in carbon storage and soil health. Emerging from the vast topographical 

terrain of agricultural problems are numerous challenges, however, in the adoption of biotechnological solutions. Genetic 

modification and synthetic biology should be considered given certain ethical concerns, environmental risks, and high 

costs of scaling up these technologies. Additionally, the biotechnology deployment faces regulatory framework differences 

between regions, which hampers the deployment throughout the regions. Despite these challenges, the global commitment 

to mitigate climate change is growing and should bring biotechnology along the way as both a challenge and a player. 

Biotechnology has the potential to be a transformative intervention against the impacts of climate change with strong 

policies and reforms to support it. Technology is an ongoing and evolving process that aims to have a more sustainable, 

climate-resilient future. 
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