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Abstract: Biochar refers to any material that has transformed into an amorphous, graphite-like struc-
ture as a result of the thermochemical conversion of organic materials. Incorporating biochar into soil
contributes to mitigating the effects of climate change through the sequestration and storage of carbon.
There are numerous methods for producing biochar, including pyrolysis, gasification, hydrothermal
carbonization, and flash carbonization. The choice of technology largely depends on the intended
use of the biochar and the type of biomass available. However, traditional production processes often
face environmental challenges, especially in developing countries. This study introduces several
traditional charcoal-burning techniques used around the world and provides an overview of modern
industrial biochar production methods. International organizations have developed standards for
determining the quality parameters of biochar and have proposed guidelines for its application in
soil. According to the available literature, biochar presents a promising opportunity for advancing
sustainable agriculture and mitigating climate change.
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1. Introduction

Biochar is produced by subjecting biomass, such as wood, manure, various wastes, or
leaves, to thermal decomposition at relatively low temperatures (<900 °C) in the presence of
limited oxygen. Biochar enhances soil fertility primarily by increasing the bioavailability of
essential plant nutrients and improving the physical, chemical, and biological properties of
soils. Its incorporation into soil modifies the texture, pore size distribution, and bulk density,
thereby enhancing aeration and the water retention capacity. Additionally, biochar’s
high porosity, carbon sequestration potential, and organic matter content contribute to
increased soil pH levels, higher water retention, and the improved availability of nitrogen,
phosphorus, and various meso- and micronutrients [1].

Biochar has attracted the attention of policymakers due to its promising characteristics
that facilitate carbon storage, potentially preventing the release of carbon dioxide into
the atmosphere. The Paris Agreement (2015) was a significant step in the fight against
climate change, aiming to limit the rise in the global temperature to 2 °C by the end of
the century [2]. Studies suggest that current efforts and commitments are insufficient to
meet this goal. Negative emission technologies, such as biochar and other carbon removal
methods, can play a key role in managing climate change [3].

The interest in agricultural applications of biochar has surged in recent years. Agri-
cultural professionals are increasingly facing the challenges posed by climate change,
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including extreme weather conditions. Extreme drought and uneven rainfall, which re-
moves organic matter from the soil, prompted producers across most regions to adopt
“renewable” water and nutrient retention methods [4]. However, these techniques need not
necessarily be referred to as new, as Indigenous Peoples of South America created fertile
black soils by enriching charcoal made from biomass nearly 7000 years ago. These so-called
“Terra Preta” (Portuguese for black earth) soils have retained their high organic carbon
content for thousands of years after their formation [5]. One hectare of Terra Preta soil, one
meter deep, contains up to 250 tons of carbon compared to 100 tons in the surrounding
soils [6].

Biochar production with modern industrial tools is a well-controlled process, where
professionals can keep harmful gas emissions at a low level [7]. However, challenges arise
when trying to achieve the same efficiency in tropical, rural conditions, where locals often
use outdated technologies, due to the modest financial circumstances in developing coun-
tries [8,9]. The biochar industry is globally emerging, with varying production volumes in
different regions (Table 1).

Table 1. Estimated annual biochar production of different regions.

Region Estimated Volume in Metric Tonnes (mt)  Literature

China 300,000-400,000 USBI[10], Xia et al., 2023 [11]
USA 160,000-200,000 USBI [10], Schmidt et al., 2021 [12]
EU 100,000-150,000 IBI [13]

South America  50,000-100,000 USBI [10], IBI [13]

Africa 20,000-50,000 USBI [10], Schmidst et al., 2021 [12]

There are various biochar production methods in different regions, each with its pros
and cons in terms of efficiency, gas emissions, and costs (Figure 1). This study aims to
delineate traditional charcoal production techniques across diverse global regions and to
offer insights into the modern industrial processes for biochar production. Furthermore,
this discussion encompasses standardization methods for biochar certification and the legal
framework surrounding it.
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Figure 1. Biochar production by technology type and global region in 2023 [10].

2. Traditional Methods for Producing and Using Charcoal in Different Regions

In the Catalonia region of Spain, so-called “foreigner” (anthill) kilns were tradition-
ally used to dispose of biomass resulting from agricultural or forestry activities, thereby
enhancing soil fertility [14]. This technology was prevalent in the region and various
other areas of Spain until the 1960s. The formiguers were filled with dry, woody plant
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waste and then burned under a 10-20 cm thick soil cover. The process, characterized by
slow and incomplete combustion, resulted in biochar with an optimal nutrient profile for
soil application [15,16], providing essential nutrients such as phosphorus, potassium, and
nitrogen [17].

Traditional charcoal manufacturing in Yogyakarta, Indonesia, relies on traditional
methods, predominantly earth mound and pit kilns, alongside transportable steel, oil drum,
brick, concrete, and fired-clay kilns. The yield from these methods ranges between 22.88%
and 35.98% depending on the kiln type, raw material, processing time, and carbonization
conditions [18,19]. Traditional charcoal production primarily employs three methods. An
earth mound vertically stacked kiln involves stacking wood vertically in an earth-covered
mound to control the airflow and promote carbonization. The process yields charcoal
with a high volatile matter content but lower fixed carbon content and calorific value. An
earth mound horizontally stacked kiln uses wood stacked horizontally. This variation
often results in slightly better-quality charcoal compared to the vertical method, with
improvements in the fixed carbon content and calorific value. In a pit kiln, wood is covered
before burning, leading to a more controlled carbonization process. Charcoal generally
exhibits the best quality among the traditional methods, with favorable properties for
export markets [20].

In the Southern Province of Rwanda, deforestation and wood scarcity present signifi-
cant environmental challenges, exacerbated by insufficient strategies and capabilities for
sustainable wood energy production and consumption [21]. The traditional kilns used
extensively in rural areas do not allow for the efficient conversion of wood to charcoal, result-
ing in the overuse of wood and, thereby, increasing the pressure on forests. The Food and
Agriculture Organization (FAO) has reported that nearly half of the world’s charcoal con-
sumption occurs in Africa, where traditional production techniques are prevalent [22-24].
Casamance kilns are widely used, playing a prominent role in reducing the ecological
footprint of the area [21]. In contrast to traditional kilns, the design and installation of
improved kilns allow for better efficiency and less environmental impact [25,26]. Accord-
ing to Nahayo et al., 2013 [21], the traditional earth mound kiln exhibits a lower yield
efficiency, producing charcoal at a mere 7.5% yield. The improved earth mound kiln and
the Casamance kiln achieve higher yields of 19% and 20%, respectively.

In Hungary, evidence of charcoal burning dates back to the early 13th century, with
a period of significant growth in the 18th and 19th centuries, particularly in the Gemer
(GOmor) region (territory of the formal Gemer county located in northern Hungary and
southern Slovakia) [24,27]. Traditional pit kilns (called “boksas” in Hungarian) were
shallow, plate-shaped pits measuring approximately 3 x 3 m [28]. The pit was established
in a carefully prepared area that was leveled and devoid of vegetation. After stacking
the wood, it was covered with leaf litter. A layer of dry soil, approximately 2-3 cm
thick, was eventually placed on the top. Boksas provided an efficient charcoal yield of
approximately 25%.

Charcoal production in Sweden dates back to the early Iron Age [29-32] The boreo-
nemoral forests of Sweden exhibit distinct ecological characteristics at the sites of historic
charcoal kiln platforms, which are remnants from the 18th to early 20th centuries [33,34].

In Mediterranean forest ecosystems in Tuscany, central Italy, the historical practice of
charcoal production has had a lasting ecological impact. These platforms are characterized
by modified soil properties, transforming them into distinctive microhabitats within the
broader forest landscape [29].

In Wallonia, Belgium, particularly in the historical agricultural regions, research has
been conducted on the long-term impacts of biochar on soil” carbon dynamics, focusing on
areas enriched with charcoal remnants from over 150 years ago [35]. This in-depth analysis
not only highlights the potential of biochar to improve soil health and carbon sequestra-
tion in contemporary agricultural practices but also illustrates the unique historical and
geographical contexts of its application [36,37].
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Historical traces of traditional charcoal production can be found in other regions of
the world, reflecting the types of raw materials and technologies available in these areas
(Figure 2) and also serving as evidence of the long-term impact of biochar on soil.
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Figure 2. Traditional forms of charcoal production in different regions of the world.

3. Cutting-Edge Techniques for Creating Biochar

Besides the chemical composition of the raw material (biomass), the temperature
applied during biochar production plays a key role in shaping the properties of the fi-
nal product. The pH, porosity, and mineral content significantly depend on the specific
production technology [4].

3.1. The Pyrolysis Process and Its Stages

Pyrolysis is a thermal decomposition process that breaks down biomass in an anaerobic
environment, with operational temperatures ranging from 300 to 900 °C [38]. This process
generates three types of products: solid biochar, a liquid fraction, and gases. During
pyrolysis, a series of concurrent and sequential reactions occur, such as dehydration,
depolymerization, volatilization, carbonization, aromatization, and others [2,39-41]. The
yield and properties of the end products are influenced by the characteristics of the feedstock
and the pyrolysis conditions, including the temperature, heating rate, residence time,
particle size, and reactor design. The process unfolds in three primary stages: initial
moisture removal, core decomposition of biomass constituents, and subsequent secondary
reactions that further break down the material. The primary decomposition stage, occurring
between 200 and 400 °C, is crucial for the formation of solid char. Specific decomposition
ranges for biomass components are well established: hemicellulose between 250 and
350 °C, cellulose from 325 to 400 °C, and the more thermally resilient lignin between
300 and 550 °C [2,40,42].

Low-temperature pyrolysis (500-600 °C) is a prolonged process during which the
complete decomposition of cellulose and hemicellulose occurs, leading to the formation
of more stabilized biochar [43]. High-temperature pyrolysis (600-1000 °C) is faster and
shorter, resulting in more stable but less functional biochar, as cellulose and hemicellulose
partially or completely decompose during the process. Pyrolysis technology is diversified
into slow, intermediate, fast, and flash types, which are differentiated by their heat transfer
rate [2].
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Slow pyrolysis, renowned for its high char yield (~20-50%), operates at a slow heating
rate within a 400-600 °C temperature window, typically in batch process reactors, retorts,
or converters [44,45].

Intermediate pyrolysis, processing at a comparable temperature range but with slow
to moderate heating rates, can achieve char yields of ~20-40%. This method utilizes rotary
kilns, both externally and internally heated, along with auger-based designs [42,43].

Fast and flash pyrolysis technologies, characterized by rapid heating rates and brief
residence times, prioritize bio-oil production, with typical biochar yields of 5-20%. These
processes employ reactors like bubbling fluidized beds, circulating fluidized beds, and
ablative, cone, and twin-screw reactors designed for mechanical fluidization [45-47].

Moreover, emerging pyrolysis methodologies, including microwave-assisted, vacuum-
assisted, and hydropyrolysis, present alternative strategies for biomass conversion [46].
Among these, slow and intermediate pyrolysis technologies are particularly effective for
biochar production, with continuous rotary kilns and auger-based kilns representing robust
and established solutions [44,45].

3.2. Gasification and Hydrothermal Carbonization

Gasification stands out as a specialized thermochemical transformation that results in
85% syngas, 10% oil, and 5% biochar [48,49]. During the process, the biomass is exposed
to a controlled amount of oxygen, air, or steam, leading to the breakdown of its organic
components into simpler gases, primarily hydrogen (Hj), carbon monoxide (CO), and
carbon dioxide (CO;y). This process may also produce small amounts of methane (CHy)
and other trace gases. Syngas, with its rich composition of H, and CO, is a versatile energy
carrier and feedstock for various industrial applications [50,51].

Hydrothermal carbonization (HTC) is a thermochemical process that transforms
biomass into char within a water-based, inert environment, applying high pressure and ex-
tending the residence time from several hours to days. This technology is distinguished by
its ability to operate at both low (below 300 °C) and high (300-800 °C) temperatures [52-54].
Notably, HTC achieves significant char yields, with low-temperature processes yielding
around 65% and high-temperature processes between 30 and 60% [50]. A key advantage
of HTC lies in its capacity to process moist biomass without the need for drying, present-
ing a distinct benefit over other technologies. While HTC is efficient in producing high
yields of biochar, the biochar’s physicochemical characteristics can vary markedly from
those obtained through slow pyrolysis. Despite its high efficiency, the European biochar
certificate does not classify HTC-derived chars as biochar [55], suggesting a distinction in
their applicability and environmental impact. However, HTC might be more advantageous
for generating biocarbon aimed at energy production, as the chars produced have a low
ash content and high calorific value [2,55].

Flash carbonization is an innovative thermochemical methodology that includes the
initiation and regulation of swift combustion within a densely packed bed of biomass
under high pressure. This process is characterized by a unique interaction where the
fire ascends through the biomass while air is concurrently drawn downward, facilitating
the transformation of lignocellulosic biomass primarily into gas and solid by-products.
Typically, the process is completed in less than 30 min, maintaining temperatures ranging
from 330 to 650 °C [56-59]. The efficiency of flash carbonization in producing biochar is
approximately 28 to 32%. However, a notable challenge of this technique is the necessity
for maintaining a high-pressure environment [50,57].

Each of these techniques produces biochar with varying proportions and properties
(Figure 3). The selection of suitable technology is contingent upon the particular application
objectives of the biochar and the type of biomass that is accessible [1].
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Figure 3. The components of modern biochar production.

4. Standardization of Biochar

Due to the variability of biochar and the heterogeneity in soil properties across spatial
and temporal scales, a sustainable utilization strategy is required, comprehensively address-
ing spatial heterogeneity and encompassing field-to-regional scales, within the relevant
socio-economic framework. This context includes considerations of the feedstock avail-
ability, resource competition, land use, agricultural practices, and greenhouse gas (GHG)
emissions. Transparent procedures and processes are essential to achieve the sustainable
production and application of biochar (Figure 4). The certification of biochar is identified
as a feasible approach, acting as an essential tactic in the implementation of sustainability
policies. The structure of the certification scheme, whether it functions as a standalone
approach or a subsystem incorporating various methodologies such as life cycle assessment
(LCA), zero-waste strategies, or contamination control measures, plays a pivotal role in its
effectiveness [60,61].

Certification schemes exhibit a broad spectrum, ranging from voluntary to mandatory,
self-regulated to externally audited, encompassing simple classifications to comprehensive
life cycle assessments, and from single-issue focus to multi-issue integration [61]. The
establishment of sustainable biochar systems requires a dual approach, incorporating both
“sustainable production” and “sustainable application” [55,61].

Certification typically communicates to consumers through stamps or eco-labels upon
verification that the product meets specified criteria. The extension of biochar labeling
is required, including both the technical description of biomass feedstock and biochar
material and the environmental and socio-economic contexts relevant to the application
site and feedstock origin [62]. An ideal labeling system would offer environmental data on
predetermined parameters through life cycle assessment, which would be verified by an
impartial third party [61].
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Given the nascent stage of employing carbonized biomass within agricultural sectors
for soil enhancement and climate change mitigation (specifically biochar), both national
and supranational regulatory frameworks within the European Union have not yet been
fully developed to oversee the production and application of biochar. This deficiency
is conveyed by the absence of the term “biochar” in any existing European or national
legislation [13,63]. Nonetheless, the efforts by biochar producers and users resulted in
partial success in integrating biochar products within the existing legislative frameworks
for fertilizers, soil improvers, and composts in various EU countries [63].

Voluntary biochar product standards: Voluntary biochar product standards serve a
crucial role in ensuring the sustainability and quality of various products. These standards
empower consumers to make informed choices by distinguishing products based on their
adherence to sustainability criteria [64]. The adoption of voluntary standards in regulatory
contexts underscores the evolving relationship between voluntary certification initiatives
and formal legislative requirements, enhancing the transparency and accountability of
product sustainability claims [62].

Currently, three emerging biochar certification programs and standards are recognized:
(1) the International Biochar Initiative (IBI), 2013; (2) the European Biochar Certificate (EBC),
2012; and (3) the British Biochar Quality Mandate (BBF), 2013. These frameworks share
the objectives of ensuring quality and safety for biochar products as soil amendments
and fostering the growth of the biochar industry and commercialization. Moreover, they
provide foundational information for future regulatory or legislative frameworks while
ensuring compliance with relevant environmental quality criteria.

The International Biochar Initiative (IBI), functioning as a non-profit entity head-
quartered in the United States, concentrates its efforts on advocating for best practices
within the industry, facilitating collaboration among stakeholders, and upholding strin-
gent environmental and ethical guidelines. Its aims include the development of biochar
systems that are both economically viable and environmentally sustainable. In the year
2015, the IBI unveiled version 2.1 of its Biochar Standard (IBI-BS) [13], featuring compre-
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hensive product definitions and testing protocols specifically tailored for biochar as a soil
amendment [63,65].

A crucial requirement of the IBI-BS is that biochar products must possess a minimum
organic carbon content of 10%. Additionally, these products are mandated to exhibit a
hydrogen-to-organic carbon ratio below 0.7 as an indicator of biochar stability. The stan-
dard necessitates the disclosure of various product attributes, including, but not limited
to, the moisture content, total ash content, total nitrogen content, pH value, and electrical
conductivity (as an indicator of salinity), as well as the CaCO3 content and particle size
distribution. The IBI-BS imposes thresholds for potential toxic elements (PTEs) and specific
organic pollutants, including polycyclic aromatic hydrocarbons (PAHs), polychlorinated
biphenyls (PCBs), polychlorinated dibenzodioxins (PCDDs), and polychlorinated dibenzo-
furans (PCDFs). To ensure no adversely affected seed growth, biochar is also required to
pass a germination inhibition assay [13,63,65].

The IBI-BS outlines precise sampling and analytical protocols, with the testing fre-
quency dependent on the feedstock type and production method. Biochar from biomass-
fueled combustion must undergo quarterly pollutant tests. Producers are required to
document feedstock data thoroughly, including the chain of custody and test results [2,13].
Compliance with the IBI-BS is verified by reviewing documents submitted by manufactur-
ers and testing laboratories. The standard does not require on-site checks or independent
verification by government-certified bodies. It excludes hazardous municipal solid waste
from feedstock but does not demand sustainability criteria or specific practices for biochar
production, such as GHG emission evaluations [13,66].

The European Biochar Certificate (EBC) marked an advancement for biochar within
the European Union (EU), where biochar was previously unrecognized in legal statutes. The
EBC was developed to precisely define biochar, enabling its assimilation into existing legal
frameworks concerning fertilizers and soil ordinances by establishing biochar as a quality-
manufactured product rather than waste. EBC was crucial for adopting a transparent
production and analysis control system for biochar, linked to the nuances of production
technology and feedstock types [67].

The objectives of EBC encompass multiple domains: establishing a control mechanism
grounded in cutting-edge scientific research and methodologies; furnishing consumers
with a reliable quality standard; allowing producers to validate their adherence to rigorous
quality criteria; promoting the dissemination of current knowledge to guide future regu-
latory frameworks; and pre-emptively addressing potential hazards linked with biochar
utilization [63].

The supervision of adherence to the EBC standards is administered by q.inspecta,
an autonomous quality assurance entity recognized by governmental authorities. This
oversight spans throughout Europe, with annual on-site audits performed by regional
inspection agencies. Biochar producers generating less than 50 tons per annum are exempt
from these on-site inspections; however, are obligated to adhere to a structured framework
of self-disclosure and comprehensive process documentation [55].

Laboratories assessing biochar must adhere to the EBC’s analytical methods, as speci-
fied in the guidelines set forth by the European Biochar Foundation (2012) and detailed by
Bachmann [67]. Laboratories are required to validate their compliance through participation
in ring trials or inter-laboratory comparisons. The focus is on elemental analysis, including
C,H, N, O, and S. Other areas of focus include the ash content, major elements, heavy met-
als, and organic contaminants. The organic contaminants assessed are polycyclic aromatic
hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), polychlorinated dibenzodioxins
(PCDDs), and polychlorinated dibenzofurans (PCDFs). Additional measurements include
the pH, electrical conductivity (EC), and specific surface area.

EBC distinguishes between “basic” and “premium” biochar grades, each defined
by unique threshold values for heavy metals and organic pollutants. The “basic” grade
conforms to the German Federal Soil Protection Act, while the “premium” grade adheres
to the more stringent Swiss Chemical Risk Reduction Act of 2005. EBC framework outlines
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permissible biomass feedstocks for biochar production and establishes comprehensive
sustainability metrics, including emissions, energy efficiency, heat recovery, feedstocks
procurement policies (emphasizing a maximum transport distance of 80 km to the pyrol-
ysis plant), and guidelines for biochar storage, fire and dust protection, handling, and
labeling [68].

The British Biochar Quality Mandate (BQM), launched in 2011 with support from the
Esmée Fairbairn Foundation and officially authorized by the British Biochar Foundation
(BBF) in 2013, represents a UK-specific initiative aimed at standardizing biochar quality.
This voluntary scheme, which culminated in the release of its first version in July 2014,
was developed collaboratively by scientists, policymakers, and regulators. It mirrors the
approach of creating official guidance documents for classifying waste-derived materials
as non-waste, achieving “end of waste” status, and has produced 14 Quality Protocols for
various materials [69].

BQM sets out Maximum Permissible Limits (MPLs) for toxicants and delineates key
biochar properties like the water holding capacity and cation exchange capacity, aiming
for a dual-tiered quality grading system (standard and high grade) with distinct criteria
for each. This system is grounded in sustainability evaluations of feedstocks, incorporat-
ing the chain of custody and evidence of legal and sustainable management alongside
life cycle assessment methodologies for GHG savings. It leverages existing UK and EU
legislation, enhanced with specific emission standards for biochar production while setting
guidelines for biochar application to safeguard human health and ensure environmental
integrity [63,69].

Despite the current absence of commercially accredited products under the BQM,
plans are in place to update and extend the mandate to reflect new EU developments and
applications of biochar [63,69].

5. Conclusions

The examination of biochar’s traditional sources and contemporary production meth-
ods, in conjunction with its standardization and regulatory context, highlights its potential
as a means for environmental conservation and agricultural advancement. Integrating
historical land management practices with current environmental strategies provides vital
insights into sustainable agricultural techniques that can significantly enhance soil fertility
and contribute to global climate mitigation efforts. To advance the biochar industry, poli-
cymakers should provide financial incentives and fund R&D for process and application
improvements. Supporting education and training, facilitating market development, and
encouraging sustainable practices are essential. Collaboration among stakeholders and
robust impact monitoring will further optimize the benefits and drive industry growth.
Implementing these measures can enhance biochar’s role in environmental management
and agricultural productivity.

The development and adoption of rigorous standards, alongside certifications spear-
headed by initiatives like the IBL, EBC, and BQM, play a crucial role in ensuring the integrity,
safety, and environmental efficacy of biochar in developed countries. These frameworks
not only guarantee the quality of biochar products but also foster trust among consumers,
producers, and policymakers, thereby facilitating the growth of the biochar industry.

In developing countries, traditional charcoal production methods—adapted to local
conditions—form the main basis for today’s biochar production. Facing technological and
financial barriers along with environmental issues, biochar production and application are
typically carried out and regulated on a local scale.

Building a sustainable biochar application system requires extensive scientific knowl-
edge of biochar-soil interactions and the consideration of relevant socio-economic and
temporal factors. The study of the soils in areas used for charcoal production over the cen-
turies provides an opportunity to reveal the long-term effects of biochar on soil. Historical
charcoal production practices, like those in Catalonia and Hungary, have left lasting im-
pacts on the soil structure. Additionally, biochar’s stability contributes to long-term carbon
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sequestration, mitigating the effects of climate change by storing carbon in the soil for cen-
turies. In regions such as Wallonia and Tuscany, historical charcoal production has altered
the soil properties to create distinctive microhabitats. This effect demonstrates biochar’s
role in improving soil health and enhancing biodiversity by modifying soil conditions and
creating stable, long-term environments for various organisms.

Adaptive regulation that accommodates new knowledge and development is essential,
potentially requiring regular revisions and updates.

As the biochar sector evolves, the emphasis should persistently be on enhancing
production methodologies, broadening research partnerships, and fine-tuning regulatory
structures. Prospects for biochar involve advancements in pyrolysis technology and feed-
stock optimization to enhance the yield, quality, and cost effectiveness. Emerging methods
like microwave-assisted and hydrothermal carbonization could expand biochar’s appli-
cations. Research may lead to tailored biochar formulations for various crops and soils.
Additionally, biochar could integrate with waste management practices, converting waste
into valuable soil amendments, and with other technologies such as composting and
precision agriculture to further improve soil health and productivity. Such efforts will
ensure that biochar can fully realize its potential as a cornerstone of sustainable agricultural
practices and a powerful tool in the fight against climate change.
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