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HYDROPONICS: GREEN GROWTH WITHOUT SOIL
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Hydroponics is an advanced soilless cultivation technique that enables plant growth using nutrient-enriched water under controlled environmental conditions. With increasing challenges such as climate change, soil degradation, water scarcity and rapid urbanization, conventional agriculture faces serious limitations in sustaining food production. Hydroponic farming offers a viable alternative by enhancing water use efficiency, reducing land requirements, minimizing pest and disease incidence and enabling year-round crop production. This review provides a comprehensive overview of hydroponics, including its definition, historical development, need, working principles, classification, growing media and essential requirements such as pH, electrical conductivity, nutrient solutions and light management. The advantages and limitations of hydroponics are also discussed to highlight its potential and constraints in sustainable agriculture. Overall, hydroponics emerges as a promising technology for future food security, particularly in regions with limited natural resources and urban settings.
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Introduction
Modern agriculture faces major challenges including climate change, declining soil fertility, water scarcity and rapid urbanization. Conventional soil-based farming often suffers from nutrient losses, pest incidence and inefficient water use. Hydroponics overcomes these limitations by growing plants without soil and supplying nutrients directly to plant roots in a controlled environment. Since plants require water, nutrients and oxygen not soil (Kumar et al., 2022) itself hydroponic systems allow faster growth, efficient resource use and higher productivity, making them increasingly important in greenhouses, urban farming and research facilities. 



Definition 
Hydroponics, the science of cultivating plants without soil, is becoming increasingly relevant as urban areas face rapid population growth, limited arable land and water scarcity (Behera et al., 2025). The term 'Hydroponics' was derived from Greek word 'hydro' means water and 'ponos' mean labor (Beibel, 1960).  Hydroponics is the science of growing plants without soil, where essential nutrients are supplied through a nutrient solution, with or without the use of inert substrates such as cocopeat, perlite or vermiculite. The nutrient solutions containing crop-specific nutrient components in the right concentration with balanced pH and EC are delivered to the roots in a highly soluble format and a controlled environment (Pretty, 2020).
 Historical development of hydroponics
Soilless culture dates back centuries, but modern hydroponics emerged in the early 20th century. In the 1860s, Knop and Sachs formulated the first standardized plant nutrient solution to grow crops without soil (OSU Extension, 2021). The term hydroponics (“water-working”) was coined by plant physiologist William F. Gericke in the 1930s (Despommier, 2010).  The earliest published study on growing plants without soil is in Francis Bacon’s book “Sylva Sylvarum”, which was released in 1627, a year after his death (Ghatage et al., 2019).
Need of hydroponics
The world’s population is increasing rapidly (~8 billion presently, rising to ~9.7 billion by 2050) and conventional agriculture may not be able to meet future food demand due to limited land and natural resources. Hydroponics allows crops to be grown in small spaces and indoor environments, helping to increase food production without expanding agricultural land. This system uses much less water than soil-based farming (already uses roughly 70% of global freshwater withdrawals (FAO, 2024) because water is supplied directly to plant roots and reused, making it suitable for water-scarce regions. Hydroponics also provides precise control over nutrients, light and environmental conditions, which results in faster plant growth, higher yields and uniform crop quality. Since crops are grown without soil, problems related to soil-borne pests and diseases are reduced, lowering the need for pesticides. In addition, hydroponics enables year-round cultivation and crop production in difficult environments such as urban areas and regions with poor or degraded soils. Therefore, hydroponics is an important technology for sustainable agriculture and future food security.

Working
Hydroponic systems work on the principle of supplying plants with precise amount of water, nutrients, light and oxygen under controlled environmental conditions. Nutrient solutions are prepared according to crop requirements and delivered directly to the plant roots, allowing efficient nutrient uptake. Important factors such as temperature, pH, electrical conductivity and light duration can be continuously monitored and adjusted to optimize plant growth. By eliminating soil, hydroponics reduces problems associated with soil-borne diseases, pests and environmental variability. The absence of mechanical resistance from soil allows roots to grow freely, resulting in faster plant growth and earlier maturity. Since the growing environment is controlled, the need for pesticides is minimized, leading to healthier and high-quality produce. Overall, hydroponics ensures uniform growth, improved productivity and reduced risks compared to conventional soil-based cultivation.
CLASSIFICATION OF HYDROPONIC SYSTEMS:
1.BASED ON THE NUTRIENT USAGE
Open system (Drain to Waste) 
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Fig 1- Open Hydroponic system 
It is the system where the excess nutrient solution is not re-circulated after irrigation. Freshly prepared nutrient solution is supplied to the plant roots or growing medium during each irrigation event and the excess runoff is drained or collected and discarded (Maboko et al., 2011). Growing media with high water-holding capacity are commonly used in this system. Although collecting the runoff helps in estimating irrigation volume and frequency, proper management of the discarded nutrient solution is essential to minimize nutrient loss and environmental pollution. 

Closed System (Re-circulated)
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Fig 2- Closed Hydroponic System 
In a re-circulating or recycled hydroponic system, nutrient solution is pumped from a main reservoir to the plant roots and the excess solution is collected and reused. Nutrients are replenished as they are used and the solution is periodically replaced to maintain system stability. This system is cost-effective in terms of water and nutrient use, but it requires regular monitoring and adjustment of pH and EC levels. Closed-loop re-circulating systems are environmentally efficient and can achieve up to 35% higher water use efficiency compared to non-recirculating systems (Fayezizadeh et al., 2021).

2.BASED ON SYSTEM DESIGN
Wick System
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Fig 3- Wick hydroponic system
It   is   the   simplest   method   of hydroponic system, which does not require any electricity, pump or aerators (Sharma et al., 2018). In this system, a wick made of cotton or nylon draws nutrient solution from a reservoir to the growing medium through capillary action, supplying nutrients directly to plant roots. It is suitable for small plants such as herbs and spices. Studies have shown that the wick system can produce good yields and plant quality, particularly when coconut coir is used as a growing medium (Ferrarezi and Testezlaf, 2016).

Non-recirculating Air-Gap System (Kratky)
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Fig 4- Kratky hydroponic system 
Kratky is a non-circulating, passive hydroponic method. Plants are placed in net pots suspended over a tank of nutrient solution. The bottom part of the roots stays in the solution for absorbing nutrients. The upper part of the roots remains exposed to an air gap, which provides oxygen. As plants grow, the nutrient level drops, naturally increasing the air gap. No pumps, no electricity is completely a static system.

Deep Water Culture (DWC) 
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Fig 5- Deep water culture hydroponic system 
In the deep water culture system, plant roots are fully suspended in an oxygenated nutrient solution. Air pumps and air stones supply oxygen to prevent root suffocation and support healthy growth. The large volume of solution helps maintain stable pH and EC, but regular monitoring of oxygen levels, nutrients, salinity and pH is essential to prevent algae and mold growth (Domingues et al., 2012). This system is suitable for larger fruiting crops such as tomato and cucumber. 

Aggregate Culture (cocopeat, perlite, etc.)
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Fig 6- Aggregate hydroponic system

Used in grow bags or pots with media like cocopeat/perlite. Nutrient solution is supplied via drip irrigation. Media holds moisture but also keeps enough air pockets for oxygen. Excess solution either drains out (open system) or is collected again (closed system). Suitable for capsicum, tomato, cucumber, etc. 

Dutch / Bato Bucket System  
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Fig 7- Bato bucket hydroponic system 

The Dutch or Bato bucket system was first used in the Netherlands for growing crops such as tomatoes, cucumbers and roses (Boini, 2024). It is mainly used for large fruiting crops, where plants are grown in individual buckets (about 2.5 gallons) filled with media such as cocopeat or perlite. Nutrient solution is supplied to each bucket through drip emitters and excess solution is drained and re-circulated back to a storage tank using a pump (George and George, 2016). This system provides good root support and continuous moisture supply and is suitable for crops like capsicum, tomato and cucumber. The successful cultivation of Cucurbita moschata Duchesne “Loche” using this system has also been reported (Vasquez and Vasquez, 2017). 




Nutrient Film Technique (NFT)
[image: nft hydroponics]








Fig 8- Nutrient Film Technique (NFT) hydroponic system
The Nutrient Film Technique (NFT) was developed by Dr. Allen Cooper in the mid-1960s in England. In this system, a thin film of nutrient solution is continuously circulated through sloped, inverted   ‘V’-shaped channels using a water pump, allowing plant roots to absorb nutrients while remaining partially exposed to oxygen (Sharma et al., 2018; George and George, 2016). The nutrient solution drains back into the reservoir and is reused. NFT is widely used for small, fast-growing crops such as lettuce, baby greens and herbs (Dholwani et al., 2018). Studies have shown that a flow rate of 20 Lh-1 results in better lettuce growth compared to 10 or 30 Lh-1 (Tawaha et al., 2018). 

Drip system
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Fig 9-Drip hydroponic system 
The main benefits of a drip system are its increased water conservation over other options and its resilience to sudden power outages or equipment failures. The fact that the solution supply is timed makes this system potentially highly costly and challenging to set up. With the help of a pump, water or nutrients solution from the reservoir is delivered to individual plant roots in an appropriate proportion (Rouphael and Colla, 2005). It is frequently used to grow peppers and tomatoes, producing exceptionally high-quality yields (Sharma et al., 2018). 

Ebb and Flow (flood and drain system) 
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Fig 10- Ebb and Flow system 
Because  of  it’s slow-maintenance  and inexpensive set-up,  it  has been  proved  to  be  a  popular  system.  The plants are placed in the pots in the growing tray. Then a timer is used to maintain the flow of water. As the timer starts, a submerged pump in the reservoir begins pumping water to the container placed above. The pumping continues for short periods to provide nutrients to the plants (Ebb/flood cycle). As soon as the timer goes off, the pump halts. Due to the gravitational pull, the liquid nutrients drain back to the reservoir. Aeration is permitted from above the tube or through an air pump.

Aeroponics
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Fig 11- Aeroponic system 
The aeroponic system works on the principle of growing plants with their roots suspended in air and exposed to a fine mist of nutrient solution (Zobel et al., 1976). In this method, plants are grown without soil or any solid substrate, while essential growth parameters such as temperature, pH, humidity and electrical conductivity are carefully controlled (Kaur and Kumar, 2014). Aeroponic culture is well suited for leafy vegetables such as lettuce and spinach (Khan, 2018). It is considered the most advanced form of hydroponics and has gained recognition from NASA scientists for its efficiency and potential in controlled-environment agriculture.

3. BASED ON WATER FLOW
Continuous Flow Solution Culture
In continuous flow solution culture, the nutrient solution flows continuously over plant roots, making the system easy to automate. Key parameters such as temperature, pH and nutrient concentration are monitored and adjusted in a single large reservoir that can supply to many plants. A common example of this system is the Nutrient Film Technique (NFT), where a thin stream of nutrient solution flows through channels containing bare roots, while the upper root surface remains exposed to air, ensuring adequate oxygen supply (Featherstone, 2022).
Static Solution Culture
In static solution culture, plants are grown in containers such as jars, pots, buckets or tanks filled with nutrient solution. The solution may be gently aerated or left unventilated and its level is usually kept low so the lower roots remain above the solution to access sufficient oxygen. Containers often have perforated lids or tops made of foil, paper, wood or metal and each reservoir typically serves a single plant or system. As plants grow, the size of the reservoir can be increased to accommodate larger root systems (Featherstone, 2022).
4. BASED ON SUBSTRATE
Substrates are materials used alone or in combination to provide better root growth conditions than agricultural soil (Noto, 1993). Soilless cultivation systems can be divided into: 
Liquid culture, where roots grow directly in nutrient solution and Solid culture, where substrates support the plant roots. An ideal substrate should support the plant, provide adequate air, water, and nutrients to the roots, and be free from pathogens and phytotoxic effects.
Clay Balls (Hydrotons / LECA)
Clay balls or LECA (Lightweight Expanded Clay Aggregate) are lightweight, porous pellets made by heating clay at about 1200 °C and are commonly used in hydroponic systems. They are inert, pH-neutral, reusable and do not compact, but some experts advise against reuse because roots can grow into the pellets and be hard to remove.
Coconut Coir
Coconut coir is a natural, eco-friendly fiber from coconut husks that retains water well, provides good aeration and has a stable pH (Ran et al., 2025). It can be used alone or mixed with other media and is commonly used as coco peat, which looks like soil but contains no minerals (Giddel and Jivan, 2007).
Perlite
Perlite is a lightweight, porous medium made by heating volcanic rocks until they expand into glass-like particles (Hussain et al., 2014; George and George, 2016). It offers good water retention and drainage, is sterile and inert and can be used alone or mixed with other growing media. 
Vermiculite
Vermiculite is a lightweight mineral that holds more water than perlite and helps transport water and nutrients to plant roots. It also aids in the uptake of nutrients like magnesium, calcium and potassium and is often mixed with perlite or pumice for better aeration.
Sand
Sand is an inexpensive and easily available growing medium but is rarely used in modern hydroponics due to poor water retention and high density. Coarse sand is preferred over fine sand to improve aeration and can be mixed with other materials to increase water-holding capacity (Olle et al., 2012).
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Fig 12: showing different types of growing media used in hydroponic system: Clay balls, Coconut coir, Perlite, Sand and Vermiculite.
Based on the growing medium
Hydroponics can be broadly classified into media culture and water culture based on the method used to support plant roots.
Media culture involves growing plants in inert materials such as coco peat, perlite, vermiculite, sand, gravel, rockwool or expanded clay pellets instead of soil. These media support the plant roots, retain moisture and oxygen and are easy to manage, making them suitable for many crops.
Water culture, involves growing of plants directly in a nutrient solution without any solid growing medium. The roots are suspended in water containing dissolved nutrients, with oxygen supplied through aeration or continuous flow of the solution. This method allows fast plant growth but requires careful control of oxygen and nutrient levels.
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Fig 13: Schematic representation of water culture and media culture systems in hydroponics
Essential requirements of the hydroponics
pH 
Most hydroponic grown plants prefer slightly acidic water (pH 5.5 to 6.5), as this range ensures optimal nutrient solubility and uptake. Plain water normally has a pH of 7.0–8.2. Most nutrient solutions are acidic, and once added to the water source, will decrease the pH. According to Mayavan et al. (2017), maintaining an appropriate pH range is essential to ensure the availability of all required nutrients. In simple terms: pH makes nutrients available or locks them out.
EC (Electrical Conductivity)
EC measures the total salt concentration and nutrient strength of a hydroponic solution. Too high EC indicates higher nutrient concentration, can burn plants, while too low EC can cause nutrient deficiencies (Grattan and Grieve, 1998). The ideal EC level varies depending on the crop, growth stage, and environmental conditions (Van et al., 2021; Sonneveld and Voogt, 2009). In simple terms: EC tells you if your plant is getting enough food or too much.
Table 1:Optimal pH and Electrical Conductivity (EC) for common hydroponic vegetables
	Vegetable 
	EC
	pH

	Cauliflower
	0.5-2.0
	6.0-6.5

	Lettuce 
	0.8-1.2
	6.0-7.0

	Cucumber 
	1.7-2.5
	5.5-6.5

	Egg plant
	2.5-3.5
	5.5-7.5

	Tomato 
	2.0-5.0
	5.5-6.5





(Source: Mehboob et al., 2019)



Nutrient solution
Hydroponics is a method of growing plants without soil, where all essential macronutrients (N, P, K), secondary nutrients (Ca, Mg, S), and micronutrients (Fe, Mn, Zn, Cu, B, Mo, Cl) nutrients are supplied directly to plant roots through a nutrient-rich water solution (Resh, 2013), allowing better nutrient absorption, faster growth, efficient water use, and year-round cultivation (Jones, 2016). These nutrients can be supplied through premade solutions, which are convenient and balanced or homemade solutions, which offer flexibility and customization but require proper knowledge and careful mixing (Bugbee, 2004). Nutrient solutions must be prepared using clean water, mixed according to recommended ratios, and maintained at an ideal pH range of about 5.0–6.5 and suitable electrical conductivity (EC) to ensure optimal nutrient availability (Hochmuth and Hochmuth, 2012). 

Light
Lighting is very important in hydroponics because it provides the energy plants need for photosynthesis and growth (Resh, 2013). In indoor hydroponic systems, artificial lights replace sunlight and help regulate plant growth and temperature (Jones, 2016). When choosing lights, factors like plant type, size of growing area, light intensity and duration must be considered, as leafy vegetables like lettuce and spinach need less light than fruiting crops, and larger areas require higher light output (Bugbee, 2004). LED lights are popular because they are efficient, long-lasting, produce little heat, and can provide specific wavelengths for different growth stages (Sonneveld and Voogt, 2009).
Essential guidelines for balanced hydroponic solution
· Testing, adjusting and balancing pH and EC in hydroponic system is essential for healthy plant growth. 
· Before testing, the pumps should be turned off and the nutrient solution allowed to settle for about 15 minutes. 
· The pH and EC are then measured using a meter or test strip, with the ideal pH range being 5.5–6.5 and EC levels varying according to crop type, usually 1.2–2.4 mS/cm for leafy vegetables and slightly higher for fruiting crops. 
· Meters should be rinsed with distilled water after use and pH should always be adjusted after mixing nutrients since nutrients can alter pH. 
· If the pH is too low, small amounts of pH Up are added, if the pH is too high, making adjustments slowly and retesting after mixing. 
· Nutrient strength is corrected by adding nutrients when EC is low or diluting with clean water when EC is high, while keeping a record of changes made. 
· When preparing a new nutrient solution, nutrients should always be added to water, mixed thoroughly, allowed to rest briefly, and then tested for pH and EC before use. 
· The nutrient solution should be flushed and replaced whenever pH or EC fluctuates excessively or plants show stress symptoms, and as a routine practice every 2–4 weeks to prevent salt buildup and maintain system efficiency.
· Common signs of pH and nutrient problems in hydroponics include yellowing of leaves (chlorosis), which occurs when pH is out of range and blocks nutrient uptake, especially iron (Taiz et al., 2015).Leaf tip burn is usually caused by high EC due to excess nutrients. 
· Stunted plant growth may result from low nutrient levels or micronutrient deficiencies caused by pH lockout. Purple or red stems indicate possible phosphorus deficiency, while browning of roots may be due to poor oxygen supply or high EC causing root damage.

Advantages
Hydroponics produces healthier crops with higher yield per unit area (Solanki et al., 2017). Hydroponic farming conserves water by using 80–90% less water than conventional agriculture (Biswas and Das, 2022; Debangshi, 2021). Precise control of nutrient supply reduces fertilizer use and enables nutrient recycling, thereby lowering input costs (Pandey et al., 2009). Hydroponic systems allow high-density planting and require less land, making them space efficient (KKR et al., 2012). Continuous cropping without crop rotation is possible, enabling year-round production of high-demand crops (Shrestha and Dunn, 2010). Hydroponics experiences fewer pest and disease incidences, which simplifies crop management (Sousa et al., 2024). The controlled growing environment reduces environmental impact and transportation-related emissions by enabling production in the vicinity of consumers. Weeding is not required in hydroponic systems, reducing labour requirements (Singh and Davidson, 2016). Hydroponic systems can be established on infertile and non-arable land, expanding agricultural use of unproductive areas (Ghorbel et al., 2022). Hydroponics reduces carbon footprint and labour needs, making it environmentally and economically sustainable, especially for fodder production (Quagrainie et al., 2018). Direct nutrient supply to roots results in faster plant growth, smaller root systems, closer spacing, and use of only 1/5th land space and 1/20th water compared to soil cultivation (Silberbush and Ben-Asher, 2001). Hydroponics is particularly suitable for regions with limited arable or fertile land resources (Sonneveld, 2000).
Disadvantages 
Hydroponics needs high initial investment and maintenance cost making it is suitable mainly for high-value crops (Solanki et al., 2017). It requires technical knowledge and continuous monitoring to manage nutrients and systems properly (Pomoni et al., 2023). Large-scale commercial use needs high capital and skilled labour, even though returns are good (Sonneveld, 2000). Hydroponic fodder is highly perishable in hot climates and can suffer from oxygen deficiency if not properly stored. The system is sensitive to temperature and humidity, increasing the risk of fungal and microbial diseases.  Poorly controlled conditions may lead to mould and bacterial growth. Common nutrient solutions can spread water-borne diseases from one plant to another (Ghorbel et al., 2022).


	Basis of classification
	Type
	Description
	Examples

	Based on nutrient usage (Jayachandran et al.,2022)
	Open (Non-re-circulating) System
	Nutrient solution is supplied once and excess solution is discarded; simple but less water-efficient
	Open drip system

	
	Closed (Re-circulating) System
	Excess nutrient solution is collected, monitored and reused; high water and nutrient efficiency
	NFT, DWC, Aeroponics

	Based on system design 
	Wick System
	Passive system where nutrients move to roots by capillary action suitable for small plants
	Wick System

	
	Deep Water Culture 
	Roots suspended in aerated nutrient solution
	Floating raft system

	
	Nutrient Film Technique
	Thin film of nutrient solution flows continuously over roots
	NFT channels

	
	Drip System
	Nutrient solution dripped directly to root zone
	Drip irrigation system

	
	Ebb and Flow
	Nutrient solution periodically floods and drains the root zone
	Flood and drain system

	
	Aeroponics
	Roots suspended in air and misted with nutrient solution
	High-pressure aeroponics

	Based on water flow
	Continuous Flow System
	Nutrient solution flows continuously over roots
	NFT

	
	Static Solution System
	Plants grow in stagnant nutrient solution with aeration
	DWC

	Based on growing medium
	Media Culture
	Roots supported by inert media that hold moisture and air
	Cocopeat, Perlite

	
	Water Culture
	Roots directly immersed or suspended in nutrient solution
	DWC, Aeroponics

	Based on the level of technology
	Low-tech Systems
	Simple design, low cost, minimal automation
	Wick system

	
	High-tech Systems
	Automated control of nutrients, pH, EC and climate
	Aeroponcis


Table 2: Summary table showing the classification of hydroponics




Conclusion
Hydroponics represents a transformative approach to modern agriculture by enabling efficient crop production without soil through precise control of nutrients, water and environmental conditions. The technology addresses key challenges faced by conventional agriculture, including land scarcity, water limitations, soil degradation and climate variability. Various hydroponic systems such as NFT, DWC, drip systems and aeroponics offer flexibility for cultivating a wide range of crops, while different substrates further enhance root support and nutrient availability. Although the initial investment and technical expertise required for hydroponics can be limiting factors, its advantages such as higher yields, reduced water use, efficient nutrient management, and year-round production outweigh the constraints. With continued technological advancements and increased awareness, hydroponics has immense potential to support sustainable food production, especially in urban areas and resource-poor regions, contributing significantly to future food security.
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Run to Waste (Open)

“Run-to-waste” describes those systems where the excess nutrient or
“run-off" is not re-circulated. Conventional ‘soil culture’ is a type of run-
to-waste system. Media with a high water holding capacity are used
(e.g. soil, coconut fibre, Rockwool). Feeds are small and infrequent. The
‘un-off is either drained directly onto the ground or is collected.
Collecting the run-off allows feed volume and frequency to be calculated
more accurately. This helps prevent gavdeH‘Josmg or over-dosing.
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Recycled (Recirculating)

In a re-circulating or recycled system the water is pumped from a main
reservoir to the plant root system , the excess water and nutrients are
then returned to the reservoir. Trace elements are topped up as used
and regularly dumped and refreshed to keep the system stable . They
are more cost effective in both water and nutrients. Because of their
nature and the methodology used to top up the nutrients, re-circulating
systems tend to require more regular checking and correcting of pH ,
and EC levels which adds that little bit more maintenance time spent in
the grow room
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