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	Background: The food security crisis exacerbated by climate change, population growth, and urbanization requires resilient and sustainable agriculture systems. Hydroponics, as a central technology in Controlled Environment Agriculture (CEA), has the potential to be disruptively different from legacy farming with efficient use of water, nutrients, and space.
Aims: This review of the scientific literature covers the development and technological advancement of hydroponic systems with respect to initially developed strategies like Nutrient Film Technique (NFT), Deep Water Culture (DWC), and Aeroponics, to futuristic use cases with AI, IoT, and automation.
Methodology: This study synthesizes information from more than fifty peer-reviewed articles published from 2015 - 2025 focused on specifically, thematic innovations in system design, vertical farming, recycling of resources, and harvesting-encoding environmental control.
Discussion: Comparative analyses of hydroponics show evidence of advantages with increased yield and resource use efficiency; however, limits remain in terms of scalability, energy needs, and dependence of know-how. The socioeconomic analysis shows promise in employment opportunities and urban food sovereignty, meanwhile suggests a need to dismantle the rural-urban divide and distributional fairness. Policy, and weak institutional backer remain major limits to implementation.
Conclusion: Ultimately, this review shows that hydroponics, with the help of an inclusive policy approach, and interdisciplinary advancements in innovation can be used as a revolutionary strategy for climate-smart sustainable, food systems in local communities on a global scale.
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1. INTRODUCTION 

The global food security crisis is now considered one of the most significant, multi-dimensional issues of the 21st century. The Food and Agricultural Organization (FAO) indicates that undernourishment impacts about 828 million people globally in 2021 as a result of climate variability and extreme weather, regional conflict and insecurity, population growth, and inequities in wealth and opportunity (FAO, 2022). These trends hint at the vulnerability of food systems today, and the necessity for a transition to resilient and sustainable forms of agriculture that use technology to pivot away from ecologically reliant processes.
Though soil-based agriculture was critical in the past, soil-based or traditional agriculture has very serious limitations. Using high amounts of water, being vulnerable to severe weather, nutrients running off before they are absorbed, shrinking arable land area due to urbanization, and soil erosion and degradation are all serious problems caused by traditional land management and farm practices, such as monoculture plantings and the excessive use of chemicals (Schutter, 2017). In addition, rural land use models do not incorporate urban growth in the table of demand, which lengthens supply chains, extends food miles, and increases food loss by extending the supply chain with transportation (Tiwari et al., 2025).
Given the constraints above, Controlled Environment Agriculture (CEA) offers a radical framework with technology-based food production that disengages the production of food from historical dependence of agriculture on ecology. CEA focuses towards hydroponics, a soil-less production method that gives exact amounts of water and nutrients to crops with planting zones, usually as modified building climates. (Kyriacou et al., 2017). While allowing crops to be produced year-round, it promotes greater predictability in yield (or less chance of loss), control for quality, and more efficient utilization of resources.
Hydroponic systems show tremendous promise as urban agriculture, providing high density food production within limited spaces such as rooftops, shipping containers, and repurposed buildings. This adaptive potential is so important for urban places that experience increased population, land prices, and proportional food demands (Nguyen et al., 2016). Hydroponics has shown significant effectiveness in dry climate, and water-scarce environments, like parts of the Middle East, Sub-Saharan Africa, and drought-prone areas in the Global North, where traditional irrigation methods are not sustainable. Hydroponic systems use up to 90% less water than traditional farming, and cause no runoff pollution, thus increasing environmental sustainability (Gruda et al., 2025; Kopal et al., 2025).
Hydroponics also has scalability and fit with modern automation and digital agriculture. Hydroponic farms can now include IoT (Internet of Things) sensors, artificial intelligence (AI) growth algorithms, and LED lighting systems that replicate ideal sunlight profiles. Hydroponic farms can be operated with a high degree of precision, minimizing human error and maximizing resource utilization (Beacham et al., 2019). Enabling integration also facilitates data-driven decision-making, remote monitoring, and real-time feedback and can allow for high-efficiency farming in places where agriculture cannot exist, including non-agricultural areas and disaster-recovery areas.
This review paper aims to provide critical evaluation of recent developments in hydroponic technology and its potential for changing agricultural systems in the name of global food security. It commences with a brief history of hydroponic systems and their functioning, and some comparisons with traditional systems, next it will outline some recent disruption in designs, automations and management and explore the hydroponics in varying socio-economic and environmental scenarios. It will also discuss how these new economic pathways are recontextualizing traditional farming systems through their active incorporation of next-generation hydroponics. Finally, it will start to consider wider implications of hydroponics such as policy development, social discourse, education outreach etc. to provide a more comprehensive view. Ultimately, this review will seek to assess hydroponics not as a technological silver bullet, but as a piece of a large shift to resilient, localized and sustainable food systems (Figure 1).
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Fig. 1. Distribution of technological focus areas in hydroponics research (2015–2025)

2. methodology
 
The methodological approach for this review involved using a combination of structured and thematic approaches to identify, group, and synthesize relevant academic literature to hydroponic systems and research related to using it as a technological tool to improve food security as it pertains to controlled environment agriculture (CEA). we intended for it to cover the state of knowledge in the past 10 years about CEA, and specifically how these advancements could potentially circumvent the drawbacks of conventional farming systems. As would hope, this method was conceived towards being exhaustive, academically defensible, and relevant in the global food security context.
An exploratory database search was performed in multiple electronic databases specifically, Scopus, Web of Science, Google scholar, ScienceDirect, SpringerLink and MDPI. The search phrases and keywords included combinations of words, e.g. hydroponics, Controlled Environment Agriculture, smart agriculture, IoT and farming, AI and hydroponics, automation and food security to limit search returns. Articles included had to be peer-reviewed literature published in English, between 2015 and 2025. We included articles during this time frame to incorporate current technological advancements and actual applications of systems used in contemporary agriculture.
The key inclusion criteria to include studies were the following: these had to be publications discussing hydroponic farming systems and technologies related to hydroponic technologies; the texts discussed at least some relevance to food security, resource efficiency, or sustainable agriculture; and the texts advanced clearly some technological intervention regarding automation, AI, IoT and environmental/crop systems. Exclusions were opinion papers, opinion articles, editorials, popular news articles, duplicate references, and studies focusing specifically on traditional, soil-based agricultural concepts without mention to CEA or transformation of food systems. Our starting literature pool was more than 150 publications using database searches, and we arrived at a final set of 50 publications.
To properly achieve a synthesized output, we classified the selected publications into four main areas of technology (1) Automation and Robotics: mechanized planting/ harvesting, nutrient delivery systems; (2) Internet of Things (IoT): sensor networks utilized to monitor factors such as humidity, pH, nutrient levels/agitation, and lighting intensity; (3) Artificial Intelligence (AI): predictive algorithms, outputs based on crop performance, disease detection, and nutrient management; and (4) Environmental Control & Lighting Systems: use of programmable LED lighting, automated climate control, and vertical growing technologies. This framework allowed us to categorize insights on the hypothetical relationships between technological components for increasing agricultural productivity and resilience.
We utilized a qualitative analytical framework to integrate findings across the literature. Each article was analyzed based on several variables that were identified as critical, including technology readiness (experimental, field-trial, or commercial-scale), scalability (urban rooftop, greenhouse systems, or industrial), and measuring outcomes such as yield per square meter, amount of water savings, energy usage, and human labor. Consideration of socio-economic feasibility was also assessed considering costs; labor, adoption, and regional applicability. The analysis built a comparative view of how different hydroponic interventions align with food security goals, with a focus on urban or water limited settings, using comprehensive, yet systematic, approach. These insights are the basis of the longer discussion and evaluations.

3. Technological Advances and Strategic Integration of Hydroponics for Global Food Security

3.1 Evolution of Hydroponic Systems 
[bookmark: _Hlk210645688]Hydroponic farming (soilless farming in general) has been one of the earliest controlled environment agriculture (CEA) innovations. Although the nature of hydroponics has evolved over hundreds, in some cases thousands, of years, unlike hydroponics growing plants in a N-P-K solution but not in soil is very ancient (Nguyen et al., 2016; Rajendran et al., 2024;). Hydroponics has lost its original connotation but has become more of a practical innovation in the last century, spurred mainly on the recognition that 1 arable land for agriculture is diminishing and negative impacts on soil quality from agriculture will return; and 2 we need an increasingly-continuous local systems of food production (Resh, 2016). The system comparisons have been generated from multiple generations of iterative hydroponic systems development. Nutrient Film Technique (NFT) systems which are where the nutrient solution was delivered to roots through a thin film, Deep Water Culture (DWC) systems where roots of plants are suspended in aerated water, and aeroponic systems where the nutrient mist is sprayed on suspended roots. These systems represented major improvements on earlier systems in terms of water efficiency, oxygenating roots, and nutrition delivery systems and thus a product pipeline towards the highly structured systems today (Al Shrouf, 2017).
Since emergence of hydroponics in mid-2010s, both the emergence of hydroponics, plus the changes in sensor technologies and automation (e.g., data farming): have made hydroponic systems modular, scalable, and well-fitting to urban, indoor farming. Both innovations also demonstrate hydroponics transition as an experiment to a globally relevant sustainable food production strategy (Sharma et al., 2018; Beacham et al., 2019).  

3.1.1 Traditional Hydroponic Methods (NFT, DWC, Aeroponics)   
Nutrient Film Technique (NFT), Deep Water Culture (DWC), and aeroponics are the three main systems of modern hydroponic agriculture that these hydroponic systems provide for additional, hybrid farming systems. These are traditional systems of hydroponics that are models for optimizing high-efficiency, high-yield farming while providing unique trade-offs in production scale.
3.1.1.1 Nutrient Film Technique (NFT) 

NFT is the oldest and most common hydroponic technique. With this technique, a shallow nutrient stream is continuously flowing through narrow channels, and the plants have suspended roots in the stream. This stream approach enables consistent nutrient absorption while guaranteeing oxygen exposure from the thin nutrient film that is applied (for nutrient efficiency), allowing the fern to not become oxygen enriched. One advantage for NFT systems is minimal available growing media (except for very efficient plastics), making system care easier, and lower costs (Resh, 2016). NFT systems are still important for hydroponics, however, NFT systems are sensitive to interruptions (i.e. clog or pump failure). Without energizing, there is little buffer against nutrient starved roots. NFT is best suited to shallow rooted, fast growing crops such as lettuce, spinach and herbs (Polwaththa et al., 2024). NFT has been used in commercial greenhouses along with vertical farms, providing efficiencies both in space and water, and has recently been adopted in urban ag operations (Kumar et al., 2023).

3.1.1.2 Deep Water Culture (DWC)

Unlike NFT, DWC keeps plants’ roots submerged in large reservoirs of aerated nutrient solutions. Usually, plants are sustained with floating space rafts or small nets, while air-pumps provide oxygen to nourish roots prevent rotting and promote growth. DWC systems are usually preferred by experiments because of its stability and scalability. DWC systems have been selected for the commercial leaf-green production because of the need for uniform delivery of nutrients/solutions/ embellishments (Sharma et al., 2018; Hamza et al., 2022). DWC systems can be less prone to pump failures, the plants are already submerged in the nutrient aerator pools. When plants are submerged in a nutrient solution, DWC offers great potential for automated farming, where nutrients, pH, and oxygen levels can be monitored, and digitally programed. DWC systems inherently require significant water, and potentially temperature trees for reservoirs to maintain cool water, especially in warmer climates, to protect against disease (Zhang et al., 2016).


3.1.1.3 Aeroponics

Aeroponics is one of the most technically advanced hydroponic systems. Plant roots are held in air and misted with a fog of nutrient solution every so often. This provides maximum oxygen exposure, higher rate of nutrient uptake, and faster growth than other hydroponic systems. Because of these advantages, aeroponics is often utilized in experimental use, seedling production, and sericultural vertical farming systems (Al Shrouf, 2017; Li et al., 2018). Studies have reported that aeroponic systems can achieve 20-30% greater total biomass produce in leafy plants than other systems such as NFT or DWC, while consuming more than 60% less water (Frasetya et al., 2021). Aeroponic systems require precise control systems such as programmable misting intervals, nozzle maintenance, and backup power supply to avoid system discontinuities. Due to these factors, aeroponics systems deployed to space limited areas such as urban rooftops and in NASA’s interstellar agronomy systems because of their lightweight architecture and water usage efficiency (Nitu et al., 2024).
All three systems (NFT, DWC, aeroponic also have distinct needs requirements and benefits, while the underlying designs continue to desire further improvements and hybridization, geared towards chosen crop types, environmental needs, and financial considerations.
3.1.2 Shifts in System Design Over the Last Decade
Over the past 10 years, hydroponic system design has undergone a monumental shift or dynamic from model-controlled capillarity with low density operations to high efficiency sensor-integrated and automated vertical farming systems (Amarasinghe & Polwaththa, 2024). This shift has been driven by urban population increase, climate instability downturns, and the developments in digital agriculture (Figure 2).
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Fig. 2. Next-Gen Hydroponics Pathways to Global Food Security
3.1.2.1 Vertical Integration and Space Optimization
One of the most notable design transitions has been the incorporation of hydroponics into vertical farming systems. These farms can utilize vertical layering of plants in a controlled indoor environment, allowing multiple crop cycles each year and possibly in dense urban settings. Vertical farming is made possible by the hydroponic technologies such as nutrient film channels or aeroponic misting towers which maximizes the use of nutrients in the films while often achieving levels of production throughput rates per land as great as 10-20 times than conventional agriculture (Al-Kodmany, 2018; Beacham et al., 2019; Dutt et al., 2025). Companies such as AeroFarms, Plenty, and Spread Co. Ltd. have initiated the commercialization of vertical farms involving the combining use of modular hydroponic beds, robotics, and automated harvesting systems. These systems promote to minimize human intervention while providing crop uniformity, real-time mistakes, and labor cost (Benke & Tomkins, 2017; Verma et al., 2024; Dennison et al., 2025).
3.1.2.2 IoT and Real-Time Environmental Control
[bookmark: _Hlk210647395]The adoption of IoT technologies into hydroponic systems has fundamentally changed the system responsiveness and resource efficiencies. Sensor devices placed in the grow environments now take continuous readings on variables such as air temperature, root-zone temperature, pH, humidity, dissolved oxygen, electrical conductivity (EC), and light intensity (Dutta et al., 2025; Farhan et al., 2025). The sensor data is uploaded wirelessly to a cloud dashboard or a local controller that activates automation protocols like nutrient application or reconfigured ventilation (Rao et al., 2024; Miller et al., 2025). This has created the idea of precision hydroponics whereby farms participate in data-driven strategies. Furthermore, systems run off of AI systems can predict system states based on integrated historical data in addition to responding to an immediate change. For instance, nutrient application protocols can be updated in real-time based on crop growth stage and the weather forecast to maximize yield and inputs (Senthil et al., 2025).
3.1.2.3 LED Lighting Innovation and Energy Optimization
[bookmark: _Hlk210648422][bookmark: _Hlk210653987]Lighting especially energy use, has continued to be a barrier for hydroponic and vertical farming. The growth of energy-efficient LED lighting is shifting the boundaries on energy use in modern systems. Hence LEDs can be operationalized to emit wavelengths of light (e.g., red, blue, far red) that optimally fit a crop’s photosynthesis needs and secondary metabolite production. Implementing light recipes can help increase leaf area, increase nutrient content, increase yield, and reduce the based energy footprint by 40–60% compared to older HID or fluorescent lights (Rahman et al., 2021; Fylladitakis, 2023). Integrated with light sensors and daylight harvesting algorithms can use adaptive lighting with increase or decrease light intensities of artificial light were based on the real-time amount of sunlight in hybrid greenhouse systems (Nájera et al., 2022).
3.1.2.4 Smart Automation and Control Systems
Sophisticated hydroponic systems now include machine vision systems, actuators, and decision-making engines powered by AI. They are capable of detecting pest infestations, leaves changing color, or deficiencies of nutrients using imaging and spectral analysis done in real-time. The system can send alerts autonomously, and based on a preset plan, corrective actions can be suggested or taken without human engagement (Polwaththa et al., 2024; Miller et al., 2025). These systems are more compatible with systems like mobile phones. Basically, users can remotely monitor their water and nutrient recipes, light recipes, and crop performance. For example, if the crop has nutrient imbalance, a phone app can alert the grower, or the app can recommend when the grower should harvest using an AI prediction tool. The technology can be used by small- and medium-scale farmers (Ramakrishnam Raju et al., 2022; Ramasamy et al., 2025).
3.1.2.5 Design Adaptability and Sustainability
Contemporary hydroponic systems are made with a focus on sustainability/circularity. Closed-loop systems recover and recycle the nutrient water, minimizing consumption greater than 90% in comparison to soil-based irrigation. Also, waste heat generated from LED systems is sometimes recycled to heat the root zones which helps increase nutrient uptake (Sharma et al., 2018). Modular design approaches also allow for scaling farms, permitting them to expand or relocate with only minimal reconfiguration. The materials used to design the closed-loop concepts, such as recycled plastics, alternatives to PVC and bio composites, exhibit a growing commitment to decreasing environmental impacts of system designs (Nguyen et al., 2016). Integrated solar panels and energy management systems support the carbon footprint as seen with the indoor farms and grows closer to the goal of net-zero farming in hydroponics.
3.1.3 Case Studies in Developing and Developed Countries
There exist hydroponic systems across the globe with significant variation toward scale, depth of design, and goals as a result of distinctions in a developed or developing country. In developed countries, advanced technologies are utilized to create commercially-scaled urban farming; in contrast, developing countries use low-capital, adaptable models to create food access, jobs, and climate resilience.
3.1.3.1 Developed Countries: Commercialization and High-Tech Integration
In the United States, the Netherlands, Singapore, and Japan, hydroponics has coalesced into a commercial industry on a massive randomized scale, included in urban building architecture, with highly sophisticated automation at the core.
[bookmark: _Hlk210654428]In the Netherlands, hydroponics is part of the country’s paradigm in maximizing agriculture with minimal land. Greenhouses in the Westland and Venlo use automated nutrient dosing, CO₂ enrichment in climates controlled with computer systems to produce vegetable and flowers during all the seasons with maximum and exceptional yields. The overall country exports hydroponic tomatoes, cucumbers, and peppers, on a global scale even within limited farmable land (Nina et al., 2024).
[bookmark: _Hlk210654551]In Singapore, in which the country imports over 90% of food, the government has promoted vertical hydroponics to leverage its “30 by 30” food-self-sufficiency goal. The private sector has followed suit to develop indoor farms, including vertical farming utilizing hydroponics and other systems. Companies like Sky Greens, utilize vertical rotating towers to grow leafy greens with water-wise systems, and minimal labor support from national research/funding programs (Diehl et al., 2020).
Japan, Spread Co. Ltd. was a world leader with the automation of hydroponics lettuce farming, providing 30,000 lettuce heads per day with robotic harvesting with climate sensors, and LED spectrum control. With the automated process, each spoke makes the labor costs and waste minimal, whereas yield quantity & quality remains consistent (Dennison et al., 2025).
In the United States, companies like AeroFarms and Plenty, integrate hydroponics vs. AI, machine vision, and close-loop systems. The urban warehouses provide urban supermarkets minimizing food miles and utilizing the value of space (Benke & Tomkins, 2017; Beacham et al., 2019).
3.1.3.2 Developing Countries: Low-Cost Innovation and Social Impact
Conversely, hydroponic agriculture in developing nations is more often associated with subsistence farming, urban food access, and youth entrepreneurship rather than for commercial-scale production. These systems are low-tech, constructed from locally-sourced materials, and focused on training, cost-effectiveness, and adaptability.
In India, low-cost hydroponic units, often constructed from locally-sourced recycled materials and PVC pipe, can be found in peri-urban areas producing spinach, amaranthus, and coriander. Non-profits and state agricultural departments are implementing these systems to support women’s self-help groups and youth groups with year-round production of vegetables (Nikolov et al., 2023). Some studies indicate a yield increase of 2-3 times, compared to the traditional, soil-based method, with 80-90% water savings (Rajaseger et al., 2023; Folorunso et al., 2023).
[bookmark: _Hlk210655253]In Bangladesh, floating hydroponic systems constructed using water hyacinth, plastic drums, and bamboo to create a floating farm, can be deployed in flood prone areas. Floating hydroponic systems address climate resilience and food supply in unpredictable riverine flood-affected communities (Chowdhury & Graham, 2017).
[bookmark: _Hlk210655555][bookmark: _Hlk210655756]Vertical sack gardens and tower hydroponics are being applied in informal settlements in Nairobi, Kenya. Community-based urban farms led by youth groups and supported by NGOs have had success with improving household nutrition, income generation, and training for agro-entrepreneurship (Dahiya et al., 2025). Likewise, similar models are being applied in South Africa, and female-led hydroponic cooperatives are providing food and income security (Mchunu et al., 2019).
[bookmark: _Hlk210655904]Other regionally sourced examples of hydroponics include, hydroponic fodder production in Ethiopia and Jordan, where water scarcity has fueled creativity in livestock feed systems, and container farms in Gazza and Lebanon with civil violence limiting traditional agriculture (Kushawaha et al., 2024).
These examples collectively demonstrate the flexibility and global appeal of hydroponics. If economically developed countries are focused on automation, scalability, and urban contexts, developing countries appear to be focusing on resilience, affordability, and food sovereignty. As a result, hydroponics could be a scalable solution for varying socioeconomic realities.
3.2 Cutting-edge Technologies in Hydroponics
In the last decade of hydroponics, we have seen advancements in technological sophistication, shifting from manually controlled systems to intelligent, self-regulating, and sustainable systems. Most advancements fall into one of several areas such as: artificial intelligence, Internet of Things (IoT), robotics, LED lighting, vertical integration, and recycling of resources that is changing our food production system, primarily in urban and challenged environment.
3.2.1 AI & Machine Learning: Automated Nutrient Optimization and Disease Prediction
AI and machine-learning (ML) in hydroponics can give growers the ability to automate some decisions that would have otherwise been made by humans. AI apps can automate proper nutrient mixing inoculating of plants, predicting plant productivity and recognizing anomalies all at the same time. For example, also automated unsupervised ML technologies trained on previous history of yield and nutrient data are now producing personalized dosing of nutrients coinciding with where growth is predicted by plant, based on historical data (Senthil et al., 2025). Image processing algorithms (computer vision and image processing) can predict and characterize plant diseases, and nutrient limitations, to provide plant producers with first-response mode alerts that may be able to limit pesticide application. These systems utilize convolutional neural networks (CNN) to rank and predict symptoms with subsequent prediction of yield based on any environment conditions (once known) (Miller et al., 2025).
3.2.2 IoT & Remote Sensing: Smart Sensors and Real-Time Data Logging   
With the use IoT Hydroponic systems, grower can create smart farms that sense temperature, pH, humidity, electrical conductivity (EC), and light intensity of plants with a network wireless system of sensors. Sensor data can be sent to thick-cloud based AI applications or smart mobile applications for real time monitoring of the each of sensor data and management of the system resulting in operational system and grower responsiveness and efficient adjustment of inputs (Rao et al., 2024). IoT also allows for systems to formulate automatic feedback loops so the environmental conditions are responsive to sensor readings without a human member. This is a very efficient way to reduce inputs, stabilize crops consistency in variability, and run systems (Rahman et al., 2024).
3.2.3 Robotics & Automation: Autonomous Planting and Harvesting
Robotics are used in hydroponics for automated seeding, transplant, harvesting system primarily for commercial purposes. As an example, a company in Japan, Spread Co. Ltd., employed on and off the shelf robotic systems used in harvesting logistics systems, harvesting lettuce, and nutrient monitoring to save labor cost and human error (Dennison et al., 2025). Robots have a variety of actions using varying degrees precision using spraying, pruning, and sorting. The commonly used approach in robotic systems is called sensor fusion and includes combining vision, lidar, and tactile to perform tasks with plants. In research farms and demonstration farms, autonomous mobile robots are being used for end-to-end crop monitoring (Droukas et al., 2023).
3.2.4 LED & Light Spectrum Technology: Tailored Lighting for Growth Acceleration
The application of light, especially LED spectrums, has revolutionized the generation of Closed-loop Hydroponic systems. The use of LEDs enables light spectrum (red; blue; far-red) to be carefully selected for each plant based on their action spectrum so they grow faster, contain more nutrients, and demonstrates better morphological characteristics (Rahman et al., 2021). Dynamic light utilizes automatic measurements so it can change and optimize light intensity and changes in wavelengths; possible use of energy while generating the biomass we want. Oftentimes LED lighting systems are wired or modified into an app to model distance dark to light growth parameters minimizing resource use-link (Fylladitakis, 2023).
3.2.5 Vertical Integration Systems: Space-Efficient Production in Urban Centers
Vertical hydroponic production has elevated urban agriculture, producing food in layers using minimized floor space. These production systems are essential in land-stressed cities such as Singapore and Tokyo. Local environmental controls with complete automation of lighting, ventilation, and nutrient delivery is the environment in which vertical farms expand (Al-Kodmany, 2018; Jain et al., 2025). Modern vertical farms use modular rack systems to save on space and increase production from hydroponics, aeroponics, and aquaponics. It is especially noteworthy that vertical farms promote hyper-local food production that reduces transportation emissions and enhance food security in densely populated metropolitan areas (Beacham et al., 2019).
3.2.6 Water and Nutrient Recycling Systems: Minimizing Waste and Enhancing Sustainability
Hydroponic systems, they use 90-95% less water than standard agriculture practices which is by design. The addition of closed-loop nutrient and water recycling systems has increased the sustainable worth. Nutrient film systems, and deep water culture systems are able to extract recycled leachate and evaporative water, filter it, and return into the system with the adjusted nutrient concentrations (Nguyen et al., 2016). Recycling units will incorporate biofiltration, UV disinfection, and sensor-based dosing to avoid pathogen spreading and maintaining optimum nutrients levels in the systems. This technology is vital for areas that are water limited, and for implementing climate resilience at urban and rural hydroponics (Rahman et al., 2021).
3.3 Integrating Hydroponics into Global Food Security Strategies

3.3.1 Role in United Nations SDGs
Hydroponic agriculture is emerging in the world as innovatively sustainable to advance several United Nations Sustainable Development Goals (SDGs) (Al-Kodmany, 2018). Most notably, hydroponics promotes goal 2 (Zero Hunger) where food is inspected and continuously produced in controlled crops in areas without fertile soil or arable land area. In these areas growing controlled crops provides sustainable and adaptability that, depending and where food is created during climate extremes, or disruptions in the supply chain. Additionally, hydroponics promotes SDG 6 (Clean Water and Sanitation) through lessened water use-eventual 90-95% less than traditional growing. It is sustainable because of circular irrigation systems that use multiple sources that may have water is evaporated or depleted. Furthermore, hydroponic systems are mostly deployed in enclosed space or Indoors which mitigate soil degradation, water pollution, and pesticide runoff-unlike SDG 13 Climate Action.
In addition to being ecologically, hydroponics helps economically viable. It contributes SDG 8 (Decent Work and Economic Growth) through economic and employment opportunities in high-tech agriculture, especially during rural or urban areas where youth and women are employed and entrepreneurships. Program examples come out of India, Kenya, and Tunisia where hydroponic education has been considered to foster local communities to start small family enterprises with local fabrication not equipment from small farms establishing economically viable systems (FAO, 2022). Importantly, hydroponic farms notions are designed into urban planning systems, as demonstrated in Singapore and urban cities of the Netherlands addresses SDG 11 (Sustainable Cities and Communities) where food production has been infused into the urban plan to decreasing dependence on distant food delivery for food transport (Al-Kodmany, 2018).
3.3.2 Urban Agriculture and Local Food Sovereignty
Hydroponics is emerging as a major player in urban agriculture, representing a new way for cities to think about food systems. Urban populations are becoming more urbanized with an estimated 68% by 2050 the level of urgency for resilient, local food production is no greater. Hydroponics allows rooftops, underutilized urban lots, shipping containers, and vertical spaces to grow food close to consumers. Hydroponic farms in urban areas on long island, New York; Singapore; and Bangkok currently provide supermarkets, restaurants, and households with fresh pesticide free produce grown, sold, and eaten in the city. (Diehl et al., 2020)
Hydroponics also relates to local food sovereignty by equipping communities with the tools to produce their own food, given the uncertainty of global market volatility industrial supply chains. For food deserts, where fresh food is inaccessible and too expensive, hydroponics empowers low resource families in South Africa and Kenya with hydroponic systems instituted school, community centers, and informal settlements to provide families in need with locally sourced food. (Dahiya et al., 2025; Mchunu et al., 2019) These systems are not just food access, but also a means for environmental education as well as youth development and civic engagement.
Hydroponics systems also play into urban sustainability science by integrating these systems into green infrastructure. For example, rooftop farms reduce heat loads on buildings, absorb storm water runoff, and are habitat for pollinators. In urban ecosystems, these systems can work in conjunction with solar energy systems, greywater recycling systems, and compost, adding a spatial and connected value to a circular urban ecosystem toward true resilience and ecological service in a densely populated city.
3.3.3 Hydroponics in Crisis Regions (e.g., Climate Hotspots, War Zones)

Hydroponics systems in crisis regions-like climate shock, armed conflict, or displacement-are increasing in the adoption of resilience-building. Very few of these systems rely on soils with soil remediating and lower water requirements allow for displaced persons’ camps, arid/ desert area, or recovery modes after a disaster. The UNHCR and FAO have the hydroponic project in refugee settlements, and in various beta-location in Jordan, Lebanon, and Yemen uses their low-tech forms in locations that included spinach, mint, and tomatoes grown out of just enough local materials, particularly in refugee areas (Kushawaha et al., 2024).
In Bangladesh, floating hydroponic systems called “baira” allow for food production when it is predominant for land covered with water in the flooded deltas. Floating hydroponics built on rafts from bamboo and water hyacinth provide a culturally relevant and cost-effective path for climate-adaptive agriculture, allowing farmers to grow vegetables on baira during the monsoon period (Chowdhury & Graham, 2017). Hydroponic was even used in Haiti and the Philippines as disaster kits to attempt to restore food systems for shelters or damaged schools-an effort in some locations even including solar-powered LED lights, nutrient packages, and trays that could be unfolded for rapid use of homemade hydroponic systems and variations of crops to for immediate access to food.
Beyond contributing to food production, hydroponics in humanitarian crisis areas also contributes to mental health and social cohesion. For individuals who are displaced, gardening in a food system provides a sense of purpose, structure, and agency. This dimension of impact shows that hydroponics is not only important for humanitarian programming, fitting nutrition, livelihood, and psychosocial programming for at least a subset of potential users into one modular system.
3.4 Economic Pathways Restructuring Farming Systems in the Next-Gen Hydroponics

Cutting-edge hydroponics, powered by artificial intelligence (AI), Internet of Things (IoT), and vertical farming technology, are redefining agricultural productivity in a dynamic landscape of global food insecurity. While the technology aspects of these systems are well established, we must take a closer look at the economic avenues being created, which are in essence transforming farming systems and promoting sustainable agroeconomic transformation (Souza et al., 2023).


3.4.1 Tech-driven agro-entrepreneurship and employment

Hydroponics presents significant job opportunities within agri-tech sectors, namely urban and peri-urban areas. Hydroponics facilities require personnel with automation, digital monitoring, and nutrient optimization expertise. Data-driven agriculture is creating new job types. This further shifts the labor aspect of farming from manual labor to tech-based, educated workers (FAO, 2022). Countries like Kenya, India and South Africa are utilizing these systems to support the betterment of youth via local hydroponic business start-ups, community farms, or vocational schools, (Mchunu et al., 2019).

3.4.2 Localized circular economies and urban food markets

Next-gen hydroponic systems convert food production from centralized monocultures to local distribution. This mitigates food miles, maintains the quality of freshness, and buffers the local circular economy. The urban hydroponic farm is cultivating produce for restaurants, supermarkets, and direct-to-household distribution; creating hyper-local economies and food loops (Diehl et al., 2020). Hydroponic systems also offer lower transportation costs thus providing food price stability, especially during disruptions in the supply chain (Benke & Tomkins, 2017), like we saw with the COVID-19 pandemic.

3.4.3 Capital and investment pathways

Hydroponics requires high start-up capital, but we are seeing increased investments from venture capital and government and public-private partnerships opening up opportunities for broader adoption. For instance, the “30 by 30” Initiative in Singapore has leveraged government support of funded vertical farms by offering tax breaks, R&D allowances, and an advantageous zoning regime (Diehl et al., 2020). Likewise, agri-tech business accelerators in the US and Europe are channeling money into smart farm technologies, including cloud-based hydroponic platforms and automated greenhouses (Beacham et al., 2019).

3.4.4 Inclusive economic models for marginalized communities

In order for adoption to be inclusive, economic models must provide affordable and accessible choices. Organizations promote low or no cost, modular hydroponic kits in low-income communities. These models foster micro-entrepreneurship among women and marginalized farmers, while simultaneously providing a year round secure food supply (Dahiya et al., 2025). Some programs in Bangladesh and Ethiopia exploit floating and solar powered hydroponics for flood producing and arid conditions to build-up resilience and livelihood opportunities that address climate shocks (Kushawaha et al., 2024).

3.4.5 Policy-induced market formation

Government policy is increasingly driving economic development contexts for hydroponics. In the Netherlands and Japan, hydroponics is included within national food security plans with public investments for technology uptake, market connections, and quality assurance initiatives (Nina et al., 2024). Policy environments supporting land leasing, electricity subsidies, and participating in agri-subsidy programs can drastically lessen the barrier to entry, leading to market-driven gains in hydroponic farming expansions.

3.4.6 Carbon markets and resource efficiency incentives
Hydroponic systems, with their water-efficient and input-efficient characteristics, are particularly suited to the new green financing frameworks. With the use of energy efficient lighting (solar, LEDs), solar energy, and closed-loop nutrient systems, hydroponics farms could qualify for carbon credits and environmental grants through financially viable systems and protocols. Financial instruments that reward resource-efficient agriculture can provide additional economic value for sustainable hydroponics (Nájera et al., 2022).
4. discussion
4.1 Comparative Analysis with Traditional Agriculture: Yield, Water Use, and Energy Efficiency
With respect to yield efficiencies and conserving resources, hydroponic systems are leaps and bounds over conventional soil-based agriculture with respect to key performance indicators. Providing nutrients in a system that delivers to the roots of a plant, in a controlled setting eliminates soil medium incompatibilities and inefficiencies, permitting the ability to grow year-round whereas adding yield efficiencies of 30-200%, based on the crop variety, and types of systems (Nguyen et al., 2016; Rahman et al., 2021). Crops like lettuce, basil, spinach, and strawberries notably perform along the opposite end of the spectrum in recirculating NFT and DWC systems.
Water usages in hydroponics systems absolutely far outpaces conventional soil-based, irrigation cropping systems. Conventional soil agriculture loses anywhere from 30-50% of the water applied to evaporation and percolation, typically between cropping cycles or field use, whereas hydroponics can lessen water usage by upwards of 90% when using a close-loop system that can recirculate water and nutrients, while minimally losing any runoff (Chowdhury & Graham, 2017). This is most pronounced as drier and even desert areas experience water shortages resultantly making soil crop agriculture a non-starter. While most of these comparative advantages are opportunistic for the arid/desert-dry area, energy must be considered for hydroponics as water use per kilogram of produce for a hydroponics system may be utilized at a disadvantage from the field-grown situation when hydroponics become mechanized, indoor farms, and vertical farming, which use mechanical air systems, lighting and pumps cycle if not 24/7 to support the plant system.i. Energy efficiency used per kilogram can be a higher input than using soil grown if, and when, not tapping into renewable energy. Approaches like spectrally optimized LED lights and solar persistence are offering to lessen that energy impact to some extent (Rahman et al., 2021 & Fylladitakis, 2023), but energy efficiency vs productivity is not an easy optimization.
4.2 Challenges: Scalability, Cost, Power Reliance, and Skill Requirements
Despite its potential, hydroponics is challenged by structural and operational issues that prevent adoption at scale, especially in low-income, rural contexts. The major constraints come from the need for up-front capital to build the hydroponic farm which includes pumps, grow lights, nutrient dosing systems, and sensors. Hydroponics requires significantly higher initial capital investment compared to soil farming for basic farmer tools (Souza et al., 2023). Hydroponic systems will not work for smallholders unless they get subsidies or support from institutions (Al-Kodmany, 2018). Another limitation is scalability. Hydroponics is easily scalable at the small or micro-farm level but commercial operation will depend on consistent electricity, accessing quality inputs to grow the plants and technical assistance. Hydroponics depend on infrastructure, therefore become less appealing in areas with unreliable power grids, and underdeveloped supply chains for hydroponic nutrients and hardware (Miller et al., 2025).
Further hydroponic farming requires specific skills that are different from conventional farming. Operators must understand balance of the pH, electrical conductivity, water chemistry, and sensor calibration. These are all new domains that are not part of rural agricultural education. This has created a “tech barrier” that needs to be addressed via training programs, local demonstration farms, and extension services for each local context (Dahiya et al., 2025).
4.3 Socioeconomic Implications: Employment, Equity, and Access
The socioeconomic impacts of hydroponics are complex. Hydroponics in urban areas has allowed the creation of new forms of green employment, i.e. tech-led agri-food economy. Urban youth are starting to engage in hydroponic startups, rooftops farms, and controlled-environment food hubs creating jobs in non-agricultural locations (Mchunu et al., 2019). In Nairobi, hydroponic training (company specific) has allowed unemployed youth to develop profitable micro-farms growing herbs and salad greens for restaurants and hotels (Dahiya et al., 2025).
However, the concentration of hydroponics in urban, wealthier areas raises concerns about increasing the rural-urban divide. If outreach is not intentional, rural communities, especially those without an internet connection or digital literacy, would be left out of the hydroponics transition. Women and older farmers could face cultural and technical challenges for access unless they are designed into a project (FAO, 2022). Access to affordable hydroponic kit and modular systems previously mentioned are crucial to democratize this technology. The rise of open-source hydroponics units, off solar units, and regional supply chains have begun to solve this problem. Ultimately, an external point–public-private partnerships to redirect cost, subsidize participation, and provide technical support for underrepresented populations, are needed for wider adoption (Souza et al., 2019).
4.4 Policy Gaps and Institutional Support Needed
A key gap in the global policy landscape is the absence of formal regulatory systems and institutional support for hydroponics, particularly in low and middle-income countries. While advanced countries such as Singapore and the Netherlands have included hydroponics as part of their food security and sustainable urban development national strategies, many developing countries have little clarity of policies regarding the fundamental elements of hydroponic growing, such as land access, water rights, nutrient discharge, availability of agri-tech funding sources (Diehl et al., 2020). Without formal support systems in place, hydroponics is only a fragmented additive to growing food, lacks scalability, and is disconnected from national strategic agricultural plans. There is a real opportunity for hydroponics to become a climate-smart, resource-efficient agricultural practice, but it needs to be integrated into the national agri-food systems national policies, food security initiatives and climate resilience policies by governments and development agencies. Some key policy interventions might include financial resources such as tax-breaks, low-interest loans or grants, which lower the barriers of entry for new growers. Also supporting infrastructure requires formalized systems for zoning, utility permits, and integration with renewable energy systems especially in an urban environment.
Likewise, governments can target research grants to the development of region-specific hydroponic technology including nutrient formulations for specific crops and climate -related to local communities. Education and outreach are also essential and can include both school programs, university research programs and field school programs for farmers which build technical capacity and create awareness of the potential to reach a wide range of at-risk populations. Institutional support should also focus on providing market access for hydroponic producers establishing value chains to local supermarkets, restaurants, hotels and, eventually, export markets (Quagrainie et al., 2017). Finally, consider certification and quality assurance systems for hydroponic production that provide standardized hydroponic products for safety, nutrient density and environmental health. The aim is to ensure that the national policies protect consumers while developing credibility and acceptance of hydroponically-grown edibles.
With identified policies and institutional support, countries are in a position to create an enabling environment for hydroponic or maybe, better stated, to embrace hydroponics as a pervasive, inclusive and, environmentally-sustainable agricultural practice, rather than a small-scale innovation.
4.5 Critical Success Factors for Adoption
If anything is to be achieved with hydroponics in considering scaling up, there are several factors that intersect with one another. Among those, affordability and modularity are primary considerations—hydroponic systems need to be designed to scale from backyard systems to commercial farms, all with an entry point for users within the income spectrum. We can promote impact in marginalized areas by offering low-cost kits, open-source hardware, and locally sourced materials (Kushawaha et al., 2024).
Energy integration is also a critical success factor. Using the energy of the sun for hydroponics is becoming more actionable with solar panels decreasing cost. Off-grid or energy-limited areas could create reliable and autonomous farming systems. Likewise, using mobile based monitoring, artificial intelligence -based automation, it reduces operational burden and thus fosters accessibility when applying highly efficient farming. In a similar sense, community engagement is equally a critical success factor. Hydroponic systems that are co-designed with stakeholders are more likely to be culturally relevant, to be maintained, and broadly accepted. Multi sector collaboration in education, housing, energy, and agriculture is another critical success factor for embedding hydroponics into the sustainable development ecosystem. In the end hydroponics can contribute as a synergy, rather than replacement to agriculture, it can build resilience and sustainability of food production in increasing development that is affected by climate, urbanization, and densities of populations (Muller et al., 2017).
4.6 Economic shift
The pathways to the economy being developed in the next generation hydroponics signify a possible paradigmatic shift in agricultural development - where innovation empowers systems change, as opposed to yields, feature species and technology. While hydroponics serves as a technology-based jobs vehicle, scaling local food economies, and diversifying sources of investment, hydroponics is repositioning agroeconomic systems. The importance of these innovations comes to surface in urban and climate vulnerable regions where modular and decentralized systems could serve to gap-filled food security and livelihoods. Finally, under a favorable policy framework, inclusion, and environmental financing and incentives, it appears that hydroponics is not only becoming a technology alternative but also a tactical economic leverage for effective equitable and sustainable farming futures (Yashdeep, 2025).
5. Conclusion
There is a growing acceptance of hydroponics as an option to conventional agriculture which is presentable and economical food production strategy fitted to a multitude of environments from highly urbanized environments and drought and crisis zones. Hydroponics farming can utilize varying technologies from artificial intelligence, internet of things, automation and lighting systems allowing plants to be grown throughout the year lower water usage, little land use, and predictable crop yields. Despite these benefits, the barriers to widespread hydroponic use include high upfront costs, dependence on energy, skilled technical resources, and poor policies. Improved impacts can occur with a centralized approach of policies related to inclusion, service, and development; educational training; infrastructure; and support for small scale and marginalized growers. In a global push for climate-resilient and localized food systems, hydroponics can also be a major contributor to food security and agricultural resiliency, as well as developing inclusive economic pathways that redefine antiquated farming systems, create opportunities for tech-based employment, and stimulate urban agri-enterprises in the near future.
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