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ABSTRACT 

	INTRODUCTION: Global food security is increasingly threatened by population growth, climate change, land degradation, and unsustainable farming practices, and aquaponics offers a sustainable, eco-friendly alternative by integrating aquaculture and hydroponics in a closed-loop system that enhances food production while reducing environmental harm.
Methodology: This review synthesizes findings from 46 relevant studies (2015-2025), examining aquaponics principles, technologies, and applications.
Results: Studies report that aquaponics improves nutrition, reduces poverty, and creates jobs, especially for youth and women in urban and rural areas. Evidence shows that aquaponics conserves up to 90% more water than traditional farming, reduces synthetic fertilizer application, and allows year-round cultivation of food crops and fish. 
Conclusion: Based on previous findings, aquaponics represents a sustainable and viable solution to food insecurity, contributing meaningfully to the achievement of several Sustainable Development Goals while promoting efficient resource use and environmental sustainability.
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1. INTRODUCTION
[bookmark: _Hlk221149973][bookmark: _Hlk221150013]Ensuring the availability of healthy, safe, and environmentally sustainable food remains a global challenge. Rapid population growth, climate change, land degradation, and socio-economic inequalities continue to threaten food security, particularly in Africa, and are confirmed by (Hall et al., 2017; Simane et al., 2025). These challenges faced by farmers across the globe have resulted in unpredictable rainfall and severe droughts (Atanga et al., 2021). Due to these changes, rainfall patterns are now irregular and unpredictable, thereby disrupting traditional agricultural calendars. Moreover, farmers who depend solely on rainfall to carry out their agricultural activities affect crop productivity, leading to food insecurity, which aligns with (Toromade et al., 2024) who reported changes in temperature, rainfall patterns, and the increased frequency of extreme weather events disrupt crop yields, livestock health, and food production. Current intensive farming practices also accelerate soil degradation through nutrient depletion, erosion, salinization, and greenhouse gas emissions. At the same time, recurrent droughts have caused nearly half of global grain production losses in the twenty-first century (Kogan et al., 2019). Conventional farming practices, such as the application of chemical inputs to enhance the yield and quality of food crops is a major threat to agricultural productivity (Tayoh, 2020). The continuous use of these inputs diminishes soil organic matter, contaminates water, and reduces soil fertility (Pahalvi et al., 2021). These also contribute to eutrophication, causing algal blooms and oxygen depletion in aquatic ecosystems (Lan et al., 2024). Another major threat is that the global population, projected to reach 9.8 billion by 2050, will place further pressure on already stressed agricultural systems (Kopittke et al., 2019).  Notwithstanding, all these challenges also contribute to not achieving some of the Sustainable Development Goals, number 2 – "Zero Hunger", this SDG aims at the elimination of hunger, the attainment of food security, as well as sustainable agriculture. The growing demand is also critical in the aspect of Sustainable Development Goal number 12 – "Responsible Consumption and Production". This SDG is concerned with the efficient use of resources and sustainable food production systems in a manner that can provide the nutritional demands of the populations around the world without draining the natural resources. By using aquaponics as a productive, sustainable, and versatile system, healthy food availability will be  increased while directly complementing various Sustainable Development Goals, such as zero hunger and sustainable communities, as reported by (Dayawansha, 2024). There therefore, is an urgent need for sustainable agricultural innovations that improve resilience and resource efficiency.
Purpose and Scope of the Review
[bookmark: _Hlk219435504]This review aims to provide a sustainable and eco-friendly method of food production that keeps fish and crops in a symbiotic relationship to the benefit of both, solves food insecurity challenges by producing healthy food free from chemical residues, provides the availability of different kinds of food, makes food crops affordable, and overall, combats malnutrition. Its application includes farm innovation by using better farming methods, water conservation compared to conventional farming, and nutritional enrichment through the supply of fresh vegetables and fish to mitigate calorie and protein deficiency.

Methodology of the Review
This review was designed through a systematic search and assessment of aquaponics and its contribution toward attaining food security. Relevant articles were searched using electronic databases such as Google Scholar, PubMed, and ScienceDirect using keywords such as aquaponics, hydroponics, aquaculture, food security, sustainable agriculture, green technologies, and climate-smart agriculture. The search was limited to published articles between 2015 and 2025, comprising 25 research papers, 16 peer-reviewed articles, and 5 scientific reports.

[bookmark: _Hlk205377675]2.0 CONCEPTUAL FRAMEWORK OF AQUAPONICS FARMING SYSTEM
2.1 Overview of Aquaponics Farming System
[bookmark: _Hlk206223623]A green agricultural practice of fish culture combined with aquatic plant culture in water without soil, using effective and lucrative process optimization through optimized resource utilization, intensive management of water quality, and ensuring optimal conditions for plants and fish growth (Zamnuri et al., 2024). Aquaponics integrates aquaculture and hydroponics in a closed-loop system where fish and plants coexist symbiotically (Balusamy & Selvakumari, 2024). Aquaculture is the cultivation of aquatic animals such as fish, mollusks, crustaceans, and aquatic plants. They contribute important animal protein to the human diet of the entire population (Pradeepkiran, 2019).  It is a major farm practice with the prospect of eliminating global nutritional needs as well as poverty (Kaleem & Bio, 2021).  However, hydroponic farming is the trade name for plant cultivation in nutrient solutions without soil. Leafy vegetables, tomatoes, herbs, and strawberries are better crops for soilless cultivation (Abiodun & Dare, 2024). Nutritional value, flavor, and yield of end products delivered by hydroponic cultivation are always superior to those of conventional soil farming (Jan et al., 2020). Media Bed (MB), Deep Water Culture (DWC), and the Nutrient Film Technique (NFT) are hydroponic methods also used in the cultivation of food crops (Zamnuri et al., 2024). Its application includes fish waste, which serves as nutrients for the plants to grow, while plants filter and recycle water for the fish. This system eliminates the need for chemical fertilizers, reduces the use of water by 90% compared to soil-based farming, and allows year-round cultivation of food crops and fish (Nair, 2025; Obirikorang et al., 2021).  
2.2 Principle of Operation of Aquaponics Systems
The efficiency of the aquaponics system varies to a great degree with the type of fish and plant in use, two of the most versatile and widespread being the tilapia and catfish (Balusamy & Selvakumari, 2024). The system follows symbiotic bacteria-controlled nutrient cycling, where they break down fish wastes into plant nutrients and control water quality. The fish excreta in the process of the closed cycle supply the ammonia, which is non-consumable directly for plants. Beneficial nitrifying bacteria transform ammonia into nitrite and then nitrate, a stable form consumable for plants (Prasetiawan et al., 2024). This nitrification is necessary, not only for the detoxification of water for the fish but also to ensure the provision of nutrients for the growth of plants. 
Plant roots also serve as the natural biofilter that takes out excess nutrients and cleanses the water before it is recirculated back to the fish tank. The effectiveness of this nutrient exchange mainly depends on the stability and biodiversity of the microbial community in the system, which dictates fish growth, plant production, and system health directly (Goddek, 2019). For optimal yield, the correct selection and handling of biofilter media are imperative because such surfaces are utilized for microbial growth and improve water quality control, thereby increasing crop yields.
[bookmark: _Hlk206425108]2.3 Types of Aquaponics Systems
The aquaponics system includes algaeponics, aeroponics, aeroaquaponics, maraponics, haloponics, biofloc technology, and vertical aquaponics (Goddek, 2019). But the vertical farming and Biofloc technology are discussed in this review. 
2.3.1 Vertical Farming and Sustainable Urban Food Production
Vertical farming constitutes the growth of plants in stacked layers vertically within controlled spaces such as warehouses, skyscrapers, and constructed buildings (Akintuyi, 2024). In urban areas, it maximizes the use of space, employs greener practices, and minimizes the reliance on cultivatable land. The controlled environment reduces the impacts of climatic variation, and yield is uniform, along with stability in food quality (Akintuyi, 2024). Its capacity to maintain high levels of production and safety, vertical farming ensures urban food systems, and reduces the need for long-distance food transportation (Lumpur, 2018). Taken together, vertical farming, therefore, is a great way to make urban life more sustainable and reduce food shortages across the globe.
2.3.2 Biofloc Technology (BFT) for Sustainable Aquaculture
Biofloc technology, commonly known as BTF, is a green technology that utilizes microbial associations to control the nutrients in aquaculture systems (Davies et al., 2023). It functions to transform aquaculture effluent inorganic nitrogen into microbial protein, enhancing water quality and also acting as an effective aquatic animal feed supplement (Khanjani & Sharifinia, 2020). By recycling nutrients within the system, BFT minimizes waste disposal into neighboring water bodies and generates effluents that are organic, nutrient-rich, and mostly pathogen-free (Kumar et al., 2024).
Aside from enhancing water quality, biofloc is also a biosecurity biological solution that reduces the use of antibiotics and compensates for their resulting environmental footprint (Ogello et al., 2021). The application of BFT in aquaculture reduces dependence on processed feed, with economic as well as environmental benefits (Choo & Caipang, 2015). Relative to traditional aquaculture technologies, BFT reduces water exchange, feed expense, and enhances sustainability, thus a low-cost, scalable technology for contemporary aquaculture (Khanjani & Sharifinia, 2020).
2.4 AQUAPONICS FOR SUSTAINABLE FOOD SECURITY
Aquaponics can potentially supply vegetables, fruits, and fish throughout the year, providing households with a year-round cultivation that boosts dietary diversity and protein consumption (Garnida, 2021). Previous studies confirmed by Garnida. 2021, identify its huge role in improving food security for urban poor communities, where access to cheaper and nutritious food is limited. From the perspective of using resources, aquaponics promotes sustainable production as it saves 90% of water compared to traditional farming, and also lessens the use of chemical fertilizers (Nair, 2025). However, it is robust enough to be employed under harsh conditions, including deserts and drylands, where repeated cycles of production for vegetables and herbs have been shown to enhance growth performance and efficiency in the use of resources (Nishanth et al., 2023).  Likewise, aquaponic production of herbs like basil (Ocimum basilicum L.) and coriander (Coriandrum sativum L.) has proven to be effective in the deserts, demonstrating sustainability and resilience in arid environments (Nishanth et al., 2023). Aquaponics has been very effective in crop yield and the use of resources. Hydroponic tomatoes, for example, have yields ranging from 4.5 to 18 kg/plant, a figure that is up to four times that of soil farming, as reported by  (Abiodun & Dare, 2024). Swedish aquaponics has also been promoted as an innovative and sustainable way of providing food in urban areas, as well as working toward the Sustainable Development Goals (Dayawansha, 2024).  Other advantages are water conservation, improved food safety, lower environmental pollution, and relatively lower energy requirements than other intensive production systems (Okomoda et al., 2022).  Taken together, these benefits place aquaponics at the frontier of climate-resilient smart technologies for sustainable and resilient food production in urban and resource-limited settings.
2.5 NUTRITIONAL AND ECONOMIC CONTRIBUTIONS OF AQUAPONICS PRODUCES 
Aquaponics integrates vegetable and fish farming, both of which are used for subsistence and nutritional purposes. Besides enhancing food and nutrition security, aquaponics alleviates poverty, enhances employment, and supports sustainable agriculture, which is in line with the United Nations Sustainable Development Goals (SDGs).
2.5.1 Nutritional Contributions
The significance of fruit and vegetable consumption lies in their nutritional density, high vitamin content, and diversity of natural, health-benefiting bioactive polyphenolic compounds (Kaparapu et al., 2020). In the same study, some fruits and vegetables are advertised as superfoods because they provide significant nutrients that can power-packed meals and improve overall eating habits.  They lessen the prevalence of chronic diseases, like coronary heart problems, cancer, diabetes, and Alzheimer’s disease (Del Río-Celestino & Font, 2020). However, fish are rich in well-proportioned nutrients, a good source of polyunsaturated fatty acids, and provide numerous health benefits (Ali et al., 2022). Proteins in the fish have immunoglobulins that perform as a protection mechanism against viral and bacterial infections, and avoid protein-calorie malnutrition (Balami et al., 2019). As an extremely healthy food, fish consumption is also highly endorsed for children and expectant mothers for standard growth and development (Maulu et al., 2021). 
2.5.2 Economic Contributions
Vegetable production also delivers a favorable economic prospect for decreasing rural poverty and joblessness in developing countries, and is a vital component of farm modification approaches (Schreinemachers et al., 2018). Fish farming is a feasible source of food, producing employment prospects and income in an environment of urban deprivation (Rampedi, 2018).  However, using food wastes, like vegetable and fruit by-products, can also enhance food sustainability, as well as the United Nations Sustainable Development Goal (SDG) to safeguard sustainable consumption and production patterns (Lau et al., 2021). Moreover, certain agricultural by-products are testified to have a high nutritive value and are used as efficient ingredients and food in the food industry (Lau et al., 2021).  Africa’s fish industry is expected to provide 20.7 million jobs in 2030, and 21.6 million by 2050 under the  business-as-usual (BAU) scenario  (Yee et al. 2021). Aquaculture, therefore, has contributed significantly to the development of the nation's economy in terms of food safety, income generation, a reshuffled approach in agriculture, global trade, and the application of starvation mitigation and poverty diminishing (Nn et al., 2021). 
2.6 CHALLENGES AND LIMITATIONS OF AQUAPONICS FARMING SYSTEM
Despite its potential, aquaponics faces several challenges that constrain its widespread adoption. These limitations can be grouped into technical, economic, and social dimensions:
2.6.1 Technical Challenges
Aquaponics systems are complex and require careful management of water quality, nutrient cycling, and microbial communities. Farmers often lack sufficient knowledge of water chemistry, biofilter management, and system maintenance, which can lead to imbalances and reduced productivity (Zamnuri et al., 2024). System sensitivity to temperature fluctuations, risk of disease outbreaks, and the need for reliable pathogen control further complicate operations (Balusamy & Selvakumari, 2024; Goddek, 2019). In addition, maintaining the right balance between fish and plants remains a challenge, and mosquito breeding in stagnant water can pose health risks.
2.6.2 Economic Challenges
High start-up costs remain one of the greatest barriers to adoption. The need for pumps, tanks, biofilters, sensors, and backup systems drives initial investment beyond the reach of many smallholder farmers (Serey & Mardy, 2024). Ongoing operational expenses, particularly electricity for pumps and aeration, as well as the cost of fish feed, also reduce profitability (Okomoda et al., 2022). Limited access to affordable credit and financial incentives further constrain expansion.
2.6.3 Social Challenges
Limited awareness, inadequate technical expertise, and a shortage of skilled labor hinder aquaponics adoption, especially in rural areas (Ibrahim et al., 2023). Farmers may also face difficulties accessing quality fingerlings and inputs, while cultural resistance to unfamiliar technologies can slow uptake (Kaleem & Bio, 2021). In many regions, aquaponics is still perceived as experimental rather than a mainstream farming practice, leading to low policy prioritization and limited institutional support (Cammies et al., 2021).
2.7 TECHNOLOGICAL INNOVATION AND GREEN PRACTICES
2.7.1 Smart Aquaponics Systems
Smart Aquaponics is a system that integrates plant cultivation and fish farming in a single unit, using Internet of Things technology (Taufik & Setijaningsih, 2020). The smart fish feeder employs solar power tracking and Internet of Things technology to improve feeding efficiency in fish farm systems (Deepthi, 2023). This feeder system, however, uses a solar panel that powers the motor as it maintains the panel in position following the direction of the sun to ensure proper energy production. Aquaponics involves sensors that function as actuators as well as monitors (Taufik & Setijaningsih, 2020). The IoT technology also enables the control and monitoring of the feeder through a smartphone application that provides data on the feeding schedules and food intake (Deepthi, 2023). The microcontroller system has the capacity to monitor water quality in terms of pH, temperature, and oxygen content using different sensors (Dawa et al., 2022). Furthermore, these systems also increase productivity and cost-effectiveness through efficient usage of resources, monitoring water quality, and providing optimal growing conditions (Z 024). Therefore, increasing the efficiency of agricultural practices has the potential to greatly increase the value of produce, lower labor costs, and ultimately change farming practices (Balusamy & Selvakumari, 2024).
2.8 DISCUSSION
[bookmark: _GoBack]The findings of this review characterize aquaponics as a breakthrough technology in tackling food security, environmental degradation, and climate change on the global scene. In contrast to traditional farming, which leads to land degradation, loss of biodiversity, and greenhouse gas emissions (Kopittke et al., 2019; Pahalvi et al., 2021). Aquaponics is an indoor, closed-loop, soilless system that saves 90% or more water, eliminates chemical inputs of fertilizer, and grows vegetables and protein-carrying fish at the same time (Nair, 2025; Obirikorang et al., 2021). The aquaponics recycling of nutrients strategy reduces waste emissions to a minimum while guaranteeing environmental sustainability. In addition to environmental advantages, aquaponics yields tremendous nutritional and socio-economic benefits. Aquaponic produce contains high concentrations of vitamins, minerals, and bioactive compounds with minimal chronic disease risks (Del Río-Celestino & Font, 2020; Kaparapu et al., 2020), and while fish provide high-quality protein and polyunsaturated fatty acids crucial for growth and immune function (Balami et al., 2019; Maulu et al., 2021). However, there are notable knowledge gaps in its adoption by rural communities, codified into farm policies, and capable of replacing or complementing traditional farming practices in resource-poor environments. Bridging such gaps is important towards avoiding overstating aquaponics' existing prospects, but rather developing practical means for scaling technology across varied environments.
3.0 CONCLUSION
Aquaponics is a novel and sustainable farming model that circumvents the limitations of conventional farming and ensures global food security. Through the combination of aquaculture and hydroponics, a closed ecosystem is created that saves water, eliminates chemical inputs, and produces vegetables and proteins with equal nutrient density simultaneously. In addition to guaranteeing food availability, aquaponics also improves food quality, generates employment, and guarantees climate resilience. Its congruence with the Sustainable Development Goals underscores its promise as a transformational path to sustainable agriculture and sustainable development. In the future, the scale-up of aquaponics using accessible technologies, connectivity to renewable energy sources, and policy enabling could place it at the center of climate-smart food systems globally.

FUTURE PROSPECTS AND RESEARCH DIRECTIONS
The future of aquaponics will be determined by the extent to which it succeeds in integrating technological innovation, ecological sustainability, and socio-economic inclusivity. Development should be directed toward building low-cost, modular, and expandable systems utilizing locally sourced materials, for use by smallholder farmers and urban dwellers. Augmentation with renewable power sources such as solar, wind, and biogas in aquaponic systems will be necessary to minimize the use of grid electricity and reduce operational costs. Microbial and nutrient dynamics are another significant area of emphasis. Further studies on microbial community structure and function, and the optimization of biofilter media, can optimize nutrient supply, improve disease resistance, and minimize chemical additive use. Technologies like biofloc technology, algae culture, and organic waste recycling as waste-to-resource options are also possible areas of enhanced system efficiency and resilience.
Socio-economic studies are also important. Long-term economic viability of aquaponics, particularly in low- and middle-income economies where there are still financial and technical limitations, should be examined. Moreover, the youth and gender aspects of aquaponics adoption should also be explored further because this technology has the potential to empower women and provide youth employment opportunities. Lastly, improved policy frameworks and public–private partnerships will need to be established to include aquaponics in agricultural development plans. By bridging these research and implementation gaps, aquaponics can transition from niche innovation to a globally important pillar of climate-smart and sustainable food systems.
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