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Preface 
 
 
The very fabric of our world is woven from interconnected challenges and complexities 

that defy the boundaries of single academic disciplines. From climate change and 

sustainable energy to public health and social equity, the most pressing issues of our time 

demand a new approach, one that is collaborative, innovative, and above all, 

transdisciplinary. It is this fundamental belief that inspired the creation of this book, 

Transdisciplinary Science: Mapping the Future of Research. 

 

This volume is a testament to the power of breaking down traditional siloed approaches to 

research and embracing a holistic perspective. It is the culmination of a shared journey 

undertaken by a diverse group of researchers and scholars who have contributed their 

expertise across a remarkable spectrum of fields. The chapters within these pages explore 

a vast landscape, from the intricacies of photovoltaic cells and material sciences to the 

sociological dynamics of economic empowerment and the ethical dimensions of scientific 

research. We delve into cutting-edge topics such as machine learning in drug design, the 

role of biochar in environmental remediation, and even the astrophysical conditions of the 

low-redshift universe. This intellectual breadth is not merely a collection of disparate 

topics; it is a deliberate mosaic designed to illustrate how different disciplines can inform 

and enrich one another, creating a more complete picture than any single field could 

achieve alone. 

 

Our journey in bringing this book to fruition has been a truly collaborative one. We extend 

our deepest gratitude to all the contributing authors, whose dedication and rigorous 

scholarship have shaped this work. Their commitment to exploring new frontiers and 

sharing their findings is the cornerstone of this publication. We also wish to express our 

sincere appreciation to our esteemed peer reviewers, whose meticulous feedback and 

insightful critiques were essential in maintaining the high standard of academic excellence 

that defines this book. Their efforts ensured the integrity and quality of every chapter. 

 

We hope that this book will serve as a catalyst for new conversations and collaborations, 

inspiring readers to break down their own disciplinary barriers. We envision these pages 

as a guide to new pathways, paving the way for a future where research is truly without 

borders and where we can face our collective challenges with a shared, integrated vision. 

 

  

Dr Mukul Kumar Baruah, Dr Rahul Kanti Nath and Dr Joyobrato Nath Editors 
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The combination of nanotechnology and biochar production 
has created new possibilities for developing nano-biochar, a 
material that boasts improved properties for use in 
agriculture, environmental remediation, and energy storage. 
Nonetheless, nano-biochar production's economic feasibility 
and long-term sustainability necessitate thoroughly 
examining various factors. The manufacturing process of 
nano-biochar raises a number of sustainability and economic 
concerns. Production costs, resource efficiency, market 
demand, and environmental impacts are all given special 
consideration. The financial implications of sourcing raw 
materials, energy demands, and the processing of 
nanomaterials significantly affect the viability of large-scale 
production. The enhancement of profitability hinges on 
economies of scale and a consistent market demand within 
the agricultural and environmental sectors. From a 
sustainability standpoint, the production of nano-biochar 
presents considerable opportunities for carbon sequestration, 
waste recycling, and minimizing environmental impacts, 
assuming the utilization of renewable energy sources and 
environmentally friendly methods. Nonetheless, it is 
essential to tackle the concerns regarding the environmental 
impact of nanoparticles on ecosystems and soil health 
through additional investigation. Ultimately, achieving a 
balance between economic viability and environmental 
stewardship is essential for unlocking the complete potential 
of nano-biochar in fostering a sustainable circular economy. 
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7.1 Introduction 
 
Biochar that has undergone nanoscale processing or modification is known as 

nano-biochar. The process of pyrolyzing organic materials (such as wood, biomass, or 
agricultural waste) without oxygen results in biochar, a type of charcoal. Its potential to 
enhance soil health, carbon sequestration, and environmental remediation has been 
acknowledged. Biochar's small particle size (<100 nm) gives it special qualities when it 
is further processed or tailored to the nanoscale. The size range of the particles, which 
ranges from micrometres to centimetres, depends on the process used to create biochar. 
The size range of bulk/regular biochar is 0.04 to 20 mm (Rajput et al., 2022). In 
comparison to ordinary biochar, this enables nano-biochar to have a significantly 
greater surface area and improved chemical reactivity, opening up a variety of novel 
applications. The biochar's adsorption ability increases as its size decreases more in the 
micro-range, or between 10 and 600 μm (Bolan et al., 2022). This can improve the 
adsorption of contaminants, nutrients, and other substances by increasing the surface 
area. Additionally, the biochar can be categorized as colloidal biochar due to its size, 
which ranges from 1 μm to 100 nm (Liu et al., 2018). The surface-to-volume ratio, 
adsorption power, biological activities, and surface energy are all improved when the 
biochar is reduced to nanoscale, and it is thought to be more efficient than bulk biochar 
(Kartika et al., 2018). Furthermore, the size of biochar is influenced by the production 
procedure and temperature (Demirbas, 2004).  

 
Because of its increased surface reactivity, it can absorb organic pollutants, heavy 

metals, and excess nutrients from soil and water more effectively. In terms of pollution 
management, water purification, and soil conditioning, it may even be more successful 
than conventional biochar. Because of its small size, it can absorb minor contaminants in 
water or interact more successfully with microbial communities in the soil. 

 
Similar to ordinary biochar, nano-biochar can be applied to soil to increase 

microbial activity, water retention, and nutrient availability. Its efficiency might be 
enhanced by its increased surface area and reduced size, though.It works very well at 
removing toxins, organic pollutants, and heavy metals from soil and water. Because of 
this, it can be used for environmental cleanup projects including cleaning up 
contaminated soil or water. Because it can store carbon in soils for extended periods of 
time, it may be used as a strategy to mitigate climate change. More research is required 
in this area, but it might also have potential in medication delivery systems, wound 
healing, or other medical uses. Combining the advantages of conventional biochar with 
the special qualities of nanomaterials, nano-biochar is a very promising substance that 
may have improved agricultural and environmental uses. 

 
Although biochar is widely regarded as environmentally harmless, research is 

currently being done to determine how nanoparticlesin the case of nano-biocharaffect 
ecosystems and human health. Before being used widely, it is necessary to fully 
understand how nanoparticles behave in the environment and their potential toxicity. 
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Compared to ordinary biochar, producing nano-biochar requires more processing 
stages, which can raise prices. However, costs may eventually drop as production 
methods advance and become more effective. 

 
According to Shakley et al., (2012), biochar is a cheap carbonaceous solid 

substance with physicochemical qualities that can be used for long-term carbon storage. 
It frequently has trace amounts of ash, sulphur, nitrogen, hydrogen, and oxygen 
(Ahmad et al., 2016). Additionally, it is a stable composition that is often produced by 
treating organic material thermochemically without oxygen (Bolan et al., 2022). Using a 
variety of techniques, biochar is created from carbon-based biowaste sources such as 
agricultural residues, composts, woody biomass, and biosolids (Shaheen et al., 2018). 
The anoxic thermochemical process of pyrolysis produces solid co-products, 
condensable bio-oil, biochar, and non-condensable syngas from biomass (Bolan et al., 
2022). The reactor type and design, as well as the conditions under which it is created, 
determine the biochar's properties, including its composition and features (Ahmad et 

al., 2014). Additionally, the properties of biochar are influenced by the process 
environment (Ahmad et al., 2021), porosity, chemical structure, and quantity of 
inorganic metals present in the feedstock (Kong et al., 2014). 

 
Nano-biochar's excellent physio-chemical qualities, ease of production, and 

affordability make it a more effective carbon material than other carbon compounds. 
Most carbon compounds are synthesized from coal, asphalt, or petroleum products 
using time-consuming processes that need complex activation processes for coal and 
petroleum products, respectively. The expensive processes of chemical vapor 
deposition, soft or hard templating, and electric-arc discharge have been used to create 
carbon-based nanomaterials, such as carbon nanotubes, graphene, and porous carbon 
nanomaterials. Therefore, N-BC is a carbon-based material that is cost-effective, 
sustainable, and adaptable, and it has a number of benefits over other carbon 
nanostructures.  

 
Thus, the manufacture and use of N-BC are the primary topics of this literature. 

N-BC, or nano biochar, is a cutting-edge nanostructured material. Larger pore volumes, 
higher surface areas, a stronger negative zeta potential, a smaller hydrodynamic radius, 
more oxygen-containing functional groups, and carbon defects are some of the unique 
physicochemical characteristics of nano biochar that may result in the production of 
reactive organic species (ROS) (Ramanayaka et al., 2020a; Ramanayaka et al., 2020b).  

 
By shrinking the biochar from a micro to a nanoscale, nanotechnology is 

producing a variety of functional groups with improved mechanical and thermal 
stability as well as adsorption capacity (Noreen and Abd-Elsalam, 2021). Drugs, dyes, 
heavy metals, and other organic and inorganic pollutants can all be removed from 
wastewater using N-BC. N-BC can also be used for nutrient recycling, soil amendment, 
plant development, fertilizer applications, pesticide cleanup, and eliminating 
pathogenic effects, among other uses. 
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Nano-biochar production has gained increasing attention due to its potential to 
address both environmental sustainability and economic challenges in various sectors, 
such as agriculture, water treatment, and energy. Understanding the economic and 
sustainability aspects of nano-biochar production requires evaluating several key 
factors. 

 
7.2 Economic Considerations of Nano-Biochar 

 
The economic viability of nano-biochar (nBC) production is influenced by several 

interconnected factors, including production costs, market potential, scalability, and 
regulatory support. The process begins with sourcing biomass feedstocks, followed by 
pyrolysis and nano-modification techniques such as ball milling, chemical activation, or 
surface functionalization—each of which adds to capital and operational costs (Tan et 

al., 2017; Igalavithana et al., 2020). Although the utilization of agricultural residues and 
low-cost biomass can reduce feedstock expenses, the energy-intensive nature of nano-
scale processing and the need for specialized equipment increase overall expenditure 
(Mohan et al., 2014). 

 
Despite these costs, the potential applications of nBC offer promising economic 

returns. In agriculture, nano-biochar improves soil fertility, water retention, and 
nutrient uptake, which can enhance crop yields and generate financial incentives for 
farmers (Liu et al., 2020). Its high surface area and functionalized structure also make it 
effective for water purification and environmental remediation, particularly in the 
removal of heavy metals and organic pollutants, where industries and municipalities 
may be willing to invest in its adoption (Rajapaksha et al., 2016). Moreover, nBC’s role 
in carbon sequestration presents opportunities to access carbon credit markets or 
receive environmental subsidies, further improving its financial feasibility (Lehmann & 
Joseph, 2015). 

 
Nevertheless, challenges remain in scaling up nano-biochar production. Small-

scale operations typically face high per-unit costs, while large-scale facilities demand 
significant initial capital investments (Zhang et al., 2022). Policy frameworks, research 
funding, and environmental regulations critically shape the economic landscape, as 
government incentives can offset compliance costs and stimulate innovation (Xu et al., 
2021). Therefore, the economic success of nano-biochar hinges on advancements in 
production efficiency, the development of viable markets, and the integration of 
sustainability incentives to ensure long-term profitability. 

 
7.3 Production Costs of Nano-biochar 

 
The production cost of nano-biochar (nBC) is influenced by multiple variables, 

with feedstock selection, synthesis methods, and energy requirements being the most 
critical components. Feedstock selection plays a foundational role in determining 
overall production expenses. Agricultural residues, forestry waste, and other biomass 
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by-products are generally preferred due to their low cost and wide availability (Mohan 
et al., 2014). However, the variability in feedstock type, seasonal availability, 
transportation logistics, and pre-processing requirements (e.g., drying, grinding) can 
significantly influence cost-effectiveness (Sohi et al., 2010; Zhang et al., 2022). 
Inconsistent supply chains and the need for collection infrastructure may raise 
operational costs, particularly in regions lacking efficient biomass procurement systems. 

 
The synthesis methods used to convert biochar into its nano-form also play a 

crucial economic role. After the initial pyrolysis of biomass to create standard biochar, 
further nano-scale refinement is required using processes such as mechanical ball 
milling, chemical vapor deposition (CVD), hydrothermal synthesis, or sol-gel methods 
(Tan et al., 2017; Igalavithana et al., 2020). These processes often require high 
temperatures, chemical reagents, inert atmospheres, or prolonged operational times, all 
of which demand specialized equipment and skilled labor, thus raising capital and 
operational costs. Despite this, technological innovation and optimization of synthesis 
parameters—such as process integration and automation—are expected to lower these 
costs over time (Xu et al., 2021). 

 
Energy consumption represents another major cost contributor in nBC 

production. Pyrolysis, especially at high temperatures (slow or fast pyrolysis), 
consumes a considerable amount of energy, and additional steps like nano-
functionalization, surface activation, and drying further elevate energy demands 
(Lehmann & Joseph, 2015). The energy source used—whether fossil-based or 
renewable—can greatly impact the overall economics and sustainability of the process. 
Adoption of energy-efficient technologies and integration of renewable energy systems, 
such as solar or biomass-derived energy, are proposed as strategies to reduce these 
costs and improve environmental performance (Liu et al., 2020; Rajapaksha et al., 2016). 
Life-cycle assessments also suggest that decentralized production units near biomass 
sources can reduce energy and transportation costs, thereby enhancing the economic 
feasibility of nano-biochar systems (Zhang et al., 2022). 

 
Although the production of nano-biochar is currently capital- and energy-

intensive, careful optimization of feedstock supply chains, synthesis technologies, and 
energy inputs—alongside supportive policies and innovations—can significantly 
reduce costs and improve scalability in the near future. 

 
7.4 Market Demand and Applications 

 
The market potential for nano-biochar (nBC) is expanding as industries and 

governments increasingly prioritize sustainable practices, resource efficiency, and 
environmental remediation. The unique physicochemical properties of nano-biochar—
including its high surface area, porosity, and functionalized surface groups—make it 
attractive across multiple sectors such as agriculture, water treatment, and climate 
mitigation (Igalavithana et al., 2020; Rajapaksha et al., 2016). 
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7.4.1 Agricultural Sector 
 
One of the most promising applications of nano-biochar lies in sustainable 

agriculture. Due to its enhanced adsorption capacity and reactivity, nano-biochar 
significantly improves soil properties such as pH, cation exchange capacity, and 
microbial activity (Liu et al., 2020). It enhances water retention and nutrient use 
efficiency, particularly in nutrient-depleted or drought-prone soils, which can lead to 
increased crop productivity (Zhang et al., 2022). As the global demand for food 
increases and sustainable farming practices gain traction, nano-biochar is likely to see a 
rise in demand as a soil amendment, particularly in precision agriculture and organic 
farming systems (Lehmann & Joseph, 2015). 

 
7.4.2 Water Treatment and Environmental Remediation 

 
Nano-biochar also shows significant promise in the field of water purification 

and environmental remediation. Its nano-scale features allow for the efficient 
adsorption of a wide range of contaminants, including heavy metals (e.g., lead, 
cadmium), organic pollutants (e.g., pesticides, pharmaceuticals), and excess nutrients 
(Igalavithana et al., 2020; Tan et al., 2017). This makes it a valuable material for use in 
wastewater treatment plants, industrial effluent management, and municipal water 
filtration systems. The growing concern over water pollution and the tightening of 
water quality regulations globally are likely to drive the demand for advanced and eco-
friendly materials like nano-biochar (Xu et al., 2021). 

 
7.4.3 Energy and Carbon Sequestration Markets 

 
Biochar, including its nano-form, plays a critical role in carbon sequestration due 

to its stability in soil and resistance to microbial degradation. Nano-biochar’s potential 
to bind carbon for long periods makes it a strategic material for mitigating climate 
change and participating in carbon offset markets (Lehmann & Joseph, 2015). As 
countries adopt carbon pricing mechanisms, emissions trading systems, and climate 
mitigation strategies under agreements like the Paris Accord, the demand for scalable 
carbon sequestration technologies such as nano-biochar is expected to increase (Zhang 
et al., 2022). Furthermore, the integration of nano-biochar into bioenergy production 
systems—such as biochar-based fuel cells or as additives in anaerobic digestion—could 
generate energy while simultaneously offsetting emissions, adding additional economic 
value (Liu et al., 2020). 

 
7.4.4 Industrial and Future Applications 

 
Emerging applications in nanocomposites, coatings, and catalysis also present 

future markets for nano-biochar. Its incorporation into construction materials for 
carbon-negative buildings, or its use as a catalyst support in green chemistry 
applications, reflects growing industrial interest (Rajapaksha et al., 2016). As research 
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progresses and regulatory frameworks evolve, broader commercialization pathways for 
nano-biochar are likely to unfold, supported by government incentives, environmental 
regulations, and growing public awareness of sustainability. The multi-functional 
nature of nano-biochar opens up a wide array of market opportunities across sectors. Its 
integration into agriculture, water management, carbon markets, and industrial 
applications not only supports environmental goals but also creates substantial 
economic potential. 

 
7.5 Value-Added Products 

 
The development of value-added products from nano-biochar (nBC) represents 

an emerging frontier in sustainable technology and materials science. Beyond its 
conventional roles in agriculture and environmental management, nano-biochar's 
unique physicochemical properties—such as high surface area, tunable porosity, 
electrical conductivity, and functional surface groups—position it as a promising raw 
material for the fabrication of advanced nanomaterials and multifunctional composites 
(Igalavithana et al., 2020; Rajapaksha et al., 2016). 

 
7.5.1 Innovative Nanomaterials and High-Tech Applications 

 
Recent studies have demonstrated the potential of nano-biochar as a precursor 

for synthesizing value-added nanomaterials with applications in electronics, energy 
storage, catalysis, and biomedicine. For instance, nBC can be incorporated into 
supercapacitors, battery electrodes, and conductive composites due to its excellent 
electrical conductivity and stability (Tan et al., 2017). Additionally, its surface can be 
functionalized for use in drug delivery systems, where its biocompatibility and surface 
reactivity enable the controlled release of therapeutic agents (Wang et al., 2021). The 
conversion of low-cost biomass into such high-value, technologically advanced 
materials opens the door to premium markets and potentially enhanced profitability for 
nano-biochar producers (Xu et al., 2021). 

 
7.5.2 Market Diversification and Economic Resilience 

 
Another strategic advantage of nano-biochar lies in its versatility across sectors, 

which allows producers to diversify into multiple high-demand industries. These 
include agriculture (as a soil amendment and nutrient carrier), environmental 
remediation (as a pollutant adsorbent), energy (in carbon-based electrodes and 
catalysts), and materials science (in composites and nanostructures) (Lehmann & 
Joseph, 2015; Liu et al., 2020). This multi-sectoral utility provides economic resilience by 
reducing dependence on a single market and enabling producers to respond to 
changing market dynamics and technological trends. As global interest in circular 
economy and sustainable innovation grows, the ability to tailor nano-biochar for 
specific industrial applications offers a sustainable pathway for economic expansion 
and value creation (Zhang et al., 2022). 
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The potential to generate value-added products from nano-biochar enhances its 
market appeal, promotes industrial symbiosis, and provides a platform for integrating 
sustainable materials into high-performance technologies. This not only diversifies 
income streams for producers but also contributes to broader environmental and 
technological goals. 

 
7.6 Sustainability Considerations 

 
The sustainable production and application of nano-biochar (nBC) are crucial to 

realizing its full potential in addressing environmental challenges. From reducing 
carbon emissions and improving soil health to closing resource loops and promoting 
circular economy practices, nBC offers multiple avenues for advancing sustainability. 
However, these benefits must be weighed against possible ecological and energy-
related concerns, particularly those associated with nano-scale materials. 

 
7.6.1 Carbon Footprint 

 
7.6.1.1 Carbon Sequestration 

 
One of the most recognized sustainability benefits of biochar, including its nano-

form, is its ability to sequester carbon. The pyrolysis process transforms biomass into a 
stable carbon-rich material, which, when applied to soil, can retain carbon for hundreds 
to thousands of years, thereby mitigating greenhouse gas emissions (Lehmann & 
Joseph, 2015). This long-term carbon stabilization not only contributes to climate change 
mitigation but also enhances soil quality and fertility. 

 
7.6.1.2 Renewable Feedstocks 

 
Using renewable and waste biomass sources—such as agricultural residues, 

forestry by-products, and organic municipal waste—is critical for reducing the 
environmental impact of nano-biochar production. Diverting biomass from traditional 
decomposition or combustion pathways avoids the release of carbon dioxide and 
methane, thus contributing to a lower carbon footprint and making the process more 
sustainable (Sohi et al., 2010; Zhang et al., 2022). 

 
7.6.2 Energy Use 

 
7.6.2.1 Energy Efficiency 

 
Despite its environmental benefits, the production of nano-biochar is energy-

intensive. High-temperature pyrolysis and additional processing steps such as ball 
milling or chemical activation require substantial energy input, which could offset some 
of its sustainability gains if reliant on fossil fuels (Igalavithana et al., 2020). To address 
this, integrating renewable energy sources—such as solar thermal systems or biomass-



 

 

 

 

 
88 

 

generated electricity—into the production cycle is essential. Moreover, optimizing 
pyrolysis conditions (e.g., temperature, residence time) and incorporating energy 
recovery systems can improve overall process efficiency and reduce greenhouse gas 
emissions (Xu et al., 2021). 

 
7.6.3 Soil and Environmental Benefits 

 
7.6.3.1 Soil Health 

 
Nano-biochar enhances soil structure, water retention, and nutrient availability, 

making it particularly valuable in degraded or nutrient-poor soils. It also stimulates 
microbial activity, which promotes nutrient cycling and overall soil fertility (Liu et al., 
2020). However, due to its nano-size, there are concerns about its interactions with soil 
microbiota and potential unintended ecological effects. Long-term field studies are 
needed to evaluate how nBC affects soil microbial diversity, function, and overall 
ecosystem stability (Rajapaksha et al., 2016). 

 
7.6.3.2 Pollution Mitigation 

 
Nano-biochar demonstrates excellent adsorption capacities for various 

environmental contaminants, including heavy metals (e.g., lead, arsenic), pesticides, 
and excess nutrients such as nitrates and phosphates (Tan et al., 2017). These properties 
make it an effective agent for water purification, soil remediation, and industrial 
effluent treatment, contributing to the reduction of environmental pollution and 
restoration of ecosystem health. 

 
7.6.4 Resource Efficiency 

 
7.6.4.1 Circular Economy Integration 

 
Nano-biochar production aligns well with circular economy principles by 

converting biomass waste into high-value products. This approach minimizes waste, 
reduces the reliance on virgin materials, and promotes resource recovery across 
agricultural, industrial, and municipal sectors (Lehmann & Joseph, 2015). When 
embedded into broader waste management systems, nBC can serve as a model of 
sustainable innovation and industrial ecology (Zhang et al., 2022). 

 
7.6.5 Impact on Biodiversity and Ecosystems 

 
7.6.5.1 Ecotoxicity Concerns 

 
As with many nanomaterials, concerns have been raised about the 

environmental fate and potential toxicity of nano-biochar particles. These particles, once 
introduced into soil or aquatic ecosystems, may interact with beneficial microbes, 
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plants, and aquatic organisms in unintended ways. Preliminary studies suggest both 
beneficial and adverse effects, depending on the concentration, particle size, and 
environmental conditions (Wang et al., 2021). Therefore, comprehensive ecotoxicological 
assessments are essential to ensure that the long-term use of nano-biochar contributes 
positively to ecosystem health without compromising biodiversity. 

 
Nano-biochar presents a compelling sustainability profile through its capacity for 

carbon sequestration, waste valorization, soil improvement, and pollution mitigation. 
However, its energy demands and potential ecotoxicological effects necessitate cautious 
development, supported by ongoing research, lifecycle assessments, and 
environmentally sound production practices. Integrating renewable energy, conducting 
long-term ecological studies, and adhering to safety standards will be critical for 
maximizing the sustainability benefits of nano-biochar across its life cycle. 

 
7.7 Challenges and Opportunities 

 
The development and deployment of nano-biochar (nBC) technologies are met 

with both promising opportunities and notable challenges. While the multifunctional 
benefits of nBC are widely acknowledged—ranging from soil enhancement and 
pollution remediation to carbon sequestration—several technological, regulatory, and 
institutional barriers must be addressed to fully unlock its potential. 

 
7.7.1 Technological Advancements 

 
One of the primary challenges in scaling nano-biochar production is the current 

lack of cost-effective, energy-efficient, and scalable manufacturing technologies. Most 
nano-biochar is produced using post-pyrolysis modification techniques such as 
mechanical ball milling, ultrasonication, or chemical functionalization, which require 
specialized equipment and are often energy-intensive (Ahmad et al., 2016).  

 
As a result, production costs remain high, limiting widespread commercial 

adoption. However, ongoing advancements in green nanotechnology, automation, and 
integrated pyrolysis systems offer significant opportunities to reduce costs and 
environmental impacts (Liu & Zhang, 2021). 

 
Investment in research and development (R&D) is pivotal for improving 

synthesis efficiency, customizing surface properties for targeted applications, and 
expanding the applicability of nBC into high-value sectors such as electronics, 
pharmaceuticals, and environmental engineering. For instance, enhanced nano-biochar 
composites are being developed for use in water purification membranes, slow-release 
fertilizers, and energy storage devices—applications that could open up lucrative niche 
markets (Mohan et al., 2018). Collaborations between research institutions, industry 
stakeholders, and policy-makers can further accelerate innovation and 
commercialization. 
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7.7.2 Regulatory Frameworks 
 
Another significant challenge is the absence of clear and harmonized regulatory 

frameworks governing the production, application, and disposal of nano-biochar. The 
nano-scale dimension of biochar introduces uncertainties regarding environmental fate, 
human exposure, and ecotoxicological effects, which demand rigorous safety 
assessments (Keller et al., 2013). Without established guidelines, industries may face 
barriers to market entry, and public trust in nano-material technologies may be 
undermined. To foster innovation while ensuring environmental and human safety, 
governments and international agencies must develop evidence-based policies, 
establish labeling and usage standards, and promote transparency in product testing 
and certification (Hansen & Gee, 2014). Such frameworks would also help standardize 
product quality, making it easier for buyers, investors, and researchers to compare 
results and build confidence in nano-biochar solutions. 

 
On the opportunity side, policy incentives—including subsidies for bio-based 

innovations, tax benefits for carbon sequestration technologies, and support for pilot 
projects—can play a key role in driving sustainable market growth (Parmar et al., 2021). 
As sustainability becomes an increasingly central policy goal globally, nano-biochar is 
well-positioned to contribute to green innovation agendas, provided regulatory clarity 
and institutional support are in place. The future of nano-biochar is highly promising 
but contingent on overcoming technological and regulatory barriers. Strategic 
investments in R&D, coupled with robust regulatory frameworks and policy incentives, 
can unlock new applications and expand the economic viability of nano-biochar across 
various sectors. Bridging the gap between innovation and implementation will be 
critical to transforming nano-biochar from a niche innovation into a mainstream 
sustainable technology. 

 
7.8 Conclusion 

 
The economic and sustainability considerations of nano-biochar production are 

highly interconnected. On one hand, there are clear economic benefits from its diverse 
applications across agriculture, environmental management, and materials science. On 
the other hand, sustainable practices, such as using renewable feedstocks, improving 
energy efficiency, and ensuring minimal ecological risks, are essential for long-term 
viability. As research progresses and new technologies emerge, nano-biochar has the 
potential to be both an economically viable and environmentally sustainable solution 
for a range of industries. 
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