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ABSTRACT

Hydroponics is a soilless cultivation technology in which plants grow using
nutrient solutions, with or without inert growing media. Growing concerns
about water scarcity, limited arable land, urbanization and climate change
have increased interest in this production system. Hydroponics enables
precise nutrient management, efficient water use and intensive crop
production, particularly for leafy vegetables, herbs and selected fruiting
crops. However, its adoption is constrained by initial investment, energy
requirements and technical complexity. This article examines the principles,
major systems, advantages, limitations, crop suitability and future prospects
of hydroponics in sustainable agriculture.
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INTRODUCTION

Agriculture faces increasing pressure to produce sufficient food while conserving natural resources and
minimizing environmental impacts. Population growth, urbanization, declining soil quality, water scarcity
and climate variability are creating challenges for conventional agricultural production systems. The Food
and Agriculture Organization (FAO, 2017) emphasizes the need to transform food and agricultural

systems to improve food security while promoting sustainable resource management.

Hydroponics is a soilless cultivation technique in which plants obtain essential mineral nutrients from a
water-based nutrient solution. Depending on the system, plant roots may be directly exposed to the
solution or supported by inert growing media. This approach enables growers to manage water and

nutrient supply more precisely than in many conventional production systems (Savvas, 2003).

The term hydroponics combines the Greek words hydro, meaning water, and ponos, meaning labour.
William F. Gericke helped popularize the technique during the 1930s by demonstrating that plants could

be cultivated commercially without soil (Gericke, 1940).
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Hydroponics is now used in greenhouses, vertical farms, rooftop gardens and other controlled-
environment production facilities. It is particularly suitable for leafy vegetables, herbs and selected high-
value crops where consistent quality, intensive production and efficient resource management are
important. Nevertheless, its environmental and economic benefits depend on system design, crop
selection, energy sources and management practices (Barbosa et al., 2015; Savvas & Gruda, 2018).

This article examines the basic principles, major production systems, benefits, limitations, suitable crops
and future prospects of hydroponics as a component of sustainable agricultural development.

PRINCIPLES OF HYDROPONIC CULTIVATION

Hydroponics is based on the principle that plants require water, essential mineral nutrients, oxygen, light
and suitable environmental conditions for growth, but do not necessarily require soil. Soil primarily
provides physical support and can supply or retain water and nutrients. In hydroponic systems, these

functions are managed through nutrient solutions, root-supporting materials and appropriate equipment.

The nutrient solution contains essential elements such as nitrogen, phosphorus, potassium, calcium,
magnesium and sulphur, together with micronutrients including iron, manganese, zinc, copper, boron and
molybdenum. Their concentrations and proportions must be adjusted according to crop requirements,

growth stage, water quality and environmental conditions.

Root-zone oxygen is equally important because roots require oxygen for respiration and nutrient uptake.
Consequently, hydroponic systems must provide adequate aeration or maintain suitable moisture and air
spaces around the roots. The pH and electrical conductivity (EC) of the nutrient solution are also

monitored to maintain nutrient availability and an appropriate concentration of dissolved salts.

Plants may be grown directly in nutrient solutions or supported by materials such as coco coir, perlite,
vermiculite, expanded clay pellets and rockwool (Resh, 2022). These materials provide physical support

but generally do not replace the need for a properly formulated nutrient solution.

Effective hydroponic cultivation therefore depends on maintaining a balance among nutrient availability,
water supply, oxygen, root-zone conditions, light and temperature. Poor management of any of these

factors can reduce plant growth and productivity.
MAJOR TYPES OF HYDROPONIC SYSTEMS

Hydroponic systems differ in the way nutrient solutions are supplied to plant roots, the degree of

recirculation and the equipment required. The main systems are described below.
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1. Wick System

The wick system is a passive hydroponic technique in which nutrient solution moves from a reservoir to
the growing medium through absorbent wicks by capillary action. It requires little equipment and is
relatively inexpensive to establish.

This system is suitable for small-scale cultivation, demonstrations and beginner-level applications.
However, nutrient delivery may be insufficient for large plants or crops with high water and nutrient

requirements.
2. Deep Water Culture (DWC)

In deep water culture, plant roots remain immersed in a nutrient solution, while an aeration system
supplies oxygen to support root respiration. Plants are commonly held in net pots positioned above the

reservoir.

DWC can support rapid growth in leafy vegetables when nutrient concentrations, water temperature and
oxygen availability are appropriately managed. However, root-zone problems may develop rapidly if

aeration fails or the solution becomes contaminated.
3. Nutrient Film Technique (NFT)

The nutrient film technique involves the continuous or near-continuous circulation of a shallow film of
nutrient solution through slightly sloping channels. Plant roots partially contact the flowing solution while

remaining exposed to air within the root zone.

NFT is widely used for lettuce and other leafy vegetables because it allows efficient nutrient delivery and
recirculation. However, uninterrupted flow is important because roots can dry quickly when pumps fail or

channels become blocked.
4. Drip Hydroponic System

In drip hydroponics, nutrient solution is delivered to individual plants through emitters or drip lines.
Plants are commonly grown in substrates such as coco coir, perlite or rockwool, and the excess solution

may be collected and recirculated or allowed to drain.

Drip systems are suitable for crops such as tomatoes, cucumbers, bell peppers and strawberries. They
allow precise control of irrigation frequency and nutrient delivery, although emitters require maintenance

to prevent clogging and uneven application.
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5. Ebb-and-Flow System

The ebb-and-flow system, also known as flood-and-drain, periodically floods a growing tray with nutrient
solution before allowing the solution to drain back into a reservoir. The cycle supplies water and nutrients

while enabling air to re-enter the growing medium during drainage.

This system can accommodate a range of plants and substrates. Its performance depends on appropriate

flooding frequency, drainage, root-zone aeration and control of nutrient-solution quality.

The selection of a hydroponic system should be based on crop requirements, available space, investment
capacity, technical expertise, energy reliability and the intended scale of production.

Advantages of Hydroponic Farming

Hydroponics offers several potential agronomic, economic and environmental advantages when the

system is appropriately designed and managed.
1. Efficient Water Use

Recirculating hydroponic systems can reduce water consumption by limiting drainage losses and enabling
unused nutrient solution to be reused. In a comparative study of lettuce production, Barbosa et al. (2015)
reported substantially lower water requirements per unit of produce under hydroponic greenhouse
cultivation than under conventional field production. However, actual savings vary with climate, system

design, crop management and the production system used for comparison.
2. Precise Nutrient Management

Hydroponics allows growers to adjust nutrient concentrations and irrigation schedules according to crop
requirements. This precision can improve nutrient-use efficiency and reduce nutrient losses when

drainage and recirculation are properly managed.

Nevertheless, nutrient imbalances, excessive solution concentrations and inappropriate disposal of spent

solutions can still cause environmental problems.
3. Intensive Crop Production

Hydroponics can support high productivity per unit area, particularly when crops are grown at appropriate
densities under favourable environmental conditions. Vertical arrangements may further increase

production area within a limited footprint.
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However, higher yields are not guaranteed and depend on crop selection, light availability, temperature,
nutrient management and effective operation of the production system.

4. Year-Round Cultivation

Greenhouses and other controlled-environment facilities can reduce the influence of adverse weather and
extend production beyond normal field-growing seasons. This can improve the consistency of supply and
market availability.

The extent of seasonal independence depends on the degree of environmental control, local climate and
the availability and cost of heating, cooling and supplementary lighting.

5. Reduced Soil-Related Problems

Because hydroponic crops are grown without field soil, they avoid many soil-associated weeds,
nematodes and soil-borne diseases. This can reduce the need for certain soil-management operations and

improve production hygiene.

However, hydroponics does not eliminate plant diseases or insect pests. Root pathogens can spread
through recirculating nutrient solutions, and above-ground pests may still affect crops. Sanitation,

monitoring and integrated pest management remain essential.
6. Potential for Urban and Space-Limited Agriculture

Hydroponics can be established in greenhouses, rooftops and suitable indoor facilities, bringing food
production closer to urban consumers. Such systems may be useful where access to productive land is

limited.

Nevertheless, structural safety, access to sunlight, water quality, energy availability, local regulations and

market demand must be considered before installation.
Challenges and Limitations of Hydroponics

Despite its advantages, hydroponics presents technical, economic and environmental challenges that

influence its adoption and long-term viability.

1. High Initial Investment: Commercial hydroponic production may require greenhouses, growing
channels, reservoirs, pumps, filtration systems, sensors, irrigation equipment and environmental-control
infrastructure. The initial investment can be substantial, particularly for automated and indoor vertical
farms. The financial feasibility of a system depends on its scale, crop value, infrastructure costs, access to

markets and expected returns.
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2. Technical Knowledge and Nutrient Management: Successful hydroponic production requires
knowledge of plant nutrition, irrigation scheduling, water quality, pH, EC, root-zone oxygen and crop-
specific requirements. Errors in nutrient formulation or environmental management can quickly affect
plant growth and product quality. Training, routine monitoring and access to technical support are
therefore important for both small-scale and commercial growers.

3. Dependence on Electricity and Equipment: Pumps, aerators, sensors and environmental-control
equipment may require a reliable electricity supply. Power interruptions or mechanical failures can
disrupt water and oxygen delivery, particularly in systems where roots depend on continuous circulation.

Backup power, equipment maintenance and failure-response plans can reduce these risks but may

increase operating costs.

4. Energy Consumption and Environmental Footprint: Hydroponics may reduce land and water
requirements while increasing energy demand, especially in indoor facilities that rely on artificial
lighting, heating, cooling and dehumidification. Barbosa et al. (2015) demonstrated that the energy
requirements of hydroponic lettuce production can be substantially higher than those of conventional
production, even when water use and land productivity are favourable. The environmental performance of
hydroponics therefore depends on the energy source, system efficiency, climate, crop yield, infrastructure

and transport requirements.

5. Nutrient-Solution Management: Recirculating systems require regular monitoring to prevent nutrient
imbalances, salt accumulation and the spread of root pathogens. Discharging nutrient-rich water without

appropriate treatment can contribute to water pollution.

Effective filtration, sanitation, nutrient replenishment and responsible management of spent solutions are

essential for reducing environmental risks.

6. Economic Viability and Market Access: Hydroponics is often more commercially attractive for crops
that command suitable prices and have reliable market demand. High production costs, price fluctuations,
packaging requirements and competition from conventional growers may limit profitability. Crop
selection and investment decisions should therefore be based on local market assessments and realistic

financial projections rather than expected yields alone.
CROPS SUITABLE FOR HYDROPONIC CULTIVATION

Hydroponics can support a variety of horticultural crops, although suitability depends on the system,

cultivar, environmental conditions and production objectives.
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Table 1. Major crops suitable for hydroponic cultivation and their characteristics

Crop category Examples Key considerations
Leafy Lettuce, spinach and other Short production cycles and suitability for NFT and DWC
vegetables leafy greens

Culinary herbs  Basil, mint and coriander ~ Suitable for small-scale and commercial production;
quality depends on light and nutrient management

Fruiting Tomato, bell pepper and Require adequate root support, trellising, irrigation control
vegetables cucumber and crop management
Small fruits Strawberry Requires careful management of root-zone moisture,

nutrient supply and temperature

Microgreens Radish, broccoli and other Short production cycles and high emphasis on hygiene and

edible seedlings seed quality

Leafy vegetables and culinary herbs are particularly suitable for many hydroponic systems because they
have relatively short production cycles and can be cultivated at high densities. Fruiting crops can also
perform well, but often require more complex nutrient management, structural support and environmental

control.

Microgreens are commonly produced in shallow substrates or other specialized growing arrangements.
Their production methods vary, so not all microgreen systems should be classified as conventional

recirculating hydroponics.

Crop selection should consider the local climate, market demand, production costs, available technical

skills and the suitability of the proposed hydroponic system.
FUTURE PROSPECTS OF HYDROPONICS

Hydroponics is likely to remain an important component of intensive horticulture and controlled-
environment agriculture. Advances in digital technologies, automation and resource-efficient system

design may improve production consistency and reduce management demands.
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1. Sensor-Based Monitoring and Automation: Sensors can continuously monitor pH, EC, temperature,
humidity, light intensity and other production parameters. Automated irrigation and nutrient-dosing

systems can use these measurements to improve precision and reduce routine labour.

However, sensors require calibration and maintenance, and automated systems must be designed to detect

and respond to equipment failures.

2. Artificial Intelligence and the Internet of Things: Artificial intelligence (Al) and the Internet of Things
(1oT) may support hydroponic management through real-time data collection, crop monitoring, predictive
analysis and automated control. These technologies can help identify abnormal conditions and improve

the timing of irrigation, nutrient delivery and environmental adjustments.

Their practical value depends on data quality, system affordability, technical support and the ability to

translate digital recommendations into reliable crop-management decisions.

3. Integration with Renewable Energy: Solar power and other renewable energy sources may reduce
dependence on conventional electricity and improve the environmental performance of hydroponic
facilities. Energy-efficient pumps, optimized lighting and improved greenhouse designs can also reduce

operating costs.

The feasibility of renewable-energy integration depends on local climatic conditions, system size, energy-

storage requirements and the reliability of the power supply.

4. Urban Agriculture and Vertical Farming: Integrating hydroponics with vertical farming can increase
production within a limited urban footprint. Locating production closer to consumers may reduce some

transport requirements and improve access to fresh produce.

Nevertheless, vertical farms can have high capital and energy costs. Their overall sustainability must be
evaluated using production efficiency, energy sources, water use, infrastructure requirements, food

quality and life-cycle environmental impacts.

5. Research, Training and Policy Support: Further research is needed to improve nutrient-use efficiency,
develop cost-effective system designs, manage root diseases, recycle nutrients safely and identify suitable
crops and cultivars. Training programmes, demonstrations and technical advisory services can help

growers adopt hydroponic systems more effectively.

Public and private investment should prioritize technologies that are technically reliable, economically

viable and environmentally appropriate for local production conditions.
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CONCLUSION

Hydroponics is a promising soilless cultivation technology that enables intensive crop production with
precise control over water and nutrient supply. It offers particular advantages for leafy vegetables, herbs
and selected high-value crops, especially where land is limited or water-use efficiency is a priority.
However, high initial costs, energy requirements, technical complexity and nutrient-solution management
remain important constraints. Hydroponics should therefore be viewed as a complementary component of
sustainable agriculture rather than a universal replacement for soil-based farming. Its long-term
contribution will depend on efficient system design, responsible resource management, economic

feasibility and continued technological development.
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