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                     Abstract 
 To address soil degradation and environmental sustainability, the utilization of biochar derived from algal and agricultural 

waste residues for sustainable soil enhancement off ers a promising avenue. The synthesis of biochar using algae and agricul-

tural waste residues provides dual benefi ts: it transforms waste into valuable products and enhances soil fertility and health. 

Biochar derived from these sources exhibits remarkable physical and chemical properties, such as high nutrient content, 

water retention capacity, high porosity, and large surface area. The application of biochar in soil mitigates greenhouse gas 

emissions, promotes sustainable soil management practices, and contributes to climate change mitigation. However, tech-

nological advancements and feedstock variability present challenges that require further exploration. Support from policy 

and technological innovation is essential to improve biochar production and its application in soil enhancement. This review 

discusses the potential of biochar synthesized from algae and agricultural waste residues in sustainable soil enhancement. It 

also highlights recent advances in this fi eld and the need for further research to scale up these green technologies for large-

scale applications, emphasizing the process through the lens of sustainability. The study explores innovative pathways to 

improve soil health, promote crop productivity, and contribute to sustainable agricultural practices. 
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      Introduction 

 A global concern of depletion of the health of soil due to 

environmental degradation and intensive agriculture has 

emerged in recent years. Degradation of soil enhances cli-

mate change by releasing carbon dioxide into the atmosphere 

and also leads to food security issues. Researchers at present 

focus on fi nding sustainable methods to enhance the health 

of the soil and mitigate impacts on the environment. One 

of the promising technologies is the utilization of biochar 

derived from algae and agri-waste residue. 

 Algae are known for their ability to tolerate and show 

rapid growth in various conditions. Algal bloom which is 

the excessive growth of algae fuelled by runoff  of nutrients 

from industries and agricultural fi elds, poses a major chal-

lenge to the ecosystem (Sharma et al.  2023a ,  b ,  2024a ,  b , 

 c ,  d ,  e ; Mona et al.  2024 ). The algal bloom results in vast 

quantities of algal biomass and it also depletes oxygen 

levels in the water body which causes the death of other 

aquatic organisms and other ecological problems (Sharma 

et al.  2023a ,  b ,  2024a ,  b ,  c ,  d ,  e ). Thus, one of the best 

ways to tackle this issue is to use this large quantity of 
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algal biomass to produce biochar that enhances soil health. 

In countries like India, agri-waste residue is produced in 

large quantities. The high amount of agri-waste residue 

leads to several issues such as (i) one of the common 

ways of disposal of agri-waste is to burn it which releases 

harmful gases, volatile organic compounds, and particulate 

matter into the atmosphere leading to devastating impacts 

on air quality. (ii) methane one of the major greenhouse 

gases is released during open burning and decomposition 

of agri-waste residue in landfi lls thus enhancing the green-

house eff ect. (iii) during the decomposition of agri-waste 

residue it may cause soil erosion, reducing productivity 

and fertility of soil. (iv) runoff  of agriculture fi elds hav-

ing excess nutrients can lead to eutrophication of water 

bodies which poses serious ecological impacts (Ghosh 

and Di Maria  2018 ; Vea et al.  2018 ; Breitenmoser et al. 

 2019 ). Therefore, it is essential to adopt sustainable meth-

ods for managing agricultural waste. One such method 

is converting agricultural residue into biochar. This pro-

cess not only reduces agricultural waste but also improves 

soil health and enhances fertility. Biomass of algae can 

be easily available from algae cultivation systems, aqua-

culture facilities, and wastewater treatment plants, off er-

ing a renewable and abundant feedstock for the synthesis 

of biochar Agri-waste residues such as animal manure, 

byproducts of food processing industries, and residue of 

agriculture fi elds are easily available and thus can be used 

in synthesizing biochar (Mona et al.  2021 ; Law et al.  2022 ; 

Bhukal et al.  2022 ; Kumar Sumit et al.  2023 ; Mittal et al. 

 2023 ; Sharma et al.  2023a ,  b ,  2024a ,  b ,  c ,  d ,  e ). Thus, by 

reducing this waste in synthesizing biochar this process 

truly contributes to sustainable development. 

 Biochar which is rich in carbon produced by the process 

of pyrolysis is at present gaining major attention because of 

its potential to enhance the fertility of soil, reduce green-

house gases, and carbon sequestration. The technique of 

synthesizing biochar from algae and agri-waste residue 

reduces waste that may cause several ecological problems 

and also enhances the quality and health of soil thus helping 

in addressing the challenge of degradation of soil. The use 

of biomass of algae and agri-waste residue for synthesizing 

biochar represents a circular economy paradigm where on 

one side waste is reduced and on the other side, valuable 

product biochar is synthesized which enhances the health 

and fertility of soil (Mona et al.  2021 ; Enaime and Lübken 

 2021 ; Malyan et al.  2021 ; Sharma et al.  2023a ,  b ,  2024a ,  b , 

 c ,  d ,  e ). Pyrolysis which is a thermal conversion process is 

used to convert algae biomass and agri-waste residue into 

biochar. The production of biochar from algae can also be 

integrated with the system of wastewater treatment. Nutri-

ents can be extracted from wastewater and valuable prod-

ucts biochar can be synthesized which helps in improving 

soil quality. This synergistic approach describes the biochar 

potential for sustainable management of resources in vari-

ous sectors. 

 While research has demonstrated the potential of algal 

and agri-waste residue biochar in improving soil health, sig-

nifi cant gaps remain. The long-term environmental impacts 

and sustainability of widespread biochar use are not fully 

understood. Detailed studies on the mechanisms by which 

biochar infl uences soil microbial communities and nutrient 

cycles are limited. Additionally, region-specifi c research is 

necessary to tailor biochar applications to local soil types 

and agricultural practices. Comparative analyses of biochar 

from diff erent feedstocks and their effi  cacy in diverse cli-

matic conditions are scarce. Socioeconomic assessments, 

particularly in developing regions, are needed to evaluate 

the practical viability and adoption of biochar technologies 

(Kaur et al.  2015 ; Kaur and Sharma  2020 ). This study pro-

vides a comprehensive overview of the process of synthesiz-

ing biochar using algae and agri-waste residue, its benefi ts, 

applications, opportunities, and challenges present in the 

fi eld. Physical and chemical properties of biochar were also 

highlighted along with its environmental and agronomic 

impacts. This review also discussed the process of synthe-

sizing biochar using algae biomass and agri-waste residue 

through the lens of sustainability. This study is crucial for 

society and industries as it promotes sustainable agriculture 

by utilizing algal and agri-waste residues to produce bio-

char. Biochar enhances soil health, improving crop yields 

and food security while reducing the need for chemical ferti-

lizers. This approach mitigates waste disposal issues, lowers 

greenhouse gas emissions, and contributes to carbon seques-

tration, aligning with climate change mitigation goals. For 

industries, it off ers a circular economy model, turning waste 

into a valuable resource, fostering innovation in waste man-

agement, and creating new market opportunities in sustain-

able agriculture and environmental conservation. Figure  1  

depicts the synthesis of biochar using algae and agri-waste 

biochar and its benefi ts to the soil.         

    Physical and chemical properties of biochar 
derived from algae and agri-waste residue 

 Biochar derived from algae and agri-waste residue has some 

unique physical and chemical properties that potentially 

infl uence the suitability of biochar in numerous applications 

such as enhancement of soil quality, and remediation of pol-

lutants. Physical properties of biochar derived from algae 

and agri-waste residue are (i) surface area: biochar derived 

from agri-waste residue and algae have high surface area. 

High surface area leads to better adsorption and helps in 

retaining nutrients, and water in the soil, promoting better 

moisture retention capacity and fertility of soil. (ii) Porosity: 

pore volume and pore size distribution characterized by the 
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porosity of biochar that infl uences the capacity to support 

the activity of microbes, water retention, and gas exchange 

properties. Biochar-derived algae and agri-waste residue 

show a combination of microporous, and mesoporous that 

provide habitat to soil microorganisms and help in the 

cycling of nutrients. (iii) Particle size distribution: Biochar-

derived algae and agri-waste residue are fi ne in the structure 

improving the structure and texture of the soil, increasing 

infi ltration of water and its penetration in roots thus reduc-

ing the risk of soil erosion. (iv) Density: Biochar-derived 

algae and agri-waste residue shows less or moderate density, 

thus this biochar is light in weight and can be handled and 

distributed in the agricultural fi eld easily (Yuan et al.  2015 ; 

Khan et al.  2016 ; Cara et al.  2020 ; Mona et al.  2021 ; Hai 

et al.  2023 ; Sharma et al.  2023a ,  b ,  2024a ,  b ,  c ,  d ,  e ). 

 Chemical properties: (i) carbon content: carbon is the 

primary constituent of biochar synthesized from algae and 

agri-waste residue; its content depends upon conditions of 

pyrolysis. If carbon is present in high amounts in biochar it 

promotes the longevity of soil, enhances the sequestration 

of carbon, and reduces emission of greenhouse gas. (ii) pH: 

algae and agri-waste biochar can exhibit a variety of pH 

depending upon conditions of pyrolysis and the composition 

of the feedstock. If biochar is alkaline or slightly neutral then 

it can be used to alleviate the acidity of the soil and enhance 

the availability of soil. (iii) Nutrient content: algae and agri-

waste residue contain a good amount of nutrients such as 

NPK depending upon the condition of pyrolysis and com-

position of the feedstock. Biochar having a high concentra-

tion of nutrients enhances the fertility of soil and enhances 

the growth of plants. The variability in biochar's pH and 

nutrient content due to pyrolysis conditions and feedstock 

composition is signifi cant. Higher pyrolysis temperatures 

(500–700 °C) generally increase biochar pH, making it more 

alkaline, and enhance porosity and surface area, benefi cial 

for soil enhancement. Longer pyrolysis durations can further 

stabilize these properties. However, nutrient content, such 

as nitrogen, can decrease at higher temperatures. Optimal 

conditions depend on the desired soil improvement: for high 

cation exchange capacity and nutrient retention, moderate 

temperatures (350–500 °C) are preferable, balancing pH, 

porosity, and nutrient preservation. Feedstock rich in lignin, 

cellulose, and hemicellulose also contributes to high-quality 

biochar (Mona et al.  2021 ,  2024 ). (iv) Surface functional 

group: biochar synthesized from algae and agri-waste resi-

due has functional groups such as phenolic, carboxyl, and 

hydroxyl that play an important role in the retention of nutri-

ents (Mukome et al.  2013 ; Jindo et al.  2014 ; Yargicoglu et al. 

 2015 ; Khan et al.  2016 ). Table  1  represents the properties 

of biochar synthesized using a variety of feedstocks. Knowl-

edge of the physical and chemical properties of biochar is 

a must for optimization of the application of biochar in soil 

enhancement and sequestration of carbon. Understanding 

and better utilization of these properties can promote sus-

tainable agriculture through biochar derived from algae and 

agri-waste residue.  

    Impact of biochar synthesized using algae 
and agri-waste residue on soil 

 Various signifi cant impacts of biochar derived from algae 

and agri-waste residue were seen on the soil because it 

directly infl uences the properties and processes of soil such 

as the nutrient cycle, and communities of microbes. Some 

of them are (i) Soil structure and porosity: The structure 

of soil improved after treatment with biochar derived from 

algae and agri-waste residue and biochar also increases 

the porosity of the soil. The porous nature of the soil leads 

to high water retention, increased aeration, and decreased 

  Fig. 1       Biochar synthesized 

using algae and agri-waste resi-

due for soil amelioration  
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compaction. Thus, creating an environment that favors the 

growth of roots, and the activity of microbes (Yu et al.  2018 ; 

Enaime and Lübken  2021 ). (ii) water retention and drain-

age: biochar enhances the surface area and porosity of soil 

thus improving the water holding capacity, and decreasing 

the chances of waterlogging in the wet periods. The water 

thus stored acts as a reservoir in dry periods. (iii) Nutrient 

availability and retention: Biochar synthesized from algae 

and agri-waste residue retains nutrients like NPK in the soil 

through its high surface area and porous structure, which 

adsorb nutrients and reduce their leaching. Its negative sur-

face charges attract and hold positively charged nutrients 

(cations) like ammonium  (NH4 + ), potassium  (K + ), and cal-

cium  (Ca2 + ). Biochar also enhances microbial activity, pro-

moting nutrient cycling and immobilization. These mecha-

nisms are most eff ective in soils with low organic matter or 

cation exchange capacity (CEC). Thus, the availability and 

better utilization of biochar reduce the dependency on syn-

thetic fertilizers (Kaur et al.  2019 ; Kaur and Sharma  2020 ; 

Mona et al.  2024 ). (iv) pH buff ering: biochar can increase 

or decrease the pH of soil depending on its chemical proper-

ties and composition. Biochar synthesized using algae and 

agri-waste residue have alkaline or slightly neutral pH which 

creates a favorable environment that enhances the growth of 

plants and the availability of nutrients. (v) Carbon seques-

tration: biochar has a stable carbon structure because of 

which it enhances the sequestration of carbon in the soil 

and thus helps in mitigating greenhouse emissions and cli-

mate change (Kaur et al.  2015 ; Domingues et al.  2017 ; Mona 

et al.  2021 ). (vi) Microbial activity and diversity: biochar 

synthesized using algae and agri-waste residue provides sub-

strate, carbon source, and habitat to microbes of soil. After 

biochar application, microbial populations typically increase 

in diversity and activity due to the improved habitat and car-

bon source provided by biochar. This enhancement in micro-

bial activity leads to better nutrient cycling and availability, 

improving soil fertility. The enhanced fertility boosts crop 

yields as plants can access more nutrients and water. Addi-

tionally, biochar helps retain soil moisture and improve soil 

structure, further supporting plant growth and resilience 

against stressors such as drought. Consequently, in practi-

cal scenarios, biochar application results in healthier soils 

and increased agricultural productivity (Kaur et al.  2015 ; 

Kaur and Sharma  2020 ; Mona et al.  2021 ). (vii) Reduction 

of soil erosion and runoff : biochar enhances the stability of 

the soil and prevents its runoff  and erosion, thus enhanc-

ing the health and fertility of the soil. The biochar derived 

from algae and agri-waste residue positively infl uences the 

soil structure and health, thus increasing the fertility of the 

soil, and helping in mitigating climate change by enhancing 

carbon sequestration (Kookana et al.  2011 ; Ippolito et al. 

 2012 ; Mona et al.  2021 ). The effi  ciency of biochar depends 

upon the type of soil and the physical and chemical proper-

ties of biochar. Therefore, an analysis of these factors must 

before applying biochar to the soil for better results. Table  2  

depicts some examples of biochar synthesis using algae and 

its application. Table  3  depicts some examples of the infl u-

ence of biochar synthesized using various feedstock on soil, 

and crop production.   

    Environmental and agronomic benefi ts 

 Biochar synthesized using algae and agri-waste residue 

provides numerous environmental significance some of 

them are: (i) Carbon sequestration and greenhouse gases: 

biochar behaves like a carbon sink for a long time thus 

increasing the carbon sequestration capacity of the soil, 

helping in reducing atmospheric carbon and mitigating 

greenhouse eff ect by reducing greenhouse gases. Biochar, 

produced from algae and agri-waste residue, can sequester 

carbon in soils for centuries. Studies show that biochar can 

  Table 1       Properties of biochar synthesized from diff erent types of feedstocks  

  Feedstock for bio-

char synthesis  

  Temperature ( ) of the 

pyrolysis process  

  Percentage of 

yield  

  C (%)    H (%)    O (%)    N (%)    pH    References  

  Wheat straw    400    34.0    65.7    4.05    –    1.05    9.1    Kloss et al. ( 2012 )  

  Rice straw    300    49.8    74.7    5.09    18.5    1.72    9.2    Wu et al. ( 2012 )  

  Poplar wood    400    32.0    67.3    4.42    –    0.78    9.0    Kloss et al. ( 2012 )  

  Rice husk    500    –    42.1    2.20    12.1    0.50    –    Lin et al. ( 2012 )  

  Potato peel    700    –    71.50    1.08    19.68    2.17    9.72    Yang et al. ( 2018 )  

  Peanut shell    300    36.9    68.3    3.85    25.9    1.91    7.8    Ahmad et al. ( 2012 )  

  Orange peel    150    82.4    50.6    6.20    41.0    1.75    –    Chen and Chen ( 2009 )  

  Cottonseed shell    800    24.2    90.0    0.60    7.0    1.90    –    Uchimiya et al. ( 2011 )  

  Corn cobs    500    18.9    77.6    3.05    5.11    0.85    7.8    Mullen et al. ( 2010 )  

  Oak bark    450    –    71.2    2.63    12.9    0.46    –    Mohan et al. ( 2011 )  

  Banana peel    500    32.8    58.0    6.0    34.7    1.3    –    Lam et al. ( 2018 )  
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store approximately 50% of the biomass carbon, equating 

to 0.3 to 0.9 gigatons of  CO 2  annually if applied globally. 

Additionally, biochar reduces greenhouse gas emissions 

by improving soil health and enhancing plant growth. For 

instance, biochar-amended soils can decrease nitrous oxide 

and methane emissions. This makes biochar a potent tool in 

mitigating climate change (Mona et al.  2021 ; Fawzy et al. 

 2021 ) .  (ii) Soil erosion control: biochar enhances the sta-

bility of the soil and prevents its runoff  and erosion, thus 

enhancing the health and fertility of the soil (Kuppusamy 

et al.  2016 ; Domingues et al.  2017 ; Mona et al.  2021 ). (iii) 

water quality improvement: biochar helps in reducing run-

off  and leaching of nutrients thus helping in enhancing the 

quality of water. Biochar adsorbs nutrients such as NPK and 

prevents them from overfl owing into the water body and 

causing eutrophication there. (iv) Contaminant remediation: 

biochar adsorbs pollutants present in the soil, thus helping 

in the remediation of pollutants from soil (Kaur et al.  2019 ; 

Kaur and Sharma  2020 ; He et al.  2022 ; Wang et al.  2024 ). 

Along with environmental benefi ts, biochar also off ers some 

agronomic benefi ts some of which are: (i) Enhanced fertility 

of soil: biochar retains nutrients for a longer time, helps in 

maintaining the structure of the soil by increasing the size 

of pores, and promotes the growth of healthy microbes thus 

enhancing the structure, health, and fertility of the soil. (ii) 

Water retention and drought resistance: biochar derived from 

algae and agri-waste residue increases the water retention 

capacity of soil, which reduces water stress during the dry 

season. Biochar enhances the availability of water to the root 

zone thus helping in the growth of plants in drought season. 

(iii) Reduced fertilizer requirement: biochar increases pore 

size, maintains the structure of the soil, and increases fertil-

ity thereby reducing the dependency on synthetic fertilizers 

that show devastating impacts on soil health and microbes 

present inside soil (Mona et al.  2021 ; Akbar et al.  2023 ; 

Das and Ghosh  2023 ). Thus, the use of biochar represents 

truly sustainable agriculture with minimum impacts on the 

environment. Thus, biochar provides a sustainable solution 

to agricultural problems. Smart and effi  cient utilization of 

the capabilities of biochar can result in better environmental 

and agronomic results. 

    The linkage between the use of biochar 
derived from algae and agri-waste residue 
for soil amelioration and sustainable 
development 

 Biochar maintains the soil structure, enhances the fertility of 

the soil, and reduces the dependency on synthetic fertilizers 

thus providing a sustainable method of agriculture. Biochar 

contributes to environmental, social, and economic sustain-

ability (Mona et al.  2021 ; Wu et al.  2023 ). 

 Environmental sustainability: biochar enhances the carbon 

sequestration capacity of the soil, thus reducing carbon in the 

atmosphere, helping in reducing greenhouse gases, and miti-

gating climate change. Research shows biochar can sequester 

1.2–3.8 tons of  CO 2  equivalent per ton of biochar applied and 

biochar application could sequester up to 2.2 gigatons of  CO 2  

annually by 2050 (Huang et al.  2019 ; Mona et al.  2024 ). A 

study found global biochar implementation could mitigate up 

to 12% of annual anthropogenic  CO 2  emissions (Woolf et al. 

 2010 ). Another study indicates biochar reduces nitrous oxide 

emissions by up to 80% and methane emissions by up to 50% 

in some soils (Lehmann et al.  2006 ). These reductions are sig-

nifi cant, demonstrating biochar's potential to enhance carbon 

sequestration and reduce greenhouse gases, contributing to 

climate change mitigation. Biochar enhances the health and 

fertility of the soil. Biochar promotes the growth of healthy 

microorganisms by providing them with a suitable habitat. 

Biochar acts as a storehouse of nutrients thus helping in better 

plant growth. Biochar helps in reducing runoff  and leaching of 

  Table 2       Some examples of biochar synthesis using algae and its application  

  Species of algae    Techniques used for biochar 

synthesis  

  Yield of biochar 

(% weight)  

  Application    References  

   Chlorella vulgaris  FSP-E    Fast pyrolysis    26.9 ± 4.09    Enhance soil fertility    Yu et al. ( 2018 )  

   Chlorella vulgaris  ESP-31    Wet torrefaction    61.7–52.6    Fuel    Bach et al. ( 2017 )  

   Oedogonium intermedium     Slow pyrolysis    29    Used as biofertilizer    Yao et al. ( 2016 )  

   Scenedesmus dimorphus     Pyrolysis    36    Soil amendment    Bordoloi et al. ( 2016 )  

   Cladophora glomerate     Fixed bed pyrolysis    44–31    Biofertilizer, Fuel    Norouzi et al. ( 2016 )  

   Fucus serratus     Fluidized bed pyrolysis    29–36    Bio-oil, Biofertilizer    Yanik et al. ( 2013 )  

   Chlorella vulgaris     Fast pyrolysis    31    Biofertilizer    Wang et al. ( 2013 )  

   Spirulina     Slow pyrolysis    25.96    Fuel, Soil amendment    Chaiwong and Vorayos ( 2012 )  

   Chlamydomans reinhardtti     Slow pyrolysis    44    Slow fertilizer that releases 

nitogen  

  Torri et al. ( 2011 )  

   Laminaria digitata     Fluidized bed pyrolysis    29–36    Bio-oil, Biofertilizer    Yanik et al. ( 2013 )  
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nutrients thus helping in enhancing the quality of water. Bio-

char enhances the stability of the soil and prevents its runoff  

and erosion, thus enhancing the health and fertility of the soil. 

Biochar adsorbs pollutants present in the soil, thus helping in 

the remediation of pollutants from the soil (GĄSIOR and TIC 

 2017 ; Kumar and Bhattacharya  2021 ; Mazarji et al.  2021 ; He 

et al.  2022 ). 

 Social sustainability: biochar improves soil health and 

fertility resulting in better production and thus contributes to 

food and nutrient security. Biochar enhances food and nutri-

ent security by improving soil fertility, water retention, and 

microbial health. It increases the soil's ability to retain nutri-

ents and reduces the need for synthetic fertilizers. This leads to 

better crop yields and more resilient agriculture. Communities 

benefi t through sustainable farming practices, reduced agricul-

tural runoff , and enhanced soil quality. Additionally, biochar's 

carbon sequestration helps mitigate climate change, supporting 

long-term environmental health. By fostering healthier soils 

and promoting sustainable practices, biochar contributes to 

overall community well-being and food security (Kaur and 

Sharma  2020 ; Ayaz et al.  2021 ; Singh Yadav et al.  2023 ). Bio-

char derived from algae and agri-waste residue can originate 

economic opportunities. Projects related to biochar production 

and utilization at a large scale can generate employment, and 

income, and thus can provide support to rural peoples. Bio-

char derived from algae and agri-waste residue contributes to 

community health and well-being by improving soil health 

and fertility and providing nutritious food (GĄSIOR and TIC 

 2017 ; Mazarji et al.  2021 ; He et al.  2022 ). 

 Economic sustainability: in the synthesis of biochar algae 

and the agri-waste residue, both of which can cause serious 

environmental issues, this process utilizes this waste and syn-

thesizes biochar which is benefi cial to the soil's health and 

improves its fertility. Thus, this process is truly resource-effi  -

cient. Biochar reduces the dependency on synthetic fertilizers 

thereby reducing the cost of crop production and maximizes 

the return by increasing crop production. The use of biochar 

in agriculture is the future of sustainable agriculture it can cre-

ate new markets and business opportunities, that can enhance 

economic growth. Biochar synthesized from algae and agri-

waste residue represents a circular economy approach because 

it utilizes waste and converts it into a valuable product that 

enhances soil fertility (GĄSIOR and TIC  2017 ; Kumar and 

Bhattacharya  2021 ; Mona et al.  2021 ; He et al.  2022 ). Figure  2  

represents the linkage between biochar derived from algae and 

agri-waste residue and sustainable development.         
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    Challenges and future direction 

 The utilization of biochar derived from algae and agri-

waste residue provides numerous benefi ts to the soil and 

environment but some challenges are present that need to 

be addressed for better outcomes. 

 Some key challenges are: (i) Feedstock availability and 

quality: algae and agri-waste are present almost everywhere 

but it is varied from one place to another, the variability in 

the feedstock can cause changes in biochar with place. A reli-

able and consistent feedstock is a must for better synthesis 

and utilization of biochar. Ensuring a consistent and reliable 

feedstock supply for biochar production involves securing 

long-term contracts with suppliers and utilizing agricultural 

residues, forestry by-products, and organic waste. Regions 

with abundant agricultural activities off er reliable feedstock 

like crop residues and wood chips. Sustainable practices and 

partnerships with local farmers can enhance feedstock quality 

and availability. Implementing feedstock quality standards and 

developing a supply chain management system further ensures 

consistency and reliability in biochar production (Kaur et al. 

 2015 ; Kaur and Sharma  2020 ; Mona et al.  2021 ). (ii) Pyrolysis 

technology optimization: biomass is converted into biochar by 

the process of pyrolysis. To maximize the output optimiza-

tion of the pyrolysis process is a must. Further research and 

exploration are needed to develop a cost-eff ective and effi  -

cient technique for pyrolysis. (iii) Biochar standardization and 

characterization: standard methods for the characterization and 

standardization of biochar are not available. There is a need 

to develop a standard protocol for the analysis of biochar that 

facilitates the commercialization of biochar synthesized using 

algae and agri-waste residue. (iv) Soil and biochar interac-

tion: interaction between biochar and soil is quite complex 

because it depends upon various factors such as type of soil, 

type of biochar, and climatic conditions. The understanding of 

this interaction is a must for better outcomes. (v) Long-term 

eff ects: biochar enhances soil health and fertility but there is a 

need to understand and critically analyze its long-term eff ects 

on soil and the environment (Gul et al.  2015 ; Cara et al.  2020 ; 

Foong et al.  2020 ; Fodah et al.  2022 ). 

 Future directions: (i) Multi-stakeholder collaboration: for 

better outcomes a collaboration between farmers, research-

ers, policymakers, and industry stakeholders is a must. 

Multi-disciplinary methods provide all levels of develop-

ment in this fi eld. (ii) Technological innovation: innovation 

in techniques such as optimization of pyrolysis technique 

is needed to increase the scale of biochar production and 

utilization. (iii) Filed scale demonstration: pilot projects 

and fi led scale demonstrations are important to increase the 

eff ectiveness and feasibility of biochar synthesis and utiliza-

tion. Utilization of biochar at a large scale benefi ts farmers 

and thus boosts the economy of the country. (iv) Education 

and outreach: an initiative related to awareness and edu-

cation of the local public and farmers about the synthesis 

and utilization of biochar is a must. This will increase the 

opportunities for sustainable agriculture. (v) Policy support 

and incentives: utilization of biochar at a large scale needs 

support from government policies, that support synthesis 

and utilization of biochar for sustainable agriculture (Gul 

et al.  2015 ; Cara et al.  2020 ; Mona et al.  2021 ; Mazarji et al. 

 2021 ). Figure  3  represents the challenges and future direc-

tion of biochar derived from algae and agri-waste residue.         

    Conclusion 

 The use of algae and agri-waste residue for the synthesis 

of biochar and its utilization in agricultural fi elds holds 

numerous potentials to address agricultural and environ-

mental issues sustainably. Algae and agri-waste residue 

  Fig. 2       The linkage between 

biochar derived from algae and 

agri-waste residue and sustain-

able development  
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both are easily available and if present in high amounts can 

cause serious ecological issues. This process utilizes this 

waste and converts it into a valuable product that enhances 

soil fertility, maintains its structure, and increases the 

capacity of carbon sequestration. Utilization of biochar 

also reduces the dependence on synthetic fertilizers and 

promotes sustainable agriculture. Biochar synthesis and 

utilization can provide employment opportunities. Some 

challenges are present in the synthesis and utilization of 

biochar from algae and agri-waste residue at a large scale 

that need to be overcome for better outcomes. Further 

research is needed to explore the interaction of biochar and 

soil. Utilizing algae and agri-waste residue to synthesize 

biochar can foster sustainable agriculture that follows the 

principles of the circular economy. 
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