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ABSTRACT

Biochar, which results from biomass pyrolysis in the absence of oxygen, has been considered a beneficial sub-
stance that can enhance environmental benefits. This paper discusses its manufacturing, issues, and uses while
focusing on the circular economy aspect. In the past, biochar was used to enhance soil fertility and water
treatment; nowadays, it is used for the supply of energy, cleaning up pollutants, and construction materials. The
use of new feedstocks like algae and invasive plant species enhances its production and applications. In addition,
with the help of digital technology, the biochar supply chain has been improved, thus making it productive and
efficient. Biochar emerges as a key factor and beneficiary of green technology advancements that have catalyzed
applications in batteries and supercapacitors within energy storage systems. Furthermore, biochar can play a role
in the sequestration and reuse of greenhouse gases as well as the reduction of pollution to the environment.
Lastly, this research provides an overview of how biochar production and usage, in the face of global environ-
mental challenges and dilemmas, should be enhanced and developed to support sustainable industrialization.

1. Introduction

Biochar is a carbon-rich material produced through pyrolysis, a
process that heats organic waste materials in the absence of oxygen
(Khater et al., 2024). Significant interest has been attributed to its
effectiveness in improving soil properties, carbon storage, and biore-
mediation. From an ecological perspective, biochar satisfies the princi-
ples of a circular economy system as it recycles waste while creating
utility simultaneously (Yaashikaa et al., 2020). Its production also helps
minimize waste products, facilitate using recycled materials, and lower
environmental effects like greenhouse gas emissions.

There have been a wide range of applications of biochar on land
restoration and water treatment. (Wang et al., 2022; Zhang et al., 2023).
However, improved knowledge has expanded its applicability to so-
phisticated uses in contemporary technology-related areas. The intro-
duction of new feedstocks and the application of digital technology in
biochar production are strategic improvements (Wang et al., 2024). In
addition, biochar is considered a material for energy storage devices
such as batteries and supercapacitors due to its porosity and conduc-
tivity (Senthil and Lee, 2021; Sun et al., 2024). Another use is attributed
to its efficiency in the extraction of contaminants such as microplastics

and heavy metals from water and soil, making it useful for environ-
mental use (Miranda Zoppas et al., 2023). These new directions on
biochar reflect its growing role in sustainable agriculture and innovative
environmental technologies.

The focus of this paper is to examine new possibilities for biochar
production involving innovative feedstocks, digital supply chains, and
novel applications in energy and the environment. The research spe-
cifically focuses on: (i) renewable and unconventional biomass sources
for sustainable biochar production, (ii) digital technologies for
enhancing supply chain efficiency, and (iii) biochar’s role in pollutant
removal, greenhouse gas mitigation, and advanced energy storage sys-
tems. By achieving these objectives, the study demonstrates how biochar
can become a key catalyst for circular economy innovation and green
technologies.

2. Emerging feedstocks and innovative materials in biochar
production

New trends in biochar development include more innovative, effec-
tive, and less-explored feedstocks for biochar generation. In addition to
conventional agricultural waste and nut shells, there are new
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opportunities within the framework of feedstock. While many studies
have been conducted regarding the sludge generated from wastewater
treatment plants, new forms of sludge such as biorefinery sludge as well
as from advanced wastewater treatment processes may hold new op-
portunities (Romero-Giiiza et al., 2022). These sludge types contain high
organic content and have higher adsorption capacity after being trans-
formed into biochar (Zhou et al., 2024). This makes them highly effec-
tive in capturing heavy metals and organic contaminants, aiding in
environmental cleanup efforts. With the increased implementation of
biorefineries, sludge from these sources becomes another stream for
generating biochar, which adds value to waste management while
enhancing resource recovery (Wagqas et al., 2023).

Algae are emerging as a promising renewable and rapidly growing
feedstock. Biochar derived from algae has a large surface area that has
been found to be highly effective in environmental cleanup (Amalina
et al., 2022). Experimental research demonstrates that algae-derived
biochar has high adsorption capacities for heavy metals and nutrients,
which indicates its potential applicability for environmental manage-
ment particularly in areas impacted by industrial effluents or agricul-
tural leaching (Dong et al., 2023). A major strength is that algae can
grow very fast and in various conditions, making it very suitable for
scaling up biochar production. Recent pilot projects have shown that it is
feasible to convert algae that grow in large quantities in eutrophic lakes
into biochar (Sheng et al., 2022). Such projects with water bodies not
only assist in the primary management of algae overgrowth but also
produce biochar as a byproduct, offering opportunities for both algae
management and sustainable biochar production (Vasseghian et al.,
2024). This two-fold strategy highlights the increasing viability of algae
and other new biomass sources in biochar generation. Current studies
have also pointed out that algae can be used in capturing carbon, as the
algae themselves can initially uptake large amounts of CO5 before being
converted to biochar. This process not only promotes carbon emission
reduction but also sustainable biochar production, making it an ideal
approach for both environmental cleanup and climate change mitigation
(Yang et al., 2024).

Some invasive plant species such as water hyacinth and kudzu can
also be used as feedstock for the production of biochar. These species are
usually seen as having negative impacts on ecosystems; however, they
can be collected and turned into biochar — thus, turning a source of
concern into an opportunity. Water hyacinth, for instance, has tremen-
dous prospects in biochar production because of its high biomass pro-
ductivity and its ability to remove pollutants from water bodies
(Lewoyehu et al., 2024). This technique not only helps to mitigate the
hazards posed by invasive plants but also produces useful biochar for
environmental applications.

However, one of the drawbacks of algae and other wet biomass
feedstocks is the high moisture content, which, if not well managed, can
lead to high energy consumption during pyrolysis. To overcome this
limitation, drying, dewatering, or torrefaction before the actual pre-
treatment process has been suggested. These methods minimize the
amount of moisture left in the biochar, allowing for better energy effi-
ciency and overall improving the quality of biochar. Additionally,
incorporating waste heat recovery systems or even solar drying systems
would enhance the energy efficiency of processing wet biomass in a cost-
effective manner.

Due to the small size of the localized materials such as algae and
invasive plants, a decentralized model of biochar production is feasible.
This makes it possible for biochar facilities to be established strategically
near biomass sources because transport costs affect the efficiency of the
biochar production process (Saharudin et al., 2024). Additionally,
studies prove that biochar from these feedstocks can be as effective, or
even more, than conventional feedstocks, making them suitable for
full-scale use. While new feedstocks and technological options are being
introduced, their macro-environmental consequences for large-scale use
also need to be thoroughly examined in the future.
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3. Optimizing supply chain through digital technologies

Biochar production depends on an efficient logistic chain because
biomass feedstocks, which include agricultural residues and organic
waste, are widely distributed. These feedstocks are sometimes deposited
in remote areas, making their collection, transport, and storage signifi-
cant concerns. These challenges include high cost of transportation,
congestion in the supply chain, fluctuating biomass supply throughout
the year, and contamination issues during sorting. The solutions to these
challenges involve applying new technologies for managing operations,
emissions, and costs.

One research finding that may offer a solution is the use of Supply
Chain Digital Twins (SCDTs), which mimic the physical supply chain in
real-time. In the case of SCDTs, biochar producers can monitor biomass
stock, transportation, and facility production capabilities to implement
real-time modifications to boost efficiency (Wang et al., 2022). In this
way, feedstock data allows biochar producers to make real-time ad-
justments, leading to optimization, elimination of constraints, and
increased production efficiency (Astarita et al., 2024). For example,
SCDT models can estimate biomass availability and plan transport lo-
gistics. The application of SCDT technology has proven effective in
improving the logistics of biochar production by reducing both cost and
emissions thus highlighting the value of this technology in sustainable
biomass management (Fig. 1).

Fig. 1 shows how new technologies integrate into the supply chain of
biochar to improve efficiency and sustainability. It begins with biomass
feedstock, with a special emphasis on collection, transportation, and
production. Some of these technologies include better use of artificial
intelligence in sorting of waste, digital twins for modelling of supply
chain, and using robotics in production. They allow regular updates,
which improve efficiency, reduce emissions, and increase the quality of
biochar. The integrated process emphasizes socioeconomic returns and
environmental stewardship to capture the promise of biochar for
enhancing resource productivity.

In addition to digital twins, artificial intelligence technologies are
among the revolutionary tools in the production of biochar. Intelligent
sorting methods are employed in treatment plants to sort feedstocks
according to their nature within waste dumps (Ukoba and Jen, 2022).
They reduce the involvement of human operators, improve the sorting
methods, and provide clean feedstock that is required in the production
of good-quality biochar (Olawade et al., 2024). By applying the machine
learning approach, the nature of feedstocks is identified, which makes
material selection precise and reduces fluctuations in manufacturing.

Automated technologies for biochar production have been success-
fully implemented in several pilot projects to optimize the process in
biochar production facilities. For example, the production process can
be simulated using a digital twin, starting from biomass collection to the
production of biochar, allowing plant managers to make adjustments
based on real-time data (Spinti et al., 2022). In situations where biomass
supply is seasonal or by location-dependent, digital twins help facilities
find more efficient ways to transport biomass or change production rates
for the shortest time possible (Khanal et al., 2023). Thus, large-scale
waste treatment facilities have reported increased sorting accuracy
through the use of Al-based systems (Mule, 2024). These systems mea-
sure biomass in real-time, ensuring that only the most suitable feed-
stocks are used for biochar production (Balakrishnan et al., 2024). This
automation reduces production costs, increases production rates, and
lowers contamination levels, resulting in higher-quality biochar.

Over time, the integration of Al and big data appears to create a
chance of having biochar production plants fully automated (Nguyen
et al., 2024). These technologies can assist the plants in setting the
production rates, transportation schedules, and resource usage by
assessing market needs and managing biomass supply, all without
human intervention (Arias et al., 2023). This could lead to lower costs
associated with biochar production and increased process efficiency,
making it possible to scale up operations to support major
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Fig. 1. Biochar supply chain with digital twin technology integrated for monitoring and optimization.

environmental rehabilitation efforts and resource conservation.

4. Biochar as a sustainable solution in advanced energy storage
and beyond

Recent developments have positioned biochar as a viable material
for energy storage technologies, with its potential applications in
lithium-ion and sodium-ion batteries. Carbonaceous materials tradi-
tionally used as electrodes in these batteries can be expensive and pre-
sent sustainability challenges. Biochar derived from renewable and
sustainable resources has advantages over conventional chemical and
physical methods because of its large surface area and electrical con-
ductivity (Soltani et al., 2021). These characteristics enable biochar to
effectively store and release energy, making it suitable for widespread
use in battery electrodes (Fig. 2). Some researchers have demonstrated
that biochar-based electrodes can be produced at a lower cost than
standard materials, while also sequestering carbon during the synthesis
process (Qin et al., 2020).

In addition to batteries, supercapacitors are another application in
which biochar shows great potential. High charge density and energy
retention offered by biochar provide advantages for supercapacitors that
are specifically developed for rapid energy storage and release at much
higher rates (Khedulkar et al., 2024). Biochar has been shown to
enhance the capacity and potentially extend the longevity of

supercapacitor devices when incorporated into their electrodes. This
research aims to contribute to a growing field of interest in energy
storage systems that require increased efficiency, sustainability, and low
cost.

Bamboo biochar, derived from bamboo, is one of the fastest-growing
and renewable biomass sources in the world and has been discussed in
the literature for energy storage applications (Wang et al., 2024). These
studies also show that bamboo biochar can provide greater energy
densities than traditional carbon-based electrode materials used in
batteries and supercapacitors. Nonetheless, the discussion of bamboo
biochar needs to go beyond energy densities to consider important
features such as thermal stability, lifecycle performance and compati-
bility with improved electrode designs. Its porous structure, surface
functionality, and structural transformability to accommodate multiple
energy storage configurations have also been explored in existing
studies, uncovering opportunities to further enhance its performance.

Furthermore, comparisons with biochar from other biomass types,
such as rice husks and coconut shells, reveal the benefits of using
bamboo biochar and potential improvements in its preparation and use.
For example, bamboo biochar’s structural characteristics and bio-based
origin make it an ideal option for future carbon energy storage materials.
By addressing these multifaceted aspects, bamboo biochar study can
provide a roadmap for its utilization in other intricate energy systems
and contribute to the development of secure, sustainable, and
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Fig. 2. Schematic illustration of biochar derived from biomass for applications in supercapacitors and batteries.

environment-friendly technologies.

5. Using biochar to address emerging environmental problems
and support the circular economy

Biochar is a sustainable byproduct of biomass pyrolysis and has been
used in various environmental remediations (Das, 2024; Shen et al.,
2018). It is now also being applied to address some emerging environ-
mental problems. Biochar has been found to have the ability to physi-
cally capture the microplastics in water due to its structure together with
high porosity and adsorption capacity (Cao et al., 2024). As plastics
build up in the environment, biochar filtration has the potential to play a
key role in water treatment, benefiting both developing nations and
developed urban wastewater systems that experience high levels of
microplastics.

Recent studies have aimed to enhance the use of biochar for micro-
plastic removal by incorporating advanced materials such as graphene
oxide (Abuwatfa et al., 2021). Research from the last two years shows
that these biochar-graphene composites significantly improve adsorp-
tion capacity, particularly for filtering microplastics from
high-throughput water systems (Abuwatfa et al., 2021). Although still in
its developmental stage, this kind of technology shows great potential
for scaling up, thus making biochar a viable solution to one of the most
persistent pollution problems.

Biochar has demonstrated potential in reducing greenhouse gas
emissions, especially methane in agriculture. Methane, one of the most
potent greenhouse gases, is primarily emitted from livestock and agri-
cultural management activities (Chen et al., 2020; Ngo et al., 2024).
Incorporating biochar into manure management enhances its ability to
adsorb methane and other gases due to its porous structure, preventing
these gases from being released into the atmosphere (Li et al., 2022). In
addition, there is always the challenge of resolving the contaminated

land problem (Wei et al., 2011). The use of biochar also improves soil
management by sequestering heavy metals like lead and cadmium,
limiting their potential to contaminate water sources (He et al., 2019). In
its modified form, particularly when combined with nanomaterials,
biochar has an even higher adsorption rate, physically binding to con-
taminants and immobilizing them in the soil. This not only improves soil
quality but also reduces environmental pollution from dangerous sub-
stances. Furthermore, biochar is used in environmental sensors that
monitor pollutants in the atmosphere and water systems, serving as new
tools for the monitoring and management of environmental problems. In
the context of a circular economy, biochar is being applied to con-
struction composites to create lightweight, high-strength structures.
These reinforced composites possess characteristics of biochar, such as
thermal insulation and carbon storage, making them suitable for sus-
tainable construction (Barbhuiya et al., 2024).

The usage of biochar is also expected to grow in response to stricter
pollution regulations, as biochar is effective in pollution control. As an
environmental material, its ability to filter microplastics, trap methane,
and capture heavy metals makes it a valuable resource, especially for
industrialized nations seeking to adopt sustainable practices (Samuel
Olugbenga et al., 2024).

Potential future applications include water purification, land resto-
ration, and air filtration. Future studies may focus on enhancing bio-
char’s effectiveness by incorporating other materials such as graphene
and nanotechnology, which could expand the range of contaminants it
can adsorb (Nosratabad et al., 2024). Furthermore, biochar could play
an important role in carbon management strategies aimed at addressing
climate change (Afshar and Mofatteh, 2024). With advances in tech-
nology and increased governmental support, biochar has the potential to
provide sustained environmental benefits and address pressing sus-
tainability challenges. It should be noted that the economic evaluation
challenges may stem from the high cost of production, the inability to
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achieve significant economies of scale, and the limited availability of
feedstock (Yaashikaa et al., 2020). Additionally, unpredictable rules and
regulations persist, and the market has yet to offer solutions for wide-
spread applications. Addressing these issues, along with those related to
the benefits of applying biochar, ensures that the concept’s wide-ranging
prospects for environmental sustainability are thoroughly considered.

6. Conclusions

Biochar is useful in many ways beyond climate change mitigation,
focusing on its potential in environmental management, innovation, and
advancing circular economy approaches. Socially, it can be used in
sustainable agriculture and clean energy so as to help communities
achieve better living standards and promote global sustainable devel-
opment aspirations. In the environmental context, it has benefits such as
sequestration, pollutant abatement, and reducing greenhouse gas
emissions which are useful in combating climate change. The study
suggests a notably urgent need for existing and emerging feedstocks in
biochar production, continued investments in digital technologies, and
innovative supply chain management. However, challenges such as high
production costs, production scale limitations, and various legislative
constraints should be considered. Further research should focus on
addressing production costs, expanding the use of renewable energy
sources, and developing adequate legislation. With further advance-
ments and greater integration of different sectors in the use of technol-
ogy, biochar has the potential to become a key solution for driving
positive change in the environment and reducing social inequalities.
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