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Abstract

Controlled environment agriculture (CEA), including hydroponics, vertical farming (VF),
and soilless cultivation, is expanding rapidly as food production shifts toward resource-
efficient and climate-resilient systems. However, conventional substrates such as rockwool,
peat, coco coir, and perlite present limitations related to nutrient buffering, structural
stability, and environmental sustainability. Biochar has emerged as a promising alterna-
tive substrate component due to its porous structure, surface functionality, and ability
to modify root-zone conditions. This review synthesizes current knowledge on the role
of biochar in controlled cultivation systems, focusing on its physicochemical properties,
substrate interactions, and plant physiological responses. Biochar incorporation influences
water retention, aeration, nutrient availability, and microbial activity within confined root
environments, thereby improving root architecture, photosynthetic performance, crop
quality, and plant uniformity. Applications across hydroponic, VF, and soilless cultivation
systems demonstrate improved moisture regulation, nutrient buffering, and substrate
stability. Biochar interactions with conventional media such as coco peat, perlite, and peat
moss further highlight its role in engineered growing substrates. Despite these advan-
tages, challenges remain, including feedstock variability, pH and electrical conductivity
effects, lack of standardized specifications, and limited long-term performance data in
recirculating systems. Emerging research areas such as engineered biochar, nano-biochar,
microbial integration, and precision cultivation technologies offer opportunities to op-
timize biochar performance in controlled environments. Overall, biochar represents a
versatile and sustainable substrate component for CEA, with potential to enhance crop
productivity, substrate durability, and resource efficiency. Future research should focus
on material standardization, system-specific optimization, and large-scale validation to
support commercial adoption.

Keywords: biochar; hydroponics; soilless cultivation; vertical farming; substrates; root
zone; nutrients; controlled environment agriculture

1. Introduction
CEA is expanding as food production shifts toward resource-efficient and climate-

resilient systems. Recent estimates indicate that the global controlled environment agri-
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culture market is experiencing rapid growth, driven by increasing urbanization, climate
change, and rising demand for year-round food production [1]. VF alone is projected to
expand substantially over the coming decade, with hydroponic cultivation representing
one of the fastest-growing sectors in intensive agriculture. Compared with conventional
soil-based systems, hydroponic and soilless cultivation can reduce water consumption
by up to 70–90% while improving land-use efficiency and crop productivity under con-
trolled conditions [2]. These advantages have accelerated the adoption of CEA systems,
particularly in regions affected by water scarcity, limited arable land, and climatic insta-
bility. Hydroponics, VF, and other soilless cultivation methods allow precise control of
temperature, humidity, light, and nutrient delivery, improving crop management efficiency
under controlled cultivation conditions [2]. These systems are particularly relevant in
regions affected by water scarcity, soil degradation, and climate variability [3]. Despite
these advantages, CEA depends heavily on substrates such as rockwool, perlite, peat, and
coco coir, many of which show limitations related to nutrient buffering, disposal, reuse,
and environmental sustainability. In confined cultivation systems, such limitations can
quickly affect root function and plant performance [4].

Biochar has gained increasing attention as a substrate component for controlled culti-
vation. In contrast to conventional inert media, biochar is a carbon-rich material whose
structure and surface characteristics can modify the behavior of the growing medium [5].
Most studies on biochar have focused on soil systems, where it has been linked to improved
soil structure, nutrient retention, and microbial activity. However, CEA systems operate
under different conditions. Roots develop in limited substrate volumes, irrigation is tightly
managed, and small shifts in water or nutrient status can rapidly influence crop growth.
This makes substrate behavior more critical than in open-field cultivation [6].

Recent studies indicate that biochar may improve substrate function in hydroponic and
soilless systems by altering moisture balance, aeration, and nutrient dynamics [7]. Its use
has also been explored in VF, where lightweight and structurally stable media are required.
At the same time, reported outcomes remain inconsistent because biochar performance
depends on feedstock type, pyrolysis conditions, particle size, and the cultivation system in
which it is applied [8]. Differences in crop type, irrigation regime, and substrate composition
further complicate comparison across studies.

Although biochar has been widely reviewed in relation to soil systems, its role in CEA
has not been synthesized in a system-specific way. Hydroponic, VF, and soilless cultivation
differ fundamentally from soil-based production because roots grow in confined substrates
with limited buffering capacity and tightly managed irrigation and nutrient supply [9].
Under these conditions, biochar influences not only nutrient retention but also moisture
distribution, aeration, pH stability, root anchorage, and microbial activity within a restricted
root zone. However, current studies are scattered across crop types, substrate blends, and
production settings, making it difficult to identify the material properties and mechanisms
that are most relevant for CEA [10]. At present, the application of biochar in CEA remains
at an emerging and largely experimental stage compared with its more established use
in soil systems. Most available studies are limited to greenhouse-scale trials, short-term
hydroponic experiments, or substrate blending approaches, while large-scale commercial
adoption in VF and recirculating hydroponic systems remains limited. Variability in biochar
properties, lack of standardized substrate formulations, and insufficient long-term system
evaluations continue to restrict broader implementation in commercial CEA production
systems. Key aspects such as recirculating nutrient interactions, shallow root-zone behavior,
repeated irrigation effects, substrate reuse, and the influence of feedstock and pyrolysis
conditions remain insufficiently integrated. This review addresses these gaps by evaluating
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biochar as a functional substrate component in hydroponics, VF, and soilless cultivation,
while also discussing nano-biochar, present limitations, and priorities for future research.

2. Controlled Environment Agriculture Systems
CEA involves crop production in managed environments where growth conditions are

regulated. Unlike field cultivation, plant development occurs within confined production
units where irrigation, temperature, humidity, and lighting are controlled [11]. Under these
conditions, the growing medium plays a direct role in regulating water movement, aeration,
nutrient distribution, and root anchorage. Because rooting volume is limited, substrate
behavior influences plant growth more rapidly than in soil-based systems [6]. Hydroponics,
VF, soilless cultivation, and indoor farming differ in design and operational characteris-
tics. These systems vary in rooting depth, irrigation frequency, and cultivation density.
Such differences create distinct functional demands on growing media and influence how
substrates perform during cultivation [7].

2.1. Hydroponics

Hydroponic systems supply nutrients through aqueous solutions rather than soil.
Roots may be suspended directly in nutrient solutions or supported by inert substrates [9].
Common hydroponic approaches include nutrient film technique, deep water culture, and
drip-fed substrate systems [12]. Aeroponics is often considered a related soilless cultivation
method in which roots are suspended in air and supplied with nutrient mist rather than
continuous solution contact. Although these systems differ in design, all rely on stable
water and nutrient delivery together with adequate oxygen supply [13]. Substrates in
hydroponic systems mainly provide mechanical support and localized moisture regulation.
Rockwool, perlite, and coco coir are commonly used because they are uniform and easy
to handle. However, these materials are largely inert and contribute little to nutrient
buffering. As a result, nutrient concentrations and moisture levels may fluctuate during
irrigation cycles. Hydroponic systems also often involve dense root growth within confined
containers. This can influence oxygen movement and nutrient uptake. Repeated irrigation
cycles may alter substrate structure over time, particularly in long cultivation periods.
These conditions increase the importance of substrate stability, consistent pore space, and
balanced moisture–aeration characteristics during cultivation.

2.2. Vertical Farming

VF arranges crops in stacked layers under controlled lighting and irrigation. This
design increases production within limited space but introduces constraints related to
substrate weight and moisture distribution. Growing media must remain lightweight while
supporting root development. Stacked cultivation layers may experience differences in
airflow and evaporation [14]. Upper layers may dry faster, while lower layers may retain
more moisture. These variations affect substrate moisture distribution and plant growth
uniformity. Substrates used in VF must therefore maintain consistent moisture retention
and adequate aeration. VF systems often use shallow trays or modular containers. Limited
rooting depth increases reliance on substrate properties. Short-cycle crops such as leafy
greens and herbs are commonly grown, requiring substrates that perform consistently
across repeated planting cycles [15].

2.3. Soilless Cultivation

Soilless cultivation involves growing plants in non-soil media supplied with nutrients
through irrigation. These systems depend heavily on substrate composition to regulate
moisture and aeration. Peat, coco coir, perlite, and vermiculite are widely used media that
provide different physical properties [16]. Over time, substrate properties may change.
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Organic materials may shrink or compact, while mineral-based media may remain stable
but lack chemical buffering. Repeated irrigation may also lead to salt accumulation and
uneven nutrient distribution. These changes influence root growth and plant performance
during cultivation. Long-cycle crops in greenhouse systems are particularly sensitive
to substrate stability. Media that maintain structure and consistent moisture conditions
support uniform plant growth. These requirements highlight the importance of selecting
substrate components suited for extended cultivation periods [17].

2.4. Indoor Farming

Indoor farming refers to crop production in enclosed environments with fully con-
trolled growth conditions. Lighting, temperature, humidity, and irrigation are regulated
to support rapid plant growth [18]. These systems often involve high planting density
and frequent irrigation. Limited container volume restricts root expansion and increases
reliance on substrate performance. Rapid plant growth increases water and nutrient de-
mand [18]. Substrates must maintain aeration while supporting stable moisture conditions.
Indoor farming systems also involve repeated production cycles. Substrate durability
becomes important when media are reused across multiple crops. Materials that maintain
structure and consistent performance support stable plant growth under indoor cultivation
conditions. These controlled cultivation systems create varying substrate requirements
depending on irrigation design, rooting depth, and production intensity [19]. Such re-
quirements highlight the importance of substrate components that can regulate moisture
distribution, nutrient availability, aeration, and structural stability in confined cultivation
environments. Figure 1 illustrates the integration of biochar across hydroponics, VF, soilless
cultivation, and indoor farming systems and highlights their impact on plant growth under
controlled cultivation conditions. A detailed discussion of biochar properties and their role
in improving substrate performance is presented in the following section.

Figure 1. Biochar incorporation across hydroponics, vertical farming, soilless cultivation, and indoor
farming systems and its impact on plant growth and substrate performance. (Created in BioRender.
Francis, D.V. (2026) https://BioRender.com/ouqse0c, accessed on 15 March 2026).

https://doi.org/10.3390/agronomy16141335

https://BioRender.com/ouqse0c
https://doi.org/10.3390/agronomy16141335


Agronomy 2026, 16, 1335 5 of 36

3. Biochar Properties Relevant to CEA
Biochar has emerged as a functional substrate component for CEA due to its unique

physicochemical characteristics. Its porous structure, surface chemistry, mineral composi-
tion, and particle size distribution influence water retention, aeration, nutrient availability,
and microbial activity within engineered growing media [20]. These properties vary de-
pending on feedstock type and pyrolysis conditions, leading to differences in structural
stability, surface reactivity, and mineral content [21]. Such variability influences how
biochar interacts with nutrient solutions and root systems in hydroponic, VF, and soilless
cultivation environments. Understanding these biochar properties is therefore important
for evaluating their role in improving substrate performance and supporting plant growth
under confined cultivation conditions. Figure 2 illustrates the key biochar characteristics
influencing root-zone processes in CEA.

Figure 2. Biochar properties influencing root-zone processes in CEA, including porous structure,
nutrient adsorption, water retention, microbial colonization, oxygen diffusion, and improved plant
growth. (Figure 2 Created in BioRender. Francis, D.V. (2026) https://BioRender.com/hb0dy9w,
accessed on 15 March 2026).

3.1. Biochar as Root-Zone Engineering Material

In controlled cultivation systems, plant roots develop within confined substrates where
water, nutrients, and oxygen move through interconnected pore spaces. Biochar introduces
additional pore networks and reactive surfaces that modify these processes. Rather than
acting only as a passive component, biochar alters local microenvironments by influencing
moisture distribution, aeration, and nutrient dynamics.

Studies using biochar-amended coco coir, peat, and perlite mixtures report more
uniform root distribution and improved moisture conditions. In hydroponic substrates,
biochar has also been associated with enhanced root growth and improved nutrient stability.
These responses indicate that biochar modifies root-zone conditions through combined
physical and chemical interactions.

https://doi.org/10.3390/agronomy16141335

https://BioRender.com/hb0dy9w
https://doi.org/10.3390/agronomy16141335


Agronomy 2026, 16, 1335 6 of 36

3.1.1. Hydraulic Regulation

Water distribution within confined substrates determines nutrient transport and root
hydration. Rapid wetting and drying cycles commonly occur in hydroponic and VF
systems due to limited substrate volume. Biochar modifies water movement through its
hierarchical pore structure and particle arrangement. Micropores retain water through
capillary forces, while mesopores and macropores facilitate drainage and airflow. This
combination allows moisture retention without prolonged saturation [22]. Water stored
within biochar pores is gradually released between irrigation events, reducing rapid drying
and maintaining root hydration. Biochar also enhances lateral movement of water within
growing media. Interconnected pores improve capillary connectivity, promoting uniform
moisture distribution [23]. In shallow VF trays, this hydraulic behavior reduces localized
water stress and supports consistent plant growth.

3.1.2. Oxygen Diffusion and Root Respiration

Root metabolism depends on oxygen availability within the growing medium. Limited
aeration restricts root respiration and nutrient uptake, particularly in dense hydroponic
systems [6]. Biochar influences oxygen movement by maintaining pore structure and
reducing compaction. Rigid biochar particles help preserve air-filled porosity during
repeated irrigation cycles. Increased pore space improves oxygen diffusion and supports
root respiration [24]. A comparative study on sustainable basil cultivation using biochar
and soilless growth media reported increased root biomass and reduced root browning in
biochar-amended substrates. The study showed improved root development and healthier
root systems in media containing biochar. Enhanced aeration within biochar-containing
substrates also supported microbial activity in the root zone. Oxygen availability within
biochar pores promoted aerobic microbial processes involved in nutrient transformation
and root health [25]. These findings support the role of biochar in improving oxygen
diffusion and root respiration in confined cultivation environments.

3.1.3. Root–Substrate Interface

Root development depends on physical interaction between roots and substrate sur-
faces. Biochar particles introduce irregular surfaces and interconnected pore networks
that influence root penetration and anchorage. These structural features promote root
attachment and improve root distribution within confined growing media [26]. These
structural features also enhance mechanical stability in lightweight substrates, which is
particularly important in VF systems where shallow substrate depth limits root anchorage.
Improved root–substrate contact supports uniform root expansion and efficient nutrient
uptake. These physical interactions contribute to stable root development in hydroponic,
VF, and soilless cultivation systems [27].

3.1.4. Micro-Scale Nutrient Gradients

Nutrient movement in soilless substrates occurs through diffusion and water flow.
Biochar surfaces adsorb nutrient ions and release them gradually, creating localized nutrient
availability near root surfaces. This process influences nutrient uptake efficiency and
supports continuous nutrient supply under confined growing conditions.

Biochar retains nutrients such as potassium, calcium, magnesium, and ammonium
through electrostatic interactions and surface functional groups [28]. Gradual release
reduces nutrient loss and maintains stable root-zone nutrient concentrations. These micro-
scale nutrient zones within biochar pores support sustained root growth and improved
nutrient utilization in controlled cultivation systems [29].
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3.2. Porous Structure and Structural Stability

Biochar contains micro-, meso-, and macropores formed during pyrolysis. These pores
develop as volatile compounds are released and internal plant structures are thermally
decomposed, leaving behind a carbon-rich porous matrix [30]. This hierarchical pore
network influences water retention, aeration, and root penetration. Pore size distribution
varies depending on feedstock type and pyrolysis temperature. Woody biochar typically
exhibits larger macropores that improve aeration and root penetration, whereas crop
residue biochar often contains smaller pores that enhance water retention. These structural
differences influence substrate performance in controlled cultivation systems. Biochar
particles also maintain structural stability during repeated irrigation cycles. The rigid
carbon framework resists compaction and prevents substrate collapse, preserving pore
space and supporting consistent root-zone conditions during extended cultivation [31].

3.3. Water Retention Behavior

Water availability in confined substrates changes rapidly due to frequent irrigation
and limited substrate volume. Biochar improves moisture stability by retaining water
within internal pores and surface structures. This stored water becomes available to roots
between irrigation cycles, reducing rapid drying and maintaining continuous root hydra-
tion [32]. Water retention capacity depends on particle size and production conditions. Fine
biochar particles increase moisture retention by providing greater surface area, whereas
coarse particles improve drainage and prevent excess saturation. Adjusting particle size
distribution therefore allows regulation of moisture balance in hydroponic and soilless cul-
tivation systems [33]. In repeated irrigation cycles, conventional substrates may experience
uneven wetting and drying patterns. Biochar improves moisture distribution and reduces
fluctuations in water availability. These characteristics support stable root-zone moisture
conditions and consistent plant growth in controlled cultivation environments [32].

3.4. Nutrient Retention and Ion Exchange

Biochar surfaces contain functional groups such as carboxyl, hydroxyl, and pheno-
lic groups that interact with nutrient ions. These surface functionalities develop during
pyrolysis and contribute to the cation exchange capacity of biochar [34]. Through electro-
static interactions and surface adsorption, biochar retains nutrients within the growing
medium and regulates their availability to plant roots. Biochar adsorbs nutrients including
potassium, calcium, magnesium, ammonium, and phosphate [35]. This adsorption reduces
nutrient leaching during irrigation and prevents sudden fluctuations in nutrient concentra-
tion. Gradual desorption from biochar surfaces supports sustained nutrient availability
and improves nutrient use efficiency under confined cultivation conditions [36].

In hydroponic and soilless systems, nutrient solutions are often recirculated, which
can lead to rapid nutrient depletion or accumulation. Biochar incorporation helps buffer
nutrient concentrations by temporarily retaining excess ions and releasing them when
concentrations decline. This buffering behavior contributes to stable nutrient supply and
consistent plant growth [29]. Biochar surface charge and adsorption capacity also vary with
pH and production conditions. Higher pyrolysis temperatures typically increase surface
area and mineral content, enhancing nutrient adsorption capacity. These characteristics
make biochar a functional substrate component for regulating nutrient dynamics in CEA
systems [37].

3.5. Microbial Habitat and Root-Zone Biology

Biochar pores provide protected microhabitats that support microbial colonization
within confined growing media. The porous carbon matrix shields microorganisms from
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rapid moisture fluctuations and nutrient variability, promoting microbial survival and
diversity in soilless substrates [38]. Biochar surfaces also facilitate the establishment of
beneficial microbial communities, including plant growth-promoting bacteria and nutrient-
transforming microorganisms. These microbes contribute to nitrogen transformation,
phosphorus solubilization, and organic matter mineralization, improving nutrient avail-
ability in the root zone. This biological activity is particularly important in hydroponic
and soilless systems where microbial populations are typically limited compared to soil
environments [39].

Biochar also supports biofilm formation within pore networks and on particle surfaces.
These biologically active zones strengthen root–microbe interactions and improve nutrient
cycling near roots [38]. Microbial activity within biochar contributes to root health and
supports stable biological conditions during repeated irrigation cycles. These interactions
highlight the role of biochar as a biological support structure that enhances root-zone
functionality in CEA systems [40].

3.6. pH Buffering

Biochar typically exhibits neutral to alkaline pH due to mineral ash components and
alkaline surface functional groups formed during pyrolysis. These mineral components,
including calcium, magnesium, and potassium carbonates, contribute to pH buffering
and help stabilize root-zone conditions. This buffering capacity becomes important in
hydroponic and soilless systems where limited substrate volume increases sensitivity to pH
fluctuations [41]. Moderate pH stabilization improves nutrient availability and supports
balanced root development. However, highly alkaline biochar may reduce the availability
of micronutrients such as iron, manganese, and zinc, particularly in confined cultivation
systems. The influence of biochar on pH therefore depends on feedstock type, pyrolysis
temperature, and application rate [42].

Higher pyrolysis temperatures and mineral-rich feedstocks generally produce more
alkaline biochar with stronger buffering capacity. Careful selection of biochar characteristics
is therefore necessary to maintain optimal root-zone pH and stable plant growth in CEA
systems [43].

3.7. Electrical Conductivity and Mineral Release

Biochar mineral content influences electrical conductivity (EC) in growing media.
During initial application, fresh biochar may release soluble salts derived from ash and
mineral components formed during pyrolysis [44]. This initial release can temporarily
increase EC, particularly in confined hydroponic and soilless systems where nutrient
concentrations change rapidly. Pre-washing or conditioning of biochar before incorporation
helps remove excess soluble salts and stabilizes EC levels [45]. Biochar also influences
EC through gradual mineral release. Nutrients such as potassium, calcium, magnesium,
and phosphorus may be slowly released from biochar surfaces, contributing to sustained
nutrient availability. This controlled mineral release reduces sudden nutrient fluctuations
and supports stable root-zone conditions [46].

In recirculating hydroponic systems, EC often increases due to evaporation and nutri-
ent accumulation. Biochar can adsorb excess ions and moderate EC fluctuations, preventing
rapid changes in nutrient concentration. This buffering effect contributes to consistent
nutrient supply and improved plant growth in controlled cultivation environments. Feed-
stock type, pyrolysis temperature, and biochar aging further influence mineral release and
EC behavior. These factors should be considered when selecting biochar for hydroponic,
VF, and soilless cultivation systems [47].
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3.8. Structure–Function Relationships Governing Biochar Performance in Controlled Environment
Agriculture Systems

Biochar performance in controlled environment agriculture (CEA) systems is strongly
dependent on its physicochemical characteristics, which vary substantially according to
feedstock source, pyrolysis temperature, residence time, activation process, and particle
size distribution [20,26,48]. Consequently, biochar cannot be considered a uniform material
across hydroponic, vertical farming, and soilless cultivation systems, as structural and
chemical variability directly influences hydraulic behavior, nutrient retention, oxygen
diffusion, microbial colonization, and root-zone stability.

Feedstock composition plays a central role in determining biochar functionality within
confined cultivation systems. Woody feedstocks generally produce biochars with greater
structural stability, higher carbon content, and larger pore networks, whereas manure- or
sludge-derived biochars often contain higher ash content, elevated electrical conductivity
(EC), and greater nutrient availability [20,35]. These compositional differences signifi-
cantly influence nutrient adsorption–desorption dynamics and pH behavior in hydroponic
and recirculating systems, where rapid ionic fluctuations can strongly affect root-zone
chemistry [28,29]. Excessive ash content or alkaline biochars may contribute to undesir-
able increases in nutrient solution pH and salinity, particularly under confined substrate
conditions with limited buffering capacity [49,50].

Pyrolysis temperature further governs pore development, aromaticity, surface area,
hydrophobicity, and functional group composition [26,48]. Low-temperature biochars typi-
cally retain greater oxygen-containing functional groups and exhibit higher cation exchange
capacity, thereby improving nutrient adsorption and water retention [35,51]. In contrast,
high-temperature biochars generally possess greater porosity and surface area, enhancing
aeration and oxygen diffusion within densely rooted substrates [48]. However, excessive
pyrolysis temperatures may reduce surface functionalization and hydrophilicity, poten-
tially limiting water absorption and nutrient interaction under recirculating cultivation
systems [22,52].

Particle size distribution also influences transport regulation within CEA environ-
ments. Fine biochar particles increase reactive surface area and nutrient adsorption capacity
but may simultaneously reduce pore continuity and contribute to clogging risks within
hydroponic irrigation systems [53,54]. Conversely, larger particles improve macroporosity
and aeration but may exhibit lower nutrient retention efficiency [48]. These particle-size-
dependent responses become particularly important in nutrient film technique (NFT) and
deep-water culture (DWC) systems, where uninterrupted solution flow and dissolved
oxygen regulation are essential for maintaining root-zone stability [54,55].

Surface chemistry and pore architecture collectively regulate microbial colonization
patterns within engineered substrates. Highly porous biochars provide protected mi-
crosites for microbial attachment and biofilm formation, thereby supporting localized
nutrient transformation and rhizosphere signaling processes [26,38,40]. Variations in pore
connectivity and internal surface chemistry can therefore alter microbial spatial organiza-
tion and biochemical activity within confined root environments [56,57]. Such effects are
especially relevant in CEA systems, where microbial populations are often more restricted
and environmentally controlled compared with open-field soils.

Importantly, these structure–function relationships demonstrate that biochar perfor-
mance in CEA systems is highly system-specific and cannot be generalized independently
of production conditions or cultivation architecture. The interactions among feedstock
composition, pyrolysis conditions, surface chemistry, pore structure, and cultivation sys-
tem design collectively determine the extent to which biochar regulates hydraulic flow,
nutrient transport, oxygen diffusion, and microbial activity within controlled cultivation
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environments [11,57]. Understanding these relationships is therefore essential for optimiz-
ing biochar engineering strategies tailored to hydroponic, vertical farming, and soilless
agricultural systems.

4. Biochar in Hydroponic Systems
Hydroponic cultivation operates under conditions where plant roots develop in con-

fined substrates or are directly exposed to circulating nutrient solutions. In these systems,
small variations in nutrient concentration, oxygen availability, or solution flow can rapidly
influence root activity and plant growth. Unlike soil-based cultivation, hydroponic envi-
ronments provide limited buffering capacity, making substrate characteristics particularly
important for maintaining stable root-zone conditions [6].

Biochar introduces functional properties that differ from conventional inert hydro-
ponic media. Its carbon framework, mineral composition, and surface chemistry influence
interactions between roots and nutrient solution. When incorporated into hydroponic
systems, biochar modifies solution movement, root contact surfaces, and localized nutrient
availability. These effects become especially relevant in recirculating hydroponic systems
where nutrient composition changes continuously during plant uptake [55]. Studies across
hydroponic and CEA systems report improvements in root development, nutrient retention,
moisture distribution, and aeration following biochar incorporation. A comparative sum-
mary of feedstock types, application methods, and observed plant responses is presented
in Table 1.

4.1. Biochar as a Hydroponic Growth Matrix

Biochar has been investigated as a standalone hydroponic growth matrix due to its
structural rigidity and interconnected pore network. Unlike rockwool or perlite, biochar
retains nutrient solution within internal pores while maintaining drainage and airflow. This
structure supports localized moisture near root surfaces and reduces rapid drying between
irrigation cycles [58].

A study on the effect of biochar as a hydroponic substrate on growth, colour and
nutritional content of red lettuce (Lactuca sativa) reported that biochar used as a hydroponic
substrate improved red lettuce growth, leaf color, and nutritional content compared with
conventional media. The improved performance was linked to enhanced moisture retention
and better root development within the biochar matrix [59]. Similarly, the effect of biochar
application on rice, wheat, and corn seedlings in hydroponic culture demonstrated that
biochar incorporation enhanced seedling growth of rice, wheat, and corn under hydroponic
conditions. The study reported increased root length, improved biomass accumulation, and
enhanced nutrient uptake, indicating that biochar-supported root environments improve
early plant development in hydroponic systems [60].

In deep water culture and drip-fed hydroponic systems, roots develop in confined
containers where nutrient availability fluctuates. Biochar retains solution within internal
pores and releases it gradually, supporting continuous nutrient uptake. Biochar also
maintains structural stability during long hydroponic cycles, preventing substrate collapse
and supporting consistent root expansion [58]. Particle size distribution further influences
biochar performance. Coarse particles promote solution flow and aeration, whereas finer
fractions increase solution retention. Optimizing particle size allows control of solution
residence time and nutrient availability within hydroponic systems [61].

4.2. Biochar as a Reactive Component in Hydroponic Media

In hydroponic systems, biochar is frequently combined with inert substrates to in-
troduce reactive functionality. When mixed with coco coir, perlite, or peat-based media,
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biochar modifies solution movement and nutrient retention within the substrate. This
combination transforms inert hydroponic media into reactive growth matrices. Biochar
particles interact with nutrient solution through adsorption–desorption processes. Dur-
ing irrigation, nutrient ions bind to biochar surfaces and are released gradually as roots
absorb surrounding nutrients. This localized buffering reduces rapid changes in nutrient
concentration, particularly in systems with intermittent irrigation [55].

Blending biochar with conventional substrates also modifies solution distribution. In
coco coir-based systems, biochar reduces oversaturation by improving solution drainage,
while in perlite-based systems biochar increases solution retention. These complementary
interactions improve nutrient solution uniformity within hydroponic containers [3,20].

Table 1. Summary of biochar applications in CEA systems, including hydroponics, VF, soilless
cultivation, and indoor farming, comparing feedstock sources, application methods, crop responses,
and reported effects on root growth, nutrient dynamics, moisture retention, and aeration, along with
observed limitations.

CEA System Feedstock Source Application
Method

Mixing
Ratio/Dose Crop Studied

Observed Growth
Effects in CEA

Systems
Limitations Reported

Hydroponics Wood biochar
Standalone
hydroponic

substrate
100% Lettuce

Increased biomass,
root development,
moisture retention,

leaf quality, and
nutritional

performance

Pre-conditioning of
biochar required;

variability depending
on particle size and

EC [59]

Hydroponics Agricultural
residue biochar

Biochar with
conventional
hydroponic

media

varied ratios Cherry
Tomato

Improved growth,
fruit yield, root
development,

nutrient uptake, and
substrate aeration.

Higher biochar ratios
affected substrate

properties;
optimization
required [62]

Hydroponics Date palm
biochar

Mixed with
hydroponic

nutrient solution
0–3% Basil

Increased shoot/root
growth, biomass,
nutrient uptake,
drainage, and

electrochemical
activity.

Increasing biochar
concentration
increased EC,

requiring
optimization [63]

Hydroponics

Biochar
(colloidal/nano-

sized biochar
particles)

Added to
hydroponic

nutrient solution

0.5 g/L and
1.0 g/L

Rice, wheat,
corn

seedlings

Altered nutrient
uptake with limited
growth response in

wheat)

Reduced biomass and
micronutrient uptake

at higher
concentrations [60]

Closed
hydroponic

system

Bagasse-derived
biochar

Mixed with
hydroponic

substrate
5% biochar Strawberry

Increased yield, fruit
quality, chlorophyll

content, and
antioxidant capacity.

Cultivar-dependent
response; only one
biochar rate tested

(5%) [64]

Aquaponics
(Deep Water

Culture)

Rice
straw–derived

biochar

Mixed with coco
coir substrate

Variable con-
centrations
(up to 80%)

Basil, Lettuce
Improved mineral

uptake and nitrogen
cycling potential.

Limited biomass
improvement despite

high biochar
incorporation [65]

Aquaponics Biomass derived
Biochar with

CuFe2O4
composite

- Bell pepper

Reduced ammonia
levels and improved

water quality and
crop performance.

Feedstock and
biochar proportion

not specified;
filtration-based use

rather than substrate
incorporation [66]

Vertical farming Biomass-derived Mixed with soil
and manure

Soil:Biochar
(1:1);

Soil:Biochar:
Manure
(1:1:1)

Mustard
Increased plant
growth and leaf
development.

Biochar alone did not
produce highest yield;

manure treatment
showed greater

biomass [67]
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Table 1. Cont.

CEA System Feedstock Source Application
Method

Mixing
Ratio/Dose Crop Studied

Observed Growth
Effects in CEA

Systems
Limitations Reported

Soilless/Controlled
cultivation

(salinity stress
conditions)

biomass-derived Biochar +
acidified biochar 1–5% Spinach

Increased biomass,
chlorophyll content,
nutrient uptake, and

salt tolerance

Higher biochar
concentration (5%)

did not further
improve growth;

performance
depended on biochar

modification [68]

Soilless
cultivation Wood biomass Mixed with peat 20% v/v Cherry

tomato

Increased root growth,
fruit quality, biomass,
yield and beneficial
microbial activity.

Fruit size unchanged;
single biochar rate

tested [69]

Soilless
cultivation

Hardwood
biochar

Mixed with
coconut fiber 1–5% (w/w) Pepper, Tomato

Increased root growth,
fruit quality, biomass,

and yield

No improvement in
tomato yield; no

change in nutrient
content or

water-holding
capacity [70]

Soilless
cultivation

Commercial
Biochar

Mixed with
coconut fiber

substrate

5% and 10%
(v/v)

Highbush
blueberry

Increased yield,
antioxidant activity,

fruit quality, and
substrate

performance

Wood distillate
showed variable

effects;
species-specific

response; limited
biochar rates

tested [71]

Soilless
cultivation

Beech and
hazelnut

brushwood–
derived biochar

Mixed with
soilless substrate

2% and 4%
(w/w) Strawberry

Increased vegetative
growth and plant

vigor

Limited effects on
yield and bioactive

compounds [72]

Soilless
cultivation Wood biochar

Mixed with
peat-reduced

substrate (wood
fiber + compost

blends)

3–10% (v/v) Strawberry
Maintained yield and
supported sustainable

peat reduction.

Limited nutrient
retention and

agronomic
benefits [73].

Soilless
greenhouse
container

cultivation

Wood biochar

Mixed with peat
moss–based
commercial

substrate

20%, 40%,
60%, 80%,

100% (v/v)

Five mint
species

(Mentha spp.)

Maintained plant
growth and

photosynthesis with
up to 80% peat
replacement.

100% biochar reduced
growth due to high

pH and Mg
deficiency [74]

Soilless
greenhouse
container

cultivation

Eastern Red
Cedar wood

biochar

Mixed with
commercial

soilless media

25%, 50%,
75% (v/v)

Ornamental
kale,

Chrysanthe-
mum

25% biochar
maintained growth
performance and

improved substrate
aeration.

Higher biochar rates
(50–75%) reduced
growth and water
holding capacity;

increased pH and EC
at higher pyrolysis
temperatures [75]

Soilless
greenhouse
cultivation

Hardwood,
softwood, and
hemp-derived

biochar

Mixed with
cotton burr

compost and
peat-based media

Partial (up to
50%) and full

peat
replacement

(100%)

Cucumber

Increased biomass,
yield, nutrient uptake,

and photosynthetic
performance

Higher EC in biochar
treatments; variability

among biochar
types [76]

CEA/urban
agriculture biomass-derived combined with

vermicompost

Vermicompost
(10–20%) +

Biochar
(3–6%)

Cherry
tomato

Increased vegetative
growth, chlorophyll

content, and fruit
yield

Reduced long-term
yield stability;
performance
dependent on

combined
amendments [77]

Biochar incorporation also influences substrate density and hydraulic conductivity.
Changes in hydraulic conductivity affect solution residence time and root exposure to
nutrients. This effect becomes important in vertical hydroponic systems where uniform
nutrient delivery across layers is required [78].
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The studies summarized in Table 1 indicate that biochar responses in CEA systems
follow patterns that differ substantially from those reported in conventional soil systems.
Across hydroponic, aquaponic, and soilless cultivation studies, biochar performance was
consistently influenced by restricted substrate volume, continuous fertigation, rapid nutri-
ent turnover, and system-dependent oxygen dynamics. Unlike field soils, where buffering
capacity and heterogeneous pore structure moderate physicochemical changes, CEA sys-
tems exhibited greater sensitivity to biochar-induced shifts in EC, pH, nutrient availability,
and hydraulic behavior [79,80]. In addition, several studies reported that moderate biochar
incorporation improved root development, aeration, and nutrient retention, whereas exces-
sive incorporation frequently resulted in elevated EC, altered nutrient balance, or reduced
plant performance [63,68,74]. These observations demonstrate that biochar functional-
ity in CEA systems cannot be directly extrapolated from soil-based studies and requires
system-specific optimization based on substrate behavior, irrigation regime, and root-zone
constraints. To address this conceptual distinction, Table 2 summarizes the principal physic-
ochemical and biological differences between soil and CEA systems that govern biochar
performance under controlled cultivation conditions.

Table 2. Comparative differences between soil and controlled environment agriculture (CEA) systems
influencing biochar behavior, performance, and application strategies.

Parameter Soil Systems CEA Systems Implications for Biochar
Application

Buffering capacity High natural buffering Limited buffering capacity
Small changes in biochar
proportion rapidly affect EC
and pH [79]

Water movement Slow and heterogeneous Continuous or
recirculating flow

Biochar strongly influences
nutrient retention and solution
stability [80]

Root environment Large root exploration
zone Confined root zone

Root-zone alterations become
more immediate and
system-sensitive [54]

Oxygen dynamics Natural aeration through
soil pores

Oxygen availability highly
dependent on substrate
structure

Biochar porosity becomes
critical for root
respiration [48,72]

Nutrient dynamics Gradual nutrient exchange Rapid nutrient fluctuations Excessive biochar can quickly
alter nutrient availability [51]

Microbial interactions Diverse native microbial
communities

Restricted and managed
microbial populations

Biochar influences microbial
colonization differently in
CEA [57]

Effective incorporation
range Often broader tolerance Typically low–moderate

incorporation preferred

High incorporation more
frequently increases EC/pH in
CEA [49,50]

Long-term behavior Long-term soil
conditioning effects

Repeated irrigation and
substrate reuse effects

Biochar stability and salt
accumulation require
monitoring [81]

4.3. Integrated Mass-Transfer Regulation by Biochar in Confined CEA Systems

The responses observed in hydroponic, vertical farming, and soilless cultivation
systems indicate that biochar does not function solely as a passive substrate amendment
under controlled environment agriculture (CEA) conditions. Instead, biochar acts as
a dynamic root-zone regulator that simultaneously influences hydraulic transport, ion
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exchange, gas diffusion, and microbial spatial organization within confined cultivation
environments (Figure 3) [11,57]. Unlike soil systems, where large rooting volumes and
natural heterogeneity buffer physicochemical fluctuations, CEA systems operate under
restricted substrate depth, continuous fertigation, rapid solution turnover, and tightly
controlled irrigation regimes. Under these conditions, even small alterations in substrate
structure can rapidly influence root-zone stability, nutrient transport behavior, and plant
physiological responses [57].

Figure 3. Coupled mass-transfer regulation by biochar in confined controlled environment agri-
culture (CEA) systems across hydroponic, vertical farming, and soilless cultivation environments.
(Figure 3 Created in BioRender. Francis, D. V. (2026) https://BioRender.com/cz0i9xk, accessed on 15
March 2026).

The responses summarized in Table 3 demonstrate that biochar performance in con-
trolled environment agriculture systems is highly dependent on cultivation architecture,
hydraulic behavior, substrate composition, and application rate. Variability in nutrient
retention, oxygen diffusion, moisture redistribution, and root-zone stability indicates that
biochar responses cannot be generalized across hydroponic, vertical farming, and soilless
systems. These observations suggest that the functionality of biochar in confined cultivation
environments is closely associated with coupled mass-transfer processes governing water,
nutrient, gaseous, and microbial interactions within the rhizosphere [71].

Table 3. System-specific responses, incorporation ranges, and transport-related constraints of biochar
across controlled environment agriculture (CEA) systems.

CEA System Typical Biochar
Incorporation Range

Dominant Positive
Responses

System Response
Variability and
Potential Constraints

Key Influencing
Factors

Hydroponic
systems

Low–moderate
incorporation
(generally 1–5%)

Improved nutrient
buffering, enhanced
root growth,
stabilization of
nutrient availability

Fine particles may
influence nutrient flow
stability and alter
recirculating solution
dynamics under
excessive loading

Particle size, pore
structure, hydraulic
flow [54,80]
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Table 3. Cont.

CEA System Typical Biochar
Incorporation Range

Dominant Positive
Responses

System Response
Variability and
Potential Constraints

Key Influencing
Factors

Nutrient film
technique (NFT)
systems

Low incorporation
preferred

Improved
adsorption–
desorption buffering
and localized
nutrient persistence

Excessive fine-particle
accumulation may
influence channel flow
behavior and nutrient
recirculation efficiency

Particle distribution,
flow rate, and
channel design
[50,80]

Deep-water culture
(DWC) systems

Low–moderate
incorporation

Enhanced root-zone
aeration and
microbial support

Excessive
incorporation may
alter dissolved oxygen
regulation and
microbial equilibrium
within confined root
zones

Oxygen diffusion,
pore saturation, and
hydraulic
stability [54]

Vertical farming
systems

Moderate
incorporation
(approximately
5–15%)

Improved moisture
redistribution and
substrate stability
under pulse
irrigation

Rapid wetting–drying
transitions may
amplify salinity
accumulation and
localized
physicochemical
fluctuations

Restricted substrate
depth, irrigation
frequency, and
evapotranspiration
dynamics [57,73]

Soilless greenhouse
cultivation

Moderate
incorporation
(approximately
10–20%)

Enhanced porosity,
hydraulic
conductivity, and
water retention

Excessive alkalinity
and nutrient
imbalance may
develop during
prolonged cultivation
cycles

Feedstock ash
content, substrate
buffering capacity,
and fertigation
regime [48,49,73]

Recirculating
hydroponic
systems

Low incorporation
and pre-treated
biochar preferred

Stabilization of
nutrient fluctuations
and reduced nutrient
loss

Continuous
recirculation may
progressively alter EC
stability and nutrient
balance over multiple
cultivation cycles

Salt release, nutrient
accumulation, and
biochar
aging [49,50,80]

Biochar-amended
rooting media

Moderate
incorporation
depending on
substrate
composition

Improved root
penetration, aeration,
and substrate
structural stability

Excessive biochar
loading may influence
pore continuity and
moisture distribution
patterns

Pyrolysis
temperature, particle
size, and substrate
blending [47,73]

Biochar filters in
flow-through
systems

Low incorporation
within filtration
systems

Reduced metal stress
and improved
nutrient solution
quality

Excess adsorption
behavior may alter
nutrient equilibrium
under prolonged
operation

Surface reactivity,
adsorption capacity,
and flow-through
exposure time [50]

The confined nature of CEA systems fundamentally alters mass-transfer processes
compared with open-field soils. In hydroponic and recirculating systems, nutrient ions
move continuously through solution flow rather than gradual soil diffusion, resulting in
rapid fluctuations in electrical conductivity, nutrient concentration, and dissolved oxygen
availability [53,55]. Similarly, shallow substrates used in vertical farming systems exhibit
limited hydraulic buffering and increased susceptibility to rapid wetting–drying transi-
tions [81]. These conditions create transient physicochemical gradients within the root
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zone, where localized oxygen depletion, nutrient accumulation, or moisture instability
may develop over short time scales. Biochar modifies these processes by introducing inter-
connected pore networks and reactive carbon surfaces that influence transport pathways
within confined substrates [82].

Within hydroponic systems, biochar primarily regulates ionic and hydraulic transport
through adsorption–desorption interactions occurring along internal pore surfaces [28,29].
Nutrient ions temporarily retained within biochar microstructures are gradually released
back into the circulating solution as local concentration gradients change near actively
absorbing roots. This buffering behavior moderates abrupt nutrient fluctuations com-
monly observed in recirculating fertigation systems and contributes to more stable nutrient
availability within confined root zones. Simultaneously, internal biochar porosity alters
solution residence time within the substrate matrix, slowing rapid nutrient displacement
and improving localized nutrient persistence around roots [83].

In vertical farming systems, the functional role of biochar becomes more strongly
associated with hydraulic redistribution and oxygen regulation within shallow cultivation
layers. Due to restricted substrate depth and frequent pulse irrigation, vertical farming
systems often experience uneven moisture fronts and localized drying near tray surfaces or
irrigation emitters. Biochar modifies capillary connectivity within these shallow substrates,
improving lateral moisture redistribution and reducing spatial variability in water avail-
ability [22,52]. The maintenance of interconnected air-filled pores also enhances oxygen
diffusion under repeated irrigation cycles, thereby reducing transient hypoxic conditions
that commonly develop within densely rooted vertical farming trays [84].

In contrast, soilless greenhouse systems are more strongly influenced by long-term
substrate structural dynamics and repeated irrigation-induced physicochemical shifts.
Under extended cultivation cycles, conventional substrates such as peat and coco coir
may undergo shrinkage, compaction, and uneven pore collapse, altering water flow and
root penetration pathways [78]. Biochar particles act as structural stabilizers within these
engineered media by preserving pore continuity and reducing substrate deformation during
repeated irrigation events [85]. These structural effects alter hydraulic conductivity and
improve the spatial uniformity of root-zone moisture distribution throughout prolonged
cultivation periods.

Beyond physical transport regulation, biochar also introduces biologically active
microsites that influence microbial colonization patterns within confined cultivation sys-
tems. Unlike agricultural soils containing diverse and spatially heterogeneous microbial
populations, CEA systems typically support restricted and highly managed microbial
communities due to sterilized substrates, recirculating nutrient solutions, and controlled
environmental conditions [57]. The porous biochar matrix creates protected ecological
niches that support localized microbial establishment under otherwise biologically simpli-
fied environments [26,38]. These pore-associated microbial zones may function as transient
biochemical hotspots where nutrient mineralization, organic compound transformation,
and rhizosphere signaling occur at localized scales [40,56]. Consequently, microbial reg-
ulation in biochar-amended CEA systems is not merely a result of increased microbial
abundance, but rather the spatial redistribution of microbial activity within engineered
root-zone microenvironments.

Importantly, the dominant transport mechanisms regulated by biochar differ substan-
tially among CEA systems. In hydroponics, nutrient adsorption–desorption dynamics
and dissolved oxygen regulation become the primary controlling processes due to con-
tinuous solution movement [54,55]. In vertical farming, shallow substrate hydraulics and
transient moisture redistribution dominate substrate behavior under stacked cultivation
conditions [14,81]. In long-cycle soilless systems, substrate structural stability, pore con-
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tinuity, and repeated irrigation effects become increasingly important determinants of
root-zone performance [20,78]. These system-specific differences demonstrate that biochar
functionality in CEA cannot be generalized from conventional soil studies, where transport
processes are moderated by large heterogeneous soil volumes and slower physicochemical
turnover rates.

Thus, biochar functions within CEA systems as a coupled transport-regulation ma-
terial that integrates physical, chemical, and biological processes within confined root
environments. Its role extends beyond simple water retention or nutrient buffering and in-
volves dynamic regulation of hydraulic flow, ionic movement, oxygen diffusion, microbial
localization, and root-zone spatial stability under highly controlled cultivation conditions.
Understanding these integrated transport interactions is essential for developing system-
specific biochar engineering strategies optimized for hydroponic, vertical farming, and
soilless cultivation systems.

4.4. Root Architecture Under Hydroponic Conditions

Root development in hydroponic systems is strongly influenced by limited rooting
volume and continuous nutrient solution exposure. Under these conditions, biochar mod-
ifies root architecture by creating spatial variability within the substrate, allowing roots
to develop in zones with balanced moisture and aeration. This localized heterogeneity
promotes more uniform root distribution compared with conventional inert substrates [78].
Hydroponic systems often produce dense root clusters near irrigation points. Biochar incor-
poration redistributes root growth throughout the container by improving internal solution
retention and air-filled pore space [4]. This results in increased formation of fine roots and
enhanced root surface area, which supports more efficient nutrient uptake under confined
conditions. In addition, biochar contributes to improved root anchorage in lightweight
hydroponic substrates. Structural rigidity of biochar particles stabilizes root systems and
reduces root displacement during irrigation or solution circulation [26]. Improved mechan-
ical stability becomes particularly important in drip-fed hydroponic systems and shallow
containers where root support is limited. These structural modifications indicate that
biochar influences root architecture primarily through physical redistribution of rooting
zones and improved mechanical stability, distinguishing its role from conventional inert
hydroponic substrates [6].

4.5. Nutrient Solution Regulation

Hydroponic systems operate under continuously changing nutrient conditions as
plants selectively absorb ions and solution composition shifts over time. In recirculating
and closed hydroponic systems, these fluctuations can lead to nutrient imbalance, localized
depletion, or accumulation of specific ions. Biochar modifies these dynamics by acting
as an intermediate phase between the nutrient solution and plant roots [55]. Unlike inert
hydroponic substrates, biochar contains charged surfaces and mineral components that
interact directly with dissolved nutrients. These interactions slow the movement of ions
within the substrate and reduce rapid concentration changes near root surfaces. As a
result, nutrient availability becomes more spatially distributed rather than concentrated
near irrigation points, supporting more uniform uptake within confined hydroponic con-
tainers [10]. Biochar also influences nutrient solution behavior through its internal pore
structure. Nutrient solution retained within biochar pores forms localized micro-reservoirs
that maintain ion availability between irrigation cycles. This effect becomes particularly
important in drip-fed and intermittent hydroponic systems where short drying periods can
temporarily reduce nutrient access [86]. In addition, hydroponic nutrient solutions often
experience selective ion uptake, where certain nutrients decline more rapidly than others.
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Biochar can moderate this imbalance by temporarily retaining nutrients and releasing
them gradually as concentration gradients develop. This buffering effect contributes to
more stable nutrient conditions within the root zone, particularly in systems with limited
substrate volume [53]. Feedstock type, particle size, and production temperature influence
the extent of nutrient regulation. Biochars with higher surface area and functional group
density typically show stronger interaction with dissolved ions, whereas coarse biochar
particles primarily influence solution distribution and residence time. These variations
contribute to differences in nutrient regulation observed across hydroponic cultivation
systems [83].

4.6. Biochar as Passive Filtration and Contaminant Control

Water quality plays a central role in hydroponic and aquaponic systems, particularly
where nutrient solutions are recirculated for extended cultivation periods. Over time,
dissolved organic compounds, excess nutrients, and trace elements can accumulate in the
circulating solution, influencing root activity and plant growth [87]. Biochar introduces
filtration capacity within hydroponic substrates by physically and chemically interacting
with dissolved constituents as solution flows through the root zone. The porous structure
of biochar allows nutrient solution to pass through internal channels, increasing contact
between dissolved compounds and reactive surfaces [54]. This process facilitates adsorp-
tion of excess ions and reduces localized accumulation within the system. In recirculating
hydroponic systems, such filtration helps maintain more stable solution conditions and
supports consistent plant performance during long cultivation cycles. Biochar can also in-
teract with dissolved organic compounds derived from root exudates and microbial activity.
In closed hydroponic environments, these compounds may accumulate and influence root
growth or nutrient availability. Passage of solution through biochar-containing substrates
increases retention of these compounds and reduces their buildup in the circulating nutrient
solution [88].

In aquaponic systems, where water quality is influenced by fish metabolism and
organic inputs, biochar has been used as a filtration medium to improve solution conditions.
Studies using biochar-based filters have reported reductions in ammonia and improved
plant growth in aquaponic production, indicating that biochar can function beyond a
substrate component and contribute directly to water purification [65]. Biochar composition
also influences filtration behavior. Materials derived from agricultural residues or woody
biomass may contain mineral components that enhance adsorption capacity and influence
interaction with dissolved ions. These properties allow biochar to function as a passive
filtration medium integrated within hydroponic substrates without requiring separate
filtration units [89]. This filtration role differs from nutrient buffering discussed earlier, as
biochar here influences overall solution quality rather than localized nutrient availability.
These processes become particularly relevant in recirculating hydroponic, aquaponic, and
long-cycle greenhouse systems where maintaining water quality is essential for sustained
plant growth [90].

5. Biochar in VF
VF systems operate with shallow substrates, stacked growing layers, and frequent

irrigation, creating confined root environments with limited buffering capacity. Under these
conditions, small variations in moisture, aeration, and nutrient distribution can rapidly
influence plant growth. Biochar incorporation has gained attention in VF because its porous
structure and lightweight nature can help stabilize root-zone conditions within shallow
and densely arranged cultivation systems [91].
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5.1. Substrate and Water Distribution in Shallow VF Systems

VF systems commonly use shallow trays or thin substrate layers that restrict root
expansion and reduce buffering capacity within the growing medium. Under these con-
ditions, irrigation events and environmental fluctuations can rapidly influence root-zone
conditions. Maintaining uniform moisture and aeration across shallow substrates therefore
becomes critical for consistent crop performance [92]. Thin substrates also increase sensi-
tivity to short irrigation cycles and rapid moisture loss, particularly in stacked cultivation
systems where drainage and airflow may vary between layers [93]. Biochar incorporation
alters substrate behavior in shallow systems by improving pore continuity within limited
media depth. This enhances horizontal moisture movement and reduces localized drying
that can occur in thin growing layers [94]. In vertically stacked configurations, biochar
modifies internal flow pathways and promotes lateral moisture redistribution within trays,
reducing localized wetting near irrigation emitters and dry zones at tray edges [95]. These
effects become particularly important where irrigation uniformity is difficult to maintain
across multiple layers.

Frequent automated irrigation cycles, commonly used in VF, may also lead to rapid
wet–dry fluctuations. Biochar-amended substrates moderate these transitions by improving
capillary connectivity and slowing moisture loss within shallow media layers. This helps
maintain more stable moisture conditions across stacked trays and reduces variability
between upper and lower cultivation levels [7,45]. In addition to water distribution, shallow
substrates often limit root penetration and spatial distribution. Biochar particles create
structural heterogeneity that promotes more even root expansion across trays rather than
concentrated root clustering near irrigation points. Improved root distribution supports
uniform nutrient uptake and reduces variability in plant growth, which is especially
important for leafy greens and microgreen production in high-density VF systems [93].

5.2. Lightweight Substrate Development for VF

VF systems require lightweight substrates to reduce structural load in stacked cultiva-
tion installations. Excess substrate weight increases mechanical stress on support structures,
irrigation components, and movable trays. Biochar is inherently lightweight due to its
highly porous carbon structure, making it suitable for multi-layer vertical systems. Incor-
poration of biochar reduces substrate bulk density while maintaining structural stability
within shallow growing trays [81]. Lightweight biochar-based substrates also improve
operational efficiency during tray handling and system maintenance. This becomes partic-
ularly important in indoor vertical farms where trays are frequently moved, replaced, or
automated. In addition, biochar particles maintain pore structure within lightweight media,
preventing compaction and supporting consistent root penetration. These characteristics
make biochar suitable for VF applications where both substrate weight and structural
stability are critical design considerations [22].

5.3. Nutrient Stability in VF

VF systems operate with limited substrate volume and high planting density, increas-
ing sensitivity to nutrient fluctuations. Under these confined conditions, rapid nutrient
depletion may occur during short crop cycles, particularly in fast-growing leafy vegeta-
bles. Biochar incorporation improves nutrient stability by enhancing nutrient distribution
within shallow substrates and maintaining localized availability near actively growing root
zones [96]. In stacked cultivation systems, frequent fertigation and restricted substrate
depth can also create spatial variability in nutrient concentration. Biochar improves nutri-
ent homogeneity within the substrate matrix, supporting more consistent nutrient uptake
across trays. This uniformity is particularly important in vertically arranged production
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systems where uneven nutrient availability may lead to variability between cultivation
layers [97]. These characteristics are especially beneficial for microgreens and other high-
density crops commonly cultivated in VF systems, where synchronized growth, uniform
canopy development, and consistent harvest quality are critical for commercial production.

6. Biochar in Soilless Cultivation
Soilless cultivation systems rely on engineered substrates such as coco peat, peat moss,

and perlite to support root development and regulate water and nutrient supply. During
extended cultivation cycles, these materials often experience structural changes including
compaction, shrinkage, and uneven moisture distribution, which can affect root growth
and plant performance. These limitations become more pronounced in greenhouse and
container-based production systems where substrates are reused or maintained for longer
periods [98]. Biochar incorporation has been explored as a strategy to improve substrate
durability and performance in soilless cultivation. When blended with conventional
substrates, biochar modifies physical stability, moisture behavior, and nutrient availability
within the growing media. These interactions vary depending on the substrate type,
creating different functional roles for biochar in coco peat, perlite, and peat-based systems.
Understanding these substrate-specific interactions is important for optimizing biochar use
in CEA [16].

6.1. Biochar–Coco Peat Interactions

Coco peat is widely used in soilless cultivation due to its high-water retention capacity
and favorable organic structure. However, excessive moisture retention in coco peat
can reduce air-filled porosity and limit oxygen diffusion around roots. During extended
cultivation cycles, coco peat may also compress, leading to structural instability and uneven
root distribution. Biochar incorporation modifies coco peat structure by introducing rigid
particles that help maintain substrate stability and improve aeration. This structural
reinforcement reduces compaction and supports consistent root development in container-
based cultivation systems. Biochar also influences moisture behavior within coco peat by
redistributing water within the substrate, reducing localized saturation and promoting more
uniform root hydration [85]. Biochar addition further affects nutrient dynamics in coco
peat-based media. Variability in nutrient availability commonly observed in coco peat can
be moderated by biochar incorporation, which improves nutrient retention and distribution
within the root zone. These interactions contribute to more stable plant growth under
soilless cultivation conditions [69]. Experimental evidence supports these effects. Adekiya
et al. (2022) evaluated biochar-based substrates combined with rice husk and cocopeat for
tomato production under screenhouse conditions. Biochar-containing mixtures generally
improved substrate physical properties, including reduced bulk density and enhanced
water-holding capacity, while also promoting better plant growth, root development, and
fruit yield compared with soil-based systems. Biochar-based combinations also showed
competitive performance relative to cocopeat, indicating their potential as alternative
growing media. These findings suggest that biochar incorporation can enhance substrate
performance while offering a sustainable and cost-effective replacement for conventional
cocopeat-based systems [99].

6.2. Biochar–Perlite Systems

Perlite is widely used in soilless cultivation to improve drainage and aeration due
to its lightweight structure. However, perlite retains minimal water and nutrients, which
can result in rapid substrate drying and increased dependence on frequent irrigation and
nutrient adjustments. In addition, perlite particles may shift during repeated irrigation
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cycles, creating uneven root-zone conditions in container-based systems. Biochar incor-
poration complements perlite by introducing moisture buffering and nutrient retention
capacity within otherwise inert media [100]. When blended with perlite, biochar moderates
rapid wet–dry cycles and improves substrate stability, supporting more consistent root-
zone conditions. Similar trends have been observed in crop studies where biochar–perlite
combinations improved plant performance under reduced water availability, indicating
enhanced moisture retention and root-zone stability in perlite-containing media [101].
Biochar particles may also improve cohesion within perlite-based substrates, reducing par-
ticle displacement and maintaining uniform root environments. A recent study evaluated
almond shell biochar incorporated into perlite for soilless cultivation of arugula (Eruca
sativa). Biochar addition improved substrate physicochemical properties and enhanced
plant growth compared with perlite alone. Moderate biochar incorporation levels showed
the most favorable plant performance, indicating that biochar–perlite mixtures can improve
substrate functionality without compromising aeration. The study also highlighted the
sustainability potential of using agricultural residues such as almond shells for biochar
production in soilless cultivation systems [102].

6.3. Biochar–Peat Moss Systems

Peat moss is widely used in greenhouse cultivation due to its uniform texture and
moisture retention capacity. However, prolonged cultivation can lead to compaction and
reduced air-filled porosity, which may limit root development and affect plant performance.
In addition, the naturally acidic pH of peat-based substrates may influence nutrient avail-
ability during extended growing cycles [82]. Biochar incorporation improves the structural
stability of peat-based media by introducing rigid particles that reduce compaction and
maintain pore continuity. This helps sustain root penetration and stable substrate condi-
tions during long-cycle greenhouse production. Biochar addition may also moderate the
moisture behavior of peat-based substrates, reducing waterlogging and supporting more
balanced root-zone conditions [103]. Another important interaction involves pH adjust-
ment. Biochar often contains alkaline mineral components, which can partially offset the
acidic nature of peat moss and contribute to more balanced nutrient availability in soilless
cultivation systems [5]. Experimental evidence supports these interactions. A greenhouse
study comparing peat–biochar and peat–perlite substrates for Cannabis sativa production
demonstrated that biochar-based substrates supported comparable plant growth, biomass
accumulation, and cannabinoid production relative to conventional peat–perlite systems.
The results indicated that biochar functioned effectively as a structural aggregate within
peat-based media while maintaining favorable growing conditions. In addition, biochar
incorporation provided a sustainable alternative to conventional aggregates, highlighting
the potential of peat–biochar combinations for improving substrate sustainability without
compromising crop performance in greenhouse soilless cultivation systems [104].

6.4. Engineered Biochar-Based Soilless Media

Beyond blending with individual substrates, biochar has also been incorporated into
engineered composite growing media designed specifically for soilless cultivation. These
media typically combine biochar with organic fibers such as coconut coir, wood fiber,
bark, sawdust, rice husk, wheat straw, or sugarcane bagasse, also inert materials including
perlite, vermiculite, pumice, or zeolite [3]. Such combinations allow adjustment of aeration,
moisture retention, and structural stability in greenhouse and container-based systems.
A study evaluating biochar-based mixtures prepared from agricultural combined with
vermiculite or zeolite reported improved water-holding capacity, air-filled porosity, and
bulk density compared with conventional cocopeat–perlite media [20]. Several biochar-
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based composites demonstrated physical properties within optimal ranges for soilless
growth media, indicating their suitability as alternative substrates. Similarly, greenhouse
cucumber cultivation using biochar combined with compost showed improved biomass
production, yield, and nutrient availability compared with peat-dominant substrates [76].
Biochar-based mixtures enhanced nutrient retention and supported stable plant growth,
demonstrating their effectiveness as sustainable alternatives in container-based cultivation.
These engineered biochar-based substrates illustrate the flexibility of biochar in soilless
culture, where combinations with organic fibers and inert materials can be tailored to
improve moisture dynamics, aeration, and long-term substrate stability in CEA systems.

7. Biochar-Mediated Physiological Responses in CEA
Plant performance in CEA is closely linked to physiological stability, particularly under

confined root volumes and intensive production conditions. Biochar incorporation influ-
ences plant physiology beyond physical substrate improvements, affecting photosynthetic
activity, biochemical composition, and plant metabolic responses. These physiological
changes contribute to improved crop quality and productivity in hydroponic, VF, and
soilless cultivation systems.

7.1. Photosynthetic Performance and Biomass Accumulation

Biochar incorporation has been associated with improvements in plant photosynthetic
performance, which directly influences biomass accumulation and yield in controlled
cultivation systems. These physiological responses are particularly important in green-
house, hydroponic, and soilless environments where plant growth is highly dependent on
optimized root-zone conditions [105]. A study on soybean cultivars with different phos-
phorus efficiencies demonstrated that biochar application improved leaf photosynthetic
rate, chlorophyll content, nitrogen balance, and carbohydrate accumulation. Enhanced car-
bon assimilation resulted in increased biomass and grain yield, with phosphorus-efficient
cultivars showing stronger responses to biochar incorporation. These findings highlight
that biochar effects on plant growth may vary among cultivars, but overall improvements
in photosynthetic activity contribute to higher productivity [106]. Similarly, greenhouse
experiments on tomato cultivation reported improved chlorophyll fluorescence parameters
and photosynthetic activity following biochar application. Biochar treatments enhanced
net photosynthetic rate, electron transport efficiency, and water-use efficiency, resulting in
increased tomato yield compared with untreated controls. These improvements were asso-
ciated with enhanced light energy utilization and improved physiological performance of
leaves under controlled cultivation conditions [107]. Comparable responses were observed
in pepper (Capsicum annuum) grown in biochar-amended media, where biochar improved
leaf area, root biomass, and photochemical efficiency. Plants grown with moderate biochar
incorporation exhibited improved growth and reduced sensitivity to environmental fluctu-
ations, indicating enhanced physiological stability. However, higher biochar concentrations
did not always result in further yield improvements, suggesting that optimal application
rates are important for maximizing plant performance [108].

7.2. Crop Quality and Biochemical Composition

Beyond biomass production, biochar incorporation has also been associated with im-
provements in crop quality and biochemical composition in CEA. These responses include
changes in mineral content, antioxidant compounds, pigments, and nutritional attributes,
which are particularly important in hydroponic and soilless production systems [109]. A
hydroponic study on red lettuce grown using palm-kernel biochar reported improved
leaf nutrient composition, including increased nitrogen, phosphorus, potassium, calcium,
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and magnesium levels. Biochar-based substrates also enhanced colour attributes and in-
creased bioactive metabolites, indicating improved phytochemical quality alongside plant
growth [59].

Similarly, a tomato study under water-limited conditions reported improvements in
fruit nutritional quality following biochar incorporation. Biochar-amended treatments in-
creased crude protein, crude fiber, ash content, and lycopene concentration, while also main-
taining fruit yield under reduced moisture availability. These results highlight biochar’s
potential to improve both nutritional value and crop resilience in controlled cultivation
systems [110]. In hydroponic basil production under arid conditions, date-palm-derived
biochar improved plant physiological performance and shoot growth, with enhanced
metabolic activity linked to improved plant quality. Moderate biochar incorporation levels
showed the most favorable responses, suggesting that optimized biochar concentrations in-
fluence biochemical composition and plant performance in hydroponic environments [63].
In addition, greenhouse experiments with sorghum demonstrated that biochar applica-
tion improved nutrient composition and biomass production, with increased potassium,
calcium, and magnesium concentrations observed in biochar-amended substrates. These
improvements were accompanied by enhanced grain production and root biomass, in-
dicating improved crop quality and nutrient accumulation under controlled cultivation
conditions [109].

7.3. Root Architecture and Crop Uniformity in CEA

Root architecture plays a central role in plant performance CEA, where plants are
cultivated under confined root volumes and highly regulated nutrient delivery systems.
Under these conditions, uniform root development directly influences nutrient uptake
efficiency, plant synchronization, and crop uniformity [111]. Biochar incorporation has
been increasingly associated with modifications in root morphology, root physiology, and
rhizosphere interactions. Biochar has been shown to influence fine root development and
root physiological activity. A study on Acer mono demonstrated that biochar application
significantly improved fine root length, root respiration, and nutrient accumulation. En-
hanced root physiological activity was associated with improved nitrogen utilization and
increased root metabolic function, indicating that biochar may stimulate active root growth
and nutrient absorption processes. These responses highlight the role of biochar in sup-
porting uniform root development under controlled nutrient environments [112]. Similarly,
biochar has been reported to modify root-zone nutrient dynamics and root morphology in
soybean systems. Biochar incorporation improved nitrogen cycling and increased nutrient
migration toward the root zone. These changes enhanced root growth and improved
root system development, suggesting that biochar can promote more consistent nutrient
access and reduce variability in plant growth. Improved root-zone nutrient availability
is particularly important in controlled cultivation systems where nutrient delivery is ex-
ternally regulated [113]. Biochar application has also been associated with increased root
biomass and improved nutrient uptake in perennial crops such as tea (Camellia sinensis).
Biochar incorporation increased root growth and improved soil nutrient availability, in-
cluding nitrogen, phosphorus, and potassium. Enhanced root biomass and improved
nutrient distribution contributed to more stable plant growth. These findings suggest
that biochar may promote synchronized plant development through improved root-zone
conditions [114]. Improved root architecture following biochar incorporation may also con-
tribute to uniform crop performance. Increased root branching, improved root penetration,
and enhanced nutrient acquisition allow plants to access nutrients more evenly within
confined growing systems. These responses are particularly important in hydroponic,
VF, and container-based cultivation systems where limited substrate volume can amplify
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growth variability [93]. In controlled environment agriculture, crop uniformity is critical
for harvesting efficiency and product consistency. Biochar-mediated improvements in root
morphology, nutrient distribution, and physiological activity therefore contribute to more
uniform plant growth and improved production stability. These root-level interactions
represent an important mechanism through which biochar supports crop performance in
controlled cultivation systems.

8. Challenges and Limitations
Although biochar shows potential in CEA, several technical and operational limita-

tions affect its consistent performance in hydroponic, VF, and soilless cultivation systems.
Unlike field soils, controlled cultivation systems operate within confined root zones where
substrate variability, nutrient imbalance, or structural changes rapidly influence plant
growth. These conditions require greater consistency in substrate properties, which re-
mains a major challenge for biochar application [115]. The major technical challenges, their
impacts on plant growth, and potential mitigation strategies for biochar application in CEA
are summarized in Table 4.

8.1. Feedstock-Dependent Variability

Biochar properties vary significantly depending on biomass source and production
conditions. Differences in feedstock composition influence pore structure, mineral con-
tent, and surface chemistry. These variations directly affect water distribution, nutrient
adsorption, and electrical conductivity in controlled cultivation systems [116]. Woody
biochar typically exhibits higher structural stability and lower mineral content, whereas
manure-derived biochar often contains elevated ash content and higher electrical conduc-
tivity [44]. In hydroponic and soilless systems, such differences may alter nutrient solution
composition and root-zone conditions. Pyrolysis temperature also influences biochar char-
acteristics. Low-temperature biochar generally retains more functional groups and higher
ion exchange capacity, whereas high-temperature biochar exhibits greater structural rigidity
but reduced surface functionality. These variations make it difficult to predict biochar per-
formance without detailed characterization [117]. Particle size variation further contributes
to inconsistency. Fine biochar particles increase surface reactivity but may reduce aeration,
while coarse particles improve oxygen diffusion but provide limited nutrient retention. In
controlled cultivation systems, these differences influence root-zone behavior and plant
growth responses [24].

8.2. Lack of Standardized Biochar Specifications

Unlike conventional substrates such as rockwool or coco coir, biochar lacks standard-
ized quality parameters. Properties such as surface area, pore distribution, ash content, and
mineral composition vary across production batches. This variability complicates large-
scale adoption in controlled cultivation systems [116]. CEA requires uniform substrate
performance across repeated production cycles. Variability in biochar properties may lead
to inconsistent crop performance, particularly in high-density cultivation systems. Another
limitation involves inconsistent characterization methods. Some studies focus on surface
area and porosity, while others evaluate chemical composition or nutrient retention. The ab-
sence of standardized evaluation methods makes comparison across studies difficult [118].
Pre-treatment requirements also remain inconsistent. Fresh biochar may contain volatile
compounds or soluble salts that influence plant growth. Washing, conditioning, or aging
improves performance, but these processes are not standardized. This variability affects
reproducibility in controlled cultivation systems [119].
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8.3. pH and Nutrient Imbalance

Biochar typically exhibits alkaline pH due to mineral ash formation during pyrolysis.
While moderate alkalinity may stabilize substrate pH, excessive alkalinity may influence
micronutrient availability. Controlled cultivation systems operate within narrow pH ranges,
making biochar-induced pH shifts more significant [120]. Micronutrients such as iron,
manganese, and zinc become less available under alkaline conditions. This may result
in nutrient deficiencies in hydroponic and soilless cultivation systems. Biochar derived
from mineral-rich biomass often exhibits higher alkalinity, increasing the risk of nutrient
imbalance. In recirculating hydroponic systems, continuous interaction between biochar
and nutrient solution may gradually shift pH over time. This dynamic behavior requires
monitoring and adjustment of nutrient solution composition [121].

Table 4. Key challenges, limitations, and mitigation strategies for biochar application in CEA systems.

Challenge Category Biochar Issue Impact in CEA
Systems

Effects on Plant/Root
Zone

Mitigation Strategy
and Research Needs

Feedstock variability

Different biomass
sources produce
variable biochar

properties

Inconsistent substrate
behavior

Variable plant growth
and nutrient
availability

Standardized feedstock
selection and

characterization [122]

Pyrolysis temperature
variation

Temperature-
dependent pore

structure and chemistry

Variable moisture and
nutrient retention

Inconsistent root-zone
stability

Optimize pyrolysis
conditions for CEA

systems [123]

Particle size variation
Fine vs coarse particles

alter aeration and
retention

Changes in hydraulic
behavior

Reduced aeration or
water imbalance

Particle size
optimization and

blending [124]

High pH Alkaline mineral
content

Changes in nutrient
availability

Micronutrient
deficiency

Blend with acidic
substrates or

engineered biochar
[125]

Electrical conductivity
increase

Salt release from fresh
biochar

Elevated EC in
substrate

Root stress and
reduced growth

Washing, conditioning,
and pre-treatment [126]

Nutrient adsorption
variability Strong nutrient binding Nutrient imbalance Reduced nutrient

availability

Nutrient pre-loading
and controlled release

design [125]

Biochar aging Surface oxidation and
pore changes

Altered nutrient
retention

Variable plant growth
over time

Long-term
performance

evaluation [127]

Microbial colonization
variability

Biochar supports
microbial growth

Changes in microbial
composition

Beneficial or adverse
plant effects

Biochar–microbe
interaction

studies [126]

Long-term substrate
stability

Pore blockage and
structural changes

Reduced aeration and
water movement

Reduced root
development

Multi-cycle substrate
evaluation [128]

Nutrient accumulation Nutrient buildup over
cycles Nutrient imbalance Growth variability

Nutrient monitoring
and system

optimization [125]

Lack of standardization Variable production
methods

Inconsistent
performance Difficulty in adoption

Biochar quality
standards

development [128]

Scaling challenges
Limited

commercial-scale
studies

Adoption barriers Operational challenges Pilot-scale and
commercial trials [129]

System compatibility Interaction with
hydroponic equipment Operational constraints System performance

issues
System-specific biochar

engineering [125]
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8.4. Electrical Conductivity and Salt Release

Biochar mineral content may influence electrical conductivity in growing media. Fresh
biochar may release soluble salts during initial irrigation cycles, particularly when pro-
duced from nutrient-rich feedstocks. Elevated electrical conductivity may affect plant
growth, root development, and nutrient uptake, especially in hydroponic and soilless culti-
vation systems where plants are sensitive to rapid changes in nutrient solution composition.
Salt release varies depending on feedstock composition and production temperature [115].
Manure-based biochar and low-temperature biochar often contain higher ash content and
soluble salts compared to woody or high-temperature biochars. These variations influence
nutrient solution stability and may alter root-zone chemistry in controlled cultivation sys-
tems [124]. In addition, nutrient release behavior from biochar may differ depending on
production and modification methods. Studies on biochar-based controlled-release systems
indicate that nutrient retention and release dynamics depend on biochar structure, coating
techniques, and preparation methods. Such variability can complicate nutrient manage-
ment in hydroponic and soilless cultivation systems [130]. Conditioning or washing biochar
prior to application reduces soluble salts and stabilizes substrate performance. However,
these steps add processing requirements and increase operational complexity. Standard-
izing pre-treatment procedures therefore remains necessary for consistent performance
across controlled cultivation systems.

8.5. Long-Term Performance in Recirculating Systems

Long-term behavior of biochar in controlled cultivation systems remains insufficiently
studied. In hydroponic and soilless systems, substrates are often used across multiple
production cycles. Changes in biochar surface chemistry over time may influence nutrient
retention, pH regulation, and microbial activity. Long-term performance variability has
also been reported to depend on environmental conditions, feedstock properties, and
management practices, indicating that biochar responses may evolve over time [124].
Repeated irrigation cycles may lead to accumulation of organic residues within biochar
pores. This accumulation may alter pore structure and hydraulic behavior. Such changes
may influence root-zone conditions during extended cultivation cycles. Biochar may
also accumulate nutrients over time. Gradual buildup of nutrients within biochar pores
may influence nutrient balance and electrical conductivity [131]. Monitoring long-term
nutrient dynamics therefore becomes important for sustainable application in recirculating
hydroponic systems. Microbial colonization within biochar pores may also change over
time. While beneficial microbial communities may develop and enhance nutrient cycling,
excessive microbial growth may alter root-zone conditions. These biological changes
require further investigation, particularly in closed hydroponic and VF systems.

Another limitation involves dosage optimization. Excessive nano-biochar concentra-
tions may alter nutrient balance, microbial interactions, or root physiology. Long-term
effects of nano-biochar in hydroponic systems remain limited and require further study.

8.6. Scaling and Commercial Adoption

Most studies evaluating biochar in controlled cultivation systems are conducted under
laboratory or small-scale greenhouse conditions. Large-scale adoption in commercial verti-
cal farms and hydroponic facilities remains limited. Scaling biochar application requires
consistent production, quality control, and cost-effective processing. Variability in feedstock
availability, production methods, and post-processing conditions may influence biochar
performance and limit large-scale adoption [132]. Economic feasibility and regulatory
considerations also influence commercialization. Recent reviews on biochar-based fertilizer
technologies highlight that cost, scalability, and regulatory frameworks remain key barriers
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to broader adoption of biochar-based agricultural technologies [130]. Transportation and
storage of biochar also influence practical implementation, particularly in large-scale VF
systems where substrate uniformity is essential. In addition, uncertainty regarding per-
formance at realistic application rates has been identified as a factor limiting adoption of
biochar technologies in commercial agriculture [132]. Integration with existing hydroponic
systems presents additional challenges. Substrate compatibility, nutrient management,
and irrigation system design must be optimized before commercial adoption. Despite
these limitations, continued research on biochar engineering, standardized production, and
system-specific optimization may improve its suitability for CEA.

8.7. Contradictory Responses and System-Specific Failures

Although numerous studies report positive effects of biochar on plant growth and
substrate performance, inconsistent and contradictory responses have also been observed
across controlled environment agriculture (CEA) systems. Biochar does not universally
improve hydroponic or soilless cultivation performance, and its effectiveness is strongly
influenced by feedstock composition, pyrolysis conditions, application rate, cultivation
system design, and irrigation strategy. In several studies, excessive biochar incorporation
resulted in nutrient imbalance, elevated electrical conductivity (EC), unstable pH regu-
lation, and reduced plant growth, particularly within confined root-zone environments
where physicochemical fluctuations occur rapidly [124,125]. Such responses demonstrate
that biochar performance in CEA systems is highly context-dependent and cannot be
generalized across cultivation platforms.

Hydroponic systems appear particularly sensitive to inappropriate biochar loading
and particle characteristics. Fine biochar particles may accumulate within nutrient delivery
lines, filters, or recirculating channels, potentially contributing to flow instability and clog-
ging in nutrient film technique (NFT) systems [130]. Excessive adsorption of nutrient ions
onto highly reactive biochar surfaces may also temporarily reduce nutrient bioavailability,
resulting in nutrient immobilization and transient deficiencies within recirculating nutrient
solutions [125]. In deep-water culture (DWC) systems, excessive biochar incorporation may
alter dissolved oxygen dynamics by changing root-zone hydraulic behavior and microbial
activity. Such effects may contribute to localized oxygen depletion under highly confined
cultivation conditions.

Contradictory responses have also been reported in relation to pH regulation and
salinity dynamics. While moderate alkalinity may stabilize acidic substrates, highly alkaline
biochars derived from manure-rich or mineral-rich feedstocks may excessively increase
substrate pH and reduce micronutrient availability [120]. Continuous recirculation in
hydroponic systems may further amplify these effects through gradual accumulation of
salts and dissolved minerals over repeated cultivation cycles [131]. In vertical farming
systems, where shallow substrate depth limits buffering capacity, such physicochemical
instability may become more pronounced due to rapid wetting–drying fluctuations and
concentrated fertigation regimes.

Biological responses to biochar also remain variable across cultivation systems. Al-
though biochar may support beneficial microbial colonization and rhizosphere stabilization,
uncontrolled microbial proliferation within biochar pores may alter nutrient cycling behav-
ior and contribute to biofilm accumulation under recirculating hydroponic conditions [126].
In some cases, excessive microbial growth may destabilize nutrient solution quality and
influence oxygen availability within densely rooted cultivation systems. These observations
indicate that biochar-mediated microbial regulation may produce both beneficial and ad-
verse outcomes depending on cultivation design, environmental conditions, and long-term
substrate management practices. These contradictory findings demonstrate that biochar

https://doi.org/10.3390/agronomy16141335

https://doi.org/10.3390/agronomy16141335


Agronomy 2026, 16, 1335 28 of 36

application in CEA systems requires careful optimization rather than generalized imple-
mentation. Application rate, particle size, feedstock source, pyrolysis conditions, hydraulic
design, and nutrient management strategy must be evaluated together to avoid undesirable
physicochemical and biological responses under confined cultivation conditions.

9. Future Research Directions
The application of biochar in CEA is still developing, and several research gaps remain

in understanding its role in hydroponic and soilless cultivation systems. Future research
should focus on engineering biochar materials specifically for controlled cultivation rather
than adapting materials originally developed for soil systems. This shift will enable the
development of biochar-based substrates optimized for confined root zones, recirculating
nutrient solutions, and high-density crop production.

9.1. Engineering Biochar for Controlled Cultivation Systems

Future studies should focus on designing biochar with tailored physicochemical
properties suitable for hydroponic environments. Controlled modification of pore structure,
surface chemistry, and particle size may improve water distribution and nutrient availability
in confined substrates. Feedstock selection represents an important research direction.
Agricultural waste from controlled environment facilities, including crop residues and
pruning waste, may be converted into biochar for reuse within cultivation systems. This
circular approach may improve sustainability while reducing substrate dependence [133].
Pyrolysis optimization also requires further investigation. Temperature, heating rate,
and residence time influence biochar characteristics. Developing optimized production
protocols for hydroponic-specific biochar may improve consistency and performance [134].
Surface modification techniques such as oxidation, mineral enrichment, or nutrient loading
may also enhance biochar functionality. These engineered biochar materials may improve
nutrient delivery and root-zone stability in controlled cultivation systems [135].

9.2. Nano-Biochar and Advanced Biochar Materials

Nano-biochar represents an emerging research area with potential applications in
controlled cultivation systems. Future studies should focus on understanding nano-biochar
interactions with plant roots, nutrient solutions, and microbial communities. Controlled
delivery systems based on nano-biochar may improve nutrient use efficiency [136]. Inte-
gration of nano-biochar with fertilizer formulations may enable targeted nutrient delivery
in hydroponic systems. Another research direction involves hybrid biochar materials.
Combining biochar with polymers, hydrogels, or biodegradable materials may improve
substrate stability and nutrient retention. These hybrid materials may be particularly
relevant for VF and indoor cultivation. Long-term studies evaluating nano-biochar stability
and plant responses are required [137]. Understanding particle behavior in recirculating
hydroponic systems remains essential for practical implementation.

9.3. Biochar in VF and Indoor Cultivation

VF and indoor cultivation systems present unique operational conditions, including
shallow substrates, stacked growing layers, and high planting densities. Future research
should evaluate biochar performance under these confined environments, particularly
its influence on water redistribution and root-zone uniformity across vertical production
systems [81]. Another important research direction involves lightweight substrate formula-
tion. Since VF structures require low bulk density media, studies should explore biochar
blends that maintain structural stability while reducing overall substrate weight [138]. Crop
uniformity is also critical in indoor farming, especially for microgreens and short-cycle leafy
vegetables. Future work should examine how biochar influences synchronized germination,
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uniform root development, and consistent biomass production under high-density culti-
vation [133]. In addition, research should investigate biochar behavior under automated
irrigation systems commonly used in vertical farms, including drip, mist, and ebb-and-flow
systems. Understanding these interactions may support the development of biochar-based
substrates optimized for indoor controlled cultivation [52].

9.4. Biochar–Microbial Interactions in Controlled Systems

Biochar provides surfaces for microbial colonization, but microbial interactions in hy-
droponic systems remain poorly understood. Future research should investigate microbial
communities associated with biochar in recirculating systems [45]. Beneficial microbial
interactions may influence nutrient transformation and plant growth. Understanding these
interactions may support development of biochar-based biological substrates. Research
should also evaluate biochar-mediated suppression of root pathogens in hydroponic sys-
tems. CEA often experiences rapid pathogen spread, making microbial stability important.
Studies combining biochar and microbial inoculants may provide new approaches for
improving plant growth in controlled cultivation systems [139].

9.5. Long-Term System Performance

Most studies evaluating biochar in controlled cultivation systems are short-term ex-
periments. Long-term studies are required to understand changes in biochar structure and
nutrient interactions over multiple cultivation cycles. Repeated irrigation and nutrient
exposure may alter biochar properties. Monitoring these changes will improve understand-
ing of biochar durability in hydroponic systems [140]. Long-term microbial colonization
and nutrient accumulation within biochar pores also require investigation. These factors
may influence plant growth in continuous cultivation systems. Understanding long-term
performance will support commercial adoption and system optimization [56,141].

9.6. Integration with Smart Agriculture and Precision Cultivation

CEA increasingly incorporates sensors and automation. Future research may integrate
biochar with precision cultivation technologies. Sensors monitoring pH, electrical conduc-
tivity, and nutrient composition may be used to evaluate biochar performance in real-time.
These data-driven approaches may improve biochar optimization. Biochar-based substrates
may also be designed for compatibility with automated irrigation systems. Integration
with precision cultivation may improve crop productivity and resource efficiency. These
approaches represent an emerging research direction linking biochar materials with smart
agriculture technologies [134].

10. Conclusions
Biochar has emerged as a promising material for CEA due to its ability to modify

root-zone conditions, regulate nutrient availability, and improve plant growth in hydro-
ponic and soilless cultivation systems. Unlike soil-based applications, biochar in controlled
systems functions as an engineered root-zone component that influences water distribu-
tion, oxygen availability, and nutrient dynamics within confined growing environments.
These properties make biochar particularly relevant for hydroponics, VF, and other inten-
sive cultivation systems where small changes in substrate behavior directly affect plant
performance.

Recent studies demonstrate that biochar incorporation can improve root architecture,
enhance nutrient uptake efficiency, and support plant resilience under controlled cultiva-
tion conditions. The development of nano-biochar further expands these possibilities by
enabling targeted nutrient delivery and micro-scale root-zone interactions. These emerging
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approaches highlight the transition of biochar from a traditional soil amendment to a
functional material designed specifically for controlled cultivation systems.

Despite these advantages, several challenges remain, including feedstock variability,
lack of standardized production protocols, and limited long-term studies in recirculating
hydroponic systems. Addressing these limitations will require focused research on biochar
engineering, characterization, and system-specific optimization. Standardized production
and performance evaluation will be essential for reliable application in commercial CEA.

Future research should prioritize the development of engineered biochar materials,
hybrid biochar composites, and nano-biochar systems tailored for hydroponic and VF
applications. Integration with microbial strategies and precision cultivation technologies
may further enhance the functionality of biochar-based substrates. These advancements
will support the development of stable, efficient, and sustainable cultivation systems for
high-density food production.

Overall, biochar represents a versatile material for improving CEA. Continued research
focused on material design, system integration, and long-term performance will strengthen
its role in sustainable indoor and hydroponic food production systems.
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