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oilless cultivation offers a transformative solution to land scarcity, water stress, and 

climate vulnerability in vegetable production. This review summarizes technologies, 

challenges, and solutions in commercial soilless systems. The global hydroponics market is 

projected to grow from USD 14.73 billion in 2024 to USD 33.12 billion by 2033, while 

India’s market may expand from USD 1.71 billion to USD 6.36 billion by 2032 (IMARC 

Group, 2023; Introspective Market Research, 2025). Soilless systems achieve 70 to 90 

percent water savings and up to 13.8 times higher leafy vegetable yields compared to 

conventional farming. Major systems include hydroponics, aeroponics, aquaponics, and 

substrate-based cultivation. Adoption remains limited by high initial costs, energy use, and 

technical skill requirements. However, renewable energy, IoT automation, improved designs, 

policy support, and cooperative models are addressing these constraints. Research shows 

optimized substrates and aeroponics enhance productivity and nutritional quality. Indian case 

studies confirm commercial viability, with investment recovery within 12 to 18 months, 

highlighting soilless cultivation as a sustainable pathway for food security in resource 

constrained environments. 

Keywords: Hydroponics, Aeroponics, Aquaponics, Sustainable Agriculture, Water 

Conservation, Urban Farming, Food Security 

Introduction 
Soilless cultivation is a modern agricultural technique involving growing vegetables without 

soil, using nutrient-rich water solutions and inert growing media such as cocopeat, perlite, or 

rockwool. This innovative approach has emerged as a critical solution to address mounting 

challenges facing global food production systems, including diminishing arable land, water 

scarcity, soil degradation, and climate change impacts (Khan et al., 2020). Studies 

demonstrate that soilless systems can achieve up to 90% water savings and produce yields 

10-20 times higher per unit area compared to traditional soil-based agriculture (Pomoni et al., 

2023). For India and states like Odisha, soilless cultivation offers strategic advantages. The 

country faces severe challenges related to declining per capita arable land, groundwater 

overexploitation, and increasing vulnerability to climate-related disruptions (Naresh et al., 

2024). Primary obstacles include high initial capital investment, specialized technical 

knowledge requirements, substantial energy demands, and system reliability concerns (Fussy 

and Papenbrock, 2022). This review examines commercial soilless vegetable cultivation, 

emphasizing practical challenges and evidence-based solutions. 

Major soilless cultivation systems 
Hydroponics represents the most widely adopted category, encompassing Nutrient Film 

Technique (NFT), Deep Water Culture (DWC), and drip systems. NFT, developed by Dr. 

Allan Cooper in the 1960s, involves growing plants in channels with roots continuously 

exposed to a thin film of nutrient solution, particularly suitable for lightweight leafy 
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vegetables (de Castro Silva et al., 2021). DWC suspends plant roots directly in aerated 

nutrient solution, making it cost-effective for leafy greens and herbs (Bunyuth et al., 2024). 

Aeroponics represents an advanced form where plants are suspended in air with roots 

exposed to nutrient-filled mist. Developed by Jensen and Collins in 1985, aeroponic systems 

achieve remarkable 90-95% water savings and enable exceptional oxygen uptake, resulting in 

accelerated plant growth (Lakhiar et al., 2018). Recent research on fruit vegetables showed 

aeroponics increased yields by 30-33% and boosted vitamin C content by 20-30% compared 

to soil-based cultivation (Bekker et al., 2023). 

 Aquaponics integrates aquaculture with hydroponics in a symbiotic system where fish 

waste provides nutrients for plants while plants purify water for fish recirculation. This 

closed-loop system eliminates chemical fertilizers and produces both fish protein and 

vegetables simultaneously (Kyaw and Ng, 2017). Substrate-based systems use inert growing 

media including coconut coir, perlite, vermiculite, and rockwool. Research on amaranth 

microgreens demonstrated that perlite significantly outperformed other substrates, achieving 

72.6% emergence versus 46.1% for coconut coir, with fresh biomass yields 73.7% higher and 

profit margins of 109.66 USD/m²/year (Carrasco et al., 2025). 

Major challenges 
Commercial soilless cultivation faces significant barriers. High initial investment for 

infrastructure, equipment, and climate control systems represents the most substantial entry 

barrier (Fussy and Papenbrock, 2022). Energy consumption demands 24/7 power for pumps, 

lighting, and climate control, with electricity costs representing 20-40% of operational 

expenses (Min et al., 2023). Technical expertise requirements are critical, with the industry 

experiencing 30-40% failure rates among new operators due to skill gaps in plant nutrition, 

system engineering, and pest management (Khatri et al., 2024). System failures can cause 

complete crop loss within hours due to the absence of soil's natural buffer. Disease 

management presents unique challenges as pathogens spread rapidly through recirculating 

systems, with major threats including Pythium, powdery mildew, and Botrytis (Tzortzakis et 

al., 2020). Precision nutrient management complexity, market acceptance challenges for 

premium-priced produce, and water quality issues requiring potential reverse osmosis 

treatment further complicate commercial operations. 

Solutions and mitigation strategies 
Solar energy integration offers 50-60% reduction in power costs with payback within 4-6 

years, supported by government subsidies covering 30-40% of installation costs. Automation 

and IoT technologies achieve 60-70% labor cost savings while providing real-time 

monitoring, eliminating human error, and typically achieving ROI within 12-18 months. IoT 

sensors continuously monitor pH, electrical conductivity, temperature, humidity, and light 

levels, triggering automated responses. Improved system designs incorporate redundancy and 

fail-safe features including backup pumps, UV sterilization achieving 99.9% pathogen 

reduction, and modular scalable designs. Government support programs provide 35-50% 

capital subsidies, low-interest loans at 4-7%, and tax benefits. Cooperative farming models 

distribute costs among multiple farmers, achieving 20-30% cost savings through bulk 

purchases and shared expertise. Comprehensive training programs reduce failure rates from 

30-40% to less than 15%. 

Future prospects 
Artificial intelligence systems increasingly optimize nutrient formulations and predict harvest 

timing through machine learning algorithms analysing sensor data. Computer vision detects 

plant diseases at early stages. Gene editing technologies like CRISPR develop crop varieties 

optimized for hydroponic systems with improved nutrient uptake and disease resistance. LED 

lighting efficiency improvements reduce energy consumption by 40-60%, while mass 

production of sensors cuts equipment costs. Urban planning increasingly incorporates vertical 

farms and rooftop systems as essential infrastructure. Industry projections suggest urban areas 
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worldwide could source 10-15% of fresh vegetables from local hydroponic operations by 

2030, with soilless systems potentially competing on price with conventional agriculture by 

2040. 

Conclusion 
Commercial soilless cultivation offers a transformative solution to land scarcity, water stress, 

and climate vulnerability. Studies report up to 90% water savings, 70% fertilizer reduction, 

and 10–20 times higher yields per unit area (Rajaseger et al., 2023; Goh et al., 2023). The 

projected growth of the global hydroponics market from USD 14.73 billion to USD 33.12 

billion by 2033 reflects increasing adoption. However, high initial costs, energy demand, and 

technical skill requirements remain major barriers. Integrated approaches involving 

renewable energy, IoT-based automation, improved system design, policy support, 

cooperative models, and capacity building are addressing these constraints. Advances in 

substrate optimization and aeroponics indicate ongoing scientific progress, while Indian 

commercial case studies show profitability within 12–18 months through targeted crop and 

management strategies. Future convergence of AI, automation, renewable energy, and gene 

editing is expected to further enhance scalability. Overall, soilless cultivation represents a 

sustainable and climate-resilient paradigm for future food production. 
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