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Abstract

Biochar has emerged as one of the most promising nature-based strategies for improving
soil quality, enhancing crop productivity and supporting climate-smart agriculture. How-
ever, the agronomic performance of biochar remains highly variable because its effects
are governed by complex interactions among feedstock characteristics, pyrolysis condi-
tions, soil properties and management practices. This review synthesizes recent advances
in biochar research (2019-2026), examining how production variables determine biochar
physicochemical properties and how these properties subsequently influence soil function-
ing, plant performance and long-term agricultural sustainability. The review integrates
evidence on feedstock selection, pyrolysis technologies, biochar modification strategies
and the relationships between biochar properties and soil physical, chemical and biological
processes. Particular attention is given to crop productivity, nutrient use efficiency, stress
mitigation, contaminant immobilization, greenhouse gas mitigation and long-term soil
resilience. Across the literature, the most consistent agronomic benefits were observed
when biochar was applied to degraded or resource-limited soils and integrated with com-
plementary management practices, whereas responses were often limited under fertile
soils, low application rates or short experimental periods. Rather than identifying a uni-
versally superior biochar, the evidence indicates that agronomic performance depends
on matching biochar characteristics to specific production objectives and environmental
conditions. Based on these findings, this review proposes a transition from generalized
biochar application towards optimized deployment strategies supported by standardized
characterization, long-term multi-site validation and integrated environmental and eco-
nomic assessments. This synthesis provides a comprehensive framework for guiding future
research and facilitating the effective implementation of biochar within sustainable and
regenerative agricultural systems.

Keywords: biochar; crop-productivity; regenerative agriculture; soil amendment; sustainability

1. Introduction

Global population growth and the intensification of food production, along with
climate change, are placing unprecedented pressure on natural resources, particularly
soil, water, and biodiversity [1-3]. At the same time, many conventional agricultural
practices, characterized by intensive tillage, excessive agrochemical inputs, and inefficient
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resource management, have contributed to widespread soil degradation, declining fertility,
and increased environmental vulnerability [3-5]. These challenges highlight the urgent
need to transition towards more sustainable agricultural systems capable of maintaining
productivity while preserving ecosystem integrity.

Regenerative agricultural practices have emerged as a promising pathway toward
restoring soil health while maintaining productive landscapes. Broadly defined, regen-
erative agriculture encompasses management strategies that rebuild soil organic matter,
enhance biodiversity, and strengthen ecosystem functions rather than merely sustaining
them [6,7]. Within this framework, biochar has attracted growing attention as a multifunc-
tional soil amendment [8]. Produced through the pyrolysis of biomass under limited oxygen
conditions, biochar possesses unique physicochemical properties that can influence soil
structure, nutrient dynamics, water retention, and carbon sequestration [4,9-12]. Although
the concept is not new (in reference to the ancient amazonian Terra Preta do Indio soils cre-
ated through the long-term incorporation of charred organic materials), biochar has recently
earned renewed scientific interest as a tool for climate-smart agriculture [13-15]. However,
despite its promising attributes, important uncertainties remain regarding its agronomic
performance, economic feasibility, and long-term environmental implications [16-18].

Despite the comprehensive body of knowledge currently available on biochar pro-
duction technologies, physicochemical properties, environmental applications, carbon
sequestration, greenhouse gas mitigation, or specific agronomic responses, these topics
are frequently addressed independently. Comparatively fewer reviews integrate the entire
sequence linking biomass feedstock and production parameters to biochar properties, sub-
sequent modifications in soil physical, chemical and biological processes, crop responses,
and long-term agronomic sustainability. Consequently, although the individual mech-
anisms underlying biochar behaviour are relatively well documented, the interactions
among these processes, and their role in explaining the context-dependent performance
of biochar across agricultural systems, remain sparsely synthesized. Bridging these dif-
ferent levels of evidence is essential for translating experimental findings into practical
recommendations capable of supporting site-specific biochar management.

Accordingly, this review adopts an integrated and context-oriented perspective to
examine how biochar production parameters determine its physicochemical properties and
how these properties subsequently influence soil processes, plant responses, and agronomic
sustainability. By synthesizing evidence published between 2019 and early 2026, this
review evaluates recent advances regarding biochar production, modification strategies,
physicochemical characteristics, soil physical, chemical and biological responses, crop
productivity, environmental sustainability, and current limitations. Particular emphasis
is placed on identifying the mechanisms responsible for the highly variable agronomic
performance of biochar reported in the literature, highlighting current knowledge gaps,
discussing the principal constraints limiting large-scale implementation, and proposing a
practical framework for the development of more predictable, efficient, and context-specific
biochar management strategies. To achieve this objective, the review is organized into five
interconnected themes covering biochar production and modification, physicochemical
properties, soil and crop responses, sustainability implications, and the major limitations
and future research needs associated with its agricultural application.

2. Materials and Methods
2.1. Literature Search Strategy

This review was conducted using a structured narrative approach to synthesize recent
advances regarding the production, physicochemical properties, agronomic applications,
sustainability implications, and limitations of biochar in agricultural systems. A compre-
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hensive literature search was performed between January and February 2026 using the
scientific databases Scopus, Web of Science, ScienceDirect, and Google Scholar.
The search strategy combined keywords related to biochar production and agricul-

V73 V77

tural applications, including “biochar”, “pyrolysis”, “feedstock”, “soil amendment”, “soil

77 77 v

fertility”, “soil microbiology”, “soil hydraulics”, “crop productivity”, “water retention”,
“carbon sequestration”, “greenhouse gas emissions”, “circular bioeconomy”, “regenerative
agriculture”, and related terms. Boolean operators (AND/OR) were used to refine the

search and improve retrieval accuracy.

2.2. Eligibility Criteria

The review primarily included peer-reviewed articles published in English between
2019 and early 2026, together with a limited number of earlier publications considered
essential for providing historical context or describing fundamental biochar concepts.
Original research articles, review papers, and meta-analyses focusing on agricultural
applications of biochar were considered eligible.

Publications unrelated to agricultural systems, conference abstracts, editorials, du-
plicate records, and studies providing insufficient methodological information or limited
scientific relevance to the objectives of this review were excluded. The detailed eligibility
criteria are shown below in Table 1.

Table 1. Eligibility criteria for the review.

Inclusion Criteria Exclusion Criteria

Non-peer-reviewed publications
(conference abstracts, editorials, theses
and reports).

Peer-reviewed original research articles,
systematic reviews and meta-analyses.

Publications in English, published Publications outside the defined scope or
primarily between 2019 and early 2026. superseded by more recent evidence.

Studies focusing on biochar production,
properties, soil-plant interactions,
agronomic performance, sustainability
and environmental impacts.

Studies unrelated to agricultural biochar
applications or providing insufficient
methodological detail.

2.3. Study Selection and Data Synthesis

The literature search resulted in the compilation of a bibliographic database containing
187 scientific publications. Following title, abstract, and full-text evaluation according to
their scientific relevance and consistency with the objectives of the review, 124 scientific
publications were selected for inclusion in the final manuscript.

Information extracted from each study included biomass feedstock, production
technology, pyrolysis conditions, physicochemical properties, modification strategies,
soil characteristics, crop species, agronomic responses, environmental impacts, and
reported limitations.

2.4. Data Analysis

Owing to the considerable heterogeneity among experimental designs, biochar feed-
stocks, production conditions, soil types, climatic conditions, crop species, application
rates, and response variables, a quantitative meta-analysis was not considered appropriate.
Therefore, the available evidence was synthesized using a structured narrative approach,
emphasizing the comparison of reported outcomes and the discussion of the mechanisms
underlying biochar performance.
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3. Biochar Production, Properties, Agronomic Applications, Challenges
and Limitations

The following content is structured into three main sections. The first examines biochar
production pathways and the physicochemical properties of the resulting materials. The
second synthesizes the agronomic implications of biochar application, encompassing its
effects on soil physical, chemical, and biological processes, as well as crop performance,
nutrient dynamics and sustainability. Finally, the Section 3 of this review focuses on
challenges and limitations surrounding biochar use in agricultural settings.

3.1. Biochar: Production and Properties

Biochar is a carbon-rich material produced through the thermochemical conversion
of biomass under limited or absent oxygen conditions, at high temperatures, usually in
a process referred to as pyrolysis [15,19-22]. This process promotes the transformation
of organic feedstocks into a relatively stable, aromatic carbon structure while retaining
varying proportions of mineral constituents [22].

The agronomic performance of biochar is intrinsically linked to its production parame-
ters and compositional characteristics. Feedstock type, pyrolysis temperature, heating rate,
and residence time significantly influence its physicochemical properties, including surface
area, porosity, pH, cation exchange capacity, and carbon stability. Consequently, controlling
these variables is critical to tailoring biochar functionality for specific soil and crop systems.
Figure 1 presents a conceptual diagram illustrating the various factors influencing biochar
production and properties and, consequently, its agronomic effects in soil-plant systems.

Feedstock type
« Lignocellulosic (agricultural
residues, forestry residues, Modifications
> husks) _—
« Non-Lignocellulosic (manure, « Physical Soil processes
Feedstock sewage sludge, algae, food "+ Chemical
waste) « Activation « Water retention

Pyrolysis

v

Pyrolysis conditions

+ Temperature
+ Heating rate
* Residence time
+ Atmosphere

« Nutrient dynamics
* Microbial activity
« Soil aggregation

N\

Biochar

v

Biochar properties

« Surface area
« Pore structure

Agronomic outcomes
« Functional groups _—

+pH Biochar-Plant- » = Crop productivity

+ Nutrient content Soil Interactions * Nutrient use efficiency

« Carbon stability « Soil fertility
improvement

Figure 1. Key factors influencing biochar properties and their implications for soil and crop per-
formance. Biochar properties are primarily determined by the type of feedstock (lignocellulosic or
non-lignocellulosic biomass), pyrolysis operating conditions (temperature, heating rate, residence
time and atmosphere), and optional post-production modification strategies (physical, chemical or
activation treatments). These production variables define key physicochemical characteristics of
biochar, including surface area, pore structure, functional groups, pH, nutrient content and carbon
stability. Once incorporated into soil, these properties regulate biochar-soil-plant interactions by
influencing fundamental soil processes such as water retention, nutrient cycling, microbial activity
and soil aggregation. (Icons designed by Magnific, www.magnific.com (accessed on 11 March 2026).
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3.1.1. Production
Feedstock

One of the first aspects to consider in biochar production is the type of feedstock,
as it is one of the main determinants of the material’s physical, chemical and functional
properties. Ideally, biomass should exhibit low moisture content, high lignin content, low
ash content and a high calorific value, since these factors affect the efficiency and yield of
the pyrolysis process [20]. Biomass used for biochar production may originate from diverse
sources and is generally classified as lignocellulosic (agricultural residues, forestry residues,
husks, sawdust) or non-lignocellulosic (manure, sewage sludge, algae, food waste) [23,24].

In terms of composition, biomass contains three main organic components—cellulose,
hemicellulose and lignin—along with inorganic mineral matter. Thermal decomposition
of these components occurs at different temperature ranges during pyrolysis, influencing
product yield and distribution [22,25]. Hemicellulose, cellulose, and lignin decompose at
distinct temperature ranges that shape their pyrolytic behaviour. Hemicellulose degrades
first, between 220 and 315 °C, yielding mainly low-molecular-weight volatiles that con-
tribute to bio-oil and syngas formation. Cellulose decomposes next, within 315-400 °C,
producing predominantly volatile compounds through depolymerization and rearrange-
ment reactions, with relatively limited biochar generation. In contrast, lignin undergoes
the broadest and most gradual decomposition, spanning 160-900 °C, driven by free-radical
mechanisms and resulting in substantial biochar formation alongside phenolic bio-oil pre-
cursors [22]. Biomass with higher lignin content and lower cellulose content is preferred
for producing biochar with higher fixed carbon content and long-term stability [20,26,27].
Additionally, the presence of minerals in biomass can act as catalysts, affecting both thermal
decomposition and the properties of the final biochar [25].

Moisture content is another critical factor. For fast pyrolysis processes, moisture levels
below 10% are recommended to minimize energy costs. In contrast, slow pyrolysis or
pressurized processes can accommodate biomass with 40-60% moisture, although with a
greater impact on energy efficiency [23]. Kumar and Bhattacharya [20] further note that
biomass moisture content should be below 30%, ideally achieved through solar drying, to
reduce energy consumption and improve thermal efficiency.

The physicochemical characteristics of biochar are strongly determined by the nature
of the precursor biomass. Agricultural residues, agro-industrial by-products, marine
biomass, and organic wastes exhibit distinct structural and elemental compositions that
translate into different functional behaviours in soil systems. For instance, devolatilized
agricultural pod residues produced stable carbon-rich biochar with enhanced surface area
and structural ordering, although their properties varied significantly across feedstocks [28].
Similarly, maize cob biochar demonstrated increasing carbon content and porosity with
rising pyrolysis temperatures, reflecting the progressive transformation of lignocellulosic
material into more aromatic carbon structures [29]. Marine biomass feedstocks such as
Posidonia oceanica, Halidrys siliquosa, and Ulva lactuca produced biochar rich in essential
plant nutrients, including N, P, K, Ca, Mg, and micronutrients, with elemental composition
influenced more strongly by temperature than holding time [30]. These findings highlight
the dual function of certain feedstocks, combining carbon stabilization with nutrient supply
potential. Pandey et al. [23] mentioned that straw-derived biochar typically exhibits a higher
pH (around 9.5) and higher potassium content than wood-derived biochar; in addition,
residues such as rice husk or peanut shells tend to yield higher biochar production.

Co-pyrolysis approaches also demonstrate feedstock synergy. Basika et al. [31] showed
that combining fecal sludge and rice husks (50:50 ratio) at 550 °C produced biochar with
enhanced surface area (62.7 m? g~1), improved pore volume, and favourable functional
group profiles, suggesting that strategic blending can optimize material performance. A
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summary of main feedstock categories and their key characteristics is presented below in

Table 2.

Table 2. Comparative table of different feedstock categories and their characteristics.

Characteristics of

Feedstock Category Resulting Biochar Examples
High fixed carbon, high
Woody biomass aromaticity, low ash Wood chips, sawdust,

content, relatively low
nutrient concentration

forestry residues [20,23,29]

Agricultural residues

Moderate to high carbon
content, moderate ash
content, alkaline pH,

Straw, maize cobs, rice
husks, peanut shells, pod

relatively high K residues [23,28,29]
concentration
High ash content, high

Animal manure nutrient concentration (N,  Poultry litter, cattle
P, K), high electrical manure [23,24]

conductivity, alkaline pH

Rich in nutrients and
mineral phases; relatively
high surface functionality

Sewage sludge/fecal
sludge

Sewage sludge, fecal
sludge [24,31]

Rich in macro- and
micronutrients (N, P, K, Ca,
Mg); composition strongly
influenced by pyrolysis
temperature

Posidonia oceanica, Halidrys

Marine biomass siliquosa, Ulva lactuca [30]

Tailored physicochemical
properties through
feedstock blending;
increased surface area and
pore volume

Rice husk + fecal sludge

Co-pyrolyzed feedstocks (50:50) [31]

Beyond agronomic properties, feedstock selection carries environmental and socioeco-
nomic implications. The use of organic residues for biochar production not only reduces
solid waste but also valorizes agricultural by-products and strengthens overall waste-
management practices, thereby aligning with several Sustainable Development Goals
(SDGs) [20].

Processes

Biochar production can be carried out through different thermochemical conversion
processes, such as combustion, gasification, torrefaction, flash carbonization, hydrothermal
carbonization and pyrolysis. The latter is the most widely used process for producing
stable biochar and is considered technically and environmentally more suitable [22,23,32].

(@) Pyrolysis

Pyrolysis is a thermochemical conversion process in which biomass is heated in an in-
ert atmosphere (absence of oxygen), leading to its decomposition into three main fractions:
biochar (solid), bio-oil (liquid) and synthesis gas (syngas). Biomass undergoes thermal de-
polymerization reactions when exposed to temperatures between 300 and 900 °C, resulting
in the breakdown of organic chains and the formation of more stable compounds [22,25].
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The proportion of products obtained depends on variables such as pyrolysis tem-
perature (°C), heating rate (°C s~! or °C min1), residence time (s or min), and biomass
characteristics such as moisture content, lignocellulosic composition and particle size. For
example, higher temperatures tend to favour the formation of gases and liquids, whereas
moderate temperatures combined with longer residence times result in a higher proportion
of biochar with elevated fixed carbon content [20,22,25].

From a physical standpoint, pyrolysis is an endothermic process requiring external
heat input. However, part of the syngas generated can be recirculated to thermally sustain
the reactor, improving the overall energy efficiency. Biomass conversion depends on the
structure of its lignocellulosic constituents and the way they fragment during heating. The
vapours produced are typically directed through cyclones and condensers, which separate
the liquid fraction (bio-oil) from the non-condensable gases, which can be reused as an
energy source [25].

Pyrolysis can be broadly classified into three to four operational regimes: slow, inter-
mediate, fast and flash pyrolysis, which differ primarily in heating rate and residence time,
while their temperature ranges partially overlap. These operational parameters determine
the relative proportions of biochar, bio-oil and syngas, as well as the physicochemical
characteristics of the resulting biochar [22,26,33,34].

Among these, slow pyrolysis remains the dominant technology for agricultural biochar
production. It is typically performed at moderate temperatures (approximately 300700 °C)
under relatively low heating rates and long residence times (from minutes to several hours
or even days), conditions that promote secondary carbonization reactions and maximize
solid carbon recovery. Consequently, slow pyrolysis generally produces the highest biochar
yields (~=30-45%), characterized by elevated fixed carbon content, greater aromaticity and
enhanced long-term stability, making it particularly suitable for soil amendment and carbon
sequestration [22,23,26,33].

As heating rate increases and residence time decreases, thermal decomposition in-
creasingly favours volatilization reactions over char formation. Intermediate pyrolysis
represents a transitional regime, producing relatively balanced proportions of biochar and
bio-o0il, whereas fast pyrolysis is specifically designed to maximize liquid fuel production.
Operating at temperatures generally above 500 °C, with very high heating rates and resi-
dence times of only a few seconds, fast pyrolysis typically yields around 60% bio-oil, 20%
biochar and 20% syngas, with the resulting biochar generally exhibiting lower yield and
recalcitrance than that produced by slow pyrolysis [33,34].

Flash pyrolysis follows the same principle as fast pyrolysis but represents its most
extreme operational configuration. It employs ultra-high heating rates (>1000 °C s~ 1),
residence times below 10 s and finely milled biomass to maximize heat transfer and almost
instantaneous volatilization. As a result, flash pyrolysis further increases liquid product
recovery while minimizing biochar formation, making it primarily suitable for biofuel
production rather than agricultural biochar applications [23,34,35].

Overall, the transition from slow to flash pyrolysis reflects a progressive shift from max-
imizing biochar production towards maximizing bio-oil and syngas generation, illustrating
the inherent trade-off between carbon sequestration potential and energy recovery.

Still regarding pyrolysis, temperature remains one of the most critical determi-
nants of biochar properties. Across multiple studies, increasing pyrolysis temperature
consistently reduced biochar yield but enhanced aromaticity, structural stability, and
carbon condensation.

In maize cob biochar, yield declined from 34.3% at 300 °C to 22% at 500 °C, while fixed
carbon content increased from 47% to 57%, accompanied by substantial increases in surface
area and porosity [29]. Similar trends were reported for agave-derived biochar, where
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higher temperatures (550-700 °C) significantly reduced H/C and O/C ratios, indicating
greater aromaticity and long-term carbon stability [36]. However, these improvements
occurred alongside reduced mass yield, illustrating the trade-off between production
efficiency and carbon recalcitrance. Atmospheric conditions during pyrolysis further
influence structural development.

Gomes da Silva et al. [36] demonstrated that a CO, atmosphere enhanced surface area
and porosity relative to Ny, suggesting that controlled oxidative environments can modify
pore architecture without compromising stability.

Moreover, high-temperature treatment can substantially reduce contaminant content
in certain feedstocks. In cocoa pod husk biochar, pyrolysis at >700 °C reduced Cd con-
centrations by over 90%, while also increasing adsorption capacity (qm =21.58 mg g~ 1),
highlighting the dual role of thermal treatment in detoxification and sorptive functional-
ity [37]. Table 3 summarizes the relationship between pyrolysis temperature parameters
and the biochar properties and their consequent agronomical effect.

Table 3. Influence of pyrolysis temperature on biochar profile.

Pyrolysis Outcomes Biochar Properties Implications for Soil and Crop Source
Parameter Performance
. . Greater aromaticity,
Biochar yield higher carbon Enhanced long-term SOC
. decreased from . e
Increasing o o . condensation, stabilization, improved aggregate
34.3% to 22%, while . . .
temperature fixed carbon increased structural ~ formation, greater water retention [29]
(300-500 °C) . o stability, larger and nutrient adsorption, although
increased from 47% . - .
surface area and with reduced production yield
to 57% .
porosity
Higher pyrolysis  Progressive decrease = Greater aromaticity Ir}creasefi lon'g—term persistence of
. biochar in soil and greater carbon
temperatures inH/Cand O/C and carbon . ) [35]
o . . sequestration potential, but lower
(550-700 °C) ratios recalcitrance . . V.
biochar production efficiency
More developed pore Enhanced adsorption capacity and
CO; atmosphere  Increased surface architecture without  potentially improved nutrient [35]
(vs. Np) area and porosity compromising retention and soil amendment
structural stability performance
High- cd concentratloon Lower contaminant ~ Reduced contaminant bioavailability,
reduced by >90% o . .
temperature . content and safer application of biochar derived
. and adsorption . . . [36]
pyrolysis capacity increased enhanced sorptive from contaminated biomass and
(=700 °C) pactty functionality greater potential for soil remediation

(qm =21.58 mg g~ 1)

(b) Other Processes
In addition to pyrolysis, several other processes can be used for biochar production,
each with its own specific characteristics (Figure 2) [24,33-35]:

e  Gasification (500-1200 °C)—produces mainly syngas, with a low biochar yield
(~10%).

e  Torrefaction (200-300 °C)—a mild pretreatment of biomass, with limited impact
on biochar production.

e  Flash Carbonization (350-650 °C)—a rapid, pressurized process that generates a
balanced proportion of biochar and gases.

e  Hydrothermal Carbonization (800-1200 °C)—used for wet biomass; produces
hydrochar, which is not directly comparable to pyrolysis-derived biochar.
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o Gaseification —— Syngas as main
500-1200°C product
Torrefaction ——— Torrefied biochar
o 200-300°C

e Gas carbonisation ——— Biochar+gases

350-650°C

Hydrothermal _— Hydrochar as
carbonisation main product
800-1200°C

Figure 2. Schematic representation of the main biomass-to-biochar production pathways. Lignocellu-
losic biomass is converted into biochar through different thermochemical technologies (gasification,
torrefaction, flash carbonization, and hydrothermal carbonization), each characterized by specific
operating conditions that influence the physicochemical properties and potential agricultural applica-
tions of the resulting biochar.

Modifications

Although pyrolysis-derived biochar already exhibits valuable properties, it can be
further modified to enhance its effectiveness, particularly in terms of surface area and pore
development (often achieved through activation techniques), surface functional groups,
adsorption capacity, and chemical reactivity. Biochar modification can involve physical or
chemical treatments, with chemical approaches being the most widely applied [32,38,39].

(a) Physical Modifications

Particle size represents a practical post-production parameter influencing soil-biochar
interactions. Field evidence indicates that finer biochar fractions (<2 mm) can improve
nitrogen uptake, nutrient use efficiency, and grain yield in rotation systems, particularly
when combined with biofertilizers [40]. However, particle size also affects soil aeration and
moisture dynamics, with optimized size distributions influencing water—oxygen balance
and delaying senescence under drip irrigation systems [41].

At the nanoscale, biochar modification can significantly enhance contaminant immobi-
lization capacity. Raczkiewicz et al. [42] reported stronger polycyclic aromatic hydrocar-
bons (PAH) immobilization and improved soil health indicators using nanoscale biochar
compared to conventional forms, demonstrating the importance of surface reactivity and
particle size in remediation contexts.

Additionally, digestion-mediated modification offers an unconventional pathway for
biochar ageing and stabilization. Walz et al. [43] demonstrated that 70-90% of biochar fed
to dairy cattle was recovered in manure, retaining highly condensed aromatic structures
(H/C=0.22; O/C = 0.05) and ~97% of the persistent carbon matrix. These findings
suggest that manure-mediated application may preserve biochar stability and contribute to
long-term carbon sequestration.

(b) Chemical Modification

Acid modifications primarily aim to remove impurities such as metals and to introduce
acidic functional groups (carboxylic, phenolic, lactonic) on the biochar surface. Different
acids, such as HCl, HNOj3, H,SO, or H3POy, produce variable effects on surface area
and functional composition, depending on their concentration, the biomass type and the
treatment conditions. Some combinations, such as sulfuric acid with oxalic acid, have
shown substantial increases in surface area, whereas others may reduce it [33,38,39].

Alkaline modifications are typically performed using potassium hydroxide (KOH) or
sodium hydroxide (NaOH), with the main objective of increasing surface area and intro-
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ducing oxygen-containing groups such as hydroxyls and carboxyls. Although generally
effective, results vary depending on the biomass type and the biochar production method.
For example, NaOH has been shown to be more cost-effective and, in some cases, more
efficient than KOH. The ratio between biochar mass and alkaline reagent directly influences
the outcome [33,39,44].

On the other hand, oxidizing agents such as hydrogen peroxide (H,O,) or potassium
permanganate (KMnOy) are used to introduce oxygen-containing groups on the biochar
surface, increasing affinity for certain pollutants. However, effectiveness depends on the
nature of the target contaminant, and trade-offs may arise between functionalization and
adsorption capacity. Additionally, reagent cost and post-treatment requirements limit
large-scale application [32].

Despite the clear advantages of biochar modification in enhancing adsorption capac-
ity, nutrient retention and pollutant immobilization, these benefits are accompanied by
important agronomic trade-offs that may limit large-scale agricultural adoption. Most
modification techniques require additional processing steps, chemical reagents or energy-
intensive treatments, increasing production costs compared with pristine biochar [38,39].
Physical activation methods, such as steam or gas treatment, improve porosity and surface
area but require high energy inputs, whereas carbon-based modifiers (e.g., graphene) re-
main economically prohibitive for most agricultural applications. Chemical modifications
using acids, alkalis or oxidizing agents further increase process complexity because residual
solutions require appropriate treatment and disposal to prevent secondary environmental
contamination. Likewise, metal- or metal oxide-modified biochars raise concerns regarding
the potential release of metal ions into soil, highlighting the need to improve the long-term
stability of these materials before widespread field application [32]. From an agronomic
perspective, these additional production costs reduce the economic feasibility of biochar-
based products, particularly for small- and medium-scale farming systems, where adoption
is strongly influenced by input costs [45]. Furthermore, although modified biochars fre-
quently stimulate microbial activity by improving soil habitat and nutrient availability,
their long-term effects on soil microbial communities and soil ecological functioning remain
insufficiently understood [46]. Consequently, future research should focus not only on
maximizing modification efficiency but also on developing cost-effective, scalable and envi-
ronmentally safe modification strategies that maintain agronomic benefits under realistic
field conditions.

Comparing the techniques, alkaline modification tends to increase surface aromaticity
and the nitrogen-to-carbon ratio, making the biochar more basic and less hydrophilic.
Oxidizing agents, in contrast, predominantly introduce carboxylic groups. The choice of
modification method must consider the intended application of the biochar, operational
costs, waste generated during treatment and the desired effects in terms of adsorption,
nutrient retention or catalytic activity [32].

(c) Activation

Activation is a specific engineering strategy used to enhance the structural and sur-
face properties of biochar by increasing its porosity, surface area, and density of reactive
functional groups. This process can be achieved through physical activation, typically
involving high-temperature treatment with oxidizing gases such as steam or CO,, or chem-
ical activation using agents such as KOH, ZnCl,, or H3POj4 that promote pore development
and surface functionalization [44]. In addition to classical methods, several alternative
approaches have emerged, such as UV radiation activation and magnetic modification. Ex-
posure to UV radiation, particularly UV-A (315-380 nm), induces oxidation on the biochar
surface, forming oxygen-containing functional groups and increasing surface area [23].
Activated biochar generally exhibits improved adsorption capacity and greater reactivity,
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which can enhance nutrient retention and contaminant immobilization in soils. How-
ever, despite these potential benefits, activation techniques are more commonly applied
in environmental remediation and material science, and remain relatively uncommon in
agronomic applications due to their higher processing complexity and cost compared to
conventional biochar production [44].

3.1.2. Properties

Collectively, the reviewed studies indicate that key physicochemical properties,
namely surface area, pore volume, aromaticity, pH, nutrient content, and elemental ratios,
are tightly regulated by production parameters.

Physical Properties

(a) Specific Surface Area—Biochar typically exhibits a surface area ranging from 1.5 to
500 m?/g. This generally increases with higher pyrolysis temperatures, as the release
of volatiles and tars opens internal pores within the carbon matrix. However, beyond
a critical temperature threshold, micropore collapse may occur, reducing total surface
area [19,23,39].

(b) Water Holding Capacity—Water-holding capacity is governed by the combined
effects of pore structure and surface chemistry. Increasing pyrolysis temperature
generally removes tar residues and improves pore accessibility, favouring water
storage within the biochar matrix [47,48]. However, higher temperatures also reduce
oxygen- and nitrogen-containing functional groups while increasing aromaticity,
thereby decreasing surface wettability [19,49]. Consequently, the overall effect of
pyrolysis temperature on water-holding capacity depends on the balance between
enhanced pore development and the loss of hydrophilic surface functionalities, as
well as on feedstock characteristics.

(c) Structural Stability—Due to its high aromatic carbon content, low solubility and
resistance to physical, chemical and biological degradation, biochar is highly stable
and can persist in soils for long periods. This long-term persistence contributes to
carbon sequestration and improved soil quality [20,23,39].

(d) Porosity and Density—Biochar’s low bulk density and highly porous structure en-
hance its capacity to retain water and nutrients, particularly in sandy soils. Studies
indicate that biochar application can reduce soil bulk density by 3-31% and increase
porosity by 14-64%. These effects improve plant water use efficiency and nutrient
uptake, promoting more sustainable plant growth [20,23,39].

Chemical Properties

(a) pH—Biochar is generally alkaline due to the presence of ash, carbonates and phos-
phates formed during pyrolysis. Its pH tends to increase with higher carbonization
temperatures as acidic functional groups (such as carboxyls) decompose and organic
acids volatilize. For example, poultry manure-derived biochar typically exhibits a
higher pH than biochar produced from woody biomass [19]. Thus, biochar pH in-
creases with pyrolysis temperature, reflecting the decomposition of acidic functional
groups and the volatilization of organic acids [20,39].

(b) Functional Groups—The surface of biochar is rich in functional groups such as car-
boxyl, hydroxyl and carbonyl, particularly in biochar produced at lower temperatures.
These groups confer adsorption capacity, buffering ability and ion exchange proper-
ties. As pyrolysis temperature increases, the number of oxygen-containing functional
groups tends to decrease, being replaced by more stable and alkaline groups [19,39].

(c) Cation Exchange Capacity (CEC)—Biochar CEC is closely linked to the presence of
oxygen-containing functional groups. At moderate temperatures, retention of these
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groups can increase CEC, whereas higher pyrolysis temperatures reduce CEC by
degrading them. However, the increased presence of alkaline elements such as K, Ca
and Mg at higher temperatures may partially compensate for this reduction [19,20,39].

A summarized table is presented below encapsulating the key aspects of biochar
physicochemical properties at play in the agronomical context (Table 4).

Table 4. Summary of the main physical and chemical properties of biochar.

Physical Properties Chemical Properties

Specific surface area—1.5-500 m? g~ 1;
generally increases with pyrolysis
temperature until pore collapse occurs.

pH—Typically alkaline; increases with
pyrolysis temperature and ash content.

Water-holding capacity—Governed by
pore structure and surface chemistry;
strongly influenced by feedstock and
pyrolysis conditions.

Functional groups—Carboxyl, hydroxyl
and carbonyl groups regulate adsorption,
buffering and ion exchange.

Cation exchange capacity
(CEC)—Controlled by oxygen-containing
functional groups and alkaline mineral
content.

Structural stability—High aromatic carbon
content provides long-term persistence
and carbon sequestration potential.

Nutrient content—Feedstock-dependent
concentrations of K, Ca, Mg, P and other
mineral elements contribute to soil
fertility.

Porosity and bulk density—High porosity
and low density improve aeration,
infiltration and water storage.

The physicochemical attributes described above are highly dependent on the condi-
tions under which biochar is produced. Variations in feedstock composition, pyrolysis
temperature, and processing strategies can substantially modify the structural and chemical
characteristics of the resulting material. Feedstock composition determines mineral con-
tent and nutrient availability [28,30] and co-pyrolysis or blending strategies can optimize
surface functionality [31].

At pilot scale, locally adapted kiln systems have demonstrated the capacity to pro-
duce alkaline, carbon-rich biochar suitable for soil amendment and carbon sequestration,
suggesting scalability beyond laboratory conditions [50].

In short, biochar production represents a structure—function continuum: production
variables determine physicochemical properties, which in turn regulate soil reactivity,
nutrient dynamics, contaminant immobilization, and long-term carbon stability.

3.2. Biochar Agronomical Applications

The growing adoption of biochar in agriculture is supported by a substantial body
of evidence demonstrating its benefits. A review of several recent studies highlights
multiple positive effects resulting from the application of biochar in agricultural systems,
encompassing physical, chemical and biological improvements to soil, as well as increases
in crop productivity and improvement of sustainability [51-53].

3.2.1. Physiochemical Soil Effects

Across field, greenhouse, and controlled incubation studies, biochar application con-
sistently alters soil physicochemical functioning through changes in pH regulation, carbon
stabilization within aggregates, cation exchange capacity, moisture-aeration dynamics, and
(in some systems) nutrient availability and loss pathways. However, the magnitude and
direction of these effects remain strongly dependent on biochar type, dose, soil baseline
status, and experimental time scale.
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(@) Soil Carbon Dynamics and Stabilization

An observed physicochemical outcome is the enhancement of soil carbon storage and
its redistribution among physically protected pools. In a field study evaluating aggregate-
associated carbon fractions, biochar significantly increased soil organic carbon (SOC),
particularly within macroaggregates, while promoting mineral-associated organic carbon
(MAOC) formation and shifting carbon functional group distribution, changes consistent
with improved aggregate stability and strengthened carbon protection mechanisms [54].
This aligns with the concept that biochar can contribute not only to total SOC gains but
also to more persistent carbon forms through aggregation-mediated physical protection
and organo-mineral association.

In a three-year experiment in a high-latitude field evaluating diversified cover-crop
systems in barley, a low annual biochar application of 1 Mg ha~! /year (totalling 3 Mg ha™!)
was included as a treatment to assess its potential contribution to soil organic carbon
(SOC) dynamics [55]. However, the biochar-fertilizer treatment showed no significant
improvement in SOC stocks, nor in the particulate organic matter (POM) or mineral-
associated organic matter (MAOM) pools, when compared with the fertilized monocrop
barley system, even with the presence of cover crops. Importantly, although biochar did
not enhance SOC stabilization within the three-year period, it did not negatively affect soil
quality or crop yield, indicating that low-dose biochar applications remain agronomically
safe, even if insufficient to drive measurable carbon sequestration in the short term [55].

Long-term field evidence shows that biochar can contribute substantially to soil carbon
stabilization, though its effectiveness depends strongly on soil texture and biochar quality.
In loamy soils, the application of carbon-rich, wood-derived biochar (31.5 Mg ha~!) leads
to persistent increases in soil organic carbon (SOC) for at least seven years, supported by
the long-term stability of black carbon and the accumulation of highly condensed aromatic
structures [56]. In contrast, high biochar additions (40 Mg ha~!) on sandy soils exhibit
significant SOC and black carbon losses due to limited physical protection, enhanced
microbial degradation, higher susceptibility to oxidation and pronounced vertical transport
of biochar particles to deeper layers. These findings indicate that biochar enhances SOC
sequestration most effectively in fine-textured soils and when produced from carbon-rich
feedstocks with high aromaticity [56].

Biochar significantly increased SOC in saline-alkaline soil cultivated with Arundo
donax, with effects rising proportionally to application rate; the highest dose (30 t ha™!)
boosted SOC by up to 47% during the growing season. These SOC gains were driven
primarily by a strong increase in microbial necromass carbon (MNC), a highly stable
carbon pool, which biochar enhanced by 23-31%, thereby improving long-term SOC
stabilization [57]. Collectively, these studies indicate that long-term SOC stabilization is
governed by the interaction between biochar stability, soil texture and application rate.
Carbon-rich, highly aromatic biochars applied to fine-textured soils consistently promoted
greater carbon persistence, whereas low application rates or coarse-textured soils limited
aggregate protection and long-term carbon sequestration.

(b) Soil pH and CEC

Biochar increases soil pH and enhances exchange properties, but the agronomic signif-
icance may differ between short- and longer-term responses. In a field trial testing carbon
functional groups across organic fertilizer types, corn-straw biochar—characterized by
phenolic and carbonyl C—raised soil pH (~+9%) and organic carbon (~+45.8%) yet pro-
duced limited short-term yield stimulation relative to more labile organic amendments [58].
This reinforces an important mechanistic distinction: biochar can shift the soil chemical
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environment (pH and OC) without necessarily translating into immediate productivity
gains when nutrient release is constrained or when yield is not primarily pH-limited.

In semi-arid greenhouse conditions, biochar substantially increased soil CEC (reported
up to +165% at 10% v/v) alongside improved microbial abundance and enzymatic activity,
indicating that exchange capacity gains may be particularly consequential in low-buffering
soils where nutrient retention is limiting [59]. Similarly, integrated field management
approaches combining biochar and biofertilizers improved soil pH, CEC, and organic
carbon, while biofertilizers primarily strengthened biological activity; the combined treat-
ment enhanced nutrient availability and soil functioning and improved stability-based
sustainability indicators [60].

Modified biochar further demonstrates how targeted physicochemical engineering
can amplify soil benefits. In pathogen-challenged tomato systems, silicon-modified biochar
increased soil pH, CEC, EC, and moisture, while also enhancing multiple carbon fractions
(e.g., microbial biomass C and mineral-associated pools) and overall soil multifunctionality,
showing that amendments can simultaneously restructure chemical buffering and carbon
dynamics under biotic stress [61]. In acidic paddy soils, silica-enriched rice husk biochar
improved pH, SOC, CEC, total N, and silicon availability, while concurrently reducing CHy
emissions, indicating that biochar physicochemical effects can intersect with redox-driven
processes in flooded systems [62].

(c) Soil Moisture and Physical Structure

Biochar-mediated physicochemical effects may manifest through the coupling of
water and gas transport, with downstream consequences for soil oxygen status and plant
senescence. Under mulched drip irrigation, biochar particle size altered the soil water—
oxygen balance; optimized size fractions delayed leaf senescence and supported yield
improvement, consistent with a physicochemical regulation of aeration and moisture
availability in intensively managed systems [41]. This highlights that biochar action is not
restricted to a matter of chemistry, but also of pore architecture and hydraulic function,
which can be sensitive to particle size distribution.

Biochar may also influence soil carbon mineralization by shifting respiration partition-
ing and microbial processing. In a maize cropland field trial, biochar reduced heterotrophic
respiration, whereas nitrogen fertilization increased autotrophic respiration; the combined
treatments altered carbon flux dynamics, suggesting that biochar can moderate mineraliza-
tion pathways and potentially reduce SOC losses under certain management regimes [63].
Controlled incubation data support the idea of context dependence: hemp-derived biochar
modified C and N mineralization patterns and microbial carbon use efficiency (CUE) in a
soil-dependent manner, with short-term stimulation of microbial activity varying across
soil types [64].

Moisture regime further conditions these responses. In an Alfisol microcosm, moisture
variability increased SOC decomposition and microbial biomass indicators, whereas biochar
alone did not significantly change average SOC decomposition; importantly, biochar miti-
gated moisture-driven effects by stabilizing aggregate fractions, indicating a physicochemi-
cal buffering role under fluctuating hydrological stress [65]. This evidence points out that
biochar may not universally suppress decomposition rates, but it can stabilize soil structure
and dampen destabilizing environmental variability.

Notably, physicochemical changes are not guaranteed, especially under low applica-
tion rates and in fertile, well-structured soils. In a 10-year no-till corn-soybean Mollisol
study, a single low-rate biochar application (2.40 Mg ha~!) produced no statistically sig-
nificant improvements across key soil physical, chemical, or biological properties, despite
some non-significant positive trends and isolated effects of cover crops [66]. This long-term
evidence is important to highlight as it suggests that, under certain baseline conditions and
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management regimes, biochar may deliver limited measurable change at agronomically
realistic low rates.

Overall, the studies reviewed indicate that physicochemical soil responses are not
controlled by individual biochar properties in isolation but emerge from the interaction
between biochar characteristics, intrinsic soil conditions, management practices and experi-
mental time scale. Feedstock composition and pyrolysis conditions determine the structural
and chemical attributes of biochar, whereas soil texture, mineralogy and baseline fertility
regulate the extent to which these properties translate into measurable improvements
in carbon stabilization, nutrient retention, water dynamics and aggregate development.
Consequently, variability among studies should not be interpreted as contradictory evi-
dence, but rather as the expression of different combinations of interacting physicochemical
drivers operating under distinct agroecosystem conditions. Figure 3 below highlights the
above-mentioned interactions between biochar and soil physicochemical properties.

Soil type and baseline Application rate Environmental Time scale
status » Low rates: generally safe but conditions « Short term (weeks-months):
. Text d ti often produce limited + Temperature chemical and biological
I:i;aulrs:n agdregation measurable responses * Rainfall regime responses
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. CEC stronger physicochemical U structural changes begin to be
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Figure 3. Conceptual framework illustrating the main physicochemical mechanisms by which biochar
influences soil functioning. Biochar-induced changes in carbon dynamics, soil chemistry and physical
structure interact to improve nutrient retention, aggregate stability, water—air balance and long-term
soil resilience. The magnitude of these responses depends on biochar properties (feedstock, pyrolysis
conditions, particle size and application rate) and site-specific soil characteristics, emphasizing the
context-dependent nature of biochar performance. The arrows turning up represent improvement
in corresponding factor, while the arrows turning down represent a drop in corresponding factor.
Icons/illustrations included in the diagram were generated by ChatGPT (Model 5.5), a generative
Al tool.

3.2.2. Biological Effects

Biochar influences soil functioning not only through physicochemical shifts, but also
by reshaping microbial communities, modulating enzyme activities, and altering plant—
microbe interactions in the rhizosphere. The evidence in this review indicates that biological
responses are often amplified when biochar is combined with biological inputs (e.g., AMF,
biofertilizers, phosphate-solubilizing bacteria), or when biochar properties are engineered
(e.g., silicon-modified biochar; temperature-tailored biochar). Nevertheless, long-term field
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data also show that biological benefits may be minimal under low application rates in
fertile, well-structured soils.

(a) Microbial Biomass and Enzyme Activity

Studies showed evidence of increased microbial activity and enzyme-mediated nu-
trient cycling following biochar amendments, particularly in the rhizosphere. Biochar
was reported to preferentially enhance rhizosphere microbial activity relative to bulk soil,
suggesting a “rhizosphere amplification” effect likely driven by biochar-induced changes in
microhabitats and resource availability near roots [67]. In semi-arid greenhouse conditions,
biochar at 10% (v/v) increased microbial abundance and enzymatic activity alongside im-
proved root traits, whereas higher application (20%) showed a plateau or decline, pointing
to a dose-sensitive response and potential biological trade-offs at excessive rates [59].

Field evidence from Mediterranean tomato systems indicates that biochar can improve
soil chemical conditions, while biofertilizers more directly stimulate microbial biomass
and enzymatic activity; notably, combined biochar + biofertilizer treatments improved
overall soil biological functioning and sustainability-related indicators, even when yield
responses were moderate [60]. This supports that biochar may act as a supporting matrix
that enhances the effectiveness of biological inoculants by improving habitat structure and
nutrient retention, rather than functioning as a stand-alone biological stimulant.

(b) Biochar as Microbial Carrier

A particularly consistent theme is biochar’s role as a habitat and protective carrier for
beneficial microorganisms. In degraded soils, biochar enhanced phosphate-solubilizing bac-
teria (PSB) survival and activity, increasing P availability and improving soil biochemical
properties, evidence that biochar can facilitate microbial establishment and persistence un-
der stressful soil conditions [68]. Similarly, biochar combined with arbuscular mycorrhizal
fungi (AMF) increased maize biomass and nutrient uptake, enhanced AMF colonization,
shifted bacterial and fungal community composition, and raised soil enzyme activity [69].
Together, these findings suggest that biochar can function as a biological scaffold capable
of supporting symbiotic and functional microbial groups. However, the identity of the
microbial taxa favoured, and the magnitude of these responses vary considerably with soil
properties, biochar characteristics and inoculated microorganisms.

At a more mechanistic level, biochar can shape AMF community assembly. Using
root-exclusion biochar packets, Neuberger et al. [70] showed that non-activated pinewood
biochar was selectively colonized by the fungi Paraglomerales spp. and hosted lower AMF
richness and diversity than bulk soil. AMF composition varied with soil type and nutrient
amendments, and NP fertilization reduced Paraglomerales relative abundance [70]. This indi-
cates that biochar does not simply “increase fungi”; rather, it filters microbial communities,
favouring certain taxa depending on substrate conditions and nutrient regimes.

(c) Disease Suppression and Microbiome Dynamics

Biochar-mediated disease suppression emerges as a strong biological pathway when
soils are challenged by pathogens. In a pathogen-inoculated tomato system, silicon-
modified biochar (MSC) reduced Ralstonia solanacearum, a Gram-negative bacterium, in
soil and plant tissues and sharply reduced disease index, while simultaneously enriching
beneficial taxa (notably Bacillus) and increasing microbial network modularity, which is
an ecological signature often associated with enhanced resilience and functional redun-
dancy [61]. This is complemented by evidence that biochar production conditions matter:
biochar produced at higher pyrolysis temperatures improved disease suppression, altered
microbial community composition, increased beneficial taxa (including Bacillus spp.), re-
duced R. solanacearum abundance, and induced temperature-dependent shifts in microbial
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network complexity [71]. Collectively, these studies indicate that engineered biochar can
promote microbial community restructuring towards disease-suppressive consortia under
pathogen-challenged conditions. Nevertheless, the specific taxa involved, the stability of
these microbial networks and the resulting degree of disease suppression appear to vary
among cropping systems, biochar formulations and environmental conditions.

(d) Plant-Microbe Interactions

Biochar can also influence microbial processes tied to nitrogen cycling and green-
house gas formation, particularly denitrification. In a long-term wheat system on saline—
alkali soils, biochar rate and application frequency reshaped microbial communities and
metabolic profiles, reduced cumulative NoO emissions, decreased denitrifying taxa, in-
creased nitrogen-fixing groups, and enhanced plant N uptake, suggesting microbial restruc-
turing consistent with suppressed denitrification and improved nitrogen retention [72].
Although this study is often discussed under climate mitigation, its central mechanism is
microbial: biochar appears to shift soil microbial functional balance in ways that reduce N
losses and support nutrient capture.

Beyond community composition and enzyme activity, biochar can influence the bio-
chemical dialogue between roots and microbes. In wheat, biochar reshaped rhizosphere
bacterial diversity and altered root metabolite profiles (including amino acids, organic
acids, and secondary metabolites), strengthening coordinated metabolomic-microbial
associations related to nutrient cycling and plant growth [73]. This provides a more inte-
grated view: biochar’s biological effects can be mediated through root exudation patterns
and microbial selection, creating feedback loops that influence nutrient availability and
plant performance.

Long-term evidence cautions against assuming universal biological improvements.
In a 10-year no-till corn—soybean Mollisol study, a single low-rate biochar application
(2.40 Mg ha~!) produced no statistically significant changes in microbial biomass groups
or other biological indicators, despite some non-significant positive trends; cover crops
increased soil K only [66]. This piece of evidence suggests that in fertile systems and at low
rates, biochar may be biologically inert at the scale detectable by standard indicators, or
its effects may require longer time frames, different rates, or stronger soil constraints to
emerge. Below, in Table 5, the key biological effects and mechanisms of biochar on soil and
plants have been summarized.

Table 5. Summary of the main biological effects of biochar on soil ecosystems and plant—
microbe interactions.

Biological Process

Main Observed Effects Main Mechanisms Key Observations Source

Increased microbial

Responses are dose-dependent;
moderate applications

biomass, enzyme Improved microhabitats, stimulate biological activity,
Microbial biomass and activity E;n d nutrient greater nutrient retention whereas excessive rates may [57,58,65]
enzyme activity cycling, particularly in and enhanced root le.ad to a plateau or decline. Y
the rhizlosphere development Biochar alone often acts as a
supporting matrix rather than
a direct biological stimulant.
ig;ﬁ;?;:gosr?;:;al’ High porosity an(?l large B.iocha.r functions as a .
Biochar as a microbial ~ activity of beneficial surface area b ovide !alologlcal scafoId, p?\rtlcglarly
carrier microorganisms (PSB pro.tgcted h.abltafcs and in degraded soils. Mlcrqblal [66-68]
AME); enhanced " facilitate microbial responses depend on soil type
! establishment and nutrient regime.

nutrient acquisition
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Table 5. Cont.
Biological Process Main Observed Effects Main Mechanisms Key Observations Source
Reduced pathogen

Disease suppression

abundance and disease
severity; enrichment of

Restructuring of microbial
communities and

Biochar properties strongly
influence suppressive capacity.
Silicon-modified biochar and

and microbiome beneficial taxa promotion of . . [59,69]
) . . . high-temperature biochar
dynamics (e.g., Bacillus spp.); disease-suppressive .
: . : ) . showed superior performance
increased microbial microbiomes . .
- against Ralstonia solanacearum.
network stability
Improved nitrogen . .
P & Microbial community Biochar influences plant
uptake, reduced . .
A restructuring, enhanced performance indirectly
. denitrification, lower ) .
Plant-microbe o root exudation and through regulation of
. . N,O emissions, altered . . . . [70,71]
interactions X . . coordinated microbial functional groups
rhizosphere microbial . . . . . .
. : metabolomic—microbial and rhizosphere biochemical
diversity and root . . L
. . interactions communication.
metabolite profiles
Limited or no -
. Low application rates and .
measurable changesin . .. . Long-term benefits are not
Long-term biological microbial biomass and initially fertile, universal and depend on soil
& & well-structured soils p [64]

responses

biological indicators
under some field
conditions

reduce detectable
responses

constraints, application rate
and experimental duration.

3.2.3. Soil Hydraulics Effect

Water regulation is one of the most frequently cited agronomic benefits of biochar
application. However, recent field-based evidence indicates that biochar effects on soil
hydrology are not uniformly positive and may vary according to depth, season, slope, and
climatic regime.

(a) Water Retention

Biochar application has been consistently associated with improvements in soil hy-
draulic properties, primarily through its influence on soil structure, porosity, and water
retention capacity. Its high carbon content, large specific surface area, and porous architec-
ture enhance the soil’s ability to store and retain water, thereby increasing plant-available
water, particularly in coarse-textured soils [74,75]. Experimental evidence shows that
biochar amendments can significantly increase water retention, with reported gains rang-
ing from approximately 48% to 129% depending on application rate, highlighting a clear
dose-dependent response [75].

Meta-analytical studies further confirm that biochar improves water retention capacity
(WRC), with average increases proportional to application rate and more pronounced effects
in sandy soils, where baseline water-holding capacity is low [74,76]. These improvements
are largely driven by modifications in pore size distribution, including the formation of
additional micropores and capillary pores that enhance water storage, while simultaneously
reducing bulk density and improving soil aggregation. However, responses vary across
soil textures, with limited or even negative effects on plant-available water reported in
clay-rich soils due to increased water retention at higher tensions [77].

However, in a karst sloping system monitored under natural rainfall, biochar ap-
plication (30 and 60 t ha~!) altered vertical moisture distribution rather than increasing
total soil water storage [78]. Continuous time domain reflectometry (TDR) monitoring
showed that biochar reduced moisture in the surface layer (0-10 cm) while increasing it in
subsurface layers (10-30 cm), suggesting a redistribution effect. Moreover, biochar delayed
soil moisture response to rainfall events and reduced infiltration rates relative to the control.
Importantly, total soil water storage (SWS) was not significantly increased (p > 0.05) [78].
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These findings indicate that in sloping, bare-soil systems, biochar may modify hydraulic
conductivity and temporal response to rainfall without necessarily enhancing overall water
storage capacity.

While biochar generally enhances soil water retention through structural improve-
ments and increased porosity, the reported studies showed that its effects on soil hydro-
dynamics remain context-dependent, with outcomes varying according to soil texture,
application rate, and landscape conditions, and in some cases leading to water redistribu-
tion rather than net gains in total water storage.

(b) Erosion Control

Beyond water retention, biochar also alters soil hydrodynamics by enhancing infiltra-
tion and reducing runoff and erosion. Reported increases in infiltration can reach up to
80%, while runoff and erosion reductions may exceed 90% in certain systems, reflecting
improved pore connectivity and structural stability [79]. Long-term field evidence sup-
ports these findings, demonstrating substantial increases in soil water storage, improved
moisture retention during drought periods, and enhanced soil “sponge function” under
natural rainfall conditions [80].

In addition, long-term evidence from an 11-year soybean system on sloping farmland
demonstrated that biochar improved soil hydrological properties and reduced erosion indi-
cators [81]. Beyond water retention improvements, biochar alleviated barriers associated
with continuous cropping and enhanced soybean yield stability. The erosion-reduction
effect is particularly relevant in sloped systems, where runoff control and soil conservation
are tightly linked to water management.

Overall, the evidence indicates that biochar not only enhances soil water retention
but also improves hydrological functioning by strengthening infiltration, reducing runoff
and erosion, and promoting long-term soil water storage, thereby contributing to greater
system resilience and yield stability, particularly in erosion-prone and water-limited envi-
ronments. Importantly, biochar effects are not static but evolve over time. Ageing processes
in soil can increase surface hydrophilicity and enhance water absorption, although inter-
actions with fertilization practices may alter pore accessibility and reduce water uptake
capacity [82]. Additionally, biochar performance depends on production conditions, with
lower-temperature biochar and those derived from more labile feedstocks often exhibiting
greater effectiveness in improving soil water dynamics [76].

Further nuance is provided by field experiments in subtropical red soils (Ultisols),
where biochar effects differed between wet and dry periods [83]. In this study, biochar
increased soil water storage during wet seasons but intensified soil drying during prolonged
drought. This indicates that moisture retention benefits are season-dependent and may
depend on antecedent soil moisture conditions and evaporative demand.

Such studies imply that biochar can enhance water capture during rainfall-abundant
periods but may also accelerate depletion under extended dry spells, potentially due to
modified pore connectivity or altered capillary flow dynamics. Consequently, hydrological
outcomes appear strongly context-dependent, influenced by climate regime, soil type,
and rainfall distribution patterns. The illustration below, Figure 4, outlines how biochar
reorganizes the soil pore network and influences both soil water retention and erosion.

3.2.4. Crop Quality and Productivity

Across the studies synthesized here, biochar effects on crop performance are best
understood as context-dependent and frequently management-mediated. Yield gains
and improvements in nitrogen use efficiency (NUE) tend to be strongest when biochar is
integrated with optimized nutrient regimes, microbial amendments, or stress-mitigation
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strategies, whereas biochar alone may deliver limited short-term yield responses in already

fertile systems or when nutrient constraints are not addressed.

| Pores and
connectivity

| Infiltration

| Water storage and
availability

| Surface runoff and
erosion risk

1 Surface area and
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1 Micro capillary and
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| Bulk density
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Figure 4. Biochar-mediated regulation of soil hydraulic functioning. Biochar regulates the complete
soil water cycle by modifying pore architecture, water storage, infiltration and runoff pathways.
Rather than uniformly increasing soil moisture, biochar redistributes and controls water movement
within the soil profile. Consequently, hydraulic benefits emerge from improved regulation of water
capture, storage and transport, while their magnitude remains strongly dependent on soil texture,
climate, landscape position, biochar properties and time. The turning up arrows represent an
improvement in factors while the turning down arrows represent a drop in factors.

(@) Yield and Nutrient Use Efficiency

Studies indicate that biochar can enhance crop productivity when paired with appro-
priately calibrated fertilizer inputs. In winter wheat, biochar combined with an optimum
nitrogen rate increased grain yield while also improving lodging resistance and nitro-
gen agronomic efficiency, indicating that biochar can contribute to both productivity and
standability via improved plant mechanical traits and N capture [84]. Similarly, a field
maize study in Ethiopia reported that biochar combined with optimal inorganic fertil-
izer rates increased yield and yield components compared with sole fertilizer or control
treatments [85].

Beyond conventional fertilization, “biochar-as-fertilizer-platform” approaches show
concrete promise. Multi-season field trials demonstrated that biochar-based fertilizer
formulations maintained yields while reducing nutrient inputs, improving NUE, and de-
livering superior cost-effectiveness relative to standard fertilization [86]. Complementary
evidence from controlled systems shows that biochar-based controlled-release fertilizers
can synchronize nutrient availability with plant demand: BC-ammonium phosphate im-
proved wheat biomass and grain yield while reducing nutrient leaching and stabilizing
soil available N and P over time [87]. Likewise, nanobiochar coatings on Diammonium
Phosphate (DAP) slowed nutrient release and, at optimized coating levels, improved maize
dry matter yield and markedly increased N, P, and K uptake; however, excessive coating
strength constrained nutrient availability in the short-duration crop window, illustrating
an important design trade-off [88]. Together, these studies suggest that biochar reliably
improves NUE when it functions as a nutrient-retention and nutrient-delivery interface,
rather than as a generic soil amendment.
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In addition, a global meta-analysis restricted to field studies across major cereals found
that biochar (especially when combined with fertilizers) increased yields (with the largest
gains in wheat), enhanced SOC and C: N ratio, and reduced greenhouse gas intensity
metrics, implying that productivity benefits can co-occur with improved nutrient and
carbon efficiency under real agronomic conditions [89].

Under sub-optimal nutrient supply, biochar can enhance crop growth indirectly by
strengthening plant physiological performance. In leafy vegetables grown under nutrient
stress, compost + biochar significantly improved photosynthetic efficiency, antioxidant
enzyme responses, and biomass compared with single amendments, indicating synergy
between labile organic inputs and biochar’s retention/habitat functions [90]. This evidence
hints that biochar may provide a stabilizing physicochemical environment, while compost
supplies readily mineralizable nutrients, synergistically improving plant function under
constrained nutrition.

(b) Feedstock Effects on Yield Response

Not all biochar-associated chemical improvements translate into immediate yield
gains. In maize, biochar rich in phenolic and carbonyl functional groups increased soil
pH and organic carbon but showed limited short-term yield stimulation, whereas more
labile carbon fractions in other organic amendments were more strongly associated with
vegetative growth and yield-linked nutrient availability [58]. This suggests that biochar
chemistry (including the balance of labile vs. condensed carbon functional groups) can
determine whether early yield benefits emerge, particularly in short-duration trials.

Feedstock effects were also evident in water spinach, where plant-waste-derived
biochar improved soil chemical status and increased biomass and chlorophyll, while also
enhancing antioxidant compounds and influencing sensory attributes; however, responses
differed by feedstock type, reinforcing that “biochar” is not a single agronomic input but a
family of materials with variable plant outcomes [91].

Evidence from a recent field-based meta-analysis further reinforces the importance of
feedstock selection for agronomic performance. Biochars produced from animal wastes con-
sistently generated larger yield responses than those derived from crop residues, whereas
woody biochars generally showed limited effects on crop productivity. These differences
were attributed to the higher nutrient availability of animal-derived biochars, while woody
biochars, despite their greater carbon stability, typically exhibit higher C:N ratios and
lower fertilizing capacity. Importantly, the meta-analysis also emphasized that feedstock
effects interact with pyrolysis temperature, soil properties and climate, indicating that
crop responses arise from the combined influence of biochar production and deployment
conditions rather than from feedstock type alone [92].

(c) Stress Mitigation in Crops

Several studies show that biochar can ameliorate crop performance under abiotic
stress, often through improved ion homeostasis, reduced oxidative damage, and enhanced
nutrient capture.

In coastal saline soils, a biochar—plant growth-promoting bacteria composite improved
rice biomass and chlorophyll, strengthened antioxidant activity, improved Na* /K" balance,
and reduced salt stress indicators relative to single amendments [93]. For wheat seedlings
exposed to combined salinity and drought, biochar combined with GA3 improved germi-
nation, biomass, relative water content, and photosynthetic pigments compared to stressed
controls and single-factor treatments, indicating additive or synergistic stress buffering [94].
Under heavy metal co-contamination (Sb + Pb), biochar + GABA increased rice grain
yield while reducing oxidative stress and lowering metal accumulation, highlighting the
potential for biochar-based strategies to protect yield under toxic constraints [95].
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Biochar can also improve food safety while sustaining productivity in contaminated
soils. In wheat grown under Pb stress, biochar combined with montmorillonite reduced
DTPA-extractable Pb, sharply reduced Pb in grain, improved biomass and chlorophyll,
reduced oxidative stress markers, and lowered health risk indices, illustrating that yield and
risk mitigation can be jointly optimized through composite amendments [96]. Comparable
effects were reported for rapeseed using Fe-modified biochar, which reduced bioavailable
Cd and Cr, improved antioxidant responses, and increased seed yield alongside oil and
protein quality improvements [97]. Earlier evidence in PTE-contaminated acidic soils also
showed that peanut shell biochar improved Brassica spp. biomass and pigment status while
lowering metal bioavailability and plant uptake, consistent with improved growth through
stress alleviation [98].

Salinity-related yield gains can be particularly striking when biochar is engineered at
finer scales. Rice-straw-derived biochar nanoparticles dramatically increased tomato fruit
yield under salt stress and improved Na translocation more strongly than regular biochar,
indicating that particle scale and reactivity can alter the magnitude of stress mitigation [99].
In pot systems, moss-derived biochar combined with TiO, nanoparticles improved growth
and pigment traits under salinity while reducing stress enzyme indicators, suggesting
multi-input strategies can support plant performance under osmotic and ionic stress [100].

(d) Crop Structures Development and Quality

Biochar can stimulate root development and aboveground biomass, supporting yield
formation and sometimes quality traits. In Agave spp., 10% biochar increased leaf area
and biomass and improved root traits, alongside higher CEC and microbial /enzymatic
activity; however, higher biochar concentration reduced marginal gains, reinforcing the
importance of dose optimization [59]. In soilless cherry tomato production, biochar incor-
poration increased leaf area, root length and surface area, biomass, flower number, and fruit
number, while also enhancing fruit antioxidant-related quality (e.g., lycopene), indicating
that biochar can influence both yield determinants and quality attributes in controlled sub-
strates [101]. Field broccoli data likewise showed that enriched biochar and manure-based
treatments increased yield and modified mineral composition and phytochemical profiles,
although synergy was not always additive across amendment combinations [102]. In con-
trast, a 10-year no-till corn-soybean Mollisol experiment found no statistically significant
improvements in soil properties or biological indicators at a low biochar rate (2.40 Mg ha~1),
and correspondingly no strong evidence of agronomic gains under those conditions [66].
Similarly, in a two-year field trial on fresh-market tomato, biochar had no significant effect
on growth or yield, although it reduced a fruit disorder (zippering) and improved profitabil-
ity when paired with poultry litter, suggesting that benefits may emerge through quality
and economics rather than yield per se [103]. In alkaline Mediterranean Luvisol conditions,
multiple amendments (including wood biochar) produced limited effects on barley biomass
overall, with compost and some ash mixtures showing stronger growth responses than
biochar alone [104]. These cases importantly underscore that biochar is not universally
yield-enhancing, and its effectiveness depends on baseline soil limitations, crop sensitivity,
amendment dose, and the presence of complementary nutrient or biological drivers.

Table 6 presents the key takeaways from biochar’s influence on crop yield and quality.

Overall, the above-mentioned studies hint that, rather than seeking a universally
superior biochar, future agronomic strategies should prioritize feedstock selection according
to the desired soil or crop function, recognizing that different biomass sources produce
biochars optimized for distinct agronomic objectives.

https://doi.org/10.3390/sci8080179


https://doi.org/10.3390/sci8080179

Sci 2026, 8, 179

23 of 40

Table 6. Summary of the main effects of biochar on crop quality and productivity under different

agronomic conditions.

A i . in Infl i .
gronomic Main Observed Effects Main Influencing Key Observations Source
Response Factors
Yield improvements are
generally strongest when
biochar is combined with
optimized fertilization or
Increased grain yield, s o nutrient-retention
. . . Fertilizer optimization, .
Yield and nitrogen  improved NUE, greater . g strategies rather than
- : . nutrient availability, .
use efficiency lodging resistance and biochar—fertilizer applied alone. [82-87]
(NUE) enhanced nutrient . . Biochar-based fertilizers
interactions
uptake and controlled-release
formulations further
enhance nutrient
synchronization and
fertilizer-use efficiency.
Improved tolerance to Bloch ar performs
C particularly well under
salinity, drought and o
. . . stressful conditions,
heavy-metal stress; Biochar engineering, .
. . . - where improvements are
Abiotic stress increased microbial inoculants, ) . .
e . . mainly associated with [90-97]
mitigation photosynthesis, nanoparticles, plant

antioxidant activity,
nutrient uptake and
grain yield

growth regulators

enhanced physiological
resilience, ion
homeostasis and reduced
oxidative damage.

Crop development
and quality

Increased root growth,
leaf area, biomass,
flower and fruit
production; improved
antioxidant compounds,
oil/protein quality and
reduced fruit disorders

Application rate,
cultivation system,
complementary
amendments

Biochar can improve both
yield components and
crop quality, although
responses are frequently
enhanced by organic
amendments or optimized
management practices.

[57,98-100]

3.2.5. Agronomic Sustainability

Beyond short-term yield responses, biochar contributes to agronomic sustainability
through its effects on contaminant immobilization, greenhouse gas (GHG) mitigation,
nutrient cycling regulation, and long-term system resilience. The literature synthesized
here indicates that biochar can contribute to agronomic sustainability through multiple
mechanisms. However, the strength and persistence of these benefits remain variable
across studies and depend on feedstock properties, application rate, soil type, management
practices and the duration of field observations.

(a) Trace Metal Immobilization

A sustainability function of biochar is the reduction in trace metal bioavailability
in contaminated or peri-urban agricultural soils. In a greenhouse study with Lactuca
sativa, Turull et al. [105] showed that biochar (particularly at 6%) significantly reduced
Cr and Pb uptake, while compost more strongly reduced exchangeable metal fractions.
Importantly, diffuse gradients in thin-film (DGT) measurements correlated well with plant
uptake, whereas total soil metal concentrations were poorly predictive. This confirms that
biochar primarily alters bioavailable pools rather than total metal stocks, highlighting the
importance of speciation-based assessments in sustainability evaluations.
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Under controlled heavy metal stress, biochar-based strategies also improved crop
safety and performance. Biochar combined with montmorillonite significantly reduced
extractable Pb and grain Pb concentration in wheat while improving biomass and reducing
oxidative stress [96]. Similarly, Fe-modified biochar reduced exchangeable Cd and Cr frac-
tions and markedly increased rapeseed yield while enhancing oil and protein quality [97].
In acidic, PTE-contaminated soils, peanut shell biochar reduced bioavailable Cr, Ni, As, Cd,
and Pb and improved Brassica spp. biomass and physiological performance [98]. Collec-
tively, these findings demonstrate that biochar can simultaneously enhance productivity
and reduce contaminant transfer to edible tissues, contributing directly to food safety.

(b) Greenhouse Gas and Climate Mitigation

Biochar also contributes to sustainability by modifying soil carbon dynamics and GHG
emissions. A global meta-analysis of field studies across maize, wheat, and rice systems
reported significant reductions in N>O emissions, decreased CH, emissions in paddy
systems, reduced global warming potential and greenhouse gas intensity, and increases
in soil organic carbon [89]. Emission reductions were most pronounced when biochar
was combined with fertilizers, suggesting synergy between nutrient management and
biochar-mediated regulation of soil microbial processes.

In paddy systems, silica-enriched biochar reduced CHy4 emissions while improving
soil chemical properties and rice performance [62]. Complementary evidence indicates
that biochar can restructure microbial communities and suppress denitrification pathways,
reducing N> O emissions while enhancing nitrogen retention and plant uptake [72]. These
studies position biochar as both a carbon stabilization strategy and a regulator of soil
biogeochemical fluxes. However, CO, responses remain variable across systems [89],
underscoring the importance of system-specific assessment. Although reductions in N,O
and CH4 emissions are among the most consistently reported environmental benefits, the
magnitude of these effects varies considerably among cropping systems and experimental
conditions, highlighting the need for additional long-term field validation.

(¢) Long-term Soil Resilience

Sustainability also encompasses long-term soil functionality and yield stability. In
an 11-year sloping soybean system, biochar improved hydrological properties, reduced
erosion indicators, and enhanced yield stability under continuous cropping [81]. Such
cumulative improvements suggest structural and ecological effects that may strengthen
resilience over time.

Conversely, in fertile Mollisols under low biochar application rates, long-term im-
provements in soil properties and biological indicators were not statistically significant [66].
This contrast may highlight that biochar benefits are more evident where baseline soil
constraints exist (e.g., contamination, erosion risk, nutrient inefficiency), whereas responses
may be limited in already well-functioning systems.

Figure 5 outlines the several ways in which biochar is able to improve agronomic
sustainability.

All in all, current evidence supports biochar as a promising component of sustainable
agricultural management, but long-term agronomic sustainability should be viewed as
an emerging rather than fully established outcome. Future multi-site, multi-year field
experiments will be essential to determine the consistency, persistence and scalability of
these benefits under diverse agricultural conditions.
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Figure 5. Diagram of biochar as an ecosystem service provider. By delivering multiple ecosystem
services simultaneously, biochar strengthens soil functionality, reduces environmental risks, improves
productivity and builds resilient agroecosystems over time.

3.3. Limitations and Uncertainties

While the evidence shows that biochar can enhance crop performance and nutrient use
efficiency, particularly when integrated with optimized fertilization, engineered nutrient-
delivery systems, and stress-mitigation strategies, the outcomes remain highly variable
across soils, climates, and management contexts [84,86,89]. This variability highlights an
essential point for sustainable deployment: biochar is not a universally yield-enhancing
input, but a material whose benefits depend on matching its properties and application
regime to site-specific constraints [58,66,103]. Therefore, the next section touches on the
main limitations and trade-offs related to biochar performance, including dose-response
uncertainty, inconsistent long-term effects in fertile soils, interaction effects with nutrient
inputs and soil biology, economic feasibility, and potential environmental risks.

3.3.1. Biochar Response Variability

One of the greatest challenges currently limiting the widespread implementation
of biochar in agriculture is the remarkable variability of agronomic responses reported
across the scientific literature. Such variability, however, should not necessarily be inter-
preted as contradictory evidence. Rather, it reflects the inherently multifactorial nature of
biochar—soil-plant interactions, where multiple physical, chemical, biological, and envi-
ronmental processes operate simultaneously. Understanding the sources of this variability
has therefore become one of the principal scientific challenges for advancing biochar re-
search from proof-of-concept studies towards reliable and context-specific/personalized
agronomic applications.

Intrinsic variability among biochars constitutes one of the primary sources of hetero-
geneity in agronomic responses. Although biochars are often discussed as a single class
of soil amendments, variations in feedstock type, pyrolysis temperature, residence time,
and post-processing conditions can produce biochars with markedly different pH, surface
area, nutrient content and adsorption capacity, often resulting in inconsistent agronomic re-
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sponses across studies and environments [8]. Freitas et al. [106], for example, demonstrated
that plant- and animal-derived biochars differed by more than two orders of magnitude in
plant-available phosphorus, with poultry litter biochar containing 13,100~16,900 mg kg~
of Mehlich-3 extractable P compared with only 67-480 mg kg~! in wood-derived biochars.
Importantly, even two poultry litter biochars produced by the same manufacturer but
from different production batches exhibited distinct nutrient compositions and phosphorus
release patterns, indicating that feedstock alone does not guarantee consistent agronomic
behaviour. Furthermore, the study showed that total nutrient concentration was not neces-
sarily indicative of nutrient availability; despite containing the highest total phosphorus
content, biosolids-derived biochar released substantially less plant-available phosphorus
because much of the phosphorus was associated with relatively stable mineral phases
containing Fe, Al and Mg. These findings illustrate that the agronomic performance of
biochar depends not only on the quantity of nutrients present but also on their chemical
speciation and bioavailability. Consequently, biochars with apparently similar origins may
produce markedly different crop responses [106].

Another example is the characterization of biochar produced in a mobile artisanal
kiln from acaf residues, which revealed substantial variability in physicochemical proper-
ties, including ash content, fixed carbon, pH and mineral composition across production
batches. Such variability reflects the difficulty of controlling temperature and oxygen
availability in low-technology pyrolysis systems, highlighting the challenges of ensuring
consistent biochar quality for agricultural applications [107]. Besides that, in a review
focused on biochar water absorption, Lund et al. [108] reported highly divergent effects
across 18 studies, with water retention responses ranging from modest increases to im-
provements as high as 628%. Importantly, contrasting pyrolysis temperatures produced
beneficial effects through different mechanisms, with low-temperature biochars favouring
hydrophilicity and high-temperature biochars enhancing porosity and surface area [108].
This illustrates that variability in biochar performance does not necessarily reflect contra-
dictory evidence, but rather the operation of different mechanisms under different material
and soil conditions.

The agronomic performance of biochar is also highly dependent on soil characteristics
and cropping systems. Positive responses are generally more pronounced in degraded,
acidic or nutrient-poor soils, whereas fertile soils often show limited yield responses [8].

Finally, the temporal dimension of biochar performance further contributes to the
heterogeneity of agronomic responses reported in the literature. In a global data synthesis
comprising 38 long-term field experiments and 161 paired comparisons, Zhang et al. [109]
demonstrated that biochar increased crop yield by an average of 14%, but this overall
value masked important temporal dynamics. Yield gains were 12% during the first five
years following application, increasing to 21% in experiments lasting more than five years.
Interestingly, while biochar enhanced crop productivity, it also increased yield variability
by 27% in short-term experiments, whereas no significant effect on yield variability was
observed in long-term trials [109]. These findings suggest that the mechanisms governing
biochar performance evolve over time. Initially, crop responses are largely driven by liming
effects and the release of readily available nutrients, both of which tend to decline after
the first few years. Conversely, long-term improvements appear to result from the gradual
enhancement of soil structure, nutrient retention, water-holding capacity, and resilience to
climatic stress, leading to more stable crop production. Consequently, studies conducted
over different experimental durations may report contrasting agronomic responses without
necessarily being contradictory.
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3.3.2. Application Rates and Management Uncertainty

Agronomic responses to biochar are often non-linear and strongly dependent on
application rate. High doses may induce nutrient imbalances, temporary nitrogen im-
mobilization, excessive pH increases and reductions in microbial diversity, ultimately
compromising crop performance [110,111].

Yield responses were also influenced by management practices, particularly biochar
application rates and fertilization regimes. Higher yield gains were associated with biochar
additions above 20 Mg ha~! and under crop rotation systems, indicating that biochar
effectiveness is closely linked to agronomic management strategies [109].

Application rates reported in the literature vary widely, ranging from a few tonnes per
hectare in field trials to several tens of tonnes per hectare in experimental conditions. Such
variability reflects the absence of standardized agronomic guidelines and contributes to
uncertainty in practical management recommendations [8].

In addition to application rates, the method of biochar incorporation can strongly
influence agronomic outcomes. Field experiments comparing broadcast, spot and ring ap-
plications demonstrated that localized placement near the root zone significantly enhanced
plant growth, yield, and nutrient uptake compared with uniform soil incorporation. These
results highlight that biochar management practices remain insufficiently standardized
and can substantially influence the effectiveness of biochar amendments [112].

Another important challenge concerns the accurate quantification of biochar-derived
carbon in soils. Experimental assessments indicate that conventional soil sampling ap-
proaches may not adequately capture the spatial variability of biochar distribution after field
application, potentially leading to substantial uncertainty in carbon accounting. This limi-
tation is particularly relevant in the context of climate mitigation policies and carbon credit
schemes, where reliable estimates of long-term carbon sequestration are required [113].

3.3.3. Standardization

Part of the apparent inconsistency reported across the biochar literature may also
arise from methodological limitations rather than from contradictory biochar behaviour
itself. In a systematic review of 26 global meta-analyses, Schmidt et al. [114] identified
incomplete biochar characterization as one of the major sources of uncertainty affecting
the interpretation of agronomic responses. The authors argue that insufficient reporting
of key physicochemical properties hampers comparisons among studies, as biochars with
markedly different characteristics are frequently treated as equivalent amendments. Fur-
thermore, they highlight additional methodological limitations, including inconsistent
data harmonization, limited assessment of publication bias, and insufficient consideration
of non-independent observations, all of which may contribute to the high heterogeneity
commonly observed across meta-analyses [114]. These findings emphasize that improv-
ing both biochar characterization and experimental reporting is essential for generating
more reliable and transferable agronomic recommendations. Recognizing these limitations,
recent efforts have increasingly shifted from highlighting the need for standardization
towards the development of internationally recognized certification schemes and quality
standards for biochar.

Addressing the inherent variability of biochar requires not only more rigorous experi-
mental methodologies but also internationally harmonized quality standards capable of
ensuring product consistency, safety and traceability. Koves et al. [115] argue that standard-
ization should extend beyond laboratory characterization to encompass the entire biochar
value chain, integrating sustainable production practices, sustainable application strategies,
quality assurance, and regulatory oversight. In this context, internationally recognized cer-
tification schemes, including the International Biochar Initiative (IBI), the European Biochar
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Certificate (EBC), and the British Biochar Quality Mandate (BQM), establish standardized
criteria for feedstock selection, production processes, physicochemical characterization,
contaminant thresholds, and product traceability. Beyond defining minimum quality re-
quirements, these frameworks increasingly incorporate sustainability metrics such as life
cycle assessment, greenhouse gas emissions, energy efficiency, feedstock sourcing, and
environmental labelling, reflecting a broader transition from product certification towards
sustainability certification. Nevertheless, despite these important advances, regulatory
harmonization remains incomplete. The absence of universally accepted standards and
the continuous emergence of new production technologies indicate that biochar standard-
ization should be regarded as an adaptive process requiring regular revision as scientific
knowledge evolves [115].

Standardization should not aim to produce a single definition of an “ideal” biochar.
Instead, future certification systems should recognize the diversity of biochars while
ensuring that each material is consistently characterized, transparently documented, and
appropriately matched to its intended agronomic application. Consequently, harmonization
should focus on the standardization of characterization protocols and reporting practices
rather than on imposing uniformity on inherently heterogeneous materials.

Beyond improving methodological consistency in research, several international ini-
tiatives have sought to establish standardized frameworks for biochar quality assessment
and certification. According to Divyangkumar and Panwar [116], organizations such as
the International Biochar Initiative (IBI), the European Biochar Certificate (EBC), and the
Biochar Quality Mandate (BQM) have developed guidelines defining minimum quality
criteria for biochar intended for agricultural use. These certification schemes specify accept-
able feedstocks, production requirements, physicochemical properties (e.g., organic carbon
content, H/C and O/C molar ratios, pH, electrical conductivity and particle size distri-
bution) and maximum thresholds for contaminants such as heavy metals and polycyclic
aromatic hydrocarbons. Furthermore, several countries have already incorporated biochar
into national regulations governing fertilizers and soil amendments, reflecting the growing
recognition that standardized quality control is essential for ensuring product safety, repro-
ducibility and wider adoption [116]. Nevertheless, the authors also acknowledge that the
diversity of feedstocks, production technologies and intended applications continues to
challenge the development of universally applicable standards, highlighting the need for
further harmonization of certification criteria across regulatory frameworks.

3.3.4. Economic and Technical Constraints

Production costs remain one of the principal obstacles to commercial deployment.
Recent techno-economic analyses demonstrate that the cost of biochar is highly dependent
on the production technology employed. John et al. [117] reported that small-scale exper-
imental production systems can generate prohibitively high production costs, whereas
larger and better-optimized pyrolysis units substantially improve economic performance.
Nevertheless, labour requirements continue to represent a major proportion of total pro-
duction costs, particularly in decentralized production systems where biomass collection,
kiln operation and process monitoring remain largely manual. Importantly, the authors
emphasize that increased crop productivity alone does not necessarily guarantee economic
viability, since profitability depends on the interaction between production costs, crop
value, application rates, persistence of benefits and local market conditions. They further
suggest that phased biochar application, technological optimization and the integration
of carbon credit mechanisms may partially improve financial feasibility, although these
approaches remain highly context-dependent [117].
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Beyond production economics, the commercial success of biochar is strongly influ-
enced by the efficiency of the entire supply chain. As highlighted by Zilberman et al. [118],
biochar should not be evaluated as an isolated product but rather as one component of an
integrated pyrolysis system capable of simultaneously generating biochar, bio-oil, syngas
and other value-added products. Such integrated biorefinery approaches may substantially
improve the overall economic performance by diversifying revenue streams and maximiz-
ing biomass valorization. Feedstock availability and logistics also play a central role in
determining production costs, with transportation representing a significant challenge due
to the low bulk density and high moisture content of many agricultural residues. Conse-
quently, decentralized production systems, modular pyrolysis units and the utilization of
locally available biomass resources have been proposed as promising strategies to reduce
logistical costs and improve economic efficiency [118].

Despite continuous technological advances, the transition of biochar from promis-
ing research material to broadly adopted agricultural technology requires considerably
more than improvements in production efficiency alone. Zilberman et al. [118] argue that
large-scale commercialization will depend on coordinated technological, logistical and
institutional developments, including standardized quality certification, supportive public
policies, effective extension services, demonstration programmes and mechanisms capable
of remunerating ecosystem services such as carbon sequestration. Therefore, overcoming
the current economic and technical barriers requires integrated value-chain development
together with policy support that facilitates investment, market development and long-term
adoption of biochar technologies.

Low-technology pyrolysis systems may improve accessibility of biochar production in
rural contexts, particularly where agricultural residues are abundant. The use of mobile
handmade kilns has been proposed as a practical approach for decentralized biochar
production from agro-industrial residues such as acai waste. However, these systems
often operate with limited control over temperature and oxygen conditions, resulting in
variability in biochar quality and potentially lower process efficiency [107].

Economic feasibility remains one of the main barriers to large-scale biochar deploy-
ment. Cost-benefit analyses indicate that biochar production based solely on the com-
mercialization of the product may remain economically unviable due to high capital and
operational costs. In contrast, profitability substantially improves when biochar systems
are integrated into carbon markets such as voluntary carbon trading schemes or emissions
trading systems [119].

The economic feasibility of biochar systems is strongly influenced by policy frame-
works and carbon market mechanisms. Cost-benefit analyses indicate that biochar pro-
duction may remain economically unviable when relying solely on product sales, whereas
profitability significantly improves when carbon credits are included through voluntary
markets or emissions trading schemes. However, this dependence introduces policy uncer-
tainty, as the future integration of biochar carbon removals into regulatory systems such as
the EU ETS remains under discussion [119].

Furthermore, economic feasibility is closely intertwined with environmental uncer-
tainty, since the long-term persistence of biochar in soil and the durability of its agronomic
benefits remain key determinants of return on investment. These aspects are discussed in
the following section.

3.3.5. Long-Term Environmental Uncertainties

Environmental risks associated with feedstock type and the release of contaminants
such as heavy metals or toxic organic compounds are identified as potential adverse effects
when biomass sources are not rigorously controlled [20,21,120].
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Several recent reviews have emphasized that biochar may generate unintended en-
vironmental effects depending on feedstock composition, pyrolysis conditions, contami-
nant load, particle size, ageing dynamics and site-specific soil-water interactions. Xiang
et al. [121] showed that potential risks may occur across multiple environmental compart-
ments, including soil, water and atmosphere, through mechanisms such as the release
of heavy metals and toxic organic compounds, atmospheric dispersion of fine particles,
pollutant mobilization in aquatic systems and ecotoxicological effects associated with micro-
and nanobiochar.

Within the soil environment, these risks are particularly complex because properties
commonly regarded as beneficial may become adverse under specific conditions. Brtnicky
etal. [122] noted that biochar can negatively affect water availability, nutrient dynamics, pH
balance, agrochemical efficacy and microbial communities, especially when inappropriate
feedstocks, excessive application rates or poorly matched soil conditions are involved. For
example, excessive alkalinization may reduce micronutrient availability, nutrient adsorp-
tion may limit plant uptake, and some biochars may introduce or mobilize contaminants
rather than immobilize them [122]. This highlights that biochar effects should not be evalu-
ated only through average positive responses, but also through the probability of neutral
or negative outcomes under specific edaphic and management contexts.

More recently, Dong et al. [123] advanced this discussion by distinguishing between
endogenous risks, originating from the biochar itself, and exogenous risks, acquired after
environmental application. Endogenous risks include heavy metals, PAHs, volatile organic
compounds and environmentally persistent free radicals, whereas exogenous risks may
arise from ageing, contaminant adsorption—-desorption processes, fragmentation into nano-
sized particles and secondary pollutant release. This distinction is particularly useful
because it shows that biochar is not environmentally static after soil incorporation. Its
surface chemistry, porosity, functional groups and contaminant-binding capacity evolve
over time, meaning that a material initially acting as a contaminant sink may later become
a secondary source under changing environmental conditions [123].

Taken together, these studies indicate that environmental uncertainty in biochar ap-
plication arises from the interaction between intrinsic material properties, environmental
transformation processes and site-specific exposure pathways. Therefore, future assess-
ments should move beyond simple classifications of biochar as either beneficial or harmful
and adopt risk-based frameworks incorporating feedstock screening, contaminant specia-
tion, ecotoxicological testing, particle-size assessment, long-term monitoring and life cycle
assessment. Such an approach would allow biochar deployment to remain aligned with
climate-smart and regenerative agriculture goals while minimizing unintended environ-
mental impacts.

The literature also highlights uncertainty regarding the long-term impacts of biochar
on ecosystems, given the predominance of short-term and laboratory-based studies [19,124].
Also, many positive effects emerge only after several cropping cycles, while initial neg-
ative impacts may occur if biochar is not properly integrated into soil management and
fertilization strategies [111,125].

Biochar amendments may also interact with native soil organic matter, potentially
stimulating its mineralization through priming effects. Such interactions may offset part of
the carbon sequestration benefits expected from biochar additions, introducing uncertainty
in long-term climate mitigation estimates [126].

Biochar may also influence temporal yield stability. A synthesis of long-term field
experiments showed that while biochar increased mean crop yields by approximately 14%,
it also increased yield variability in the short term due to the transient nature of its liming
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and fertilization effects. Over longer periods, however, yield variability tended to stabilize
as soil properties gradually improved [109].

In addition, field experiments using isotopically labelled biochar have demonstrated
measurable mineralization rates, indicating that biochar carbon is not completely inert and
may gradually decompose over time. The longevity of biochar is influenced not only by its
intrinsic properties, such as aromatic condensation and elemental composition, but also by
environmental conditions including soil mineralogy, microbial activity, and climate. Fur-
thermore, biochar ageing involves a dynamic balance between degradation processes (such
as microbial oxidation, physical fragmentation and leaching) and stabilization mechanisms,
including aggregation with soil particles and interactions with mineral phases [127]. Pre-
dicting the long-term fate of biochar therefore remains challenging, particularly given that
most available field experiments cover only a few decades, while the processes governing
carbon persistence operate on centennial timescales.

Field evidence also indicates that biochar persistence may be lower than often assumed.
In a 15-month field study conducted in Florida, losses of pyrogenic carbon ranged from
17.5% to 93.3% per year depending on feedstock and pyrolysis conditions, even for biochar
produced at high temperatures. The study also observed interactions between biochar and
native soil organic carbon, suggesting potential priming effects that may accelerate carbon
turnover under certain environmental conditions [126].

3.4. Towards Optimized Biochar Deployment

The rapid expansion of biochar research over the past two decades has substantially
improved our understanding of its physicochemical properties and agronomic poten-
tial. Current evidence indicates that the central challenge is no longer to demonstrate
whether biochar can benefit agricultural systems, but rather to determine how it can be
optimally produced, characterized and deployed under specific environmental and socioe-
conomic conditions. The increasing recognition of response variability, methodological
inconsistencies, economic limitations and environmental uncertainties suggests that future
research should progressively shift from demonstrating isolated benefits towards develop-
ing integrated deployment strategies capable of maximizing agronomic performance while
ensuring environmental safety, economic feasibility and long-term sustainability.

3.4.1. Moving from Generalized Applications to Tailored Biochars

One of the most promising research directions involves the development of customized
biochars designed for specific soil constraints, climatic conditions and cropping systems.
Rather than considering biochar as a universal soil amendment, future studies should
prioritize the optimization of feedstock selection, pyrolysis conditions, particle size and
post-production modifications according to clearly defined agronomic objectives. Such
an approach would allow biochar properties to be tailored to the requirements of indi-
vidual production systems, thereby reducing the variability that currently characterizes
field responses.

3.4.2. Standardization as a Prerequisite for Reproducibility

Future progress will also depend on the adoption of harmonized protocols for
biochar production, characterization and experimental reporting. International certifi-
cation schemes such as the International Biochar Initiative (IBI) and the European Biochar
Certificate (EBC) already provide important foundations for quality assurance. However,
broader harmonization of physicochemical characterization, contaminant assessment, re-
porting standards and field methodologies remains necessary to improve reproducibility
and facilitate meaningful comparisons among studies. Standardization should therefore
focus not on producing a single “ideal” biochar, but on ensuring that every biochar is
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consistently characterized, transparently documented and appropriately matched to its
intended application.

3.4.3. Long-Term, Multi-Site Field Validation

Despite the growing number of field studies, long-term evidence remains compara-
tively limited. Future experiments should extend beyond short-term productivity assess-
ments to evaluate the persistence of biochar effects under contrasting climatic conditions,
soil types and management practices. Multi-site experiments integrating agronomic per-
formance, soil health indicators, greenhouse gas emissions, carbon persistence, nutrient
cycling and microbial dynamics will be essential to establish robust recommendations for
large-scale agricultural implementation.

3.4.4. Integrating Environmental and Economic Assessments

Future research should increasingly combine agronomic evaluations with Life Cycle
Assessment (LCA), Techno-Economic Assessment (TEA), environmental risk assessment
and spatial biomass availability analyses. Such integrated approaches would provide a
more realistic assessment of biochar sustainability by simultaneously considering carbon se-
questration, production costs, logistical constraints, environmental trade-offs and ecosystem
services. This systems-based perspective would allow decision-makers to identify locally
optimized deployment strategies rather than relying on generalized recommendations.

3.4.5. From Research to Implementation

Ultimately, the successful transition of biochar from experimental research to main-
stream agricultural practice will require coordinated advances that extend well beyond
technological innovation. Wider adoption will depend on the development of robust
certification systems, adaptive regulatory frameworks, carbon market integration, farmer
training, extension services and evidence-based public policies capable of supporting
context-specific implementation. Consequently, biochar should no longer be viewed merely
as a soil amendment, but rather as a component of integrated agricultural systems that si-
multaneously contribute to sustainable biomass management, circular bioeconomy, climate
change mitigation and resilient food production.

The future of biochar research lies not in solely and repeatedly demonstrating its
potential benefits, but in understanding the conditions under which those benefits can be
consistently achieved. As the field matures, research priorities should progressively evolve
from proving biochar effectiveness towards optimizing its production, characterization,
deployment and long-term monitoring within integrated agricultural systems. Such a
transition represents a necessary step for transforming biochar from a promising experi-
mental technology into a scientifically robust, economically viable and environmentally
responsible solution for sustainable agriculture.

Another important aspect is improving the robustness and transparency of evidence
synthesis. Given the growing body of biochar literature, future systematic reviews and meta-
analyses should explicitly address potential publication bias towards positive outcomes by
incorporating neutral and negative field results, applying standardized quality assessment
criteria, and adopting harmonized reporting protocols. Such approaches will provide a
more balanced and reliable evidence base to support science-based recommendations and
large-scale implementation.

Figure 6 presents a suggestion of a framework or iterative cycle to optimize biochar
use in an agricultural context.
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Figure 6. Integrated Biochar Deployment Framework (IBDF) illustrating a context-driven strategy for
optimizing biochar implementation in agricultural systems.

This framework conceptualizes biochar deployment as a multistage decision process
rather than a generic amendment strategy. Contextual drivers (feedstock availability, soil
conditions, climate, cropping system and socioeconomic constraints) define application
objectives and guide biochar production, characterization, deployment strategy and pre-
deployment validation toward the design of tailored biochars. Successful implementation
is evaluated through multiple performance dimensions, encompassing agronomic per-
formance, soil health improvement, environmental safety, economic viability and social
adoption. Continuous monitoring and evidence generation establish a feedback loop that
supports adaptive optimization and long-term sustainable biochar deployment.

4. Conclusions

The evidence synthesized throughout this review suggests that biochar performance
emerges from a sequence of interconnected processes rather than from any single intrinsic
property. Feedstock selection and pyrolysis conditions determine the physicochemical
characteristics of biochar, which subsequently regulate its interactions with soil physical,
chemical and biological processes. These interactions ultimately influence nutrient cycling,
carbon stabilization, water regulation, crop productivity and broader sustainability out-
comes. Consequently, the variability reported across studies should not be interpreted as
contradictory evidence, but rather as the result of different combinations of biochar proper-
ties, soil characteristics, environmental conditions and management practices operating
within distinct agroecosystems.

Four key points should be taken away from this review:

1. Feedstock selection and pyrolysis conditions are the primary determinants of biochar
functionality, governing its physicochemical properties and subsequent interactions
with soil and crops.

2. The agronomic performance of biochar is fundamentally system-dependent, emerging
from the interaction between biochar properties, soil characteristics and management
practices rather than from any single factor.
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3. The most consistent benefits are observed in degraded or resource-limited systems,
where improvements in nutrient retention, water regulation, carbon stabilization and
stress mitigation translate more readily into agronomic gains.

4. Current research priorities should shift from demonstrating biochar effectiveness
towards optimizing its production, characterization and deployment, supported by
standardized methodologies and long-term field validation.

The future of biochar research therefore lies less in repeatedly demonstrating whether
biochar works, and more in understanding how different biochars can be designed, charac-
terized and deployed to consistently deliver specific agronomic functions under diverse
agricultural conditions.
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