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Abstract

Hydroponics, a modern approach to soilless cultivation, offers an efficient and sustainable alternative to
traditional farming by directly supplying plants with nutrient-enriched water solutions. This system
supports year-round cultivation, higher yields and faster growth cycles while conserving up to 90%
more water than conventional methods. Hydroponics employs diverse growing systems such as nutrient
film technique (NFT), deep water culture (DWC), ebb and flow, drip irrigation, wick systems, floating
rafts and aeroponics, each suited for specific crops and scales of production. Substrate culture, using
inert or organic media like cocopeat, perlite, or rockwool, further enhances root aeration and nutrient
uptake while minimizing soil-borne pathogens. Integration with vertical farming and energy-efficient
LED lighting enables intensive urban food production and reduces dependence on arable land.
Aeroponics has shown exceptional promise in seed potato production, yielding significantly more
disease-free minitubers compared to soil-based methods. By combining precision resource
management, space optimization and climate resilience, hydroponics emerges as a key innovation for
ensuring sustainable and secure food systems for growing populations worldwide.

Keywords: Hydroponics, organic media, vertical farming, aeroponics and space optimization

Introduction

Hydroponics is a method of cultivating plants in nutrient solutions, which are water-based
solutions containing fertilizers. This technique may utilize inert media such as sand, gravel,
vermiculite, rock wool, perlite, peat moss, coco peat, or pebbles to provide mechanical
support (Swain et al., 2021) 8. According to hydroponics users, continuous year-round
production is achievable only with hydroponic systems. These systems enable shorter
growing periods, require less space and allow cultivation in small areas with a controlled
environment. Hydroponics users often state that this method consistently provides higher
productivity and yields, without being limited by climate, weather conditions, or many
common plant diseases (Mohite and Pathade, 2023) 1. A wide variety of commercial and
specialty crops can be cultivated using hydroponics, including leafy greens, spinach,
broccoli, tomatoes, cucumbers, peppers, strawberries, watermelons, ornamental flowers and
many others. As the population grows and cities and industries expand, the amount of land
available for farming is steadily decreasing. Traditional farming methods are also struggling
with unusual climate patterns. Because of these challenges, we need to develop new and
modern ways to produce enough food for the world’s increasing population in a sustainable
way (Mohite and Pathade, 2023) 27, The essential need for water conservation in agriculture,
particularly in drought-prone areas, is addressed by hydroponic systems, which use up to
90% less water than conventional soil-based farming. (Rajaseger et al., 2023) 32, Because of
the decrease in soil fertility and the reduction in acreage due to urbanization, hydroponics
enables growing in places that are inappropriate for traditional agriculture, such as indoor
and urban regions.

Hydroponic farms reduce the need for toxic fertilizers and pesticides, which results in better
food and less environmental damage such chemical runoff and soil erosion. Urban planners
and building managers are increasingly installing hydroponic systems in offices and urban
spaces to support localized food production, enhance air quality and promote employee well-
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being. Hydroponic systems enable crops to grow 25 to 50
percent faster and achieve higher yields per unit area
compared to soil-based agriculture (Rajaseger et al., 2023)
32 This increased efficiency addresses the challenge of
supporting a growing population with limited available land.
It enables year-round and off-season vegetable production
with better quality and price stability (Khapte et al., 2022)
(23 High plant density and vertical farming allow more
crops to be grown in less area, supporting urban food
systems and reducing transportation costs. Including
hydroponic systems in infrastructure and buildings offers a
sustainable food source and lessens the environmental effect
of food transportation as cities grow. With advanced
hydroponic solutions, food systems become more resilient in
adapting quickly to changing environmental, economic, or
health challenges (Anusree et al., 2024) [,

Soilless  Cultivation ~ Systems  for  Sustainable
Crop Production:  Soilless cultivation denotes the
technique of growing plants without using natural soil
opting instead for substrates or soluble nutrient solutions to
fulfil the functions of soil (Gruda, 2009) [*3, This approach
offers enhanced precision in controlling nutrient delivery,
water use and disease management, making it ideal for
modern, intensive horticulture especially where soil quality
or availability is problematic (Roy, 2022) %,

Substrate culture is a prominent branch of soilless
cultivation where plants are anchored in a solid medium
rather than soil, while nutrient solutions are delivered
externally. This method enhances root-zone aeration,
minimizes soil-borne pathogen pressure and allows for
precise control over nutrient and water supply. As per
shown in figure 1, substrate culture is generally classified
into inert substrates such as rockwool, perlite, vermiculite,
expanded clay aggregate (LECA), sand, pumice and gravel
and natural organic substrates including cocopeat, peat
moss, rice husk, sawdust, bark, compost and organic waste-
based media (Raviv and Lieth, 2008) 4. Inert substrates are
chemically stable and supply no nutrients, making them
ideal for standardized fertigation control, while organic
substrates contribute varying levels of nutrients and organic
matter, often improving water retention capacity
(Schmilewski, 2009) 9. The selection of substrate is based
on factors such as water-holding characteristics, porosity,
cost and local availability, with materials like cocopeat and
rockwool being widely adopted in commercial horticulture
for crops including tomato, cucumber and ornamentals.
Hydroponics, recognized as a modern form of agriculture,
offers diverse systems designed to deliver nutrients directly
to plant roots without soil (Nguyen et al., 2016) %, Among
the most prominent are the nutrient film technique (NFT),
where a thin, flowing layer of nutrient solution passes over
roots; deep water culture (DWC), in which roots hang
submerged in aerated nutrient solution; ebb and flow (flood
and drain), where growing trays are periodically flooded and
drained; drip systems, delivering controlled nutrient drips to
individual plants; aeroponics, suspending roots in air and
applying nutrient mist; floating raft systems, which support
plants on rafts floating a top nutrient solutions, this all are
examples of passive system of hydroponics and wick
systems, using capillary action to draw nutrients from a
reservoir (Atherton and Li, 2023) Bl Wick system is the
example of passive system of hydroponics (George
and George, 2016) . The various types of hydroponic
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systems are illustrated in Figure 2. Each system highlights a
unique approach to efficient plant growth without soil.

Different systems of hydroponic cultivation

1. Nutrient Film Technique (NFT)

The Nutrient Film Technique or NFT, involves delivering a
very shallow stream of nutrient-rich water that constantly
flows over a slight slope, bathing plant roots in a thin film of
solution. This ensures roots can absorb nutrients while still
getting ample oxygen. NFT is renowned for its efficient
water and nutrient use, suitability for high-density setups
(like leafy greens) and ability to provide a controlled
environment for precision farming (Somerville and
Townsend, 2014) 13, Downsides include reliance on pumps
and electricity, susceptibility to nutrient imbalances or root
drying if flow is interrupted and a higher learning curve.
Monitoring systems or backup pumps are often
recommended to mitigate these risks (Wongkiew et al.,
2017) kel

2. Deep Water Culture

Deep Water Culture suspends plant roots directly in a
reservoir of oxygenated, nutrient-rich water typically using
air stones or diffusers to supply oxygen. This system is
simple to build, promotes rapid plant growth and is
beginner-friendly due to its minimal components. It's
particularly effective for leafy greens and herbs. However,
maintaining proper temperature and oxygen levels is key, as
warmer water holds less oxygen and root diseases can take
hold without good aeration (Hamza et al., 2022) [27],

3. Ebb and flow system

In the Ebb and Flow (also called Flood and Drain) system,
trays containing plants and growing medium are
periodically flooded with nutrient solution and then drained
back into a reservoir. This alternation delivers nutrients and
oxygen to the roots passively, making it flexible for
different crop sizes, including fruiting plants. It’s DIY-
friendly and doesn’t require complex aeration equipment.
The potential drawbacks include complexity in setup
(requiring pumps, timers and overflow safeguards) and
higher space requirements. Users report that it's forgiving
during power outages and works well with media like clay
pellets (Rajaseger et al., 2023) 21,

4. Drip System

Drip systems distribute nutrient solution drop by drop to
each plant, either through media-based setups or net pots.
This method is highly customizable and scalable making it
popular for crops such as tomatoes and peppers. Efficient
use of nutrients and water is a major advantage, especially
with recirculating systems. However, emitters can become
clogged, media can accumulate salts over time and spread
mechanics call for regular maintenance (Sharma et al.,
2018) 11,

5. Aeroponics

Aeroponics grows plants with their roots suspended in air,
which are periodically misted with nutrient solution. This
method maximizes root oxygen access, enabling
extraordinarily fast growth, reduced water usage and
improved nutrient uptake. It's highly space-efficient (often
used in vertical setups) and suspicious of soil-borne
diseases. On the flip side, aeroponics demands fine nozzle

~ 1310~


https://www.biochemjournal.com/

International Journal of Advanced Biochemistry Research

misting control, clean conditions and electrical reliability
equipment failures can quickly stress plants (Santosh and
Gaikwad, 2023) [#,

6. Wick System

The Wick System is a passive, no-pump hydroponic setup
where wicks draw nutrient solution from a reservoir into a
growing medium by capillary action. It’s ideal for beginners
simple, inexpensive and low-maintenance. But growth rates
tend to be slower, nutrient delivery is less precise, wicks can
clog and it’s not well-suited for high-demand crops or large-
scale systems (Mugundhan et al., 2011) [?8],

7. Floating Raft Method

In the Floating Raft (or DWC-raft) method, plants are
placed into foam rafts that float atop a nutrient solution
reservoir, allowing roots to hang into the solution below.
This design ensures excellent oxygenation, easy harvesting
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and high plant density especially for leafy greens and herbs.
It's commonly wused in commercial greenhouses.
Maintenance includes temperature control of the nutrient
tank and preventing algae growth around raft gaps (Mullins
etal., 2023) 29,

Advancing Agricultural Productivity through
Hydroponics: Hydroponic farming is recognized as an
efficient and sustainable cultivation technique that provides
higher yields than conventional soil-based systems (Table
1). Through precise control of environmental conditions and
direct nutrient delivery, it overcomes the constraints
associated with soil fertility and heterogeneity. Studies have
demonstrated that hydroponics enhances plant growth,
optimizes resource utilization and ensures uniformity and
superior quality of produce (Khatri et al., 2024) 241, These
advantages position hydroponics as a key strategy to address
the increasing global demand for food in a sustainable way.

Table 1: yield comparison: hydroponics vs soil

Crop Hydroponics yield Soil yield Hydroponic system Reference
Lettuce 5.8 kg m? 3.9 kg m? NFT Dutta et al. (2023) 12
Tomato 50-60 kg m2 3-8 kg m? Substrate drip D'Andrea (2017) [19
Cherry tomato 3.5-4.3 kg plant?® 1.4-1.8 kg plantt Dutch bucket Hartz and Miyao (1993) [8]
Capsicum 15.7-19.0 kg m2 3-6 kg m? Substrate drip Ko et al. (2013) [
Cucumber 15.4 kg m2 2.5-3.5 kg m? NFT Samba et al. (2023) [*8]
Spinach 3.43 kg m? 1.20 kg m2 NFT Jalal et al. (2022) 29
Basil 1.8 kg m2 0.6 kg m2 DWC/Raft Saha (2016) (371
Zucchini 1.6 kg plant?® 16.7-38.9 t ha! Substrate drip Suvo (2016) !

Potential of Aeroponics Systems in Producing High-
Quality Potato Seed: Aeroponics offers a highly effective
approach for producing quality seed potatoes (Solanum
tuberosum L.), especially in developing regions where
conventional multiplication systems are hindered by soil-
borne diseases, limited arable land and high production
expenses. In this soilless technique, potato roots are
suspended in air and periodically misted with nutrient
solutions, eliminating soil-related pathogen risks and
promoting healthier growth while accelerating tuber
initiation and development, allowing multiple harvests
annually (Otazu, 2010; Rykaczewska,

2016) % 361 In Table 2, studies have shown that aeroponic
cultivation can yield up to ten times more minitubers per
unit area compared to traditional field methods, all while
preserving phytosanitary quality (Chiipanthenga et al.,
2012) 1. Additionally, the system’s closed-loop nutrient
recycling conserves water and fertilizers, making it an
environmentally  sustainable  solution for resource-
constrained areas (Mateus-Rodriguez et al., 2013) [,
Incorporating aeroponics into national seed programs can
lessen reliance on imported seed, improve access to disease-
free planting material and boost productivity throughout the
potato production chain.

Table 2: Aeroponics vs. Conventional Potato Minituber Production

Aspect

Aeroponics

Conventional field- based/
soil production

References

Minitubers per plant

Approximately 50-100, with some
reports up to 250-300

Around 5-10 per plant

Chiipanthenga et al., 2012; Mateus-
Rodriguez et al., 2013) [* 2]

Minituber yield
per m2

Generally, > 900 minitubers/m?

Approximately 300
minitubers/m?

Mateus-Rodriguez et al. (2013) [?6]

Field performance
traits

Cultivar Ametyst yielded 42.6 t/ha, 644
tubers/ha >3 cm; cv. Tajfun: 37.3 t/ha,
438 tubers/ha >3 cm

Lower yield and fewer tubers
across same conditions

Rykaczewska (2016), [ field trials of
aeroponic minitubers for Solanum
tuberosum L. (Potato)

Multiplication rate

2-3 times higher minituber production
compared to traditional methods

Baseline conventional rate

Rykaczewska (2016) [3]

Advantages

Pathogen-free seeds; no acclimatization
needed; fast cycles; high yield
and uniform quality

Simple, low tech, minimal
upfront cost

Chiipanthenga et al. (2012); Mateus-
Rodriguez et al. (2013) [ 28]

Vertical Farming: Systems and Lighting Strategies
Vertical farming is a modern agricultural approach that
cultivates crops in vertically stacked layers or integrated

structures, allowing for intensive production in controlled
environments. It maximizes space utilization, minimizes
land requirements and provides the ability to regulate
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environmental parameters such as temperature, humidity,
CO: concentration and light, thereby ensuring consistent
crop yield and quality (Bhargava, 2022) 61, This farming
method can be implemented in urban buildings,
greenhouses, or dedicated plant factories, making it an
important innovation for addressing global food demands
while conserving natural resources (Benke and Tomkins,
2017) 51,

Different approaches to vertical farming

Vertical farming can be classified based on the arrangement
and technology used for plant growth. Tower systems
involve cylindrical or vertical columns with plants growing
along the structure, allowing efficient nutrient and water
delivery. Rack systems use multi-tier shelving units
equipped with lighting and irrigation, enabling high-density
production within limited spaces (Hogewoning et al., 2010)
(191 A-frame systems are triangular structures that maximize
light interception and airflow, suitable for compact farming
setups. Wall-mounted systems, or living walls, attach plants
to vertical surfaces, offering both aesthetic and functional
benefits for small-scale or urban farming. Hybrid systems
integrate more than one vertical farming method to
accommodate different crops, optimize resource use and
improve efficiency (Tabibi, 2024) “,

Artificial lighting is a critical component of vertical
farming, compensating for the lack of natural sunlight in
enclosed or urban environments. Light-emitting diodes
(LEDs) are the most widely used due to their energy
efficiency, spectral tunability and low heat emission,
allowing close placement to plants without causing thermal
stress (Singh et al., 2015) . Red and blue LED
combinations are highly efficient for photosynthesis red
light (600-700 nm) supports flowering and biomass
accumulation, while blue light (400-500 nm) promotes
vegetative growth and leaf morphology. Full-spectrum
white LEDs simulate natural sunlight, enhancing plant
colour rendering and allowing growers to better monitor
plant health. Supplemental spectra, such as green light for
deeper canopy penetration, far-red light for flowering
induction and morphological control and UV-B light for
stimulating  secondary  metabolite  production, are
increasingly used to optimize growth and crop quality.
Dynamic spectrum control systems allow growers to adjust
light wavelengths according to the crop’s developmental
stage, further improving productivity and energy savings
(Gupta and Jatothu, 2013) (61,

Advantages of Hydroponics: Hydroponic farming provides
multiple advantages over traditional soil-based agriculture.
One of the most significant benefits is the efficient
utilization of water, as closed-loop systems recycle nutrient
solutions and reduce overall consumption compared to field
cultivation (De and Maggio, 2004) 4, Hydroponics also
ensures higher crop productivity due to precise nutrient
delivery, optimized growing conditions and reduced
exposure to soil-borne pathogens (Barbosa et al., 2015) 1.

https://www.biochemjournal.com

In addition, the system eliminates the need for chemical
pesticides to a large extent, thereby producing healthier and
pesticide-free food (Fernandez et al., 2018) 31,

Another major advantage is its adaptability to non-arable
areas, including urban rooftops, vertical farms and regions
with poor soil quality, where hydroponics enables year-
round production of fresh vegetables (Bhargava, 2022) 1,
Nutrient  management is  more  accurate  and
ontrolled,resulting in faster growth rates and higher yields
compared to conventional systems (Bugbee, 2004) [,
Furthermore, hydroponics can integrate with renewable
energy technologies such as solar and wind, thereby
reducing greenhouse gas emissions and enhancing
sustainability (Califano et al., 2024) . With urbanization
and climate change placing increasing pressure on food
security, these advantages make hydroponics a viable and
resilient farming alternative for the future.

Future Prospects and Limitations of Hydroponics
Hydroponics represents one of the most promising
sustainable farming methods, with the potential to address
pressing agricultural challenges linked to climate change,
water scarcity and land degradation. By creating controlled
environments, it allows stable yields even under erratic
rainfall and extreme weather conditions. Hydroponics
maximizes water and nutrient use efficiency, which is
particularly crucial in regions facing resource limitations
(Sharma et al., 2018) 4. Furthermore, its integration into
urban agriculture such as rooftop and vertical farms can
significantly contribute to local food security and reduce the
carbon footprint associated with food transport (Jensen and
Malter, 1995) 21,

Future growth of hydroponics will likely be driven by
technological ~ advancements, including  automated
fertigation, climate control and smart monitoring systems,
which will make cultivation more precise and cost-effective.
The use of renewable energy sources such as solar panels in
hydroponic systems can further minimize greenhouse gas
emissions, enhancing their sustainability (Rakocy et al.,
2016) [, Moreover, supportive policies, research
investments and farmer training programs will be vital in
scaling up adoption and ensuring that hydroponics
contributes meaningfully to global food security (Kalantari
etal., 2017) 24,

However, hydroponics is not without its limitations. High
initial setup costs pose a significant challenge, particularly
for smallholder farmers in developing countries. In addition,
hydroponic systems require skilled management of nutrient
solutions and continuous energy supply; power failures or
system breakdowns can result in rapid crop losses
(AlShrouf, 2017) M. Disposal of nutrient-rich effluents, if
not properly managed, may also lead to environmental
concerns. Large-scale adoption further depends on
infrastructure development, reliable markets and consumer
acceptance of hydroponically grown produce. Addressing
these limitations through cost reduction, renewable energy
integration and training initiatives will be essential for
unlocking the full potential of hydroponics (Sonneveld and
Voogt, 2009) 41,
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Conclusions

Hydroponics presents a transformative pathway for
sustainable agriculture by ensuring efficient resource use,
higher productivity and resilience against climate and
urbanization pressures. Its ability to provide year-round,
pesticide-free produce makes it a strong candidate for
addressing global food security challenges. However, high
establishment  costs, technical  requirements and
environmental management of nutrient solutions remain
significant hurdles. Future strategies should focus on
technological innovations, integration with renewable
energy, government support and capacity building to
overcome these barriers. With the right interventions,
hydroponics can evolve into a cornerstone of future farming
systems, balancing productivity with sustainability.
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