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Abstract
Soil degradation has emerged as a critical environmental and 
agricultural challenge, affecting over 33% of the world’s land 
resources. This degradation is driven by unsustainable farming 
practices, deforestation, and climate change, threatening 
global food security and biodiversity. Hydroponics, a soilless 
method of cultivation, has gained attention as a sustainable 
solution to mitigate the impacts of soil degradation. By 
delivering nutrients directly to plant roots through water-
based systems, hydroponics eliminates the need for fertile 
soil and addresses challenges such as erosion, salinization, 
and contamination. This review explores the principles and 
mechanisms of hydroponic systems, including techniques like 
Nutrient Film Technique (NFT), Deep Water Culture (DWC), 
and aeroponics. Key benefits such as efficient resource use, 
higher crop yields, and space optimization are highlighted, 
alongside challenges including high initial costs, energy 
demands, and technical expertise requirements. The paper 
also discusses the potential of hydroponics to revolutionize 
urban agriculture and expand food production into marginal 
lands. Technological innovations and renewable energy 
integration further enhance its feasibility as a scalable solution. 
While hydroponics is not without limitations, it represents a 
transformative approach to sustainable agriculture, offering 
a viable path forward in the face of growing environmental 
pressures and food demands.
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1. Introduction
Soil forms the cornerstone of terrestrial ecosystems, providing 
essential nutrients, water, and physical support necessary for 
plant growth and, by extension, all terrestrial life. However, 
this critical resource is under increasing stress worldwide. 
Soil degradation—defined as the deterioration of soil quality 
and functionality—has become a global crisis, driven by 
a complex interplay of anthropogenic and environmental 
factors. Unsustainable agricultural practices, deforestation, 
overgrazing, industrial pollution, rapid urbanization, and the 
intensifying impacts of climate change have all contributed 
to the decline in soil health (Lal, 2015). The repercussions of 
soil degradation are profound. Reduced soil fertility hampers 
agricultural productivity, threatening food security at both 
local and global scales. Additionally, degraded soils contribute 
to declining biodiversity, increased greenhouse gas emissions, 
poor water retention and infiltration, and the contamination 
of surface and groundwater resources. According to estimates 
by the Food and Agriculture Organization (FAO) and the 
Intergovernmental Technical Panel on Soils (ITPS), more 
than 33% of the Earth’s land surface is already moderately 
to severely degraded, with projections suggesting that this 
figure could worsen significantly if current land management 
practices continue unchecked (FAO & ITPS, 2015). In light of 
these escalating challenges, there is an urgent need to explore 
alternative and sustainable methods of food production that 
do not rely on traditional soil systems. One such method 
gaining global attention is hydroponics a soilless technique 
for cultivating plants in nutrient-enriched water solutions. 
Hydroponic systems offer precise control over growing 
conditions, enabling higher yields with lower resource input 
and minimal environmental impact. By eliminating the need 
for soil, hydroponics directly circumvents issues related to 
soil degradation, salinization, erosion, and contamination.
This review paper aims to explore hydroponics as a viable 
and sustainable strategy to combat soil degradation 
and enhance food security. It begins by examining the 
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fundamental principles of hydroponic cultivation, followed 
by an overview of different types of hydroponic systems, 
including nutrient film technique (NFT), deep water culture 
(DWC), and aeroponics. The paper then outlines the various 
benefits of hydroponics, such as efficient water use, reduced 
land dependency, year-round production, and compatibility 
with urban and vertical farming models. Furthermore, it 
addresses current limitations and challenges such as high 
initial setup costs, technical expertise requirements, and 
energy dependence before discussing the future potential 
of hydroponic agriculture in shaping resilient, climate-
smart, and sustainable food systems. By critically evaluating 
hydroponics in the context of environmental degradation 
and global agricultural needs, this paper underscores the 
importance of adopting innovative cultivation technologies 
to ensure a secure and sustainable food future for the growing 
global population.
2. The Mechanisms of Hydroponics
Hydroponics, fundamentally, is the science of growing plants 
without soil by supplying essential nutrients directly to their 
roots through a water-based solution. By eliminating the 
soil medium, hydroponic systems allow for precise control 
over environmental factors such as nutrient composition, 
pH levels, water availability, and oxygenation—conditions 
that are often difficult to manage in traditional soil-based 
cultivation. This precision not only optimizes nutrient uptake 
but also accelerates plant growth, enhances yield quality, and 
reduces the risk of soil-borne diseases and pests.
Various hydroponic techniques have been developed over 
time, each offering unique mechanisms for nutrient delivery, 
root support, and oxygenation. The choice of system is often 
influenced by the type of crop, spatial constraints, investment 
capacity, and desired level of automation. The following are 
some of the most commonly employed hydroponic systems:
Nutrient Film Technique (NFT)
The Nutrient Film Technique is one of the most popular and 
widely used hydroponic methods, particularly in commercial 
production of leafy greens and herbs. In this system, plants 
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are grown in slightly sloped channels or troughs, typically 
made from food-grade PVC or similar inert materials. A 
very thin film of nutrient-rich water continuously flows 
along the bottom of these channels, ensuring that the root 
systems remain moist while simultaneously being exposed 
to air (Resh, 2013). This thin nutrient layer provides the 
necessary hydration and nutrients without submerging the 
roots completely, thus maximizing oxygen availability. The 
continuous flow also prevents salt accumulation and ensures 
that fresh nutrients are consistently available. NFT systems 
are space-efficient and relatively low in water usage, but they 
are sensitive to power outages or pump failures, as roots can 
quickly dry out in the absence of water flow.
Deep Water Culture (DWC)
Deep Water Culture, sometimes referred to as raft or floating 
culture, is another widely adopted hydroponic method. 
In DWC systems, plants are typically placed on floating 
platforms (often made of Styrofoam or plastic) with their roots 
suspended directly into a deep reservoir of nutrient solution. 
To prevent anaerobic conditions and root rot, air stones 
and air pumps are employed to continuously oxygenate 
the solution (Jones, 2016). DWC is highly effective for fast-
growing, water-loving plants like lettuce, basil, spinach, and 
even some fruiting crops such as strawberries. It is relatively 
easy to construct and maintain, making it popular among 
both hobbyists and commercial growers. However, careful 
management of nutrient concentrations, pH, and dissolved 
oxygen levels is critical to avoid root damage or stunted 
growth.
Aeroponics
Aeroponics represents one of the most advanced forms of 
hydroponic cultivation. In this system, plants are suspended 
in air, and their roots are intermittently misted with a fine 
spray of nutrient-rich solution. This method provides roots 
with unparalleled oxygen access while still delivering 
essential nutrients in a highly efficient manner (Chung et 
al., 2019). Aeroponic systems boast rapid growth rates, 
high nutrient uptake efficiency, and reduced water usage 
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compared to other hydroponic techniques. They are ideal 
for high-density vertical farming and research applications. 
However, aeroponics demands precise control over misting 
intervals, spray pressure, nutrient composition, and system 
hygiene. Even short disruptions in nutrient delivery or 
misting cycles can lead to plant stress or failure, making it a 
more complex and capital-intensive option.
Other Hydroponic Systems
Several additional hydroponic methods offer alternatives 
tailored to various crop types and resource availability:
(i) Drip Systems: In these systems, nutrient solution is 
delivered via emitters or drip lines directly to the root zone 
of each plant. These are highly customizable and suitable for 
a wide range of crops, including tomatoes, cucumbers, and 
peppers.
(ii) Wick Systems: A passive system where a wick (usually 
made of absorbent material) transports nutrient solution from 
a reservoir to the root zone via capillary action. While simple 
and inexpensive, this method is best suited for small plants 
and herbs due to its limited nutrient delivery rate.
(iii) Ebb and Flow (Flood and Drain): This system periodically 
floods a grow bed with nutrient solution and then drains it 
back into a reservoir. The periodic flooding ensures nutrient 
availability and aeration, and is useful for medium-sized 
crops and diverse growing media like perlite or clay pellets 
(Sonneveld& Voogt, 2009). Each of these systems has its 
advantages and limitations. The optimal choice depends on 
factors such as space, crop type, budget, technical expertise, 
and environmental conditions.
3. Benefits of Hydroponics in Mitigating Soil Degradation
Hydroponics, as a soilless cultivation technique, provides 
a robust and innovative response to the global challenge of 
soil degradation. By removing the dependence on soil as a 
growth medium, hydroponic systems offer a wide array of 
agronomic, environmental, and socio-economic benefits that 
can directly alleviate the causes and consequences of soil 
degradation.
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Efficient Resource Utilization
One of the hallmark advantages of hydroponics is its 
unparalleled efficiency in resource use, particularly water and 
nutrients. Conventional agriculture consumes approximately 
70% of global freshwater withdrawals, much of which is lost 
to evaporation, runoff, or inefficient application (FAO, 2019). 
In contrast, hydroponic systems employ closed-loop designs 
where water is recirculated and reused, resulting in up to 
90% savings in water consumption compared to traditional 
farming practices. This efficiency is particularly vital in arid 
and semi-arid regions facing increasing water scarcity due to 
climate change and overexploitation of aquifers. Moreover, 
hydroponics allows for the precise formulation and delivery 
of nutrients directly to plant roots, thereby reducing nutrient 
loss through leaching or volatilization. This minimizes the 
risk of environmental pollution commonly associated with 
synthetic fertilizers in conventional systems and contributes 
to sustainable nutrient management.
Enhanced Crop Yields and Accelerated Growth
Hydroponic cultivation offers controlled growing 
environments in which plant health, growth rates, and 
productivity can be maximized. Parameters such as nutrient 
concentration, pH, temperature, light intensity, and humidity 
can be finely tuned to suit the specific requirements of 
different crops. These optimal conditions lead to faster plant 
growth, earlier maturation, and substantially higher yields 
per unit area compared to soil-based agriculture (Touliatos 
et al., 2016). In addition, hydroponics allows for year-round 
production irrespective of seasonal constraints, which is 
critical for maintaining consistent food supply in urban and 
climate-impacted areas. This high productivity can reduce 
the need to expand agricultural frontiers into vulnerable 
ecosystems, thus conserving remaining natural soils and 
biodiversity.
Space Optimization and Urban Agriculture Integration
Hydroponic systems enable cultivation in vertically stacked 
layers or in compact modular units, making them ideally 
suited for space-constrained urban environments. With 
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the increasing global trend of urbanization, hydroponics 
presents a viable strategy for local food production in 
cities, transforming rooftops, greenhouses, basements, and 
warehouses into productive agricultural spaces (Despommier, 
2010). By decentralizing food production and reducing 
reliance on rural farmlands, urban hydroponic farming can 
significantly cut transportation-related emissions, lower food 
miles, and improve the freshness and nutritional quality 
of produce. Additionally, these systems foster community 
involvement and awareness about sustainable food systems, 
promoting greater societal resilience.
Elimination of Soil-Borne Threats
The absence of soil in hydroponic systems removes a significant 
vector for pests, pathogens, and weeds. Soil-borne diseases 
such as Fusarium wilt, root-knot nematodes, and damping-off 
pathogens are largely mitigated in hydroponics, reducing the 
dependency on chemical pesticides and fungicides (Gruda, 
2009). This contributes to a cleaner production environment, 
lowers input costs, and enhances both environmental and 
consumer health. Furthermore, because hydroponics is often 
implemented in enclosed or semi-enclosed spaces, crops are 
less exposed to extreme weather conditions and external 
biotic stressors, improving the overall reliability and stability 
of food production.
Reduced Land Pressure and Use of Marginal Lands
A transformative benefit of hydroponics is its detachment from 
soil fertility and traditional land use constraints. This allows 
for agriculture to be practiced in areas previously deemed 
unsuitable for cultivation such as saline soils, contaminated 
lands, deserts, rocky terrains, and urban brownfields thereby 
extending the geographical scope of food production 
(Barbosa et al., 2015). By enabling cultivation on non-arable 
land, hydroponics alleviates pressure on productive soils, 
allowing overexploited or degraded land to rest, regenerate, 
or be restored. This not only slows down the pace of land 
degradation but also contributes to land conservation goals 
and climate change mitigation through carbon sequestration 
and ecosystem restoration.
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4. Challenges and Limitations of Hydroponics
While hydroponics presents a promising alternative to 
conventional agriculture and an effective strategy to 
combat soil degradation, several critical challenges limit its 
scalability and accessibility. Understanding these limitations 
is essential for guiding future research, policy interventions, 
and technological innovations aimed at mainstreaming 
hydroponic cultivation.
High initial cost
One of the foremost barriers to hydroponic adoption is the 
high initial cost associated with system setup. Commercial 
hydroponic facilities require substantial investment in 
infrastructure, including grow beds or channels, lighting 
systems (often LED-based), automated pumps, sensors, 
climate control equipment, and supporting structures 
(Goddek et al., 2020). Although operational efficiencies—
such as higher yields, lower pesticide use, and water 
conservation—can yield long-term savings, the upfront cost 
remains prohibitive for smallholder farmers and stakeholders 
in developing economies. Moreover, the cost of land, energy, 
and maintenance may further compound the financial burden, 
particularly in urban areas.
Elevated Energy Consumption
Hydroponic systems, particularly those operating in 
controlled-environment agriculture (CEA) settings such as 
greenhouses or vertical farms, are often energy-intensive. 
Artificial lighting, especially in environments with limited 
natural sunlight, along with continuous water and nutrient 
circulation, temperature regulation, and humidity control, 
significantly increase energy demands (Kozai et al., 2019). 
These energy requirements can undermine the environmental 
sustainability of hydroponics if the energy is derived from 
fossil fuels. Integrating renewable energy sources—such as 
solar panels or wind turbines—into hydroponic operations 
is thus essential for reducing greenhouse gas emissions and 
achieving climate-resilient food production systems.
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Technical Complexity and Knowledge Barriers
The operation and maintenance of hydroponic systems 
require a solid foundation in agronomy, plant physiology, 
water chemistry, and system engineering. Growers must 
regularly monitor parameters such as nutrient concentrations, 
pH, electrical conductivity (EC), and temperature to maintain 
optimal plant health. Inadequate knowledge or improper 
handling can lead to system failures, nutrient imbalances, or 
plant diseases (Jensen, 1997). This technical complexity can 
be a major impediment for individuals without prior training 
or access to agricultural extension services, thereby limiting 
hydroponics’ outreach in rural and underserved communities.
Water Quality and Nutrient Management Challenges
Although hydroponics is lauded for its water-saving potential, 
it is also highly sensitive to water quality. The presence of 
heavy metals, pathogens, or chemical residues in the water can 
harm plant health and compromise food safety. Additionally, 
the precision required in nutrient formulation presents a 
significant management challenge. Over- or under-supplying 
nutrients can result in deficiencies, toxicities, or imbalanced 
growth, ultimately affecting crop yield and quality (Savvas & 
Gruda, 2018). Furthermore, managing the disposal or reuse 
of spent nutrient solutions raises environmental concerns 
related to nutrient runoff or contamination if not properly 
treated.
Limited Crop Range and Economic Viability
Historically, hydroponic systems have been most successful 
with crops that are fast-growing, high-value, and have 
relatively simple nutritional requirements—such as leafy 
greens (lettuce, spinach), herbs (basil, mint), and select 
fruiting vegetables (tomatoes, cucumbers). However, the 
cultivation of staple food crops like cereals (wheat, rice, 
maize), legumes, and tubers (potatoes, yams) remains largely 
experimental or economically unfeasible on a commercial 
scale (Sardare&Admane, 2013). These crops typically 
require more space, longer growth cycles, and specific root 
development conditions that are difficult to replicate cost-
effectively in hydroponic systems. Expanding the crop 
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diversity in hydroponics thus remains an ongoing research 
priority.
5. Future Prospects and Innovations
The future of hydroponics is bright, with ongoing research 
and technological advancements continually addressing its 
limitations and expanding its potential:
Integration with Renewable Energy Sources
To combat high energy demands, the integration of 
renewable energy sources such as solar and wind power is 
becoming increasingly common in hydroponic farms (Kumar 
& Prakash, 2011). This not only reduces operational costs 
but also significantly lowers the carbon footprint, making 
hydroponics a truly sustainable agricultural practice.
Automation and Artificial Intelligence
The development of automation technologies and the 
application of artificial intelligence (AI) are revolutionizing 
hydroponics. AI-powered systems can monitor plant 
health, optimize nutrient delivery, control environmental 
parameters, and even predict yields, reducing the need for 
constant human oversight and minimizing errors (Sharma et 
al., 2018). This will make hydroponics more accessible and 
efficient for a wider range of users.
Vertical Farming and Controlled Environment Agriculture 
(CEA)
Vertical farming, often enabled by hydroponics, is gaining 
momentum as a viable solution for urban food production. 
Coupled with Controlled Environment Agriculture (CEA), 
which precisely manages light, temperature, humidity, 
and CO2, these systems maximize yields per unit area and 
can operate year-round, independent of external climate 
conditions (Al-Chalabi, 2015).
Research into New Crop Varieties
Ongoing research is focusing on developing crop varieties 
specifically suited for hydroponic cultivation, including 
those with higher nutrient efficiency or resistance to specific 
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challenges (Pattison et al., 2015). This will broaden the range 
of crops that can be successfully grown hydroponically, 
including more staple foods.
6. Conclusion
Soil degradation is an undeniable threat to global food 
security and environmental health. Traditional agricultural 
practices, while essential, have contributed significantly to 
this decline. Hydroponics, as a soilless cultivation method, 
offers a powerful and increasingly viable solution to 
mitigate the impacts of soil degradation. Its ability to achieve 
remarkable water and nutrient efficiency, deliver higher 
crop yields, optimize space, and eliminate soil-borne issues 
positions it as a cornerstone of sustainable agriculture. While 
challenges such as high initial costs, energy consumption, and 
the need for technical expertise persist, ongoing technological 
advancements, including renewable energy integration, 
automation, and AI, are systematically overcoming these 
hurdles. The rise of urban agriculture and the potential 
to cultivate food in marginal lands further underscore 
hydroponics’ transformative potential. As the global 
population continues to grow and environmental pressures 
intensify, hydroponics represents not just an alternative, but 
a crucial component of a resilient and sustainable food system 
for the future. By embracing and investing in hydroponic 
technologies, we can move towards a future where food 
production is not limited by the health of our soil, but by our 
innovation and commitment to sustainability.
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