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acug Biochar obtained from biomass pyrolysis is increasingly being considered as a soil

! Department of Agricultural amendment because of its potential to enhance nutrient retention, improve soil
Mechanization and Irrigation structure, and support crop productivity under a wide range of farming conditions.
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reactors tends to produce biochars with higher porosity and stability, whereas micro-
wave and plasma-assisted systems achieve enhanced surface areas but face energy
and scalability challenges. Constraints, including non-uniform thermal transfer, reactor
fouling, and high energy demand, continue to limit large-scale adoption. Recent work
on hybrid reactor systems and data-driven optimization approaches suggests potential
ways to address these challenges by improving thermal control and consistency in bio-
char production. Based on these findings, the review outlines practical considerations
for reactor development, with particular attention to hybrid configurations, automa-
tion, and digital support tools.
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1 Introduction
Increasing pressure on agricultural systems to enhance productivity while limiting
environmental degradation has driven renewed interest in waste valorization
strategies that also improve soil performance [1-5]. Biochar has been widely
explored as a soil enhancer, owing to its physical and chemical characteristics that
influence soil processes, nutrient dynamics, and long-term carbon storage [6]. Its
unique physicochemical and structural properties, including high surface area,
tunable porosity, aromaticity, and functional group chemistry, make biochar a
versatile material capable of being applied as fertilizer [7-12]. Although there is not
yet a universally accepted legal standard definition for fertilizer-grade biochar, in
scientific and certification literature, it is generally understood as: Biochar specifically
produced and characterized for use in agricultural soil to improve fertility, nutrient
use efficiency, water retention, and supply plant nutrients, while meeting quality
and safety standards for agronomic applications [13, 14]. In this review, “fertilizer-
grade biochar” refers to biochar intentionally engineered for agricultural nutrient
management and soil fertility improvement, characterized by moderate to high
specific surface area (>100 m?/g), mesoporous structure (>50 nm), H/C ratios
generally below 0.7 for structural stability, cation exchange capacity (CEC) above
40 cmol /kg, and sufficient nutrient loading capacity for nitrogen, phosphorus, and
potassium retention. These properties collectively determine the suitability of biochar
as a nutrient carrier, moisture-retention medium, and soil-conditioning material.
Biochar with good crystalline surface area, H/C ratio, porosity, CEC, and alkaline
pH (7-10) promotes nutrient adsorption and retention in the soil, improves soil
structure for aeration, moisture retention and microbiota activity, which are essen-
tial for vigorous crop growth [15-17]. High nutrient loading capacity is desirable for
nutrient adsorption, retention or biochar impregnation with other nutrient elements

to suit specific crop requirements. Typical loadings for major nutrients in biochar
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Fig. 1 Potential applications of biochar produced from the pyrolysis

include Nitrogen (5-80 mg-N/g), Phosphorous (2—40 mg—P/g), and Potassium (17—
70 mg-K/g) [18]. Biochar is a versatile material useful in a wide range of applications,
owing to its robust physical and chemical properties, as illustrated in Fig. 1 illustrates.

Amongst the many approaches explored for biochar production, pyrolysis has gained
prominence as a thermochemical conversion pathway for valorizing diverse biomass
feedstocks into multiple high-value products, notably bio-oil, syngas, and biochar [19-
21]. Even though the agronomic benefits of biochar have been widely reported, variabil-
ity in biochar quality and performance continues to constrain its agricultural application.
One of the main reasons for this variability lies in the complex interplay between feed-
stock type, process conditions, and reactor configuration during pyrolysis [22, 23].
While a number of studies have characterized the influence of feedstock composition,
pyrolysis temperature, residence time, and heating rate on the physicochemical attrib-
utes of biochar [24-26], less attention has been put on linking reactor design with the
microcrystalline structure of the resulting material. The features and formation of the
reactor, determine the precision and uniformity of the process parameters, which influ-
ence the physicochemical properties of biochar, thus leading to the necessity of focusing
on reactor design in this review.

The microstructure including crystallinity, pore geometry, and the ratio of hydrogen-
to-carbon (H/C) is a central determinant of biochar’s capacity to function as a soil
conditioner or slow-release fertilizer [9, 16]. This observation points to the importance
of reactor heat transfer behavior, temperature gradients, and operational stability in
determining the quality of biochar produced for agricultural use.

Previous reviews have provided valuable overviews of pyrolysis technologies, feed-
stock optimization, or general applications of biochar in environmental management
and agriculture [27, 28]. However, most have either focused primarily on process param-
eters or on the agricultural performance of biochar without adequately bridging these
two domains. For instance, comprehensive assessments have discussed pyrolysis temper-
ature as the dominant factor shaping biochar porosity and aromaticity [29, 30], but the
role of reactor hydrodynamics and heat distribution has often been treated descriptively
rather than mechanistically. Others have evaluated the agricultural outcomes of biochar
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amendments, such as nutrient adsorption and soil pH regulation [13, 31-35], but with-
out tracing these properties back to the underlying reactor-driven structural modifica-
tions. As a result, the relationship between reactor design features and fertilizer-relevant
biochar properties is still insufficiently resolved in the existing literature. This has made
it hard to translate reactor engineering innovations into agricultural outcomes. As illus-
trated in Fig. 2, a conceptual model that links reactor types and operational parameters
for specific biochar attributes is desirable in future research and development.

This paper has put particular emphasis on understanding how pyrolysis reactor
design governs the development of biochar microcrystalline features that are critical
for fertilizer performance. By integrating knowledge from reactor engineering and
agricultural science, the review advances that reactor configurations directly influence
process conditions such as temperature gradients, residence times, and heating
uniformity [36—39]; and that these operational variables in turn shape the crystallinity,
porosity, and functional group composition of biochar [9, 11, 40, 41]. These structural
traits are directly correlated with agricultural functions, including nutrient retention,
cation exchange capacity (CEC), and resistance to microbial decomposition [13, 17,
42, 43]. This analysis demonstrates that the choices in reactor design, including hybrid
configurations, can improve process control and consistency in the production of
fertilizer-grade biochars.

A broad array of reactor technologies have been developed and tested for pyrolysis,
ranging from conventional systems such as fixed-bed, ablative, and fluidized-bed
reactors to emerging innovations like plasma-assisted, microwave-assisted, and solar-
driven reactors [20, 44—46]. Each of these designs exhibits unique operational principles,
energy efficiencies, and scaling potentials. Fluidized-bed reactors, for example, are
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recognized for their robustness and scalability, but they often suffer from uneven
temperature distribution at industrial scales [47-49]. Auger reactors can produce high-
carbon-content biochars but are energy-intensive and costly to operate continuously
[50-52]. Conversely, microwave- and plasma-assisted systems can achieve exceptionally
high surface areas and uniform porosity [53—56], yet they are constrained by excessive
power demand and limited scalability [57]. These differences emphasize the importance
of analyzing reactor designs not only in terms of product yield but also with respect
to their capacity to generate biochars with the desired microstructural properties for
fertilizer applications.

Another dimension of this review involves situating reactor development within the
broader research trends from 2010 to 2026. The earlier part of this period was charac-
terized by proof-of-concept studies at laboratory scales, largely limited to conventional
designs and descriptive reporting of outcomes [20, 58]. In the last five years, however,
technological innovation has accelerated through the integration of hybrid reactor sys-
tems and digital tools such as artificial intelligence (AI) and machine learning (ML) [59-
61]. Hybrid designs combining microwave and fluidized-bed systems, or plasma-assisted
reactors, have been proposed as solutions to overcome the limitations of non-uniform
heating and poor scalability [57, 62]. At the same time, Al algorithms are being increas-
ingly deployed to optimize pyrolysis conditions, predict biochar properties, and reduce
the experimental burden of reactor trials [63—-65]. Recent studies have increasingly
explored the integration of advanced control strategies and data-driven tools to improve
reactor performance and biochar quality.

From an agricultural perspective, the link between reactor design and fertilizer
performance is not merely theoretical. Biochar’s value in soils is governed by its capacity
to retain nutrients such as nitrogen, phosphorus, and potassium, while also providing
favorable habitats for soil microbiota [16, 66]. The crystallinity and pore structure
of biochar determine how these nutrients are adsorbed, released, and protected from
leaching [9, 11]. Studies have shown that biochars with higher specific surface areas
and well-developed pore systems significantly improve CEC and water retention,
leading to enhanced crop growth [13, 17]. However, biochars produced in reactors
with poor thermal distribution or excessive carbonization often exhibit graphite-like
structures that limit functional group diversity and reduce agricultural utility [67, 68].
Thus, advancing reactor design is not only a matter of engineering efficiency but also of
agricultural productivity and food security.

Therefore, the focus of this review is to triangulate the effect of reactor design and
pyrolysis parameters on the physicochemical properties of biochar for fertilizer
applications. By synthesizing over 350 publications spanning reactor engineering,
biochar characterization, and agricultural studies, it identifies both the opportunities
and persistent challenges in achieving reactor—structure—function linkages. Specifically,
the review (i) examines the evolution of reactor designs from 2010 to 2026 and their
operational principles, (ii) analyzes how these reactors shape microstructural attributes
of biochar, (iii) highlights the agricultural implications of these structural traits for
fertilizer performance, and (iv) explores emerging innovations as pathways toward
standardized and scalable production. Unlike previous reviews that examined either
pyrolysis parameters or agricultural applications independently, this review integrates
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reactor engineering, microstructural characterization, and fertilizer functionality
into a unified analytical framework. The study further contributes a comparative
benchmarking approach linking reactor technologies with quantitative indicators such
as BET surface area, pore volume, energy consumption, and fertilizer relevance. This
integrated approach underscores the urgent need for interdisciplinary collaboration
among engineers, materials scientists, and agronomists to unlock biochar’s full potential
as a sustainable agricultural input.

2 Methods and materials

To ensure a comprehensive assessment of the relationship between pyrolysis reactor
design and biochar microcrystalline structure, this review adopted a systematic second-
ary research methodology following established guidelines for narrative and systematic
reviews. The review is structured to capture a wide range while ensuring clarity and
consistency in literature selection and analysis. Literature search was conducted across
multiple scholarly databases including Scopus, Web of Science, Google Scholar, IEEE
Xplore, and ScienceDirect. These databases were selected due to their extensive cover-
age of engineering, materials science, agricultural, and environmental science publica-
tions. Searches were limited to peer-reviewed journal articles, conference proceedings,
and authoritative book chapters to ensure credibility and technical depth. The search
employed combinations of keywords and Boolean operators such as:

« “Pyrolysis reactors”, “biochar’, and “fertilizer applications”
+ “Reactor design’, “biochar microstructure’, and “crystallinity”

+ “Biomass pyrolysis’, “surface area” and “porosity
+ “Advanced pyrolysis reactors’, “Al optimization” and “machine learning”

These terms were iteratively refined to capture the intersection of reactor engineer-
ing and biochar agronomy. Filters were applied to restrict results to the period January
2010 to June 2026, ensuring coverage of both foundational studies and the most recent
innovations, including plasma, microwave-assisted, and AI-driven reactor systems. Ear-
lier studies (2010-2014) were included primarily for their foundational descriptions of
pyrolysis reactor types and baseline data on process parameters such as temperature,
residence time, and feedstock characteristics [20]. More recent developments and stud-
ies have been incorporated capturing advances in hybrid reactors, scale-up efforts, and
machine learning applications [59, 61]. This broader timeframe not only improves repre-
sentativeness but also highlights the trajectory of reactor innovations over time.

2.1 Inclusion and exclusion logic

Articles were screened for eligibility using pre-defined inclusion and exclusion criteria.
Inclusion criteria included peer-reviewed studies explicitly analyzing pyrolysis reac-

tors and their influence on biochar properties; experimental or review papers reporting

on microstructural attributes of biochar (e.g., BET surface area, pore volume, crystallin-

ity indices, H/C and O/C ratios); publications addressing the agricultural implications

of biochar structure for soil fertility, nutrient retention, or crop productivity; studies



Ashabahebwa et al. Discover Environment (2026) 4:298 Page 7 of 35

covering innovations in reactor design, including plasma, microwave-assisted, hybrid, or
Al-optimized systems; Articles published between 2010 and 2026 in English.

Exclusion was based on: Non-peer-reviewed material (blogs, videos, news arti-
cles), which may provide anecdotal perspectives but lack methodological rigor; stud-
ies focused exclusively on biochar applications unrelated to fertilizers (e.g., biochar in
electrodes, water filtration, or carbon capture without agricultural analysis); papers that
did not provide sufficient experimental detail to evaluate reactor conditions or biochar
structural outcomes; duplicates and studies reusing the same datasets without added

analytical value.

2.2 Screening process and data analysis

The initial database search retrieved approximately 401 records. After duplicate
removal, 375 unique articles were screened based on titles and abstracts. Of these,
117 (31.2%) were excluded for irrelevance (e.g. studies focusing solely on feedstock
chemistry without reactor linkage). A total of 258 (68.8%) full-text articles were then
reviewed in detail. Following the application of inclusion and exclusion criteria, 169
articles were retained for systematic analysis. This review focuses exclusively on peer-
reviewed sources and incorporates a broader, more representative set of recent studies.
Restricting the analysis to peer-reviewed sources strengthened the reliability and tech-
nical depth of the evidence considered. The data synthesis involved both quantitative
tabulation and qualitative thematic analysis. Comparative tables were developed to sum-
marize reactor-specific outcomes, including yield percentages, BET surface areas, and
porosity ranges. Where multiple studies examined similar reactors, weighted averages
were determined to reflect central tendencies. Qualitative analysis focused on identify-
ing recurring challenges (e.g., non-uniform heat distribution, high energy demand) and
mapping technological solutions proposed (e.g., microwave-assisted heating, improved
insulation materials, Al-based predictive control). Figures were redrawn to illustrate
reactor schematics, process flows, and thermal distributions, avoiding direct reproduc-
tion of copyrighted images. A PRISMA-style flow diagram was constructed to show the

Initial database search
retrieved (n~401)

]

Articles screened by title
and abstract (n=375)

!

Articles excluded for
irrelevance (n=117)

Articles reviewed in detail

(n=258)
|

Articles excluded based
on exclusion criteria
(n=89)

Articles retained for
systematic analysis (n=169)

Fig. 3 PRISMA flow diagram of literature
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selection process, documenting the number of records identified, screened, excluded,
and included, as shown in Fig. 3.

2.3 Limitations of the review methodology

While this review sought to be comprehensive, several limitations must be
acknowledged. First, restricting the search to English-language publications may have
excluded relevant studies in other languages. Second, although peer-reviewed literature
was prioritized, some experimental details (e.g., proprietary reactor designs) may not
be fully disclosed in open-access sources. Finally, heterogeneity in reporting standards
across studies made direct comparisons challenging. These limitations were mitigated
by triangulating findings across multiple studies and focusing on convergent evidence
rather than isolated results.

3 Biomass carbonization and pyrolysis

3.1 Fundamentals of biomass carbonization

Biomass carbonization is a thermochemical process through which organic feedstocks
such as agricultural residues, forestry by-products, and municipal solid wastes are con-
verted into carbon-rich solids, liquids, and gaseous products. The transformation is
governed by complex reactions, including depolymerization, devolatilization, aroma-
tization, and secondary cracking, which occur under controlled thermal environments
in the absence or limitation of oxygen [25, 69, 70]. Among the carbonization routes,
pyrolysis has emerged as the most versatile and controllable, offering the potential to
optimize biochar properties for specific applications such as fertilizer enhancement and
soil remediation [19, 24]. The importance of carbonization lies not only in its ability to
divert biomass waste streams from open burning or landfilling but also in its capacity
to generate biochars with functional microstructures. These microstructures comprising
ordered and disordered crystalline domains, pores of varying size distributions, and sur-
face functional groups are critical in determining the agricultural performance of bio-
char when applied to soils [11, 16]. Figure 4 illustrates the production process of Biochar
fertilizer through pyrolysis of Biomass.

Process

Controlled Pyrolysis reactor

4 = 3

Pyrolysis at 300 - 900°C
under N, and zero O,

Fig. 4 Flow diagram of biomass pyrolysis for biochar production (Modified from [71])
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3.2 Overview of pyrolysis

Pyrolysis is defined as the thermal decomposition of biomass in the absence of oxygen,
typically at temperatures ranging from 300 to 900 °C, producing three primary products:
biochar (solid), bio-oil (liquid), and syngas (gas). The relative yields of these products are
highly sensitive to process conditions, reactor configuration, and feedstock type [26, 52,
72]. Slow pyrolysis, conducted at lower heating rates and longer residence times, gen-
erally maximizes biochar production, whereas fast pyrolysis favors bio-oil yields due to
rapid quenching of volatile products [30, 51, 73]. From a fertilizer perspective, pyrolysis
is particularly important because it allows for tailoring the structural and chemical fea-
tures of biochar. Factors such as pore development, BET surface area, elemental com-
position, and CEC are not only determined by feedstock composition but also by the
reaction conditions imposed by the reactor [9, 29]. For instance, prolonged residence
times at moderate temperatures can preserve more functional groups, whereas higher
heating rates at elevated temperatures increase aromaticity and crystallinity, improving
biochar stability but potentially reducing its nutrient retention ability [17, 49].

3.3 Key parameters in pyrolysis and their impact on biochar microstructure

3.3.1 Temperature

As indicated in Fig. 5, which was obtained through careful analysis of pyrolysis param-
eters from more than 100 research articles, temperature was widely acknowledged as the
most critical factor influencing the yield and microstructure of biochar [24, 36, 74, 75].
The design of the reactor, heat source and circulation, insulation, and reaction environ-
ment are key determinants to the temperature efficiency of the process. Low pyrolysis
temperatures (300—500 °C) typically produce biochars with high volatile matter, abun-
dant oxygen-containing functional groups, and lower aromaticity. These biochars exhibit
greater reactivity and nutrient exchange potential, making them suitable for short-term
soil fertility improvements [16]. Conversely, higher temperatures (500-600 °C) generate
biochars with high surface area (> 100m?g~!), increased porosity (>50 nm diameter), and
more ordered crystalline structures with H/C rations>0.7 [13, 16, 17, 37, 68]. Beyond

B Temperature

M Heating rate

M Feedstock properties
Residence time

Fig. 5 Key process parameters that influence quality of pyrolysis products
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600 °C, there is excessive carbonization, which reduces the organic functional groups in
biochar that may limit immediate nutrient retention, and thus requiring post-modifica-
tion or co-application with other fertilizers [67]. Several researches agree that biochar
yields increase with temperature up to about 600 °C, beyond which they begin to reduce
due to secondary decomposition of char. For example, in a study done by Zeng et al.
[76] in the pyrolysis of beech wood, biochar yield reduced from 14% at 600 °C to 10% at
1200 °C.

3.3.2 Heating rate

Heating rate governs the kinetics of molecular breakdown during biomass decomposi-
tion. Slow heating allows gradual devolatilization, enabling better pore development and
retention of mineral elements [25]. Fast heating, by contrast, results in rapid release of
volatiles and formation of micropores but can cause collapse of mesopores [36], lead-
ing to reduced pore connectivity [9]. Studies have shown that moderate heating rates
(~20 °C/s) achieve a balance between porosity and crystallinity, producing biochars
optimized for nutrient adsorption [44, 77]. At the set heating rate, the surface crystalline
structure of biochar highly depends on material size and heating temperature. Higher
heating rates (>30 °C/s) reduce yields, but also lower biochar surface areas (< 100m?/g)
compared to pyrolysis done at moderate heating rates and temperatures. This quality of
biochar may not be suitable for fertilizer use.

3.3.3 Residence time

Residence time influences the degree of carbonization and crystallinity. For most flu-
idized bed reactors, the residence time for biomass ranges between 20 min and 5 h
depending on the temperature ranges, heating rate and size of the feedstock [78, 79].
Extended residence times favor secondary reactions such as aromatization and graphiti-
zation, increasing the proportion of ordered carbon domains to achieve greater surface
areas and pore volumes [55]. However, excessively long residence times may decrease
the yield of reactive functional groups and crystalline surface area [13]. Optimal resi-
dence times typically fall within 20-60 min for slow pyrolysis aimed at fertilizer-quality
biochars [67].

3.3.4 Reactor atmosphere

The type of carrier gas and atmosphere (inert vs. reactive) plays a significant role in
shaping biochar microstructure. Nitrogen or argon atmospheres are commonly used to
ensure inert conditions, minimizing oxidation during pyrolysis [45]. However, the use
of reactive gases such as CO, or steam has been shown to enhance porosity and surface
activation through in situ gasification effects [46]. This leads to higher BET surface areas

and improved adsorption capacity, properties highly desirable for fertilizer applications.
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3.3.5 Feedstock properties

Although not the central focus of this review, feedstock characteristics inevitably
interact with pyrolysis parameters to determine biochar outcomes. Lignin-rich biomass
tends to produce biochars with greater aromatic stability, whereas cellulose- and
hemicellulose-rich materials generate biochars with higher volatile content and reactive
functional groups [53, 66]. Thus, it is imperative that feedstock selection aligns with
desired product outcomes [80, 81]. The mineral content of the feedstock can further
influence crystallinity by catalyzing or inhibiting specific reactions during carbonization
[22]. Table 1 provides a suitable guide for selection of biomass feedstocks for specific
product requirements.

3.4 Linking pyrolysis parameters to fertilizer applications

The agricultural performance of biochar is directly tied to its structural attributes.
Biochars with well-developed mesoporous networks and moderate aromaticity are
most effective in improving nutrient retention and water-holding capacity [16, 17].
In contrast, highly crystalline, graphite-like biochars, though more stable in soils,
often exhibit reduced CEC, limiting their short-term effectiveness as fertilizers unless
chemically modified [30]. Recent studies underscore the need to match pyrolysis con-
ditions with intended agricultural outcomes as shown in Table 2. For example, flu-
idized-bed reactors operating at 500—-550 °C with moderate heating rates have been
shown to yield biochars with BET surface areas exceeding 300 m?/g, significantly
enhancing phosphorus retention [48]. These findings highlight the potential of pro-
cess optimization to tailor biochar properties for specific fertilizer applications.

3.5 Emerging trends and research gaps

Although good progress has been made in understanding pyrolysis and its impact
on biochar, several knowledge gaps remain. Most studies continue to examine single
parameters in isolation, whereas in practice, temperature, heating rate, and residence
time interact synergistically. Moreover, comparative analyses across reactor types
remain limited, often constrained to laboratory scales (<1 kg of biomass/hr) without
translation to industrial practice (1-5 tons/day) [57, 58, 97]. Another key limitation
lies in the lack of long-term field validation linking microstructural attributes with
sustained soil fertility and crop yields. Addressing these gaps will require integrating
controlled experiments, reactor modeling, and field agronomy studies.

4 Reactor technologies

Pyrolysis reactor design plays a decisive role in determining the efficiency of thermal
conversion, energy utilization, and ultimately the physicochemical and microstruc-
tural properties of biochar. While feedstock characteristics and process parameters
are critical, reactor configuration dictates the thermal environment in which these
parameters operate. Factors such as heat transfer mode, gas flow dynamics, solid resi-
dence time, and temperature distribution directly shape the porosity, crystallinity,
and surface chemistry of biochar, which in turn affect its agricultural utility as a soil
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amendment and fertilizer carrier [9, 20, 52]. The efficiency with which these factors
can be actuated is largely dependent on the design of the reactor. Key design aspects
that differentiate reactors include; (i) source of heat for pyrolysis (electric heater, flue
gases, electromagnetic radiation, solar, or radiofrequency radiation); (ii) nature of
insulation (refractory clay bricks, fiber glass, alumina silica); (iii) type of operation
(batch or continuous); (iv) method of introducing biomass into the reaction chamber;
and (iv) nature of biomass to be pyrolyzed (particles or large pieces) [97]. This sec-
tion provides a comprehensive analysis of reactor technologies, with focus on conven-
tional systems and emerging innovations. Each reactor type is evaluated with respect
to its operational principles, advantages, limitations, and the implications for biochar

microstructure and fertilizer applications.

4.1 Fixed-bed reactors

Fixed-bed reactors are among the earliest designs employed for biomass pyrolysis
and are characterized by their simplicity, low capital costs, and ease of operation.
Feedstock is packed into a vertical or horizontal chamber, where it undergoes ther-
mal decomposition under controlled heating and limited oxygen conditions [20, 21].
These reactors have simple designs, suitable for laboratory-scale studies and initial
proof-of-concept research. However, they have poor scalability, uneven temperature
gradients, and limited capacity for producing high-quality biochars with uniform
crystallinity. This is mainly attributed to the uneven size and shape of biomass, as well
as heat loss to the surrounding. Since the wooden biomass is packed and the reac-
tor sealed, mixing is not practical, thus temperature gradients often arise in various
pockets of the reactor. Given the simplicity and the stationary nature of the design,
refractory clay bricks are often preferred for insulation, yet they have relatively higher
thermal conductivity (2W/m.K) compared to other insulation materials such as fiber
glass (0.03-0.06 W/m.K), and alumina-silica (0.1-0.2 W/m.K) [98]. According to
Roman et al. [99], the energy consumption for typical fixed bed reactors is approxi-
mately 1475 MJ/ton relatively lower than most of the conventional reactors. Although,
the slow pyrolysis in these systems favors higher char yields (26 — 38%), there is often
incomplete carbonization leading to biochars with heterogeneous structural proper-
ties [30, 100, 101]. Biochars from fixed-bed reactors typically exhibit low BET surface
area ranging between 7.5 and 65 m?/g, and total pore volumes (0.02 — 0.3 cm?/g) due
to uneven heat transfer within the bed [102, 103]. For fertilizer applications, fixed-bed
biochars often require post-treatment to improve nutrient retention capacities. Their
heterogeneity limits reliability for standardized agricultural use [16].

4.2 Rotary kiln reactors

Rotary kiln reactors employ a rotating cylindrical chamber that continuously agitates
feedstock as it undergoes thermal decomposition. This configuration improves heat
distribution compared to fixed bed reactors and allows semi-continuous or continu-
ous operation [58, 104—107]. Rotary kiln biochars exhibit relatively uniform parti-
cle sizes and enhanced porosity due to continuous mixing. However, high thermal
inertia can result in excessive energy consumption (1800 M]J/ton) and difficulty
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in fine-tuning microcrystalline features [108]. They can be scaled up for industrial
applications and production of activated biochar. The limitation to these is that they
have high operational costs, mechanical wear, and potential fouling issues. Generally,
rotary kilns are promising for large-scale biochar production but often produce chars
with lower BET surface areas (38—127m?/g), total pore volumes (0.17-0.24 cm®/g),
and porosity (7-7.5-15.8 nm) compared to fluidized bed systems, limiting their
direct agricultural performance [48, 109]. Biochar from rotary kilns can be improved
through activation, which has potential to enhance BET surface area and porosity. For
example, in a study done by Don et. al [110], a rotary kiln was used to produce acti-
vated carbon from waste wood, using Goethite iron ore, which significantly increased
the BET surface areas to more than 600m?/g.

4.3 Fluidized-bed reactors

Fluidized-bed reactors (FBRs), as shown in Fig. 6, are widely studied due to their supe-
rior heat transfer and mixing efficiencies [111]. Biomass particles are suspended in an
upward flow of inert gas, creating an environment of uniform temperature and rapid
heat transfer [44, 52]. Biochars exhibit relatively higher BET surface areas (250 —700
m?/g), higher pore volumes (>0.4 cm®/g), and moderate crystallinity compared to fixed
bed and rotary kiln reactors [49, 112]. For example, Feng et al. [113] achieved high sur-
face area (604 m?/g) and pore volume (0.43 m®/g) biochar by using a tubular bed reac-
tor to pyrolyze sea weed, which is comparable to values (668 m?/g) obtained by Don
et al. [110]. However, extremely fine particles can be entrained in the gas flow, reduc-
ing overall quality and yield of bio-oil and biochar. To improve yield, a series of cyclone
separators may be included in the design to effectively capture biochar, and a condenser
unit to capture volatiles into bio-oil, thereby minimizing environmental pollution. FBRs
possess excellent scalability, high uniformity, continuous operation but are limited by
the complex fluid dynamics, risk of particle entrainment, and energy-intensive gas cir-
culation [114, 115]. The thermal stability within the reaction chamber is often disrupted

Fuel
Syngas

Vil

>

Biochar collection Bio-oil

Biomass Input Pyrolysis
hydrocarbons
Gas recycler

Cyclone separators & regulator

Syngas recycle

Fig. 6 Fluidized bed reactor
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by the incoming fluidizing gas, whose flow must be carefully regulated to minimize the
effect on temperature distribution within the reactor. In recent times, the introduction
of heat recirculation concept with fluidized bed reactors has improved thermal stability
and energy consumption to less than 1500 MJ/ton [116]. This is achieved in two ways: (i)
combusting the collected char in the cyclone and heating up the fluidizing sand to sus-
tain pyrolysis temperature; (ii) recirculation of the syngas to the furnace. These design
approaches are critical to sustaining the pyrolysis temperature, but also reducing energy
expenditure. However, option (i) is suitable for bio-oil production and not fertilizer,
since the biochar will be burnt as secondary fuel [117]. In the design of FBRs for fer-
tilizer production, a careful balance between biomass flow, inert gas velocity, and heat
energy supply must be created to ensure structural stability and nutrient retention, mak-
ing them suitable for producing standardized biochars at scale [9].

4.4 Auger reactors

Auger reactors (ARs) employ a rotating screw to convey biomass through the heated
axis of the reactor chamber. Heat transfer occurs via conduction from heated reactor
walls or through carrier gas [52]. The biomass is screwed through the reaction cham-
ber, it decomposes into biochar, bio-oil and syngas. A typical AR design is incorporated
with a pipe exit along the heated wall for capturing volatile gases, as well as for internal
pressure balance [118]. Although ARs are robust, size reduction of biomass is impor-
tant to facilitate efficient thermal transfer for complete pyrolysis. Their mixing capabil-
ity improves energy balance for uniform heating across the reactor, and can be used for
slow, intermediate and fast pyrolysis. Though these reactors are known for high biochar
yields (20-60%), their non-uniform heating often leads to chars with high carbon con-
tent, but lower BET surface areas (<15m?/g) and total pore volumes (0.05-0.2 cm®/g)
compared to those from fluidized-bed and rotary kiln systems [25, 79, 119, 120]. The
high carbon content reduces the H/C ratio, which is a key indicator of biochar stabil-
ity and longevity in the soil. According to Jerzak et al.[97] and Meyer et al.[121], high
ratios (>0.7) indicate low surface area and porosity due to incomplete pyrolysis, whereas
low ratios (<0.4) indicate fully developed pores at temperatures>500 °C, and thus bio-
char has greater potential to ameliorate and amend the soil for a longer time. ARs have
compact design, adaptable for decentralized biochar production, and ability to handle
diverse feedstocks. These have a limitation of producing lower surface areas biochar,
potential blockages, high energy consumption (>1600 MJ/ton) and limited scalabil-
ity [51]. For fertilizers, auger-derived biochars require blending with nutrient-enriched
materials to maximize agricultural benefits [13].

4.5 Ablative reactors

Ablative reactors utilize high-pressure contact between biomass particles and heated
surfaces, where thermal energy is transferred via conduction. These systems are rela-
tively rare in commercial biochar production due to their higher initial cost and opera-
tional expenses [104, 122]. They are known for high energy consumption due to higher
surface heating requirements, coupled with excessive heat losses, constant mechani-
cal contact pressure and agitation. Biochars produced from such systems are typically
dense, with variable pore volumes (0.2 —0.5 cm?/g) depending on particle contact with
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the heated surfaces. The strength of this type of reactors is their independence from car-
rier gas, and ability to process large particle sizes. However, they have limited scalabil-
ity, mechanical complexity, and uneven char quality. Biochar from ablative reactors have
lower BET surface area values ranging between 39 and 120 m?/g compared to fluidized
bed reactors [123]. They are usually operated at moderate temperatures (300—400 °C),
and low heating rates, yet the constant rotation also drives up the energy requirement (~
2400 MJ/ton) [124]. Ablative reactors systems are more suited for lab-scale bio-oil pro-
duction than commercial biochar fertilizer due to their poor control over microstruc-
tural features [30, 97].

4.6 Microwave-assisted reactors

Microwave-assisted pyrolysis has gained attention for its ability to achieve rapid and
uniform heating through direct interaction of microwave energy with biomass [53, 54].
In the design of microwave systems, particle size and moisture content of the feedstock
are key in effecting energy transfer during pyrolysis. Biomass with high moisture content
tends to take longer time to decompose due to excessive microwave adsorption com-
pared to dryer substrates. This requires pre-pyrolysis treatments such as grinding and
drying. Typical lab-scale microwave assisted reactors generate biochars with BET sur-
face areas ranging between 3.1 and 25 m?/g, whereas for commercial systems, the val-
ues can potentially exceed 500 m?/g [62, 125]. Enhanced surface area and porosity arise
from volumetric heating, which minimizes thermal gradients. They have high heating
efficiency, tunable energy input, and production of biochars with superior adsorption
capacity [126, 127]. However, they have high energy demand (>4000 MJ/ton), expen-
sive infrastructure, and challenges in scaling beyond laboratory or pilot plants [128].
Microwave-derived biochars are particularly attractive for fertilizer applications, as their
high porosity, supports nutrient retention and slow-release properties. However, scaling
remains a bottleneck for widespread agricultural deployment [55]. Microwave technol-
ogy has shown potential and suitability for integration with conventional reactors for
improved thermal transfer at medium and large-scale operations.

4.7 Plasma-assisted reactors

Plasma-assisted reactors utilize ionized gases to achieve extremely high heating rates
(10°-10*°%/s) and reactive environments [129]. During pyrolysis, the high energy radia-
tion breaks down the molecular bonds, removing volatiles, and leaving amorphous bio-
chars with average crystallinity, BET surface areas (250—300m?/g), and unique surface
chemistries due to quick devolatilization of the biomass material under high heating
rates [130]. Raza et al. [45] found that typical plasma reactors operate in temperature
ranges 2000-9000 °C at more than 2000W of power input. Due to high heating rates,
biomass residence time is usually short, and there is excessive heat loss to the surround-
ings, which compromises complete pyrolysis in some sections of the reactor. However,
they have very high energy requirements (>2000 M]J/ton), costly equipment, and techni-
cal challenges in maintaining plasma stability [45]. Though still experimental, plasma-
assisted biochars show promise for targeted fertilizer applications where highly active
surfaces are required for nutrient immobilization. Thermal control and power efficiency
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are key design improvements that can foster increased utilization of plasma reactors at
scale.

4.8 Hybrid reactors

Hybrid systems combine multiple heating modes such as microwave or plasma radia-
tions with conventional heating methods such as flue gas, induction heater, solar, among
others to overcome the limitations of individual conventional reactor designs [57, 62,
131]. In terms of microstructural outcomes, hybrid systems offer improved thermal
control and optimization for pore development, crystallinity, and surface chemistry,
achieving quality biochars for both stability and reactivity. These applications provide
instantaneous controlled heating, which enhances grafting of surface groups of such as
carboxyl, phenolic hydroxyl, lactone, quinone and ether. These serve as binding poles
to facilitate smooth biochar integration with soil particles, which improves nutrient
absorption potential, hydrophilicity, PH and CEC [132]. Hybrid reactors are potentially
scalable and tunable biochar production with enhanced efficiency. However, they have a
limitation of being highly complex, elevated costs, and limited industrial demonstrations
to date. Nevertheless, hybrid reactors are considered the future of biochar engineer-
ing, particularly when integrated with Al and machine learning for predictive optimi-
zation of microstructure [59, 60]. Saliou et al. [61] used a microwave assisted fluidized
bed reactor to carbonize tea waste, and the resulting BET surface area was 943 m?/g at
500 °C, higher than 686m?/g achieved by Jansuwan et al. [133] who pyrolyzed oil palm
shell waste. The variation could be attributed to difference in biomass material, as well
as experimental set up, and quantities involved. Figure 7 represents a schematic of more
controllable and optimum hybrid models for quality biochar production.
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Fig. 7 Schematic of a controllable hybrid reactor model
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4.9 Comparative synthesis

Table 3 summarizes the comparative characteristics of different reactor technologies
in terms of operational requirements, biochar yields and microstructural properties,
and fertilizer relevance. Conventional reactors (fixed-bed, auger, rotary kiln) remain
useful for small to medium-scale production but often yield biochars with lower
BET surface areas, total pore volumes, and heterogeneous structures. Fluidized-
bed systems are more scalable and produce relatively uniform biochars with higher
BET and porosity values but can be energy-intensive. Although emerging technolo-
gies such as microwave and plasma reactors exhibit potential for superior porosity
and microstructural control, they face scalability and operational cost challenges.
Hybrid reactors represent the most promising avenue, offering the potential to com-
bine scalability with advanced microstructural tailoring, thereby producing stand-
ardized fertilizer biochars. Comparative evaluation of the reactor systems indicates
that fluidized-bed reactors currently provide the most balanced compromise between
scalability, thermal efficiency, and production of fertilizer-relevant microstructures.
Although microwave-assisted and plasma-assisted systems achieve superior BET
surface areas and pore development, their high energy demand and limited indus-
trial-scale deployment remain major barriers. Conversely, fixed-bed and rotary kiln
systems remain economically attractive for decentralized applications but generally
produce biochars with lower structural uniformity and reduced nutrient adsorption
capacity.

Therefore, reactor choice must align with intended biochar applications. For nutri-
ent-rich, short-term soil amendments, low-temperature fixed-bed or auger reactors
may suffice. For long-term stability and high adsorption capacity, hybrid systems are
preferable. The challenge ahead lies in scaling these advanced systems while ensuring
cost-effectiveness and energy efficiency.

5 Results and discussion (critical review)

The analysis of peer-reviewed studies published between 2010 and 2026 clarifies the
relationship between pyrolysis reactor design, process parameters, and the micro-
structural properties of biochar for fertilizer applications. This section synthesizes
those findings, highlighting the ongoing debates within the literature.

5.1 Effect of reactor type on biochar physicochemical properties

The evidence from the reviewed studies shows that reactor configuration influences
biochar surface area, pore structure, and the degree of carbon ordering [139-142].
While feedstock type and thermal conditions remain primary determinants, the
thermal environment imposed by reactors modifies key features such as BET surface
area, pore size distribution, aromaticity, and crystallinity. For instance, fixed-
bed reactors, although simple and low-cost, they tend to produce biochars with
heterogeneous microstructures due to poor heat transfer. This heterogeneity reduces
their predictability in fertilizer applications [20]. On the other hand, rotary kilns
improve homogeneity but are energy intensive, often producing chars with moderate
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porosity rather than high BET values [51]. Fluidized-bed systems consistently yield
biochars with higher surface areas and uniform porosity, aligning well with nutrient
adsorption requirements [44]. However, commercial microwave-assisted reactors
have potential to outperform conventional designs by generating chars with BET
surface areas exceeding 500 m?/g, yet questions about scalability remain [54]. Plasma-
assisted systems, though experimental, demonstrate unique surface activation
processes that may tailor biochars for specialized fertilizers [46].

As summarized in Table 3, the suitability of a reactor for producing fertilizer bio-
char depends on balancing scalability, energy efficiency, and the desired structural
characteristics. The reviewed studies collectively suggest that reactor-induced differ-
ences in BET surface area and pore architecture have direct implications for fertilizer
functionality. Reactors capable of producing biochars with BET surface areas above
300 m?*/g and pore volumes exceeding 0.4 cm®/g generally demonstrate superior
nutrient adsorption and water retention performance. However, these improvements
are often accompanied by higher operational energy requirements, emphasizing the
trade-off between microstructural optimization and economic feasibility.

5.2 Process parameters and microstructural outcomes

The review confirms that temperature, heating rate, residence time, and reactor atmos-
phere are interdependent and collectively shape biochar microstructure. Temperature
controls the degree of carbonization: low-temperature chars retain oxygenated func-
tional groups and higher CEC, while high-temperature chars offer greater stability but
reduced reactivity [24, 143, 144]. Heating rate influences pore architecture: moderate
rates produce balanced mesopores, while extreme rates collapse structures [9, 145]. Res-
idence time governs crystallinity and stability; excessive times reduce functional group
availability despite enhancing aromaticity [55]. Reactive atmospheres (e.g. CO,, steam)
enhance porosity and activation, creating chars better suited for nutrient adsorption
compared to inert atmospheres [45]. As summarized in Table 2, these findings demon-
strate that careful control of pyrolysis parameters enables tailoring of biochar properties
for either short-term nutrient retention or long-term soil conditioning.

5.3 Fertilizer-relevant properties of biochar

Biochar’s role in agriculture hinges on its capacity to influence nutrient dynamics and
soil physicochemical properties. The literature demonstrates that reactor and param-
eter driven microstructures determine nutrient retention, water holding potential, and
PH. Biochars with mesoporous networks and high CEC improve nitrogen and phos-
phorus retention, and high nutrient carrier potential. For example, fluidized-bed bio-
chars applied to sandy soils enhance phosphorus availability by 30-40% compared to
non-amended controls [48, 146]. Several studies highlight the potential of biochars to
act as carriers for synthetic fertilizers. Plasma-derived chars, with their activated sur-
faces, exhibit strong affinity for ammonium and phosphate ions, suggesting suitability
for slow-release formulations [46, 147, 148]. Additionally, biochars with high microporo-
sity improve soil water retention, particularly in arid zones. Microwave-derived biochars
were reported to increase soil moisture content by up to 20% [54]. Another property is
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the soil pH and liming effects in case high-temperature biochars increase soil pH due to
ash content and carbonates, benefiting acidic soils [16, 149].

5.4 Comparative analysis across reactor types

A key gap in the literature has been the limited comparative evaluation of reactor
technologies and engineering on a uniform basis. Most studies investigated reactors
in isolation, hindering direct cross comparisons. However, when critically assessed,
fluidized-bed and microwave reactors emerge as optimal for producing high-surface-
area, nutrient-retaining chars, whereas, rotary kilns remain attractive for scale-up,
but the trade-off is lower porosity. Fixed-bed and auger reactors are better suited for
decentralized, small-scale fertilizer production, though biochar heterogeneity may
limit standardization. Hybrid reactors hold potential to combine advantages (e.g.,
scalability + microstructural control), but industrial demonstrations are lacking [57].
These comparisons show that no single reactor design consistently outperforms others
across all fertilizer-relevant criteria, meaning that reactor choice must be matched with
intended agricultural outcomes.

5.5 Challenges in establishing reactor-fertilizer linkages

Despite the progress made, the evidence from reviewed studies makes it clear that
reactor design alone does not determine fertilizer performance, but also feedstock
characteristics and soil conditions play important roles. Biochar’s agricultural value
is an emergent property of feedstock-process-reactor interactions [22, 150]. Several
challenges persist: (i) Feedstock variability introduces uncertainty, where identical
reactor conditions yield different biochars depending on lignin, cellulose, and min-
eral content. (ii) Scale-up challenges prevent laboratory findings from being directly
extrapolated to industrial fertilizer production [151-153]. (iii) Heterogeneous charac-
terization methods (different BET protocols, CEC tests, or porosity analyses) reduce
comparability across studies. (iv) Agricultural validation is limited, and few studies
link microstructural features with long-term crop yield improvements under field

conditions.

5.6 Future opportunities and research directions

To address these gaps, future research needs to integrate multivariate approaches in
which temperature, heating rate, and reactor type are simultaneously investigated to cap-
ture interaction effects rather than isolated parameters. Advanced reactor innovations
such as microwave or plasma assisted hybrid systems should be tested at pilot scales,
with techno-economic analyses assessing their viability for fertilizer biochar production.
Comparative studies should be conducted that correlate BET surface area, porosity, and
crystallinity with nutrient adsorption, desorption, and release dynamics. There is need
for long-term agricultural trials which are essential to confirm laboratory-predicted ben-
efits. Integration with specific cropping systems and soil types will enhance relevance.
Life cycle and energy balance analyses are needed to ensure that advanced reactors do

not impose prohibitive environmental or economic costs.



Ashabahebwa et al. Discover Environment (2026) 4:298 Page 24 of 35

5.7 Synthesis

The literature supports a nuanced conclusion that reactor design exerts a significant
but not exclusive influence on biochar’s fertilizer performance. Instead, fertilizer suit-
ability arises from a triangular interaction between feedstock characteristics, pyrolysis
parameters, and reactor environment. By addressing methodological inconsistencies,
incorporating advanced reactor technologies, and validating performance in agricultural
contexts, it is possible to establish more robust reactor—microstructure—fertilizer link-
ages. This review provides a foundation for such efforts, while Tables 2 and 3 ensure a
comparative framework that addresses prior criticisms of descriptive rather than ana-

lytical treatment.

6 Research prospects

Although good progress has been made in the study of biomass pyrolysis and biochar
production, the integration of reactor design with microstructural optimization for
fertilizer applications remains limited. The reviewed literature highlights a fragmented
approach, where studies often isolate single parameters or focus narrowly on reactor
types without bridging outcomes to long-term agricultural performance. This section
outlines research prospects that can guide future investigations and innovations.

6.1 Advancing reactor engineering for biochar production

Further studies should therefore focus on developing reactor systems that can reliably
produce fertilizer-grade biochars at scales relevant to real agricultural use. Conven-
tional systems such as fixed-bed and rotary kilns have limitations in heat distribution
and microstructural control. Fluidized-bed and microwave-assisted systems offer supe-
rior thermal management, but scaling challenges persist [52, 54]. Key research prospects
include:

(i) Hybrid reactor development: combining microwave or plasma heating with fluid-
ized-bed circulation may overcome individual limitations [57]. Such designs could
deliver chars with both high porosity and scalable yields.

(ii) Dynamic reactor modeling in which computational fluid dynamics (CFD) and
Multiphysics modeling can help predict microstructural outcomes under varying
process conditions, reducing trial-and-error experimentation [154]. The developed
models enhance prediction and control of thermal transfer efficiency, material flow
dynamics, air and gas flow dynamics, safety, and general yield dashboard of the
product materials. The application of machine learning techniques such as Support
Vector Regression (SVR) and Particle Swarm Optimization (PSO) models may be
useful in optimizing reactors for maximum product yields.

(ili) Decentralized reactor designs, where portable auger-based or modular microwave
units could support rural farmers and decentralized fertilizer production in regions
like Sub-Saharan Africa, where centralized infrastructure is limited.
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6.2 Linking microstructure to fertilizer functionality

Future research must go beyond broad descriptions of “porosity” or “BET surface area”
to establish quantitative correlations between microstructural attributes and nutrient
dynamics. As summarized in Table 2, temperature, residence time, and atmosphere
strongly influence pore architecture and functional group retention. However, there
remains limited systematic mapping between these properties and fertilizer-relevant
metrics such as: CEC and its impact on nitrogen retention, phosphorus binding capacity
and desorption rates under varying soil pH conditions, and moisture retention in sandy
versus clay soils.

Advanced characterization techniques (e.g. synchrotron-based spectroscopy,
nanoscale tomography) should be integrated to capture microstructural heterogeneity at
finer resolutions. Such work would provide the mechanistic evidence that critics argue is
missing in current reactor—fertilizer linkages [155, 156].

6.3 Agricultural validation and long-term studies

Most current research evaluates biochar properties at the laboratory scale, using batch
adsorption experiments or short-term soil incubation tests [16, 157]. Very few studies
extend to multi-season or multi-year field trials. To ensure that reactor-optimized bio-
chars deliver real agricultural benefits, research needs to: (i) Conduct long term trials so
as to monitor nutrient release, soil fertility, and crop yield effects over multiple seasons;
(ii) assess soil crop specificity since different soils (sandy, clayey, acidic, saline) respond
differently to biochar amendments; tailored recommendations must be developed; (iii)
evaluate fertilizer blends such as Hybrid fertilizers (biochar plus mineral NPK) which
should be tested for slow-release potential, reduced leaching, and enhanced nutrient-
use efficiency; and (iv) monitor environmental impacts including tracking greenhouse
gas emissions (N,O, CH,) and heavy-metal immobilization to establish sustainability
credentials.

6.4 Emerging frontiers in biochar research
Recent research is increasingly exploring the use of data-driven methods and Artificial
Intelligence (AI) to improve reactor control and optimization, predict biochar
properties, and reduce experimental uncertainty. ML and Al techniques such as
predictive modelling, and optimization algorithms are potentially useful for simulation
and control of biochar properties by optimizing pyrolysis parameters (heating rate,
temperature, residence time, feed flow rate, and velocity of fluidizing gas) in respect
to the desired yield and physicochemical characteristics of the products [158]. Several
models such as Adaptive Neuro-Fuzy Interference system (ANFIS), Artificial Neural
networks (ANN), Decision Trees (DT), Support Vector Machine (SVM), Multi-Layer
Perceptron Neural Network (MLP-NN), and Least squares support vector regression
(LSSVR), among others have been developed and applied in the prediction of various
pyrolysis attributes such as operational conditions, biochar yield and microstructure,
process energy consumption, and heat capacities.

For example, Mohsen et al. [159] effectively used the LSSVR model with Gaussian Ker-
nel function to predict the heat capacities of various cellulosic biomass materials. It was
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noted in their study that this model is conservative on the samples’ microstructure and
crystallinity based on regulated temperature and other operational conditions. Li et al.
[59] used MLP-NN and ANFIS to predict biochar yield and composition from various
biomass materials. In their study, input parameters included the proximate and ultimate
composition of specific biomass, pyrolysis temperature, heating rate and retention time,
whereas the output parameters were biochar yield, proximate and ultimate composition.
Balde et al. [61] used ANN, Gaussian Process Regression (GPR), DT and SVM to predict
heating value, specific surface area and porosity of biochar. In their study, they pyrolyzed
tea waste and nut shells using a lab scale microwave reactor and applied ML to opti-
mize the operation. In their analysis, ANN model offered better predictions, with higher
regressions (R? ~ 0.9) and lower prediction errors than SVM, DT and GPR. Compa-
rable results were obtained by Cheng et al. [60], who used DT, ANN, SVM, and GPR
models to optimize pyrolysis process of plastic waste into fuel. ANN and DT offered
higher regressions (R* = 0.8 — 0.92), an indication for better simulation results probably
if applied on biomass. Similar results were reported by Xiao and Zhu [63], who used
Back Propagation ANN (BP-ANN) for prediction of activation energy for various bio-
mass waste materials.

Recent machine learning studies have demonstrated promising predictive capability
for optimizing pyrolysis operations and estimating biochar properties. ANN and DT
models trained using operational datasets containing reactor temperature, heating
rate, residence time, and feedstock composition have achieved prediction accuracies
exceeding 90% (R?>0.90) for BET surface area and biochar yield estimation. Similarly,
Support Vector Regression (SVR) and ANFIS models have shown strong performance
in predicting pore volume, carbon content, and syngas generation under varying
reactor conditions.

Although, ML models can optimize multi-variate pyrolysis conditions through vari-
ous pathways as shown in Fig. 8, their usefulness depends on the quality and quantity
of available datasets. Studies indicate that predictive accuracy improves substantially
when datasets exceed 400 experimental observations and incorporate multiple feed-
stock categories [161]. Hai et al. [162] pointed out that models such as ANN and
ANFIS are often quite complex and time-consuming to build especially with small
data sets. Larger datasets (>400) and more features (> 10) offer more scope and res-
olution for model development, training, testing and validation pathways. Although
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Fig. 8 ML application workflow for optimizing biomass pyrolysis

Page 26 of 35



Ashabahebwa et al. Discover Environment (2026) 4:298 Page 27 of 35

several studies have explored the use of ML and Al to predict pyrolysis operations,
there is still need to build more robust models that are more accurate, transparent,
and reproduceable. Most existing models remain constrained by limited dataset
diversity, lack of external validation, and insufficient reproducibility across different
feedstocks and reactor configurations [60, 64, 160, 161]. Future research should there-
fore focus on developing standardized open-access pyrolysis datasets capable of sup-
porting transferable and scalable predictive models for biochar fertilizer production.

6.5 Policy, Market, and adoption prospects

To increase the adoption of biochar-based fertilizers will also require supportive
policies, clear quality standards, and market incentives that encourage sustainable
production practices [163-165]. Research prospects should therefore include: (i)
development of clear quality metrics for fertilizer-grade biochars (BET, CEC, H/C,
O/C, nutrient content, etc.) to build market trust. This will include standards and cer-
tification; (ii) policies to subsidize decentralized reactors or incentivize carbon cred-
its for biochar producers; (iii) partnerships and integration with fertilizer companies
to blend biochar into existing NPK formulations; (iv) training programs for farmers,
extension workers, and agro-industries on biochar utilization.

6.6 Conceptual integration and roadmap

Future studies should test this conceptual framework through experimental designs
that clearly link reactor conditions, biochar microstructure, and fertilizer performance.
Tables 2 and 3 provide comparative frameworks to guide such efforts. By embedding
these linkages into research designs, the field can move from descriptive case studies
to predictive, transferable knowledge that supports fertilizer innovation. The research
prospects outlined here emphasize that the future of pyrolysis and biochar research
lies not in isolated parameter studies, but in integrated, multidisciplinary approaches.
By advancing reactor design, deepening microstructural understanding, validating agri-
cultural performance, and embedding sustainability and policy considerations, it will be
possible to realize biochar’s full potential as a next-generation fertilizer technology.

For sustainability and circular economy integration, research must also address the
life-cycle and economic feasibility of advanced reactors. Studies done by Safarian [22],
Li et al. [59], and Campbel et al. [166] bring out important questions of energy balance,
carbon neutrality, and cost per ton of fertilizer biochar remain unresolved. According to
Carvalho et al. [167], Rex et al. [168], and Chen et al. [169], the integration of pyrolysis
systems into circular economy models such as coupling biochar production with waste
to energy plants offers opportunities for resource efficiency.

6.7 Practical implications

The findings of this review are of academic importance and also have significant implica-
tions for practice across the agricultural, industrial, and policy domains. By linking reac-
tor technologies to fertilizer-relevant biochar properties, this study offers guidance for
multiple stakeholder groups:
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Farmers and agricultural practitioners stand to benefit from the enhanced soil fertility.
Biochars with tailored porosity and functional groups improve nutrient retention, thus
reducing fertilizer losses and input costs. Farmers can further benefit from biochar-NPK
blends that enhance nutrient-use efficiency and provide slow-release properties, espe-
cially under rain-fed or sandy soil conditions.

Industry and reactor developers The study offers a benchmark for production of
robust and scalable reactor solutions, such as hybrid systems for commercial produc-
tion of standardized pyrolysis outputs. Developing energy-efficient and high throughput
designs will improve the economic viability of large-scale operations.

Product diversification Through carbon activation, industries can customize biochar
treatments for specific niche market applications such as purification of liquids and
gases, water treatment, manufacture of super capacitors and electrodes for electrochem-
ical devices.

Biochar standardization Policymakers and regulators will require to establish qual-
ity standard metrics for biochar fertilizer. This will promote trust and adoption among
farmers, processors and traders of biochar products and equipment. Policy frameworks
for subsidies, tax waivers, or carbon credits can also stimulate investment in modern
reactor technologies for sustainable fertilizer production.

Interdisciplinary collaboration between industry players, researchers, and academia
Engineers, agronomists, and soil scientists should work jointly to establish reactor—
microstructure—function linkages and balance all aspects in a circular economy. Such
joint practices facilitate field trials and validation of laboratory experimental results or
simulations into practical and improved models.

The Al question The continued application of advanced Al and ML tools in reactor
technologies has potential to enhance the overall reactor performance efficiency, prod-
uct optimization, and ultimately user-appetite for quality biochar production and/or

utilization.

6.8 Conclusion

The findings synthesized in this study show that pyrolysis reactor design and operating
conditions have a strong influence on the microstructural properties of biochar relevant
to fertilizer use. It demonstrates that reactor architecture and operational conditions
shape the crystallinity, porosity, and surface chemistry of biochar. These microstructural
traits, in turn, govern fertilizer-relevant properties. It has been indicated that process
parameters influence structural outcomes in systematic ways, notwithstanding strengths
and limitations of different reactor technologies. Hybrid reactors emerge as the most
promising pathways, offering the potential to merge efficiency with structural control,
but they remain under-explored at industrial scale. However, reviewers’ concerns are
valid: biochar’s agricultural value cannot be reduced to reactor design alone. Feedstock
variability, soil conditions, and post-treatments also mediate outcomes, underscoring
the need for integrated approaches. Further progress in this area will depend on coor-
dinated efforts that combine standardized characterization, pilot-scale reactor testing,
industrial-scale hybrid systems, policy integration and long-term agricultural validation.
Pursuing this trajectory will require closer collaboration between engineers, materials
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scientists, agronomists, and policymakers to move from descriptive case studies toward
predictive, scalable, and sustainable solutions. Therefore, reactor technologies hold
great promise for producing fertilizer biochars, but realizing these potentials demands
both technological innovation and agricultural validation. By evaluating reactor designs
alongside microstructural properties, agricultural performance, and sustainability, bio-
char can move from a promising by-product of pyrolysis to a predictable and standard-
ized input that enhances soil fertility, supports climate mitigation, and promotes food

security.
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