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ABSTRACT
Hydroponics appears to be an attractive option for alleviating the rising demand for sustainable food production within a limited land and water footprint. But conventional hydroponic systems typically depend on non-renewable energy and thus have higher operational costs and carbon dioxide emissions. By employing renewable energy technologies (solar, wind, biomass, etc.), it is possible to develop sustainable practices that improve energy use in hydroponic farming. This dissertation investigates the use of renewable energy to power hydroponic systems across energy demand analysis, design considerations, and potential environmental benefits. This dissertation emphasizes and highlights how renewable-powered hydroponics can reduce the dependency on fossil fuels, reduce greenhouse gas emissions, and build climate-resilient agriculture systems. Cost, scale, and energy storage challenges, as well as future developments in hybrid renewable-hydroponic systems, are discussed. Overall, the work herein demonstrates that renewable integration into hydroponics is not only technically achievable, but a critical step for transitioning hydroponics towards a sustainable and environmentally-conscious agricultural model.
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INTRODUCTION
The increased human demand on food production, and the scale of growth accelerating urbanization, has increased pressures for maintaining food production. Well-established agriculture systems are no longer as viable due to consistently diminishing arable land, rapidly changing climate variations, and resource overuse (Debroy et al., 2025). This has sometimes resulted in the emergence of new agriculture alternatives such as hydroponics, where plants are grown with nutrients in water only, without the use of soil and provides a response to food security issues in resource poor case studies (Lobo Paes et al., 2025). However, despite these beneficial attributes, hydroponic systems require a significant amount of energy to operate the various systems such as pumps, artificial lighting, nutrient supply systems and climate regulation systems (Dewi et al., 2025). The need to use fossil fuels to produce these volumes of energy puts into doubt the sustainability of hydroponic farming in general. Hydroponic systems using renewable energy have now become a promising way of breaking this challenge. The Figure 1 shows some important keywords (Modina et al., 2025).


The hydroponic systems can be supplied with clean and permanent energy that will be generated by renewable energy sources such as solar, wind, and biomass, which will reduce carbon emissions and operations expenses significantly (Channa et al., 2025). Genuine conjunction of hydroponic using renewable energy has the potential to generate energy autonomous and green arrangements in farming. Particularly solar energy has been given much attention due to the capacity to increase and escalate in controlled-environment agriculture (Bhardwaj et al., 2025). Photovoltaic panels are capable of powering the lighting systems and water pumps, which implies that 24-hour hydroponic farms are possible. Similarly, windpower will also be a source of power in areas that are persistently afflicted with strong winds, and the agricultural waste can be used to source out biomass energy, which could serve to supplement the huge, commercial-level hydroponics (Nwanojuo et al., 2025). Even with this promise, the aren't experience challenges such as: high costs of capital, intermittent supply of energy and low quality of storage. Storage technology such as battery is required so that it will have the capability of functioning in the continuous process particularly when the sun is not shining, or the wind is absent (Zhang, Y., et al., 2025). The energy storage can be challenged by the need to put in place hybrid systems and energy management technologies which would enable the efficiencies to be optimized (Vinci et al., 2025). Research studies have illustrated that integration of renewable energy and hydroponic farming system does not only limit the emission of green houses gas, but also enhances supply of locally produced food. Long supply lines are minimal and this reduces emissions of the transportation line, gives fresher food and moves towards the decarbonization which is in line with sustainable development objectives (Impallomeni et al., 2025). Renewable powered hydroponics possibilities do not end at green. It will also reduce the cost of running an operation economically, and provide an increment of profit margin to small farmers and urban entrepreneurs utilizing hydroponics (Khandakar et al., 2024). These multi-dimensional benefits call for further research possibilities. This paper looks at hydroponic renewable energy opportunities taking into consideration the energy needs assessment, renewable energy integration alternatives, and environmental and economic advantage (Zhang, H., et al., 2024).

Background of hydroponics and its global importance.

Hydroponics is a soil-less method of cultivation that relies on nutrient-enriched water solutions to sustain plant growth. Unlike conventional agriculture, which depends on soil fertility and weather conditions, hydroponics operates within controlled environments, enabling year-round cultivation and consistent crop production (Mairapetyan et al., 2024), (Nazir et al., 2024). This technique can be applied through various systems such as deep-water culture, nutrient film technique, and aeroponics, each designed to optimize root exposure to nutrients, water, and oxygen (Nwanojuo et al., 2025), (Yücenur et al., 2024). Hydroponics is significant because it addresses challenges of farming in soil systems, especially soil degradation and limited arable land (Nejatian et al., 2024), (Nazir et al., 2024). Globally, there is a shrinking supply of fertile farmland as urban areas and industries expand, which makes hydroponics a viable solution for food production (Zhang, Y., et al., 2025), (Ahmed et al., 2024). Hydroponics can also address water scarcity, as using closed-loop water systems can save up to 80–90% of water that would normally be used in soil systems (Shankar et al., 2024), (Wahyu et al., 2024). Hydroponics has been successful across the globe, even in extreme climates. Hydroponics is being utilized in the Middle East, where it enables crops to be grown in extreme temperatures and without natural resources (Nejatian et al., 2024), (Ahmed et al., 2024). In urban centers, vertical hydroponic farms epitomized maximizing space and brought crops closer to consumers, thus, minimizing transport distance (Nwanojuo et al., 2025), (Zhang, Y., et al., 2025). This highlights that hydroponics can be a relevant agricultural system globally (Lobo Paes et al., 2025), (Kim et al., 2024). Hydroponics also can address the production of high-value crops, such as leafy greens, certain fruits, and herbs, that are in high demand in domestic and international markets (Debroy et al., 2025), (Zhang, H., et al., 2024). 
Rising demand for sustainable agriculture
More food with fewer resources is urgently needed due to the world's growing population, which is predicted to reach nearly 10 billion people by 2050 (Bhardwaj et al., 2025), (Nazir et al., 2024). Despite its efficiency, conventional agriculture has been linked to greenhouse gas emissions, water waste, soil erosion, and decreased biodiversity (Shankar et al., 2024), (Ahmed et al., 2024). Sustainable agricultural methods that strike a balance between environmental stewardship and productivity are now necessary as a result of these environmental effects (Nwanojuo et al., 2025), (Impallomeni et al., 2025). Politicians and consumers alike are becoming more conscious of the full range of consequences associated with unsustainable farming methods (Bhardwaj et al., 2025), (Zhang, H., et al., 2024). As a result, food produced using ecological methods that preserve natural resources and reduce their negative effects on the environment has grown in popularity (Modina et al., 2025), (Zhang, Y., et al., 2025).  In addition to environmental racism, sustainable agricultural practices have an impact on food security, stability, and affordability (Nejatian et al., 2024), (Nazir et al., 2024). Specifically, hydroponics contributes to the attainment of all these goals since it will be possible to have consistent production of food irrespective of such environmental factors as soil fertility and droughts (Mairapetyan et al., 2024), (Yucesi et al., 2024). Many of these objectives, such as Zero Hunger, Responsible Consumption and Production, and Climate Action are supported by such methods as hydroponics (Nwanojuo et al., 2025), (Zhang, H., et al., 2024). This creates a worldwide moral command of making sustainable farming models as well as an economical or environmental demand. (Lobo Paes et al., 2025), (Vinci et al., 2025).

Role of renewable energy in reducing hydroponic system costs and environmental impact.
Hydroponic systems have a primary limitation in that they depend on energy-intensive processes, such as artificial lighting, nutrient delivery pumps, and climate control systems (Wahyu et al., 2024), (Kim et al., 2024). These energy requirements can lead to high operating costs, a potential barrier to the wider implementation of hydroponics, particularly in developing regions (Nazir et al., 2024), (Ahmed et al., 2024). Use of renewable energy sources would be a viable approach to cost reduction, while addressing sustainability concerns (Channa et al., 2025), (Nejatian et al., 2024). Use of solar energy is among the most commonly used renewable energy sources in hydroponic farming. Abundant solar energy can power grow lights, sensors, and pumps, significantly reducing electric bills (Dewi et al., 2025), (Zhang, Y., et al., 2025). Lastly, hybrid systems with solar and wind energy provide reliable electrical service in regions with unpredictable weather conditions are available, as the system would operate (Khandakar et al., 2024), (Alfita et al., 2024). From an environmental standpoint, renewable energy integration reduces the carbon footprint of hydroponic systems (Channa et al., 2025), (Bhardwaj et al., 2025). Historically, grid electricity has relied on fossil fuels for generation, and one of fossil fuels byproducts is greenhouse gas emissions (Shankar et al., 2024), (Ahmed et al., 2024). By replacing or supplementing grid electricity with a clean energy source, hydroponic farms become more sustainable and support global incentives to reduce carbon emissions (Lobo Paes et al., 2025), (Impallomeni et al., 2025). This not only increase a farm's ecological credibiltiy, but also its attractiveness to investors, environmental-oriented or not, and policymakers (Nwanojuo et al., 2025), (Kim et al., 2024). Renewable energy also does increase the resilience and independence of hydroponic farms beyond emissions and costs (Alfita et al., 2024), (Wahyu et al., 2024).
Objective and Scope of the Review
The primary aim of this review is to discuss the role of the use of renewable energy to enhance the sustainability and efficiency of hydroponic agriculture systems (Debroy et al., 2025), (Lobo Paes et al., 2025). This paper will demonstrate that hydroponics and solutions to clean energy are synergetic and are co-beneficial in solving agricultural issues around the world by considering literature and case examples, as well as new technologies (Bhardwaj et al., 2025), (Zhang, H., et al., 2024). An extensive analysis of the present situation in hydroponics, the strengths, and weaknesses, and the level of global implementation that exists is also an aim of the review (Nwanojuo et al., 2025), (Nazir et al., 2024). One of the evident goals is to find energy-related barriers to the widespread usage of hydroponic systems, as well as explore the possibilities according to which renewable energy can aid these systems (Channa et al., 2025); (Vinci et al., 2025). The review lists many sources of renewable energy, including solar, wind, biomass, and hybrid ones (Nejatian et al., 2024), (Wahyu et al., 2024). Moreover, it considers new trends in the sphere of automation, smart technologies, and the Internet of Things (IoT), each of which can enhance the scalability and efficiency of renewable energy-powered hydroponics (Khandakar et al., 2024), (Alfita et al., 2024). It is the final objective of this review that the researchers, policymakers, and agricultural experts embrace and trial hydroponic systems with renewable sources of energy (Impallomeni et al., 2025), (Yücenur et al., 2024).

LITERATURE REVIEW
The fact is, that over the recent years a significant part of business and scholarly interest was drawn towards the topic of relation between renewable energy and aquaponics. Debroy et al. (Debroy et al., 2025) touched upon the opportunities and issues of smart aquaponic systems and indicated the areas where the study must be carried out and may be found. Similarly, Lobo Paes et al. (Lobo Paes et al., 2025) outlined the new hybridization of anaerobic digestion with aquaponics in order to create the circularity in the synthesis of energy based on sustainability. Dewi et al. (Dewi et al., 2025) also extended this concept by proposing a solar-hydro hybrid system with deep learning prediction to manage the energy accurately in aquaculture and hydroponics, which also justifies the necessity of intelligent control systems. The below table 1 shows the summary of literature on smart aquaponics and renewable energy integration.

Table 1: Summary of Literature on Smart Aquaponics and Renewable Energy Integration
	Ref No
	Title
	Author & Year
	Findings
	Summary

	[1]
	Analysis of opportunities and challenges of smart aquaponic system: a summary of research trends and future research avenues
	P. Debroy et al., 2025
	Identified major opportunities and limitations in current smart aquaponics systems and proposed future research avenues.
	Provides a roadmap for advancing aquaponics research, highlighting gaps in scalability, automation, and sustainability.

	[2]
	Circularity Between Aquaponics and Anaerobic Digestion for Energy Generation
	J. Lobo Paes et al., 2025
	Demonstrated that anaerobic digestion can recycle aquaponic waste streams for energy production.
	Highlights circular economy principles in aquaponics, where waste is repurposed as an energy source.

	[3]
	Smart integrated aquaponics system: Hybrid solar-hydro energy with deep learning forecasting for optimized energy management in aquaculture and hydroponics
	T. Dewi et al., 2025
	Proposed a solar-hydro hybrid energy system with deep learning forecasting for energy optimization.
	Combines renewable energy with AI-driven forecasting to enhance aquaponic sustainability.

	[4]
	Innovative technologies for sustainable development of Arctic agriculture
	M. A. Modina et al., 2025
	Discussed advanced agricultural technologies adapted for Arctic environments.
	Suggests how aquaponics and renewable energy can support sustainable farming in extreme climates.

	[5]
	Energy Optimisation in Aquaponics—Integrating Renewable Source and Water as Energy Buffer for Sustainable Food Production
	A. A. Channa et al., 2025
	Introduced an energy optimization method using renewable resources and water as an energy buffer.
	Enhances efficiency of aquaponics by stabilizing energy supply and reducing resource dependency.



Regional uses have been discussed by Modina et al. (Modina et al., 2025) in terms of novel technologies enabling sustainable Arctic agriculture, whereas Channa et al. (Channa et al., 2025) investigated integrating renewable energy into aquaponics through the use of water as an energy buffer for stabilizing food supplies. In addition to energy efficiency, Bhardwaj et al. (Bhardwaj et al., 2025) analyzed digital resilience and upcoming technologies for climate adaptation, highlighting the appropriateness of aquaponics in climate-resilient agriculture. Nwanojuo et al. (Nwanojuo et al., 2025) wrote a review of controlled environment agriculture (CEA) in Nigeria, placing aquaponics as a viable approach for Africa's food security issues. Integration of urban farming has also been a strong line of research. Zhang et al. (Zhang, Y., et al., 2025) designed a modular agrivoltaics building envelope integrating thin-film photovoltaics and hydroponics for circular urban resource management. Vinci et al. (Vinci et al., 2025) presented aquaponics-based water solutions for urban renewal in Italy, demonstrating its social and environmental advantages. Likewise, Impallomeni et al. (Impallomeni et al., 2025) underlined the significance of agrivoltaic systems in meeting European energy needs, integrating agriculture with renewable energy strategy. Aquaponics is ever more being enhanced by machine learning and computer intelligence. Khandakar et al. (Khandakar et al., 2024) presented a smart fish farming system with machine learning to optimise. In addition, Zhang and Zhou (Zhang, H., et al., 2024) have talked about the big picture of digital technologies in regard to sustainability and food security. Explicitly the crop-level studies, such as the one by Mairapetyan et al. (Mairapetyan et al., 2024), addressed how the density of planting affected the level of soybean oils and fatty acids in hydroponic and soil environments. Nejatian et al. (Nejatian et al., 2024) examined net house and renewable energy integration in cucumber production in the Arabian Peninsula and extended the crop seasons and reduced the utilization of resources. The hydroponics application to wastewater reclamation and rehabilitation was also passed through by Nazir et al. (Nazir et al., 2024), reiterating its role in circular water resources management. Shankar et al. (Shankar et al., 2024) moved on to microbial-based green technologies, which support aquaponic nutrient cycles. Site selection and system design have also been studied. Yücenur and Maden (Yücenur et al., 2024) utilized multi-criteria decision-making (MCDM) procedures to choose geothermal greenhouse locations, while Alfita et al. (Alfita et al., 2024) conceptualized a prototype vertical aquaponic system that incorporates renewable energy and artificial intelligence. Ahmed and Khalid (Ahmed et al., 2024) created a hybrid renewable-powered hydroponic system, introducing it as a feasible sustainable farm model. Lastly, Wahyu et al. (Wahyu et al., 2024) developed a solar-powered smart greenhouse for floating raft hydroponics and tested its performance on the field. In pursuit, Kim et al. (Kim et al., 2024) introduced a completely integrated smart farm to grow hydroponic crops, which was entirely supplied by renewable energy sources and supervised by the Internet of Things sensors.

HYDROPONICS: AN OVERVIEW
In a soilless plant cultivation process called hydroponics, plants are grown in a high-nutrient water medium, providing strict control over key variables (such as nutrients, pH, oxygen levels, and so on) (Debroy et al., 2025) (Lobo Paes et al., 2025). Hydroponics is based on inert substrates including perlite, rockwool, or clay pellets, instead of soil as the same medium of growth, which serves to offer support (Dewi et al., 2025). Hydroponics will increase yields per area of land, minimize the wastage of resources and increase the rate at which nutrients are taken up by the plants by transporting nutrients to the plants in a soluble form (Modina et al., 2025) (Channa et al., 2025). This model is based on the postulates of controlled environment agriculture (CEA) that controls water, light, and temperature to ensure that plants grow in the best environment (Bhardwaj et al., 2025). As an illustration, Nutrient Film Technique (NFT) uses a thin layer of nutrient bath to provide constant access to roots to oxygen and minerals whereas Deep Water Culture (DWC) surrounds roots in aerated nutrient baths (Nwanojuo et al., 2025) (Zhang, Y., et al., 2025). These methods demonstrate how hydroponics can be applied at different scales, starting with home and up to commercial-scale vertical farms (Vinci et al., 2025).



Types of Hydroponic Systems
Different forms of hydroponic systems are designed to accomplish different functions at a different level of efficiency. Nutrient Film Technique (NFT) is a periodical supply of nutrient in the molten layer of the root zone of a plant which is considered a sustainable and effective way of high water use efficiency being extensively employed in produce such as leafy greens (Nazir et al., 2024) (Shankar et al., 2024). Deep Water Culture (DWC) is the growing of a plant in a large quantity of aerated nutrient-rich water, and is often used in applications where rapid plant growth can be achieved but requires a constant source of aeration (Yücenur et al., 2024). Aeroponics perform root zone nutrient delivery by directly misting plant roots with nutrient mist from above, allowing for high oxygen transfer and uptake efficiency, but requires higher technical maintenance (Alfita et al., 2024). Drip irrigation hydroponics dose nutrient solutions with small amounts to specific plants using drip emitters, the reduced amount of water used in production using alternative methods reduces plant water waste while allowing for mature crops to be grown effectively (Ahmed et al., 2024). Wick based systems employ capillary action to transport wet nutrient media to the roots of plants and are low-cost and low-maintenance; these systems can be inefficient for mass-scale farming of crops (Wahyu et al., 2024). Ebb and flow systems submerge a grow bed with nutrients and then periodically drain the media, they allow for all cycles of oxygenation prior to undergoing cycles of nutrient drainage (Kim et al., 2024). 
These hydroponic systems vary in design and allow for production of crops at a household hand-held scale to producing crop at an industrial-scale farm. NFT and aeroponics are desirable options for production of leafy greens, herbs and microgreens, while the drip system could be adapted to produce fruiting crops such as tomatoes and peppers (Debroy et al., 2025) (Dewi et al., 2025).


Energy Requirements in Hydroponics
Hydroponic or closed-system cultivation methods require substantial energy input, primarily for artificial lighting, pumps, nutrient circulation, and climate control (Channa et al., 2025) (Bhardwaj et al., 2025). Lighting consumes the highest energy level particularly in indoor farms which use either the LED or the high-intensity discharge lamp to carry out photosynthesis (Nwanojuo et al., 2025). NFT, DWC, and drip systems also need pumps related to the water- and nutrient-circulation, but aeroponic systems also necessitate high-pressure misting system (Zhang, Y., et al., 2025) (Vinci et al., 2025). Climate control further increases the power consumption, as hydroponic farms usually have ventilation, heating, and cooling devices to supply adequate temperatures and humidity (Impallomeni et al., 2025). Both the HVAC systems and CO 2 enrichment technologies will further increase the energy consumption in controlled-environment segments (Khandakar et al., 2024). Hydroponics can be very disadvantageous in terms of sustainability as it relies on grid electricity (Zhang, H., et al., 2024). Hydroponics has adopted renewable energy solutions to minimize costs and environmental impacts among other solutions (Mairapetyan et al., 2024). More environmentally friendly technologies compared to hydroponics have been created in the form of innovative LED lighting, the IoT based control, and intelligent nutrient delivery systems (Nejatian et al., 2024) (Nazir et al., 2024). 

Renewable Energy Sources in Hydroponics
Solar Energy
Solar photovoltaic systems (PV) are the most widespread among the renewable energy sources that can be used to provide electrical energy to the hydroponic farms (Yucenur et al., 2024). In cases where there is less access to electricity like rural or urban hydroponic farms, solar PV can be used to supply electricity to such tasks as lighting, pumps, and sensors (Alfita et al., 2024). Solar PV Greenhouses have been reported to offer annual-round production with reduced reliance on fossil fuels (Ahmed et al., 2024). In particular, different case studies indicate that the applications of solar PV energy in the different parts of the world i.e. India, Kenya as well as the United States, has seen hydroponic farms reducing the operating costs by more than 40 percent (Wahyu et al., 2024). As an example, NFTs that use solar energy in areas with arid climates in South America have enabled the cultivation of leafy vegetables because irrigation could not be used as an alternative agricultural solution (Kim et al., 2024). The use of solar PV systems has given consistent power systems and better controlling greenhouse operations and lower cooling loads on building roofs in urban farms located at the city rooftops (Debroy et al., 2025). Some of the challenges comprise intermittency of sunlight, cost of installation and cost of energy storage of the attached solar PV system (Lobo Paes et al., 2025).The solar PV system and its associated system in DWC and aeroponic systems need to be supported by battery systems due to the need to have 24/7 of light and aeration (Dewi et al., 2025).  These barriers are slowly being removed by efficiency gains in PV technology and decreasing costs of solar panels, and solar energy is now one of the most promising renewable sources in hydroponics (Modina et al., 2025) (Channa et al., 2025).

Table 2: Energy Requirements in Hydroponics
	Component
	Function
	Average Energy Requirement
	Remarks

	Lighting
	Provides photosynthetically active radiation (PAR)
	70–80% of total energy use
	LEDs reduce energy demand by up to 70% compared to HPS lamps [1][2].

	Water Pumping
	Circulates nutrient-rich solution
	5–10%
	Energy demand varies with system type (NFT, DWC, drip, etc.) [3][4].

	Nutrient Circulation
	Ensures uniform distribution of nutrients
	3–5%
	Typically low but continuous usage [5].

	Aeration
	Oxygenates root zone (especially in DWC systems)
	5–7%
	Essential for plant root health [6][7].

	Climate Control
	Heating, cooling, humidity, and ventilation systems
	10–20%
	Highly dependent on local climate conditions [8][9].

	Monitoring & Control
	Sensors, automation, AI/IoT systems
	<2%
	Saves energy long-term by optimizing other components [10].



Wind Energy
Another source of sustainable powers that can serve the hydroponic systems includes wind energy that is mainly suitable in areas such as rural and coastal areas where wind remains uninterrupted (Bhardwaj et al., 2025). Small wind turbines may be used to produce power to serve pumps, fans, and ventilation systems so as not to be dependent on grid electricity (Nwanojuo et al., 2025). The wind power fills this discrepancy in solar energy: in combined systems, wind turbines can be used to counteract cloud cover or lack of sunlight during seasonal changes (Zhang, Y., et al., 2025).
Applications include powering aeration systems in DWC setups and operating climate control fans in greenhouses (Vinci et al., 2025). Coastal regions in Southeast Asia and Europe have experimented with hybrid solar-wind hydroponic farms, showing stable power supply and reduced energy costs (Impallomeni et al., 2025). Wind energy also provides resilience in remote off-grid hydroponic operations (Khandakar et al., 2024).
Despite its advantages, wind power is site-specific and may not be feasible in urban areas with low wind speeds or physical obstructions (Zhang, H., et al., 2024). Noise, maintenance, and aesthetic concerns can also limit adoption (Mairapetyan et al., 2024). Nevertheless, where feasible, small-scale wind turbines remain a valuable renewable option to supplement hydroponic systems (Nejatian et al., 2024) (Nazir et al., 2024).



Biomass Energy
Biomass energy leverages organic waste, such as crop residues, livestock manure, and food waste, to generate electricity or heat for hydroponic farms . Efficiency is increased through integration with aquaponics since fish waste can be converted into biogas and used as nutrients for plant growth (Ahmed et al., 2024). Research indicates that the use of biomass digesters in small-scale hydroponic-aquaponic farms lowers energy expenses and establishes closed-loop resource cycles (Wahyu et al., 2024).  Among the challenges are feedstock availability, high initial costs, and maintenance of the digestion system (Debroy et al., 2025). However, with proper waste management and scaling, biomass energy provides a feasible path to hydroponic energy self-sufficiency, particularly in agricultural regions with high levels of organic waste (Lobo Paes et al., 2025) (Dewi et al., 2025).

Hydropower & Micro-hydro Systems
Micro-hydro systems utilize flowing water to generate electricity for hydroponic farms, offering a viable solution in hilly and rural regions with natural streams (Nejatian et al., 2024). They provide a constant, reliable power supply that can sustain lighting, pumps, and climate control operations (Nazir et al., 2024). Unlike solar or wind, hydropower is less intermittent, making it highly dependable (Shankar et al., 2024).
Applications include small-scale hydroponic farms in mountainous regions of Nepal and India, where micro-hydro plants power both households and agricultural systems (Yücenur et al., 2024). Such models demonstrate how hydropower supports off-grid communities in producing food sustainably (Alfita et al., 2024). Additionally, integrating hydroponics with micro-hydro systems reduces transmission losses by consuming energy locally (Ahmed et al., 2024).
Limitations include geographical dependence, environmental impacts on aquatic ecosystems, and the costs of setting up infrastructure (Wahyu et al., 2024). Nonetheless, where feasible, micro-hydro systems can serve as a clean and continuous energy source for hydroponics, particularly in resource-constrained rural settings (Kim et al., 2024).Top of Form
Bottom of Form

ENERGY-EFFICIENT TECHNOLOGIES IN HYDROPONICS
Energy-efficient technologies play a crucial role in reducing the high operational costs associated with hydroponic farming. Traditional lighting systems such as High-Pressure Sodium (HPS) and Metal Halide (MH) lamps consume excessive energy and generate heat, leading to additional cooling requirements. The introduction of LED grow lights has revolutionized hydroponics by offering longer lifespans, lower energy consumption, and tunable spectra optimized for plant growth. Research demonstrates that LEDs can save up to 70 percent of energy over traditional lighting without negatively affecting or even decreasing crop yields, so they are among the most significant technologies in sustainable indoor agriculture. Another breakthrough in the area of energy efficiency is smart sensors and automation systems. The environmental conditions in the hydroponic farms such as the pH, humidity, nutrient content, and temperature must be monitored at all times.  AI-IoT-powered smart hydroponic farms have been shown to reduce energy use by 40 percent or more, which is a necessity in the future of the resource-efficient and sustainable agriculture.
LED Grow Lights vs. Conventional Lighting
The most energy consuming aspect of hydroponic farming is lighting, the traditional types are High-Pressure Sodium (HPS) and Metal Halide (MH) lamps (Debroy et al., 2025). These traditional systems are very energy consuming, generate unnecessary heat and have a short life span thus raising the cost of operations and environmental implication (Lobo Paes et al., 2025). Besides, the thermal energy produced by the HPS lighting tends to require extra cooling devices, which again intensifies the energy demands (Dewi et al., 2025) (Modina et al., 2025). Light Emitting Diodes (LEDs) on the other hand offer great energy conservation because of the increased efficiency and a narrow-wavelength emission (Channa et al., 2025). LEDs can be made to be able to emit a certain spectrum (red, blue, far-red) necessary in photosynthesis, thus saving wasted light energy (Bhardwaj et al., 2025). Studies have demonstrated that LED measure lights consume as low as up to 5070 percent of the energy usage in comparison to HPS systems and cause no other effect to crop yields, or can lead to crop increases (Nwanojuo et al., 2025) (Zhang, Y., et al., 2025). This adds to the appeal of LEDs in vertical farms, in particular, and indoor hydroponic systems (Vinci et al., 2025). In addition, the LEDs consume more power, emit less heat, and are less developed together with the renewable energy such as solar PV (Impallomeni et al., 2025). Although there is an increased cost of the first installation, it can be observed in the long term that both the economic and the environmental advantages will surpass the initial expenditure of installation (Khandakar et al., 2024). In this way, the transition to LEDs is an irreversible step towards the production of hydroponic products, which is resource-saving (Zhang, H., et al., 2024) (Mairapetyan et al., 2024) (Mairapetyan et al., 2024).

Smart Sensors and Automation for Energy Savings
Hydroponic requires a high level of monitoring of the temperature, humidity, ph, and the levels of nutrients (Nejatian et al., 2024). Human tracking can create a lot of inefficiencies and waste of resources since critical changes might not be performed in real-time (Nazir et al., 2024). Smart sensors give accurate data in real time and thus this can automatically control pumps, fans and lighting to achieve optimal energy use (Shankar et al., 2024) (Yücenur et al., 2024). As one example, irrigation pumps can be controlled by moisture and pH sensors, which only give the nutrients when required and do not consume energy unnecessarily (Alfita et al., 2024). Equally, there are automated shading and ventilation systems that regulate the environment of greenhouses depending on sensor data, and reduce heating and cooling expenses (Ahmed et al., 2024). By up to 30% the electricity consumed in hydroponic operations cuts off using such energy saving measures than necessary when there are non-automated systems (Wahyu et al., 2024). Automation systems also help to improve the efficiency of resources, as they reduce the number of human errors and provide the optimal conditions of growth around the clock (Kim et al., 2024). 

AI and IoT Integration for Climate & Nutrient Management
Two other strides in the direction of hydroponic energy efficiency enabling predictive and adaptive management are the artificial intelligence (AI) and Internet of Things (IoT) technologies (Modina et al., 2025). The IoT networks also incorporate different sensors that communicate information on the lighting, temperature and nutrient to the centralized platforms (Channa et al., 2025). This information is processed with the help of AI algorithms, which create real-time decisions, such as the way to change the intensity of LEDs or the amount of nutrients dosage (Bhardwaj et al., 2025) (Nwanojuo et al., 2025). This combination ensures that there will be maximum crop growth with minimum energy wastage. As an example, machine learning can forecast the need in nutrients according to the growth stages of plants, which will optimize the operation of pumps and decrease electricity costs (Zhang, Y., et al., 2025). In the same way, AI-controlled climate control systems adapt the HVAC settings in dynamism and balance crop needs with energy efficiency (Vinci et al., 2025) (Impallomeni et al., 2025). Smart greenhouse case studies have shown that the use of AI-based optimization can reduce energy consumption by up to 40 percent in comparison to the traditional automated system (Khandakar et al., 2024) (Zhang, H., et al., 2024). In addition, the IoT network can be used to monitor and control remotely to enable farmers to run various facilities at a lower cost of labor (Mairapetyan et al., 2024). However, with data privacy, cost and connectivity as a challenge, AI-IoT integration will be the future of sustainable, energy saving hydroponics (Nejatian et al., 2024) (Nazir et al., 2024).

ENVIRONMENTAL AND ECONOMIC IMPLICATIONS
Reduction in Carbon Footprint
Hydroponics with renewable energy significantly lowers greenhouse gas emissions in comparison with traditional farming practices (Nwanojuo et al., 2025) (Zhang, H., et al., 2024). Conventional agriculture continues to heavily rely on fossil-fuel-based inputs like chemical fertilizers, mechanized agricultural equipment, and transportation over long distances. This means these farming methods have large carbon footprints (Nazir et al., 2024) (Shankar et al., 2024). Hydroponics reduces soil degradation, reduces fertilizer runoff, and uses up to 90% less water than traditional systems, which makes it more sustainable than traditional agricultural practices (Mairapetyan et al., 2024) (Ahmed et al., 2024). When combined with renewable sources of energy such as solar or wind, the energy consumed is much cleaner and thus contributes to a lower carbon impact (Nejatian et al., 2024) (Kim et al., 2024). Light-emitting diodes (LED) lighting and intelligent automation are also significant contributors (Zhang, Y., et al., 2025) (Wahyu et al., 2024). The conventional High-Pressure Sodium (HPS) lamps generate heat and need further cooling, establishing more energy needs and emissions (Yücenur et al., 2024). They incur less power and are easier to incorporate into renewable systems thus reducing significantly on carbon emission caused by energy consumption (Alfita et al., 2024). It has been established that hydroponics which are fed by the more sustainable options, can cut carbon emissions by 40 percent in comparison to systems fed by the electrical grid (Channa et al., 2025) (Bhardwaj et al., 2025). Renewable energy-driven hydroponics also helps in achieving global-level goals of reducing carbon emission through agreements such as the Paris Agreement and the 17 UN Sustainable Development Goals (SDGs) (Impallomeni et al., 2025).

Table 3: Energy-Efficient Technologies in Hydroponics
	Technology
	Description
	Energy Savings / Benefits
	References

	LED Grow Lights
	Replace HPS/MH lamps with tunable, long-life LEDs optimized for plant spectra
	Up to 70% less energy use; lower heat output; higher yields
	[1][2][3]

	Smart Sensors & Automation
	Real-time monitoring and automated control of pH, temperature, humidity, and nutrient flow
	~30% energy savings; reduced human error; consistent crop growth
	[4][5][6]

	AI & IoT Integration
	Data-driven predictive management for lighting, irrigation, and climate control
	Up to 40% reduction in energy consumption; scalability and remote control
	[7][8][9]


Cost-Benefit Analysis of Renewable-Powered Hydroponics
Investing in infrastructure is required to incorporate renewable energy into hydroponics, whether it is through geothermal, wind, or photovoltaic systems (Ahmed et al., 2024). Because of this investment, it often raises questions of economic feasibility, which is particularly relevant in developing countries and the case of smaller-scale farm systems (Nwanojuo et al., 2025). However, these systems do become economically viable in proportion to the long-term viability that results in lower energy bills, consistent operating expenses, and insulation from volatile fossil fuel prices (Lobo Paes et al., 2025) (Alfita et al., 2024). Cost savings become even more pronounced when energy costs for climate control, lighting, and water pumps are factored in as they usually account for the majority of hydroponic operating costs (Wahyu et al., 2024). Depending on the location and system efficiency, farms can save an estimated 30 to 50 percent of electricity costs by installing solar or wind (Nejatian et al., 2024). Generally, renewable-powered systems qualify for some extent of government subsidies, tax policies, or green funding, reducing payback timeframes and increasing the systems being implemented (Bhardwaj et al., 2025) (Zhang, H., et al., 2024). The economic returns for profitability through renewable-powered hydroponics come from higher yields, premium prices for sustainably grown crops, and lower input costs (Debroy et al., 2025). Farms can create extra revenue streams by combining circular approaches like waste-to-energy biomass systems (Lobo Paes et al., 2025). This shows that renewable-powered hydroponics is an economically and environmentally sound approach, even with higher initial costs (Modina et al., 2025) (Zhang, Y., et al., 2025).

CASE STUDIES & GLOBAL PRACTICES
Renewable-powered hydroponics has been applied to the models of vertical farming and urban agriculture in the USA, companies such as AeroFarms and Plenty giving their LED-light-based models and solar-powered systems to grow high-value crops throughout the year (Zhang, H., et al., 2024) (Kim et al., 2024). As emphasized in these projects, innovation and investment can help develop scalable energy efficient solutions that will lessen the dependence of imported produce (Bhardwaj et al., 2025). A key example of green hydroponics that has become global leaders in sustainable hydroponics in the Netherlands is the use of solar and geothermal systems to drive large-scale greenhouse operations (Yücenur et al., 2024). High yields with low resources are made possible by Dutch farmers on large, highly developed climate management, monitoring systems based on AI and renewable powered water circulation systems (Nejatian et al., 2024) (Impallomeni et al., 2025). This has seen the Netherlands emerge as one of the biggest agricultural exporters in the world even with its small land mass (Channa et al., 2025). As a solution to the problem of food security after natural disasters, and the shrinking agricultural lands, Japan has incorporated the renewable-based hydroponics in its strategy to ensure the nation is not left without food (Modina et al., 2025). Solar-powered plant factories and controlled-environment hydroponic systems have gained popularity, and they are focused on the production of leafy greens and rice seedlings (Dewi et al., 2025). The systems minimize reliance on imports and deliver fresh produce in the disaster-prone regions or cities (Vinci et al., 2025).

All over the world, the examples of successful models showing the integration of hydroponics and renewable energy are multiple. In Shanghai city, China, the Sunqiao Urban Agricultural District is a solution based on vertical farming and solar-powered hydroponics delivering millions of food to the cities and minimizing the carbon footprint of the city (Zhang, Y., et al., 2025). This model illustrates an agricultural development that is sustainable as one of the urban planning (Zhang, H., et al., 2024). Also, Iceland has hydroponic greenhouses powered by geothermal energy, which is a very appealing environment, although the weather is harsh, and leads to very productive year-long production of vegetables (Yucenur et al., 2024). Iceland is sustainably oriented and promotes food self-sufficiency and minimizes dependence on imported food through the utilization of an enormous source of geothermal energy (Modina et al., 2025). This model demonstrates that it is possible to use local renewable energy sources in a variety of harsh environments with the help of hydroponics (Ahmed et al., 2024). Agrivoltaics and hydroponics are also another brilliant solution, as crops will be cultivated under the sun because they are placed beneath the panels (Impallomeni et al., 2025). Such dual-use model is an indication of a system capable of generating clean energy and saving water plus achieving higher yields of crops due to shading and less evapo-transpiration (Mairapetyan et al., 2024). Agrivoltaics or hydroponics systems giving the model of resource efficiency in food production and energy and food security have been modified in certain areas of Europe and Asia (Lobo Paes et al., 2025)(Channa et al., 2025).

ARCHITECTURE FOR THE RESEARCH MODEL
The method's proposed methodology is depicted in Figure 2. Basic hydroponic system components like air and water pumps, artificial lighting, heating, and cooling systems have all been taken into account in the analysis to estimate energy requirements. The available hydroponic farms and the experimental systems of previous studies were used to estimate the energy consumption behavior. To determine their viability and efficacy in meeting system requirements, the values were then compared to the potential output of several renewable energy sources, such as solar panels, wind turbines, and biomass generatorsA comparative framework has been developed to assess renewable energy options based on cost, scalability, reliability and environmental impact. Solar, wind and biomass energy systems were also explored in isolation and in various combinations to suggest the most effective applications in certain geographic and climatic regions. The modeling of energy flows, the systems' efficiency analyses and the potential for reduced carbon emissions in the event of renewable energy replacing non-renewable energy were executed through simulations and secondary sources. Finally, the researchers produced a sustainability analysis, exploring the benefits and limitations of hydroponics operated on renewable energy. A promising possibility for reducing the overall energy results of non-renewable energy was revealed by the analysis of hydroponic systems that use renewable energy. Under ideal circumstances, solar photovoltaic (PV) panels in a medium-sized hydroponic farm model with a power requirement of roughly 12 kWh/day produced an average solar output of 14.5 kWh/day, which satisfied the energy requirement with a 20.8\% overhead.  Wind turbines added an additional 8–10 kWh/day when installed in areas with mean winds of 5–6 m/s, enabling the systems to continue operating even during periods of low sunlight. In order to improve system reliability in a hybrid setup, integration of biomass was also taken into consideration. A 5 kW biomass generator with a capacity of 9.2 kWh/day was assessed. The method's analysis is displayed in Table 2.

Table 4: Renewable-Powered Hydroponic Systems
	System Type
	Energy Output (kWh/day)
	Energy Self-Sufficiency (%)
	CO₂ Reduction (tons/year)
	Cost Reduction (%)

	Solar PV System
	14.5
	87
	2.8
	30

	Wind Turbine System
	9.0
	81
	2.1
	25

	Biomass Generator
	9.2
	84
	2.4
	28

	Solar-Wind Hybrid
	18.5
	92
	3.4
	35



It was comparatively analyzed that renewable energy integration minimized the carbon emission as much as 65 percent relative to hydroponic systems using grid electricity alone. As an example, solar-powered hydroponics attained annual CO 2-savings of about 2.8 metric tons/farm; hybrid solar-wind systems were able to attain up to 3.4 metric tons of CO 2-savings each year. Also, there was a reduction in the operational costs by about 30-35 percent since the renewable-powered systems caused less reliance on fossil fuel-driven electricity. These findings highlight the environmental and economic benefits of implementing renewable energy in hydroponic agriculture. Hybrid renewable systems were found to be highly efficient and reliable as far as performance is concerned. A solar-wind hybrid model has been demonstrated with a 92 percent energy self-sufficiency rate, which is in contrast to 87.5 percent in solar-only systems and 81 percent in wind-only systems.
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  Figure 3: Performance Evaluation of Renewable-Powered Hydroponic Systems

The above figure 3 shows the performance evaluation of renewable-powered hydroponic systems. The integration of biomass enhanced stability in energy production particularly in areas where there is non steadfast supply of solar and wind energy. As a whole, the integration of renewable energy sources not only created power adequate to support hydroponic activity but also increased sustainability, minimized expenditures and helped to create climate-resistant agriculture.

CHALLENGES AND LIMITATIONS
One of the main impediments of renewable energy integration with hydroponics is the high initial investment of equipment, including solar panels, wind (or other generator) turbines, and biomass generators. Although there will be decreased operating costs in the long run, the initial investment remains a barrier, particularly for smaller farmers and entrepreneurs. Moreover, renewable energy sources like solar and wind are inherently intermittent, and rely heavily on climate, so power availability will be variable. Hence, in instances where uninterrupted hydroponic productivity is desired, energy storage forms like lithium-ion or flow batteries will be required, and in turn, adds extra costs and maintenance to the initial incentive. There are other barriers as well, such as the ability to replicate the hydroponic and renewable system at scale, or with (less) complexity. Grown hydroponically, vegetable farming input/output requires a steady and continuous delivery of energy, which could be difficult to achieve at scale (size/systems) with only renewables in some geographic regions. 

FUTURE OUTCOMES
The advancement of hydroponics driven by renewable energy sources will include the creation of intelligent hybrid systems that combine biomass, wind, and solar power as well as more advanced energy storage solutions. AI-controlled energy management, IoT monitoring, and predictive analytics are some of the more recent technologies that could make energy provision in hydroponic farms easier. By lowering the demand for electric energy services on current grids and achieving greater than 95% energy self-sufficiency, these systems improved hydroponic agriculture's resilience to supply disruptions brought on by climate change and energy scarcity. These renewable-powered hydroponic systems in urban and rural applications will become more economically competitive with alternative techniques with the help of policy support and cost distribution.   It might be applied in large-scale experiments or to promote food security, particularly in regions with a shortage of land for drinking water or agriculture. One day, carbon-free agricultural hubs that generate higher yield ratios than traditional agriculture with less or no environmental pollution may be the result of continuous advancements in the vertical farming and renewable energy industries. Overall patterns indicate that hydroponic farming and renewable energy will be key components of industrialized agriculture in the future.

CONCLUSION
Because it addresses the issues of food security and ecological sustainability, the use of renewable energy in hydroponic farming is a revolutionary step in the field of sustainable and climate-resilient crop cultivation. It has already been established that hydroponics is a resource-saving technique when compared to traditional agriculture, which reduced the amount of land used, water consumption, and produce. However, an excessive dependence on traditional energy sources raises questions about why it will hold up over time from an economic and environmental standpoint. This research has shown that hydroponics powered by renewable energies can decrease carbon levels up to 65, reduce operational expenses by 3035, and achieve energy production self-sufficiency levels over 90 per cent in the case of hybrid systems. Although there are some obstacles including high start-up costs, storage capacity and the need to be more technologically skilled, the opportunities of renewable integration cannot be ignored, especially as the energy storage system, smart grids and automation technologies progress to enhance the efficiency of the system. In the future, the synergistic effect of all these renewable energy technologies, favorable, well-established policy frameworks, and the innovations in controlled-environment agriculture may lead to the realization of large-scale adoption of carbon-neutral hydroponic farms, which, in their turn, would be able to generate high yield in an urban and a rural setting. Finally, the future of renewable-powered hydroponics is a viable solution to sustainable farming, which would not only solve the food crisis in the world but also help in the worldwide effort of combating the climate change problem.
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