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Abstract

Vertical farming has emerged as a promising approach to address food security, urbanization,
climate change and declining arable land, but the selection of appropriate growing media
remains critical for achieving efficient and sustainable crop production. This review critically
evaluates the role, performance and sustainability of growing media used in vertical farming, with
emphasis on their effects on water availability, aeration, nutrient retention, root development,
crop performance and resource-use efficiency. A systematic literature search was conducted
using Scopus and studies were selected based on their relevance to growing media, soilless
cultivation and vertical farming systems. The synthesis indicates that organic and inorganic
substrates differ substantially in water-holding capacity, aeration, structural stability, nutrient
retention, weight, reusability and environmental footprint, while emerging bio-based composites
and engineered substrates show potential for improving resource efficiency and reducing
substrate-related environmental impacts. Across the reviewed literature, growing-media
performance was strongly influenced by substrate physicochemical properties, crop
requirements, irrigation management and production intensity. However, limited information is
available on long-term substrate reuse, microbial interactions, lifecycle impacts and the
performance of lightweight and recyclable materials under intensive stacked production. This
review integrates agronomic performance with physicochemical and sustainability criteria to
provide a framework for selecting and designing growing media that can simultaneously
optimize crop productivity, resource-use efficiency and environmental sustainability in scalable
vertical farming systems.

Keywords

biochar; biostrate; growing media; organic carbon; soil health; sustainable agriculture;
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Introduction

As the global population is projected to reach 9.7 billion by 2050, food production must increase
by at least 50 % to meet the rising demand (FAO, 2016). This need is complicated by limited arable
land, water scarcity and the effects of climate change (1, 2). These challenges have intensified
interest in controlled-environment agriculture (CEA), including vertical farming, as a
complementary production approach that can reduce dependence on land availability and
climatic conditions. Recent reviews emphasize that vertical farming can improve land-use
efficiency and enable year-round production, although its sustainability depends strongly on
resource use, energy requirements, crop selection and system design. With only about 24 % of
Earth’s land being arable, much of it already under cultivation, innovative solutions like vertical
farming offer a way to sustain future food supplies in controlled environments (3).
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Vertical farming allows high-density crop production in
controlled urban spaces, using soilless techniques such as
hydroponics and aeroponics, reducing dependence on fertile soil
and maximizing crop yield in limited areas (4). Unlike conventional
agriculture, these systems allow precise regulation of temperature,
humidity, light, carbon dioxide concentration, irrigation and nutrient
availability, thereby providing greater control over the crop growing
environment. However, the benefits of vertical farming are not
universal and vary according to crop type, production technology,
environmental conditions and management practices.
Consequently, claims regarding yield enhancement and water
savings should be interpreted in relation to specific production
systems rather than as fixed advantages over conventional
agriculture. Soilless techniques such as hydroponics and aeroponics
conserve up to 95 % of the water used in conventional farming and
enable continuous year-round production (5). Recent assessments
have also highlighted that, despite improvements in land and water-
use efficiency, energy consumption, material inputs, economic
viability and overall lifecycle sustainability remain important
challenges for vertical farming (6).

Within these systems, growing media represent a critical but
comparatively less integrated component of vertical farming,
Selecting appropriate growing media is essential for scalability, as
each medium's properties affect water retention and nutrient
availability. Innovations in growing media, ranging from organic bio-
based materials to synthetic substrates, have shown promising
results in enhancing resource efficiency and promoting sustainable
growth cycles. In vertical farming, growth media are essential as they
support root development, retain moisture and provide nutrients to
plants, enabling optimal growth in controlled, soilless environments.
A wide range of organic, inorganic and engineered substrates has
therefore been investigated, but their suitability depends on the
interaction between substrate properties, crop requirements,
irrigation management and production intensity. Recent research
has further emphasized the need to evaluate growing media not
only in terms of crop performance but also in relation to resource
efficiency and environmental sustainability.

However, previous reviews of vertical farming have largely
focused on broader aspects such as production technologies,
resource-use efficiency, environmental sustainability, automation,
energy consumption and economic feasibility, while growing media
are generally discussed only as one component of the overall
production system. Consequently, there remains a need for a
dedicated and critical synthesis that connects the physicochemical
characteristics of growing media with crop performance, resource-
use efficiency, durability and environmental sustainability
specifically within vertical farming systems. Significant research gaps
remain, particularly regarding the environmental impact and
biodegradability of widely used substrates like coco coir and
synthetic polymers. Similarly, emerging materials such as bio-based
composites, hydrogels and nanomaterial-enhanced substrates
require further evaluation for their long-term stability, nutrient-
release behaviour, microbial interactions and environmental safety.
Limited research also exists on microbial interactions within soilless
media, which could aid in nutrient cycling and plant health.
Moreover, media durability under intensive use remains a challenge,
as frequent replacement can increase costs and waste. In stacked
vertical systems, the use of lightweight yet sturdy media is crucial to
minimize structural load while still supporting plant growth
effectively.

Therefore, this review aims to critically evaluate the major
growing media used in vertical farming by integrating their
physicochemical properties, effects on root development and crop
performance, resource-use efficiency, durability and environmental
sustainability. The review covers conventional organic and inorganic
substrates as well as emerging bio-based and engineered materials,
with particular emphasis on their advantages, limitations and
potential for reuse and sustainable application. The manuscript
further examines emerging research areas, including microbial
interactions, substrate lifecycle assessment, lightweight materials
and recyclable alternatives. By bringing these dimensions together,
this review provides a substrate-centred framework for selecting and
developing growing media that can simultaneously support crop
productivity, resource efficiency and environmental sustainability,
thereby addressing an important research gap in the development
of scalable vertical farming systems. The selection of suitable
growing media depends on crop requirements, hydroponic system
characteristics, substrate properties and practical production
conditions (Fig, 1).

Brief history on vertical farming:

Vertical farming, though often regarded as a modern innovation, has
deep historical roots and reflects humanity’s ongoing pursuit of
sustainable food production in confined spaces. Early forms can be
traced to the Hanging Gardens of Babylon around 600 BCE, an
architectural marvel that grew plants on tiered terraces through an
intricate irrigation system, showcasing the potential for vertical
cultivation in urban landscapes. Similarly, ancient East Asian terrace
farming systems, especially prominent in China and Southeast Asia,
employed strategic land management techniques to cultivate crops
on mountainsides, essentially increasing arable land through
stacked horizontal planes (7). These terraces laid foundational
principles of maximizing land utility and efficient water use, essential
to today’s vertical farming (8). However, it wasn’t until the 20th
century that the concept evolved into the modemn form we
recognize. In 1915, American geologist Gilbert Ellis Bailey introduced
the concept of "vertical farming" in his book, suggesting the
cultivation of plants at multiple soil levels (9, 10). Then, in 1999, Dr.
Dickson Despommier, a professor of public health at Columbia
University, pioneered the idea of large-scale indoor vertical farms as
a solution to growing urban populations and land scarcity. He
envisioned a future where high-rise indoor farms within urban
centres can help meet the growing demand for food while
preserving natural ecosystems and his research proposed urban
farms within skyscrapers that could provide local, sustainable food
production using hydroponics and controlled environments (11). He
highlights how vertical farming could contribute to food security by
offering a controlled environment for year-round production,
insulated from climate-related disruptions such as droughts or
floods (12).

The transition from conceptual vertical farming to
technologically intensive production was driven by major advances
in soilless cultivation and controlled-environment technologies.
Hydroponics provided the foundation for precise delivery of water
and dissolved nutrients to plant roots without soil, while aeroponics
further reduced the rooting medium by suspending roots and
delivering nutrients through fine nutrient-rich mist. These systems
enabled precise control of water, nutrients, root-zone oxygen and
plant density, making them particularly suitable for stacked
production. The development of efficient light-emitting diode (LED)
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Select growing media
based on crop type and hydroponic system
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Fig. 1. Decision tree for selecting suitable growing media based on crop type and hydroponic system, considering key substrate requirements

and practical production conditions.

technology represented another breakthrough, as LEDs enabled
growers to manipulate light intensity, photoperiod and spectral
composition while reducing the heat load and energy requirements
associated with earlier artificial lighting systems. Concurrent
advances in sensors, automated irrigation, environmental control
systems and digital monitoring further transformed vertical farms
into highly controlled production environments (13).

Since the early 2000s, advances in LED lighting, hydroponics,
aeroponics and climate control have supported the development of
vertical farming as a viable production system (13, 8). Its expansion
has been driven by urban food security, land and water scarcity,
climate variability and sustainability concerns. However, high capital
investment, energy requirements, infrastructure costs and limited
crop suitability remain key constraints, with energy consumption
strongly influencing production costs and environmental
sustainability. Economic feasibility also depends on crop type,
energy prices, production scale and automation level. Thus, vertical
farming is best considered a complementary production system
whose benefits depend on local environmental, technological and
economic conditions.

The expansion of vertical farming has been driven by urban
food security, land and water scarcity, climate variability and
sustainability concerns. However, high capital investment, energy
consumption, infrastructure costs and limited crop suitability
remain major barriers to economic and environmental
sustainability. Energy-efficient technologies, renewable energy
integration, automation and Al-based crop management are
therefore increasingly important for improving system viability.
Growing media are also critical to this evolution, as substrate
properties influence water retention, aeration, nutrient availability,
root development, crop performance and resource-use efficiency.
Advances in lightweight, reusable and sustainable substrates

therefore offer animportant pathway forimproving the productivity,
sustainability and scalability of modern vertical farming systems
(14-17). This evolution reflects a convergence of ancient ingenuity
and modern technology, aiming to secure food resilience in a rapidly
urbanizing world.

Growth Media and their selection for vertical farming

Any materials, apart from soil, that are used to cultivate plants are
referred to as growing media or plant substrates (18). In general,
growing media can be divided into inorganic and organic categories.
Inorganic substrates can be derived from natural sources, such as
sand and gravel or processed minerals like perlite and rockwool. On
the other hand, organic growing media can either be synthetic, such
as polyurethane, or naturally occurring, including materials like peat,
bark, coir and wood fibres. In vertical farming, growing media are a
mixture of materials that provides plants with water, nutrients, air
and support. It is a key component of vertical farming because it
provides the necessary nutrition to plants in the limited volume of
containers (19). These materials support plant growth in various
contexts, typically in containers and encompass fertilized planting
media for trees and shrubs, as well as casing soil for mushrooms.
While "substrate” is often used as a synonym, its definition is less
precise. The suitability of different growing media varies with crop
category, particularly because leafy greens, fruiting vegetables,
herbs, microgreens and ornamentals differ in their requirements for
moisture retention, aeration, root support and nutrient availability
(Table 1).

Growing media consist of constituents like peat, composted
bark, wood fibre, coir, perlite and vermiculite, which form the bulk of
mixes typically measured by volume. Additionally, media may
include additives, such as fertilizers, lime, wetting agents and
biological products, usually measured by weight. These additives,
although present in smaller quantities, enhance the properties of the
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Table 1. Comparison of growing media suitability, key requirements, advantages and limitations across major crop categories in vertical farming

Crop Recommended . Suitable media . L .
category growing media Key requirements characteristics Major advantages Key limitations
Coco coir; Perlite-coir Good moisture retention, rl:lloﬁé:lienratci—h;gn wa(t)%r(-j Rapid growth; efficient Salt accumulation in coir;
Leafy greens blends; Rockwool; aeration and nutrient orositg an% sta%leg root  Water and nutrient rockwool disposal
Vermiculite availability P y management concerns
support
Fruitin Coco coir; Rockwool;  High root-zone stability, High structural stability Supports vigorous root nl-ﬂtgr?eer:tlmgﬁgo:niggt
ve etagles Perlite-coir blends; aeration, drainageand  with balanced air-water growth and prolonged requirements: s%bstrate
g Expanded clay pellets nutrient control ratio production q cost
Coco coir; Peat-perlite  Balanced moisture and Moderate water-holding Sr‘g\?v‘tjﬁ;trs]gmgglri'? . Excess moisture can affect
Herbs blends; Rockwool; aeration with adequate capacity and good g q Y5 root health; coir may

Vermiculite nutrient retention

Biostrate; Coco coir;
Peat-based media;
Rockwool; Vermiculite

High moisture availability,
good seedling support
and cleanliness

Long-term structural
stability, drainage,
aeration and moisture
retention

Microgreens

Coco coir; Peat-perlite;
Vermiculite; Perlite;
Expanded clay pellets

Ornamentals

Fine texture, uniform
moisture and adequate

Durable structure with
adjustable air-water

suitable for hydroponic
systems
Lightweight; easy
handling; rapid
germination and harvest

drainage require washing/buffering
Some media dry rapidly;
commercial cost and
availability vary

Media requirements vary
considerably among
species; some substrates
are heavy

aeration

Supports diverse root
systems and repeated

balance cultivation

mix, supporting optimal plant growth. Growth media are pivotal
because they directly influence root development, nutrient
absorption and overall plant health. In vertical farming, growth
media serve essential functions by providing root stability and
support, ensuring plants remain securely anchored in stacked or
tiered systems. They regulate moisture effectively, retaining and
gradually releasing water to keep roots consistently hydrated while
conserving water. Growth media also deliver and retain nutrients,
supplying plants with a steady nutrient flow while minimizing waste.

By facilitating oxygen flow around the roots, they prevent
waterlogging and promote healthy root growth. Additionally, certain
growth media possess natural disease suppression abilities, which
help prevent root infections and reduce reliance on chemical
treatments. Coco coir has natural antifungal properties, making it
resistant to some soil-borne pathogens. Rockwool and compost-
based mixes can also support beneficial microorganisms that inhibit
harmful pathogens. However, the use of peat and rock wool in these
mediums has caused environmental issues, which have encouraged
a search for more sustainable alternatives (20). The future of growth
media is in using sustainable, affordable and renewable materials
that meet environmental standards and ensure quality. This
approach minimizes ecological impact, conserves resources and
supports the long-term sustainability of vertical farming and other
modern cultivation methods (21).

Non-soil growth media are increasingly favoured in vertical
farming for their ability to retain moisture and create a stable

environment for plant roots, optimizing water usage and enhancing
root development (22). These roles make growth media critical to the
success and sustainability of vertical farming Vertical farming
integrates both widely used and advanced growing media, each
carefully selected to enhance plant growth and resource efficiency in
controlled environments. The following paragraphs explore these
diverse media types and their specific roles within vertical farming
systems. The suitability of different growing media for major
hydroponic systems used in vertical farmingis summarized in Table 2.

Peat

Sphagnum peat moss (Sphagnum spp.), commonly referred to as
peat, is extensively utilized in plant propagation, particularly in
Europe and North America (23). Peat is an organic material formed
from the accumulation of partially decayed plant matter in
waterlogged conditions, primarily in peatlands or bogs. Its dark
colour, spongy texture and capacity to retain moisture and nutrients
have made peat a popular choice for horticultural and agricultural
growing media (24). Currently, peat makes up approximately
77-80 % of the growing media used annually in the horticultural
industry in Europe (25) and it is considered the most widely used
growing media (26). In Lithuania, 90 % of peat resources are used for
crop production, with the remaining 10 % utilized as a raw material
for energy production, while globally, 42 % of peat is used in the crop
sector, 50 % in energy production, 5 % to enrich the soil and 3 % for
other purposes (27).

Table 2. Suitability of different growing media for major hydroponic systems used in vertical farming

Hydroponic
system

Suitable growing media Key media requirements

Advantages Limitations

Rockwool; Coco coir;
Perlite; Foam-based
media

Rockwool; Coco coir;
Expanded clay pellets;
Perlite

Coco coir; Rockwool;
Perlite-coir blends;
Vermiculite

Lightweight; good root
support; adequate
aeration

Good aeration and root
anchorage; moderate
water retention

Good water retention,
drainage and nutrient-
holding capacity

NFT (Nutrient
Film Technique)

DWC (Deep Water
Culture)

Drip irrigation

Expanded clay pellets;

Ebb-and-flow Perlite; Gravel; Coco coir

and structural stability

Lightweight; strong
seedling support; high
aeration

Expanded clay pellets;
Rockwool cubes; Foam-
based media

Aeroponics

Good drainage, aeration

Excessive media can obstruct
channels; requires careful moisture
management

Media should not restrict root-zone
oxygenation; algae growth may
occur

Supports continuous nutrient flow;
suitable for leafy greens and herbs

Provides continuous water and
nutrient availability; simple system
design
Highly adaptable; precise
fertigation; suitable for fruiting
crops

Requires regular monitoring of
irrigation and nutrient accumulation

Heavy media increase structural
load; frequent cycles may require
careful water management

Requires precise environmental
control; unsuitable media can
interfere with root exposure and
spray distribution

Effective wetting and drainage
cycles; media can be reused

Excellent root oxygenation; very
efficient water and nutrient use
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In vertical farming, peat is valued for its excellent water
retention, which ensures consistent hydration of plant roots while
preventing waterlogging, an essential factor in space-constrained
environments (28). Its good aeration and drainage properties fostera
stable environment for root development and its neutral to slightly
acidic pH supports a diverse range of plants, including vegetables,
herbs and ornamentals (18). However, despite these advantages,
peat has significant drawbacks such as restricted availability, high
cost, environmental damage from extraction and inconsistent
quality (26). It typically contains few nutrients (27), necessitating
constant fertilization to maintain plant health. This reliance on
fertilizers not only increases costs but also limits access to essential
minerals and biologically active compounds, compromising overall
plantvitality (29).

Peat extraction faces significant criticism due to the ecological
importance and fragility of peatland ecosystems. Peatlands function
as major long-term carbon stores and provide important ecosystem
services, including water regulation, habitat provision and biodiversity
conservation (30, 31). Drainage and extraction expose previously
waterlogged peat to oxygen, accelerating the decomposition of stored
organic matter and releasing carbon dioxide and other greenhouse
gases. At the same time, extraction alters peatland hydrology,
degrades habitats and can contribute to biodiversity loss, thereby
reducing the capacity of peatlands to function as effective carbon
sinks. Additionally, the natural production of peat is an extremely slow,
non-sustainable process. These concems have prompted efforts in
Europe to protect peatlands, preserve their ecosystems and mitigate
carbon emissions, while growing pressure on the horticulture industry
has driven demand for alternative, renewable and sustainable
growing media (23).

European efforts are increasingly focused on reducing
horticultural peat use and promoting peat-free growing media.
While the EU has no single-wide ban on horticultural peat, the 2024
EU Nature Restoration Law emphasizes peatland restoration and
rewetting for climate and biodiversity benefits. These policy
measures and growing sustainability concerns are driving the
development of renewable, locally available peat alternatives.
Furthermore, growing in peat resembles hydroponics using an inert
substrate, which lacks the benefits of natural soil. When dried, peat
can quickly become hydrophobic, causing water to repel from its
surface and run down the sides of containers (32). This issue often
requires the addition of wetting agents to improve water absorption,
raising further sustainability concerns (33).

The extraction and use of peat contribute to greenhouse gas
emissions (34) and disrupt natural habitats, prompting efforts to
cease peat extraction and replace a substantial portion of peat with
alternative substrates (35). This transition has gained momentum in
Europe over the past decade, driven by increasing consumer
awareness of environmental issues, regulatory pressures to limit the
extraction of ecologically sensitive peatlands and a heightened
sense of personal responsibility (19). In recent years, environmental
and ecological concerns have driven efforts to reduce peat usage, as
its extraction is damaging endangered wetland ecosystems globally
(36). Several organic compounds have been proposed as
alternatives to peat for plant growth media. Among these
alternatives, composted bark, wood fibre, green waste compost and
coir pith have demonstrated reliability as effective growing media
(37). Hirschler and Thran (34) explained that the increased use of

20

peat substitutes is mainly due to the need to reduce peat usage
rather than improvements in the quality or availability of alternative
growing media. This highlights the need to develop growing media
that combine the desirable physical and biological properties of peat
with lower carbon emissions, reduced ecological impacts and
greater potential for circular use in sustainable vertical farming
systems.

Coconut Coir

Coco coir is a natural Growing media derived from the fibrous husks
of coconuts, known for its excellent water retention and aeration
properties; furthermore, it is exported mainly from India and
Sri Lanka (38, 39). This biodegradable and renewable resource offers
a sustainable alternative to traditional soil and peat moss, making it
ideal for various applications in gardening and agriculture due to its
tough structure, suitable properties, excellent hydrophilicity and
high biosafety (37, 40). It contains about 26.72 % cellulose, 17.73 %
hemicellulose and 41.19 % lignin, along with a high mineral content
that enables strong water retention and storage capabilities (41)
makes it ideal for vertical farming. Coco coir offers a sustainable
alternative to peat moss, as it is biodegradable and contributes to a
circular economy in agriculture (42).

Before use, it undergoes a washing and buffering process to
remove excess salts and reduce potentially high concentrations of
potassium (K) and sodium (Na), which can interfere with nutrient
balance and crop performance (43, 44). However, the concentrations
of K, Na and other soluble salts can vary considerably among coir
sources and processing methods, resulting in variability in
physicochemical quality and batch-to-batch consistency. Therefore,
adequate washing, buffering and quality testing are important before
commercial use, particularly in controlled vertical farming systems
where precise nutrient management is required. Its neutral pH allows
for tailored nutrient management, while its natural resistance to pests
and diseases minimizes the need for chemical treatments. Coir offers a
balanced ratio of air to water similar to that of peat, along with superior
re-wetting capability (45). However, coir has a higher pH and a lower
cation exchange capacity (CEC) compared to peat (24) and coir
degrades or physically deteriorates when used as a Growing media,
eventually requiring sustainable disposal or repurposing methods,
such as composting, incineration or use as landfill material (46).

Moreover, its lightweight nature enhances its adaptability for
different urban settings, whether in rooftop gardens, balconies or
community plots, enabling innovative solutions for maximizing
space. Coconut fibre is frequently evaluated in various ratios within
soilless growing media mixtures alongside other materials, making it
challenging to assess coir on its own, particularly due to its lower
cation exchange capacity. Cutting or shredding coco coir into
smaller pieces for recycling increases its surface area, facilitating
decomposition and making it an excellent mulching material that
retains moisture, suppresses weeds and regulates soil temperature,
while enriching the soil with nutrients as it breaks down (47, 48). Both
and associates (49) developed coco coir composites by activating its
lignin with bifunctional linkers and crosslinking with biodegradable
PVA, offering an eco-friendly alternative to traditional methods.
These composites exhibit favourable properties, including an ideal
carbon-to-nitrogen ratio, water-holding capacity and stability,
making them suitable for hydroponic growth media. Unlike coco
coir powder and fibres, the composites' stability prevents clogging in
recirculating hydroponic systems.
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Perlite

Perlite is a naturally occurring volcanic glass, highly valued in
horticulture for its ability to improve soil structure and growing media.
Perlite has lower water-holding capacity (WHC) than most organic
components, is commonly added to soilless growing media to
enhance drainage and increase porosity (50, 51). The water retention
capacity of perlite depends on particle size, with larger particles
(0.5-1.0 mm) retaining more water compared to smaller particles
(0.25-0.50 mm) used in horticulture (52). Perlite undergoes heating at
800-1100 °Cto vaporize internal water, causing the particles to expand
(53). Although this expansion produces a lightweight and highly
porous material, the requirement for high-temperature processing
increases energy demand and the associated environmental footprint
of perlite production. In addition, perlite mining and processing can
disturb geological landscapes and generate particulate dust.

This expansion process creates lightweight, highly porous
particles that are stable and resistant to decomposition, making them
a durable component in growing media (54). This heating process
known as ‘popping’, can increase its volume up to 16 times of its
original size, producing small, white, spherically shaped particles that
easily blend with other substrates like peat moss, coco coir and soil
(55). Fine perlite particles can become airbome during mining,
crushing, expansion, mixing and handling; therefore, appropriate
ventilation and respiratory protection are important to minimize
occupational exposure to dust during commercial production and
use.

Perlite's lightweight nature makes it ideal for providing root
zone aeration, which promotes healthy root growth and minimizes
risks of waterlogging by ensuring efficient drainage (56). Itis also non-
toxic, virtually pH-neutral and has high durability, allowing it to be
reused multiple times without breaking down, which distinguishes it
from organic amendments (57). Perlite is commonly used across
various agricultural applications, including hydroponics, soilless
mixes and seed propagation, as it helps to prevent compaction and
enhances air porosity (58). Its ability to retain moisture on its outer
surface while allowing excess water to drain off makes it suitable for
maintaining optimal water content in root zones, thus reducing
fungal and bacterial growth, root rot and issues like molds and
mildews (59).

In comparison with similar amendments, perlite offers
distinct advantages for certain crops and environments. For
instance, unlike vermiculite, which retains more moisture, perlite is
better suited for crops needing well-draining conditions. Perlite has
poor water retention capacity and it lacks ion-exchange capacity
(60). It is also lighter and more cost-effective to transport than
pumice. Due to its inert composition, perlite is approved by the
USDA for organic farming despite being classified as inorganic.
Perlite is highly stable and generally unaffected by acids or
microorganisms, allowing it to remain intact in growing media for
many years (52). However, excessive use of perlite can lead to
increased nutrient leaching from containers, reduced fertilizer
efficiency and adverse effects on plant nutrition. Additionally, in
media with low pH, there is a risk of toxic aluminium release from
perlite (50)

In Highbush Blueberry, adding perlite to growing media
resulted in reduced plant growth, with little effect on nutrient
composition or plant nutrient uptake [52]. Maaswinkel and
associates (61) compared perlite and rice husk and then investigated

the effect of substrates on grow and yield of green pepper and
understood that grow plants of rice husk is higher and included
more yield in compare with grow plants of perlite. Choi and
associates (62) compared culture medium of rock wool and perlite
reported that peat and coconut are cause of 19-20 % increase in dry
and weight of cucumber and also marketable of cucumber was
betterthan perlite.

Vermiculite

Vermiculite is a hydrated magnesium aluminium silicate clay (smectite
mineral group) known for its high cation exchange capacity (CEC) of
50-150 meq/100 g, which enables it to effectively adsorb cations,
minimizing nutrient loss through leaching. This property, along with its
high water-holding capacity, makes vermiculite valuable as a soil
amendment and a potting medium, particularly for seedlings.
Research has shown that increasing vermiculite dosage in soil and
potting mixes enhances water absorption and fertilizer retention,
benefiting crop nutrition and minimizing nutrient waste (63). When
subjected to high temperatures, vermiculite expands, transforming
into lightweight, layered, sponge-like granules that effectively hold
water. This unique property provides plants with consistent hydration,
making it an ideal medium for maintaining stable moisture levels.

Additionally, vermiculite is pH-neutral, lightweight and
provides good aeration for roots, which promotes robust plant
growth. These features make it suitable for a wide range of plant
species and applications, from hydroponics and indoor gardening to
propagation and seed sowing (64). The interactions among these
physical, chemical and biological properties collectively determine
root-zone conditions, plant responses, crop performance and
resource-use efficiency (Fig. 2). In hydroponic systems, vermiculite is
particularly valuable, often used in wicking beds and net cups due to
its ability to reliably retain both water and nutrients, supporting
efficient nutrient uptake by plants. Indoor plants that thrive in moist
environments also benefit from vermiculite; when mixed with soil in
varying ratios, such as 70/30 or 50/50 (soil to vermiculite), it enhances
water retention and keeps the soil evenly moist. This adjustability
allows gardeners to cater to plants with varying moisture needs,
providing just the right balance for each species (65).

Vermiculite is also widely used in plant propagation. It
supports aerated root development, reducing the risk of rot
commonly encountered in water-based propagation. By placing
cuttings in moist vermiculite rather than water, gardeners encourage
healthier root growth, as the medium allows air circulation around
developing roots while maintaining the necessary moisture (66). For
seed sowing, vermiculite offers an ideal environment by holding
moisture steadily, which aids in the germination process. A thin layer of
vermiculite over seeds in a drainage-ready container helps protect
youngseedlings and promotes consistent growth.

However, vermiculite is less durable than other growing
media, such as sand or perlite, which makes it prone to compaction
over time. Therefore, vermiculite is generally used in mixtures rather
than as a stand-alone growing medium, particularly for long-term
cultivation. For longterm use and to enhance its benefits,
vermiculite is often combined with other substrates like perlite or
coconut fibre, creating a balanced blend (67). These additions
improve drainage and provide a firmer structure, which helps
prevent waterlogging and enhances the medium’s longevity (68).
With its versatile properties and adaptability, vermiculite remains a
popular choice in horticulture, especially in applications where
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Fig. 2. Conceptual model illustrating the interactions among physical, chemical and biological properties of growing media and their effects
on substrate functions, plant responses, crop performance, resource-use efficiency and sustainability.

moisture retention and aeration are critical. A group of researchers
observed an improvement in the agronomic performance of maize,
sunflower and cotton after using a vermiculite-based rock fertilizer in
sandy soils (63). Vermiculite application rates of 5t ha' and 10t ha*
enhanced leaf dimensions, along with fresh and dry matter yields of
Brassica napus (69).

Biostrate

Biostrate is a recently developed, bio-based fabric designed
specifically for hydroponic microgreens and baby salad greens. This
woven mat felt material is widely available on the market and is
made from biodegradable materials like wood fibres, providing ideal
conditions for plant roots. Its lightweight design and efficient
moisture and nutrient retention make it particularly well-suited for
hydroponic applications, including microgreen production (70, 71).
Its commercial use is mainly associated with small-scale indoor and
commercial microgreen production, where its lightweight and ready
-to-use form can simplify handling and substrate disposal.

The application of plant bio stimulants can further enhance
the utilization of Biostrate, improving crop quality and nutrient
absorption. Despite these benefits, Biostrate tends to be about 50 %
more expensive than quality soil in small quantities and requires a
nutrient supplement to achieve satisfactory yields. Thus, its
economic feasibility depends on crop value, production scale,
substrate cost and the savings associated with convenient handling
and disposal. Some crops may struggle to thrive on this medium,
necessitating careful monitoring of watering to prevent dehydration,
as it can dry out quickly (72). While Biostrate is convenient for those
who lack space for soil disposal, its accessibility may be limited, as it
is not always readily available in local stores (73). However, it is more
affordable than alternatives like hemp and coco coir and its easy
disposability makes it practical for indoor gardening, particularly in
kitchens. Compared with conventional soil and commonly used

substrates such as coco coir, Biostrate offers lower weight,
convenient handling and easier disposal, but may have lower
moisture-buffering capacity and greater dependence on controlled
irrigation and nutrient supplementation.

Its ability to decompose naturally adds to its appeal as an
environmentally friendly option. Because it is composed primarily of
biodegradable plant-derived fibres, Biostrate can decompose after
use, potentially reducing persistent substrate waste compared with
non-biodegradable synthetic materials; however, the rate and
environmental benefits of biodegradation depend on disposal
conditions. Biostrate is a newly emerging medium for microgreen
cultivation and is readily available in the market. But there is no
literature evidence related to the usage of Biostrate as a medium for
microgreen cultivation. However, despite its commercial availability,
independent scientific evidence on its long-term performance,
biodegradation behaviour, cost-effectiveness and suitability across
different crops remains limited (70).

Expanded clay pellets

The lightweight and aerating properties of expanded clay pellets,
also referred to as hydroton or clay pebbles or grow rocks, making
them highly popular in the hydroponics field (74). Expanded clay
balls are produced by various brands in different countries, such as
Hydroton in Australia, Keramzit in Russia and Blaehton in Germany.
Additionally, these pellets have been noted to provide effective
drainage. They exhibit a pH value of 7, indicating a neutral nature.
Furthermore, it displays a notable resistance to degradation and
does not undergo breakdown over extended periods. Using clay
pellets is prevalent in hydroponic systems that operate through
flood and drain (ebb and flow) mechanisms (75). The water-holding
capacity of these materials is limited, which may necessitate more
frequent irrigation (76). However, they are recommended only for
short-term growth periods, ideally under 4 weeks. This limitation is
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due to reduced control over nutrient delivery, as the medium can
encourage light-driven algal growth and high evaporation rates in
the trays (77). Unlike plastic fragments, these substrates are not
chemically inert and may release mineral ions into the solution or
change nutrient availability, making them less suitable for studies on
mineral element deficiencies and toxicities. These pellets are filled
with tiny air pockets, giving them excellent drainage and aeration,
which are crucial for maintaining oxygenated root zones and
supporting healthy root development.

Clay pebbles work particularly well in systems with frequent
watering, such as ebb and flow setups, since their structure prevents
clogging while promoting water flow and retention of air bubbles
around the roots. One of the key advantages of expanded clay
pebbles is their reusability and cost-effectiveness, making them a
sustainable choice for both home and commercial growers (78).
Compared with rockwool and perlite, expanded clay pellets have a
greater potential for repeated reuse because of their durability,
although they require thorough cleaning and sanitation between
production cycles to remove accumulated roots, algae, pathogens
and salts. Perlite is also reusable but can generate dust and gradually
lose structural integrity during handling, whereas rockwool is
generally more difficult to reuse and dispose of because of its fibrous
structure. Although the initial cost of expanded clay pellets may be
higher than some disposable substrates, their long service life and
repeated use can reduce the cost per production cycle. However,
water, labour and energy requirements for cleaning and sanitation
should also be considered when evaluating their lifecycle cost.

Wood fibre

The term "wood fibre" encompasses materials derived from both
fresh sources, such as pine chips and waste sources, like shredded
pallets, but lacks a clear definition in existing literature. Wood fibre is
emerging as a sustainable alternative to peat in growing media,
effectively addressing the significant environmental concems
associated with peat extraction, such as habitat destruction,
biodiversity loss and carbon dioxide emissions (79, 80). Wood fibre
alone or mixed with peat is a viable alternative, although not entirely
accepted due to challenges with nitrogen immobilization during
microbial decomposition and low water retention capacity. Wood
fibre alone or mixed with peat is a viable alternative, although not
entirely accepted due to challenges with avoiding nitrogen
immobilization and low water retention capacity (43). It improves
the water-holding capacity of growing media, promoting consistent
moisture levels for plant roots. As reliance on peat diminishes due to
its classification as a fossil fuel and non-renewable resource, wood
fibre serves as an effective supplement in horticulture, although it
cannot fully replace peat (81, 18).

The quality of wood fibre is crucial for its effectiveness as a
Growing media; poor-quality fibres can harbour pathogens and
harmful substances detrimental to plant health. To ensure high
standards, obtaining RHP (Registration of Growing Media)
certification is essential, as this guarantees compliance with strict
quality control standards, including particle size, nutrient content
and water retention, while ensuring the medium is free from
contaminants. In commercial soilless growth media, wood fibres are
predominantly created through intensive secondary processing,
often extruded from debarked softwoods like pine or spruce (82).
Because wood fibre has a high carbon-to-nitrogen ratio, microbial
decomposition can temporarily immobilize mineral nitrogen,
reducing its availability to plants during early cultivation. To mitigate

microbial nitrogen immobilization and enhance stability, the
material is frequently saturated with nitrogen. However, due to its
tendency to compress and hold insufficient plant-available water,
wood fibre is rarely utilized as a standalone growth medium
component. A combination of 75 % of wood fibre and 25 % of
compost tended to produce the highest marketable yield (83).

Rockwool

Rockwool (RW) is a widely used substrate in hydroponic systems for
seed and clone propagation (84, 85). It is primarily composed of
diabase and limestone melted at around 1600 °C, producing a
stable, porous structure with high water retention suitable for crop
cultivation (85). Its inert nature provides no nutrient charge (zero
ppm or EC), allowing precise control over nutrient delivery and
feeding regimes (86, 87). RW combines high water retention with
adequate aeration, creating favourable conditions for root
development, while its sterile nature reduces the risk of pests and
diseases (88). However, its inorganic and non-biodegradable nature
creates disposal challenges, with used RW frequently accumulating
in landfills and posing potential environmental concerns. It is
available in different sizes and forms, allowing its use from seed
establishment to mature crop production. Although not infinitely
reusable, rockwool can be cleaned and reused for multiple growing
cycles, improving its cost-effectiveness over time.

Growstone

Growstones (GS), an innovative and environmentally sustainable
Growing media derived from recycled glass, are increasingly utilized
in hydroponic systems and container gardening as a viable
alternative to traditional substrates such as perlite, pumice and
rockwool (89). Rowstones were created by finely grinding waste
glass and mixing it with calcium carbonate, which was then heated
in a kiln. The heating process caused the glass particles to fuse,
releasing carbon dioxide and trapping air pockets within the glass.
This process resulted in a lightweight, expanded material. Their
highly porous structure allows for exceptional drainage and
aeration, reducing the risk of waterlogging and root rot by facilitating
excess water flow while enabling optimal air circulation around the
root zone (90). Moreover, the use of recycled glass in their production
underscores  growstones' alignment with circular economy
principles, providing a sustainable and eco-conscious solution that
minimizes environmentalimpact.

Pumice

Pumice, a highly porous, lightweight and silica-rich glassy rock
formed by explosive volcanic eruptions, is commonly found in
volcanic regjons globally and has emerged as a viable inorganic
option for plant growth. However, since the physical properties of
pumice can vary significantly across different volcanic regions (91,
92). Pumice, a lightweight and porous volcanic rock, is increasingly
recognized as an effective inorganic growth medium in vertical
farming due to its high silica content and excellent water retention
and aeration properties. Its physical characteristics can vary based
on volcanic origin, which influences crop performance (92). Research
shows that pumice significantly enhances the quality of crops like
muskmelons (Cucumis  melo L) and tomatoes
(Solanum  lycopericum L), improving visual and flavour
characteristics, total soluble solids, flowering acceleration and fruit
ripening (93-95). Additionally, pumice helps suppress pathogens
and supports beneficial biocontrol agents, promoting plant health
(93,96,97). Its inert, pH-neutral nature allows for precise nutrient and
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pH management, while its durability ensures structural integrity over
multiple growth cycles, making it a sustainable and cost-effective
option. The incorporation of pumice into soilless systems thus not
only supports efficient water and nutrient delivery but also
contributes to a healthier growing environment, ultimately leading
to more resilient crops in vertical farming applications (98). Although
pumice may be preferable for heavier or taller plants needing
additional weight for stability.

Sand

Sand, one of the oldest known hydroponic substrates, is less
commonly used today due to its low water-holding capacity and
considerable weight. However, sand can be effective in vertical
farming when used in techniques such as sandponics or the Integrated
Aqua-Vegeculture System (IAVS). Its excellent drainage, root aeration,
affordability and reusability provide advantages, particularly where
other substrates are expensive (99). However, its low cation exchange
capacity and limited water retention require frequent nutrient
supplementation and careful irrigation management. In commercial
stacked vertical farms, the high bulk density of sand increases
structural load and handling requirements, while frequent irigation
and limited suitability for automated water management reduce its
practical advantage compared with lightweight engineered
substrates. Mixing sand with perlite or coir can improve water
retention and nutrient availability.

Gravel

Gravel was one of the earliest commercially used substrates in
hydroponic systems and remains affordable, readily available,
durable and reusable (100). Its high porosity provides good root
aeration, but its poor water retention can cause rapid drying if
irrigation is interrupted. Its high weight also increases structural load
and makes handling and automated substrate management more
difficult in stacked vertical systems. Although gravel can be reused
after washing and sterilization between crop cycles, these additional
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cleaning and handling requirements can increase labour and
operational costs in commercial production. Consequently, gravel is
less commonly preferred than lightweight substrates in modem
automated vertical farming systems. Overall, the major growing
media differ considerably in their resource requirements,
environmental impacts, biodegradability, reusability and lifecycle
considerations (Fig. 3).

Oasis cube

Qasis cubes provide a convenient, low-maintenance hydroponic
medium ideal for vertical farming, They are easy to irrigate and
handle, with adjustable heights to support various plants, including
vegetables, herbs and flowers. Highly absorbent and able to retain
30-40 times their weight in water, oasis cubes deliver consistent
moisture and nutrients to plant roots while maintaining good
oxygen flow. Additionally, their neutral pH offers a healthy
environment for plants, reducing risks of harmful microbes (101).
However, oasis cubes have limitations. Their foam structure holds
fewer nutrients, requiring additional fertilizers for nutrient-
demanding plants. They may also compact over time, which can
reduce root oxygenation and impact growth. Oasis cubes tend to be
pricier than other hydroponic media, potentially adding to costs for
larger setups.

Rice hulls

Rice hulls are a lesser known and underutilized substrate in most
parts of the world, but they have proven to be as effective as perlite
to produce a range of crops (102). Rice hulls are a by-product of rice
production and have the potential to be an inexpensive, effective
medium in rice production areas. This free-draining substrate has
low to moderate water-holding capacity, a slow rate of
decomposition and low level of nutrients. Rice husk, with its slight
acidic pH and high potassium levels, offers benefits for plant growth
(103). As a renewable and readily available resource, it serves as a
promising alternative to conventional substrates like peat. Del Amor

* Assessment is relative and based on published data and general literature.
* Scores consider cradle-to-grave impacts: resource use, manufacturing, use phase, and end-of-life.

* Actual impacts may vary with source, processing, transportation, system design, and region.
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and associates (104) demonstrated that adding rice husk ash (RHA)
to substrate notably boosts dry matter and chlorophyll levels in
pepper seedlings. Additionally, tomato yields have been observed to
improve significantly when grown in substrate mixes that include
rice husk (105).

RHA 40 (Rice husk ash: peat: vermiculite: perlite = 4:4:1:1)
improved cucumber and melon growth by enhancing stem
diameter, root activity, chlorophyll content and fruit quality, while
boosting sucrose and soluble protein levels (102).

Polyurethane Grow Slabs

Polyurethane grow slabs are lightweight, synthetic growing media
made from foam, developed specifically for hydroponic production.
Comprising 75-80 % air space and 15 % water-holding capacity,
these slabs offer excellent water retention, aeration and nutrient
flow, promoting healthy root growth (106). They are sterile, inert and
pH-neutral, reducing the risk of pests and diseases (107). Easy to
handle and reusable, polyurethane slabs are a sustainable choice for
vertical farming systems. However, they require regular monitoring
of nutrient levels due to their limited nutrient retention. Overall,
polyurethane grow slabs provide an efficient and cost-effective
solution for vertical farming, though more research is needed due to
their relatively new development (108).

Recent advancements in growing media

Recent advancements in growing media for vertical farming
emphasize sustainability, efficiency and high performance to
address the challenges of limited space and resources. Innovations
in substrates are improving key properties like water retention,
nutrient delivery and aeration, which are critical for maximizing plant
health and productivity in confined environments (109, 110). A
prominent development is the use of renewable materials, such as
coco coir, which serves as a sustainable alternative to peat and is
renowned for its excellent water retention and aeration capabilities.
Often blended with additives like perlite or vermiculite, coco coir
creates an ideal environment for root health by optimizing moisture
levels.

Studies by Dede and Ozer (26) further underscore the
benefits of such blends; they found that adding 25 % perlite to raw
peat and hazelnut husk improved the porosity of the growing media
by 68.25 % and increased air capacity by 30.03 %, while hazelnut
husk helped fine-tune air capacity by lowering it to more optimal
levels. Hydroponic growing systems have also seen advancements
in media such as expanded clay pellets, perlite and rock wool, which
provide consistent support while ensuring efficient moisture
retention and nutrient absorption. Additionally, bio-based materials
like algae-based media and recycled inputs (e.g,, rice husks, straw
and coffee grounds) are gaining popularity due to their potential to
reduce waste, improve water retention and enhance nutrient
cycling. Biochar-based composites are also emerging as
multifunctional substrates because their porous structure can
improve water retention, nutrient adsorption and microbial habitat
while enabling the utilization of agricultural residues. Similarly,
engineered biodegradable polymers and polymer-biomass
composites are being explored to provide controlled porosity,
structural stability and gradual biodegradation as alternatives to
persistent synthetic materials.

The integration of smart technologies is another step
forward, enabling real-time monitoring of water, nutrient levels and
pH for precise control over the growing environment. The Internet of

Things (loT) enhances vertical farming by optimizing growing media
management for efficient resource use and improved crop health
(111). By embedding sensors in the media, IoT enables real-time
monitoring of moisture, nutrient levels, temperature and other vital
factors, allowing automated systems to deliver precise irrigation and
nutrients, minimizing waste (112, 113). Additionally, loT helps
maintain ideal aeration and root health by adjusting humidity and
CO, levels, preventing issues like waterlogging and nutrient
imbalance (114, 115). Increasingly, artificial intelligence (Al) and
machine-leaming approaches are being combined with sensor data
to predict moisture and nutrient requirements and optimize
irrigation and fertigation according to crop growth stage. This
development is moving substrate management from fixed media
formulations toward precision substrate design, in which particle
size, porosity, water-holding capacity, nutrient retention and root-
zone conditions can be tailored to specific crops and production
systems. This approach reduces the need for frequent media
replacement, promoting sustainability by conserving resources and
minimizing waste.

Another emerging approach is the incorporation of
beneficial microbial inoculants, including plant-growth-promoting
bacteria and fungj, into growing media. These microorganisms can
improve nutrient mobilization, root development and plant
resilience while supporting biological processes in otherwise low-
microbial soilless systems. Similarly, in hydroponics system Nutrient
Film Technique (NFT) offering efficient nutrient and water delivery
with minimal waste. Nutrient Film Technique supports steady
nutrient uptake, resulting in healthier and more productive crops.
New materials, like hydrogels and engineered substrates, are also
promising in water retention. For instance, specific hydrogel
formulations, such as nanocomposite-calcium montmorillonite (NC-
MMt), have demonstrated enhanced plant growth, as shown in
tomato seedlings (116), highlighting their potential as a sustainable
potting medium for vertical farms. Nanomaterial-based substrates
and nanocomposite hydrogels are further being investigated for
their ability to improve water and nutrient retention and provide
controlled release of essential inputs, although their long-term
environmental and biological safety requires careful evaluation (118,
119). The key physical, chemical and sustainability characteristics of
the major growing media used in vertical farming are comparatively
summarized in Table 3.

Recent research is also increasingly adopting circular-
economy approaches by converting agricultural and food-
processing residues into growing media, thereby reducing waste
and dependence on non-renewable substrates. However, the
sustainability of novel media cannot be assessed solely from their
biodegradability or renewable origin. Lifecycle assessment (LCA) is
increasingly important for evaluating energy consumption,
processing requirements, transportation, durability, reuse, waste
generation and end-of-life impacts. Such assessments can identify
whether apparently sustainable substrates provide genuine
environmental benefits over their complete production and use
cycles. Altogether, biodegradable mats, microbial-enhanced
substrates, hydrogels, biochar composites, nanomaterial-based
substrates and precision-controlled hydroponic  innovations
contribute to resource-efficient, high-yield vertical farms. The
integration of advanced materials, biological inputs, sensor-based
monitoring and Al-driven optimization therefore represents a shift
from conventional substrate selection toward multifunctional and
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precision-designed growing media. These eco-conscious substrates
showcase the potential of vertical farming to support sustainable
food production with minimal environmental impact. These
developments indicate a shift toward biodegradable,
multifunctional, biologically integrated, digitally optimized and
circular growing-media systems for future vertical farming (Fig. 4).
Despite recent advances in sustainable growing media, several
knowledge gaps remain regarding substrate standardization, long-
term environmental performance, crop-specific design, microbial
integration and Al-assisted optimization; these gaps and
corresponding future research priorities are summarized in Table 4.

Conclusion

Vertical farming, supported by advances in growing media and
integrated technologies, offers a promising approach to food
production under limited land and resource availability. Among
existing substrates, coco coir and coir-based blends provide a
favourable balance of water retention, aeration, renewability and
crop performance, while perlite and expanded clay pellets offer
advantages in drainage, structural stability and reuse. However, no
single substrate is optimal across all crops and production systems.
Emerging biochar composites, biodegradable polymers, hydrogels,
nanocomposites and microbial-enhanced substrates show
considerable promise, although their long-term performance, safety,
scalability and environmentalimpacts require further validation.

The integration of loT, automation and environmental
control systems enables precise management of moisture, nutrients
and aeration, improving resource-use efficiency. Future research
should focus on biodegradable alternatives to rockwool,
standardized substrate evaluation, long-term life-cycle assessment,
Al-assisted optimization, crop-specific substrate design and

beneficial microbial integration. Researchers should develop
standardized evaluation protocols, growers should consider
performance and lifecycle costs, manufacturers should prioritize
sustainable and reusable materials and policymakers should
support standards and incentives for low-impact substrates. Overall,
the future of vertical farming depends on integrating optimized
growing media, biological inputs, smart technologies and circular
resource management to achieve productive, economically viable
and environmentally sustainable systems.
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Fig. 4. Future trends in sustainable growing media, highlighting biodegradable materials, biochar composites, microbial integration, Al-
assisted optimization, precision substrate design and circular-economy approaches.
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Table 4. Summary of current knowledge gaps and recommended future research priorities for sustainable growing media in vertical farming
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Limited crop-specific
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characteristics and growth use efficiency
requirements
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communities cycling, root health and plant growth

Limited understanding
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recommendations and substrate properties
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: : and processing costs vary among potential, labour and energy : :
remains uncertain substrates requirements commercial vertical farms
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