[JRSSIS, Special Issue (V) Oct. 2025: 184-190 e-ISSN 2347 — 517X

Reg. No. - MH-NGP/0000167

R INTERNATIONAL JOURNAL OF RESEARCHES IN SOCIAL SCIENCE AND INFORMATION STUDIES

.

¥y

\ALJ
A

4
T4

TN

WWW.ijrssis.in

HYDROPONICS: REVOLUTIONIZING MODERN AGRICULTURE -
A COMPARATIVE STUDY OF INDIAN AND GLOBAL
PERSPECTIVES WITH INSIGHTS INTO CONTEMPORARY
STARTUP ECOSYSTEM

Roopali Bhargava
Department of Home Economics
Vasantrao Naik Government Institute of Arts and Social Sciences, Nagpur
*Corresponding Author: roopalibhar@gmail.com

Revision : 15.09.2025

Communicated : 05.09.2025 Accepted : 25.09.2025

Published: 15.10.2025

ABSTRACT:

The confluence of a burgeoning global population, rapid urbanization, climate change, and the degradation of arable
land presents an unprecedented challenge to global food security. Traditional agricultural practices, while foundational
to human civilization, are increasingly strained, characterized by high water consumption, soil depletion, and heavy
reliance on chemical inputs. In this context, soilless farming techniques, particularly hydroponics, are emerging as a
potent and revolutionary alternative.

This research article examines the science behind hydroponic systems like the Nutrient Film Technique (NFT) and
Deep Water Culture (DWC). It highlights global adoption in pioneering nations such as the Netherlands and Israel
before focusing on the Indian subcontinent. For India, a region grappling with immense population pressure and water
scarcity, hydroponics offers a path to urban food security and new entrepreneurial opportunities with pesticide-free
produce.

However, widespread adoption is hindered by challenges like high initial investment, energy dependency, and a
technical knowledge gap. Despite these hurdles, this analysis concludes that hydroponics, especially when integrated
with technologies like Al and IoT, is a critical component in developing a resilient and sustainable agricultural future
for both India and the world.
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INTRODUCTION :

The global agricultural landscape is at a critical
inflection point. The Food and Agriculture
Organization (FAO) of the United Nations
projects that the world will need to produce 70%
more food by 2050 to feed an estimated global
population of 9.7 billion. This monumental task
must be achieved amidst the escalating
challenges of climate change, which manifests as
erratic weather patterns, prolonged droughts,
and floods. Furthermore, conventional
agriculture is a leading contributor to
environmental degradation, accounting for
approximately 70% of global freshwater
withdrawals, extensive soil erosion, and
significant greenhouse gas emissions from

fertilizers and machinery. The ‘Green

Revolution’, while successful in averting famine
in the 20th century, came at the cost of
ecological imbalance and is now showing
diminishing returns.

Against this backdrop, the quest for innovative
and sustainable agricultural methods has gained
unprecedented urgency. Controlled Environment
Agriculture (CEA) has emerged as a promising
frontier, and within it, hydroponics stands out
as a particularly disruptive technology.
Hydroponics, derived from the Greek words
‘hydro’ (water) and ‘ponos’ (labor), is the science
of growing plants without soil. Instead, plant
roots are directly supplied with a perfectly

balanced, pH-adjusted nutrient solution,
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allowing them to mature faster, healthier, and
with significantly higher yields per unit area.
This technique decouples food production from
the constraints of land quality and outdoor
climate, enabling year-round cultivation in
diverse environments, from arid deserts to dense
urban centers. The ability to control every
variable—from nutrient composition and light
spectrum to temperature and humidity—
translates into remarkable resource efficiency.
Most notably, hydroponic systems can use up to
90-95% less water than traditional soil-based
farming, a crucial advantage in a water-stressed
world.

This paper aims to provide a holistic
examination of hydroponics as a revolutionary
farming technique. It will first elucidate the
fundamental principles and diverse systems of
hydroponic cultivation. Subsequently, it will
analyze the global adoption and impact of this
technology, drawing on case studies from
pioneering countries. A significant portion of the
analysis will be dedicated to the Indian context,
evaluating the wunique opportunities and
formidable challenges that hydroponics presents
for the nation’s agricultural future. Finally, the
paper will offer a comparative analysis with
conventional farming and discuss the future
trajectory of hydroponics, propelled by
innovations in automation, artificial intelligence
(Al), and sustainable energy.

The Science and Principles of Hydroponics

At its core, hydroponics operates on a simple yet
profound principle: soil is merely a medium to
hold nutrients, water, and provide support for
the plant. If these essential elements can be
provided directly to the plant’s roots in a
controlled manner, the soil becomes redundant.
This direct-to-root nutrient delivery is the
cornerstone of all hydroponic systems.

The Nutrient Solution

The success of any hydroponic system hinges on

the nutrient solution, often referred to as the

e-ISSN 2347 — 517X

“hydroponic fertilizer.” This is an aqueous
solution containing all the essential mineral
elements required for plant growth. These are
macronutrients

broadly  categorized into

(required in larger quantities) and
micronutrients (required in trace amounts).

1. Micronutrients: Nitrogen (N), Phosphorus
(P), Potassium (K), Calcium (Ca), Magnesium
(Mg), and Sulfur (S).

2. Micronutrients: Iron (Fe), Manganese (Mn),
Copper (Cu), Zinc (Zn), Boron (B), and
Molybdenum (Mo).

The concentration of these elements and the pH
of the solution (typically maintained between 5.5
and 6.5) are meticulously controlled and tailored
to the specific crop and its growth stage.
Electrical Conductivity (EC) is used to measure
the total concentration of dissolved salts in the
solution, serving as a proxy for its strength.
Growing Media : While soil is eliminated, a
sterile, inert growing medium is often used to
provide physical support for the plant’s roots
and help retain moisture and nutrients. Unlike
soil, these media do not provide any nutrition
themselves. Common examples include:

1. Rockwool: A fibrous material made from
molten rock, excellent for water retention.

2. Perlite and Vermiculite: Lightweight volcanic
glass and silicate mineral, respectively, used to
improve aeration and moisture retention.

3. Coco Coir: A natural fiber from coconut
husks, which has great water-holding capacity.
4. Clay Pellets (LECA): Porous, pH-neutral
pellets that provide good aeration and support.
Major Hydroponic Systems

Several distinct systems have been developed,
each with unique mechanisms for delivering the
nutrient solution.

1. Wick System: The simplest and most passive
system. A wick, made of absorbent material,
draws the nutrient solution from a reservoir up

into the growing medium. It is suitable for small
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plants and herbs but less efficient for larger,
water-hungry plants.

2. Deep Water Culture (DWC): Plants are placed
in net pots, and their roots are suspended
directly in a deep reservoir of aerated, oxygen-
rich nutrient solution. An air pump and air
stone are crucial to prevent root rot. DWC is
simple, low-cost, and excellent for fast-growing
leafy greens like lettuce.

3. Nutrient Film Technique (NFT): This is an
active, circulating system where a very shallow
stream (a “film”) of nutrient solution is
continuously recirculated past the bare roots of
plants in a watertight channel or gully. The
slight slope of the channel allows the water to
flow back to the reservoir. NFT is highly efficient
for commercial production of lightweight crops.
4. Ebb and Flow (Flood and Drain): The growing
bed containing the plants is periodically flooded
with the nutrient solution from a reservoir and
then allowed to drain back out. This process is
controlled by a submersible pump on a timer.
This method ensures roots receive ample
nutrients, water, and oxygen in cycles.

5. Drip Systems: The most widely used system
globally, especially for larger plants like
tomatoes, cucumbers, and peppers. Drip
emitters slowly deliver the nutrient solution
directly to the base of each plant. This system
can be highly efficient and scalable, with
recovery (recirculating) and non-recovery (run-
to-waste) variations.

6. Aeroponics: The most technologically
advanced system. Plant roots are suspended in
the air within a chamber and periodically misted
with the nutrient solution. This method provides
unparalleled root aeration, leading to faster
growth rates. NASA has extensively researched
aeroponics for space cultivation due to its high
efficiency.

Global Hydroponics: Innovation Driven by

Necessity
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Hydroponics, a soilless farming method, is
transforming agriculture worldwide, with a
market projected to surpass USD 25 billion by
2027. Driven by constraints like limited arable
land, water scarcity, and unfavorable climates,
nations are adopting hydroponics to ensure food
security and sustainability.

The Netherlands: High-Tech Greenhouse
Leader - Despite its small size and northern
climate, the Netherlands ranks as the world’s
second-largest agricultural exporter by value,
thanks to its advanced controlled environment
agriculture (CEA). Dutch greenhouses integrate
hydroponics with climate control, automation,
and sustainable energy, achieving yields like 100
kg of tomatoes per square meter—far surpassing
the 5-10 kg/m? of traditional farming. This
precision-driven model minimizes waste and sets
a global standard for efficiency.

Israel: Mastering Water Conservation - In its
arid landscape, Israel leverages hydroponics to
complement its pioneering drip irrigation
systems. Agri-tech firms develop water-efficient
hydroponic  setups with recycling and
desalination, enabling crop cultivation in
deserts. This innovation turns environmental
challenges into opportunities for food security.
Japan: Precision and Urban Farming - Japan’s
limited arable land and dense population have
spurred the rise of “plant factories”—indoor
vertical farms using hydroponics or aeroponics
under LED lights. Post-Fukushima demand for
safe, traceable food drives these automated
systems, which produce consistent, pesticide-
free vegetables in urban centers year-round.
North America and the Middle East: Urban
and Strategic Solutions - In the U.S. and
Canada, commercial vertical farms like Plenty
and AeroFarms reduce “food miles” by supplying
fresh produce to cities within hours of harvest,
meeting demand for sustainable, local food. In
the Middle East, nations like the UAE and Saudi

Arabia invest heavily in hydroponics to combat
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extreme heat and reliance on food imports,
bolstering national food security.

India’s Hydroponics Potential

India, with its 1.4 billion population, faces
unique agricultural challenges that hydroponics
can address. Consuming over 80% of freshwater,
traditional farming struggles with erratic
monsoons and depleting groundwater.
Hydroponics, using 90% less water, is ideal for
water-scarce regions like Rajasthan and Tamil
Nadu. Urban hydroponic farms in cities like
Mumbai and Bengaluru can reduce post-harvest
losses (30-40%) and carbon footprints by
providing fresh, pesticide-free produce. With
small farm sizes, hydroponics’ 3-10 times higher
yields maximize land efficiency. High-value crops
like kale and cherry tomatoes offer premium
profits, while startups like UrbanKisaan drive
innovation and jobs, fostering a sustainable
agricultural future.

The Predicaments and Challenges in India
Despite its immense potential, the path to
widespread hydroponic adoption in India is
fraught with challenges.

1. High Initial Capital Cost (CAPEX): Setting up
a commercial hydroponic farm, even a medium-
sized one, requires significant upfront
investment in polyhouses or greenhouses,
climate control systems (fans, cooling pads),
automation systems (for nutrient and pH
dosing), pumps, and growing infrastructure. For
the vast majority of India’s small and marginal
farmers, this cost is prohibitively high without
substantial financial support.

2. Energy Dependence and Cost: CEA systems
are energy-intensive. Lights, pumps, and climate

control systems require a continuous and

reliable power supply. In India, the power grid
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can be unreliable, and the cost of electricity is a
(OPEX).

Dependence on diesel generators further

major operational expenditure
increases costs and the carbon footprint,
negating some of the environmental benefits.
Integrating solar power is a solution but adds
further to the Initial CAPEX.

3. Technical Know-How Gap: Hydroponics is a
science-intensive practice. It requires knowledge
of plant biology, chemistry, and engineering.
There is a significant shortage of trained
manpower in India who can manage the
technical nuances of nutrient formulation, pest
management in a closed environment, and
system maintenance. Bridging this skill gap
through training and education is crucial.

4. Market Linkages and Consumer Awareness:
While there is a growing niche market for
hydroponic produce in Tier-1 cities, consumer
awareness in the broader population is low. The
produce is typically more expensive than
conventionally grown vegetables, which is a
major barrier in a price-sensitive market like
India. Establishing efficient and reliable supply
chains from farm to consumer and justifying the
premium price point remain significant hurdles.

5. Domestic Supply of Inputs: Sourcing high-
quality, water-soluble nutrients, reliable testing
equipment (EC/pH meters), and sterile growing
media can be challenging and expensive. A
robust domestic manufacturing ecosystem for
these critical inputs is yet to be fully developed.

Comparative Analysis: Hydroponics vs.
Conventional Agriculture

To fully appreciate its revolutionary potential, a
direct comparison with conventional soil-based

agriculture is illustrative.
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Parameter

Conventional Agriculture

Hydroponics

Water Usage

High; subject to evaporation,

90-95% less water; recirculated

runoff. and recycled

Land Usage Extensive; requires large tracts | Minimal; can be done vertically,
of arable land. on rooftops tops, indoors.

Yield per Area Lower; dependent on soil quality | 3-10 times higher; optimized

and season.

growth conditions.

Pesticide/Herbicide Use

High; widespread use to control

pests and weeds

Minimal to mnone; controlled

environment reduces pest risk.

Seasonality

Highly dependent on climate

and season.

Year-round cultivation possible,

independent of season.

Growth Rate

Slower; plants expend energy on

root growth in soil.

25-50% faster; direct access to

nutrients and oxygen.

Environmental Impact

Soil degradation, water pollution

Reduced water usage, no soil

from runoff.

erosion, but high energy use.

Initial Cost (CAPEX)

Lower (for traditional methods). High (requires infrastructure

and technology).

Operational Cost (OPEX)

High cost of water, fertilizer, | High energy costs, but savings

pesticides, labor.

on water and chemicals.

Future Prospects and Innovations

The future of hydroponics is intrinsically linked
with technological advancement and a push
towards greater sustainability.

1. Integration with Al and IoT: The next
generation of hydroponic farms will be “smart
farms.” Internet of Things (IoT) sensors will
monitor every environmental variable in real-
time—from root-zone temperature to ambient
CO_2 levels. Artificial Intelligence (Al) algorithms
will analyze this data to automate decision-
making, precisely adjusting nutrient delivery,
lighting spectra, and climate control for optimal
growth, thereby minimizing resource use and
maximizing yield.

2. Sustainable Energy Integration: To counter
the high energy-cost challenge, especially in
India, integrating hydroponic farms with
renewable energy sources is the logical next
step. Rooftop solar panels on greenhouses can

power the farm’s operations, making it self-

sufficient and significantly reducing its carbon
footprint.
3. Crop Diversification: While currently
dominated by leafy greens and herbs, ongoing
research aims to make hydroponics economically
viable for a wider range of crops, including
staples like potatoes and rice. While growing
grains hydroponically at scale remains a
challenge, breakthroughs in this area could
fundamentally alter global food production.

4. Policy Support and Skill Development: For
hydroponics to scale in India, a concerted push
from the government is essential. This includes
providing targeted subsidies for setting up farms
(similar to those for solar pumps), establishing
skill development centers to train a new
generation of hydroponic farmers, and funding
R&D to low-cost,

develop India-specific

hydroponic systems.

Page]_ 88



[JRSSIS, Special Issue (V) Oct. 2025: 184-190 e-ISSN 2347 — 517X

Advantages and opportunities for startups
Hydroponics offers a compelling business model
for startups, particularly when combined with

technological innovation.

ADVANTAGES FOR | Key market opportunities
STARTUPS
WATER EFFICIENCY Up to 90% less water is used compared to traditional farming, making

it suitable for water-stressed regions.

SPACE OPTIMIZATION Crops can be grown in multi-tiered vertical stacks, maximizing yield

in limited or non-arable spaces.

HIGHER YIELDS AND FASTER | Controlled environments and direct nutrient delivery can increase
GROWTH crop yields and accelerate growth cycles.

YEAR-ROUND PRODUCTION Independence from seasonal and climate variations ensures a

consistent, year-round supply of crops and stable revenue.

REDUCED PESTICIDE USE The absence of soil minimizes soil-borne diseases and pests,

producing cleaner, safer produce and reducing chemical reliance.

Challenges for startups consumers about the quality and benefits of

Despite the potential, startups must navigate their products.
several challenges to succeed in the hydroponics The future for startups

space: The hydroponics market is ripe for disruption,
1. High initial investment: Setting up a driven by innovation and a growing need for

hydroponic farm requires significant capital sustainable food systems. For new startups, key

for infrastructure, equipment (like LED grow
lights and pumps), and climate control
systems.
2. Energy dependency: Controlled
environments require reliable and affordable
electricity to power pumps, sensors, and
lights. Power outages can be disastrous for
crops, especially for commercial operations.
3. Technical expertise: Managing
hydroponic systems requires specialized
knowledge in areas like nutrient
management, pH balance, and crop-specific
requirements. This can be a barrier for new
entrepreneurs.

4. Consumer awareness: In many markets,
particularly in India, consumer awareness of

hydroponically grown produce is limited.

Startups need to invest in educating

strategies for success will involve:

e Adopting technology: Leveraging Al and
IoT to create more efficient, data-driven, and
scalable farms that can achieve better yields
with fewer resources.

e Developing low-cost solutions: Innovating
to reduce capital expenditure and make
hydroponic farming more accessible and
affordable for small and medium-scale
growers.

e Building a community: Creating business
models that not only sell produce but also
empower and train a network of smaller
farmers, building trust and a robust supply
chain.

e Exploring niche markets: Focusing on
high-value, niche crops or specialized
solutions (e.g., livestock feed) to gain a

competitive edge and higher profit margins.
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CONCLUSION:

Hydroponics is not merely an alternative farming
method; it represents a paradigm shift in how we
perceive and practice agriculture. By liberating
cultivation from the constraints of soil and
climate, it offers a powerful tool to address the
core challenges of the 21st century: food
security, water scarcity, and environmental
sustainability. From the high-tech glasshouses
of the Netherlands to the burgeoning rooftop
farms in Indian metropolises, hydroponics is
demonstrating its adaptability and effectiveness
across diverse global contexts.

For India, a nation at the crossroads of immense
demographic pressure and ecological
vulnerability, hydroponics holds particular
relevance. It offers a pathway to bolster urban
food resilience, conserve precious water
resources, reduce the chemical load in our food,
and create a modern, technology-driven
agricultural sector. However, the journey is not
without its obstacles. The challenges of high
cost, energy dependence, and a skills deficit are
real and must be addressed through a multi-
stakeholder approach involving government
policy, private investment, academic research,
and grassroots innovation.

Hydroponics will not replace conventional
agriculture entirely, nor should it. Traditional
farming remains vital for staple crops and rural
livelihoods. Instead, hydroponics should be
viewed as a complementary and strategic
component of a diversified and resilient food
system. It is a revolutionary technique that,
when harnessed wisely, can help cultivate a
future where healthy, sustainable food is

accessible to all, marking a new chapter in the
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enduring human endeavour of feeding our

world.
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