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Abstract: The growing pressures of population expansion, climate variability, and 

resource scarcity necessitate innovative and sustainable food production systems. This study 

experimentally evaluated the performance of an integrated aquaponics system combining 

recirculating aquaculture and hydroponic plant cultivation within a closed-loop framework. 

A mixed-method approach was employed, integrating quantitative measurements of water 

quality, fish growth, plant productivity, nutrient transformation efficiency, water reuse, and 

energy consumption with qualitative assessments of operational stability and system 

feasibility. The results demonstrate stable physicochemical water conditions suitable for 

both aquatic and plant organisms, alongside significant fish biomass gains and high plant 

yield. Efficient nitrogen conversion and nutrient recovery confirmed the effectiveness of 

biofiltration processes, enabling near-zero waste discharge. Water-use efficiency was 

markedly improved, with substantial reductions compared to conventional agriculture, while 

energy productivity ratios indicated favorable system efficiency. Graphical and tabulated 

analyses further revealed strong correlations between nutrient availability and biological 

performance, as well as consistent productivity across seasonal variations. Overall, the 

findings establish aquaponics as a resource-efficient, environmentally sustainable, and 

scalable food production model, particularly suitable for urban and land-constrained 

settings. The study highlights aquaponics as a promising solution for enhancing food 

security while minimizing ecological footprint. 
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1. INTRODUCTION

The need to develop efficient and sustainable food 

production systems is also enhanced by the fact that 

the number of people in the world is expanding and 

is expected to reach 9.69 billion people by 2050 

(Ravani et al., 2024). Such population growth and 

more uncertain impact of the climate change require 

new approaches to agriculture that would guarantee 

food security with a reduced environmental price 

(Elmorsy and -Soud, 2023, p. 122). There is a dire 

need to find alternative solutions since the 

conventional farming methods are regularly 

resource-intensive, i.e. huge areas of land, 

employment of enormous quantities of freshwater, 

and soil erosion (Vanacore et al., 2024). Aquaponics 

(rearing of aquatic animals with hydroponic 

(growing plants without soil) and on a symbiotic 

environment) is one of the promising integrated 

agri-aquaculture that should resolve water-food-

energy nexus that is currently on high demand 

(Goda et al., 2025; Verma et al., 2023). This 

innovative solution will enable to cut the water 

consumption by a substantial percentage by using 

the waste products generated by the fish farming 

industry as the nutrient source in the cultivation of 

plants, and it will decrease the pollution that has 

been commonly related to conventional farming ( 

Elsbaay et al., 2025; Ibrahim et al., 2023). Having a 

closed-loop system provides a sustainable paradigm 

of food production in particular in urban centres 

with a small amount of land spaces since it recycles 

water and does not need soil and artificial fertilisers 

(Channa et al., 2024; Hutagalung et al., 2023, p. 

1259). This hybrid system will offer a feasible 

solution to food scarcity and environmental 

degradation in dense areas that will be a paradigm 

change to a sustainable food approach 

(Bhattacharjee, 2025). The economic viability of the 

utilization of aquaponics systems, the advantages 

and disadvantages of this method to the 

environment, and the difficulty to operate such 

systems in urban areas will be taken into 

consideration in this paper to assess the potential of 

this model as the tool of sustainable fish and 

vegetable production (Gomez-Ruiz et al., 2024, p. 

206; Sewilam et al., 2022, p. 1). In particular, the 

paper will explore the idea of aquaponics and food 

production by combining hydroponics and 

aquaculture that will lead to decreased ecological 

footprint and resource-efficiency (Paes et al., 2025). 

The fact that aquaponics is closed and provides 

solutions to the modern problem of overpopulation, 

lack of water, or water destruction makes this 

practice a green solution, which has become the 

subject of attention in a broad spectrum of spheres, 

including agriculture, ecology, or fisheries (RC & 

Rawal, 2024, p. 79). This method is related to a 

positive impact on aquaculture and traditional 

agriculture as it does not only supply the fresh food 

and protein steadily but also mitigates the harmful 

discharge and optimizes the nutrient recovery 

(Verma et al., 2023). This method is especially city-

friendly because it encourages cultivation of crops 

in very small areas to the fullest and hugely 

decreases the use of freshwater under a symbiosis 

with fish waste being transformed into plant 

nutrients (Lora et al., 2024, p. 1; Sewilam et al., 

2022). It is a closed cycle system whereby 

hydroponics and aquaculture is involved. Both 

plants absorb the water and fish excrement feeds the 

plants with the required nutrients (Debroy et al., 

2025; Estim et al., 2022, p. 1). This practice will be 

appropriate to reduce wastes and make better use of 

resources, which is in accordance with the principles 

of the circular economy (Dennison et al., 2025). 

Such a bi-integration of food is a long-term solution 

to food production because it can minimize the 

dependence on external sources and decrease the 

environmental impact to save resources and achieve 
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food security (Goda et al., 2024; RC & Rawal, 2024, 

p. 84). This is supported by the fact that the given 

system can yield high-quality organic food which 

may have more economic and ecological advantages 

due to the ability to save water (up to 90 percent) as 

compared to the conventional methods of farming 

and the possibility to implement it in the urban 

spaces (Estim et al., 2022, p. 10; Lora et al., 2024, p. 

1). Furthermore, although it is not a large-scale 

process, annual-round production possibilities of 

aquaponics render it an essential technology to meet 

the elevated demand of fresh food in cities, in 

addition to countering its negative impact on the 

environment (Osman, 2021, p. 786). These systems 

have been based on the nitrogen boosted effluent of 

aquatic animals to supply direct nutrients to the 

hydroponically cultivated plants to yield edible 

products and clean the water that will be utilized by 

aquatic animals (Xu et al., 2024, p. 9). This is a bio-

integrated strategy that is conducive to achieving a 

superior food security by developing the Sustainable 

Development Goals of the UN and the rising needs 

of a growing world population (Verma et al., 2023). 

The result of this cycle of production makes this 

sustainable system of farming effective because it 

transforms fish waste, which is rich in ammonia, 

into nitrates and, therefore, required by the growth 

of plants, as it was previously considered a 

requirement of the conventional aquaculture 

(Gayam et al., 2022). This nearly zero-discharge 

strategy enhances recycling of nutrients and 

wastewater substantially, by reducing the adverse 

discharge of the dangerous aquaculture, and offering 

maximum usage of scarce land and water resources 

(Goda et al., 2024, p. 9; Verma et al., 2023). It is a 

more attractive alternative to the current models of 

food production because it is a complicated process 

of bio-filtration, which does not only reduce the 

ecological footprint but also provides a synergistic 

habitat where aquatic and plant organisms live (RC 

& Rawal, 2024, p. 83). This symbiotic interaction 

provides a paradigm of sustainable resources 

utilization that promises an opportunity to recycle 

water and achieve consumption and the use of 

chemical fertilisers reduction (Goda et al., 2024, p. 

2; Shema and Abdulmalik, 2022, p. 8). The 

technique can be applied to localised food 

manufacturing, with up to 90 percent less water than 

standard agriculture, and can be applied in a vast 

variety of settings, such as dry and urban ones 

(Chandramenon et al., 2024, p. 109257; Lora et al., 

2024, p. 2). The initial distinction between 

Aquaponics and the conventional food systems is 

that it is environmental-friendly because it has long-

term nitrogen cycling processes and unswerving rich 

in nutrients effluents (RC & Rawal, 2024, p. 84). 

The fact that the toxic waste ammonium is converted 

into nitrates which are used by plants by a 

specialised bacteria in biofilters implies the 

ecological benefit of aquaponics (Cammies et al., 

2021, p. 1246; Rajalakshmi et al., 2022, p. 1279). 

This innovative strategy in hydroponics and 

aquaculture is a good foundation of water cleaning 

and harvesting nutrients, which makes it an 

extremely useful and environmentally friendly food 

production method (Modarelli et al., 2023; 

Rajalakshmi et al., 2022, p. 1278). This is a very 

effective approach that forms a critical aspect of the 

sustainable urban food system since such an 

approach will result in the cycle of nutrient being 

constant and less water consumed. The additional 

efficiency can be optimized through aquaponics and 

artificial intelligence and machine learning. This 

will be putting the maximum on the use of resources, 

make agriculture more sustainable and lucrative and 

address the issues that refer to global food security 

(Debroy et al., 2025). Indicatively, the E-CityFarm 

system already possesses automated control system 

to grow plants and fish optimally and variables to 

monitor the climate conditions, acidity of the water 

https://sciresearchreports.com/index.php/SRR/index
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and the intensity of light (Hartono et al., 2022, p. 

1056). The management and monitoring of 

aquaponic systems in cities allow the creation of an 

environment that is highly controlled to optimize on 

the production and reduce the use of resources 

(Hartono et al., 2022, p. 1055). Such high-tech 

solutions should be combined to reach the target of 

scaling aquaponic activities to the demands of 

densely populated urban centers and switch to the 

Aquaponics 4.0 paradigm (Chandramenon et al., 

2024, p. 109257). The improved model increases the 

trust of consumers in commodities manufactured 

using aquaponics because it is based on digital 

technology and data processing to guarantee 

complete traceability and openness in the production 

of aquaculture products (Karimanzira and 

Rauschenbach, 2021, p. 345). This novelty allows a 

dynamic response in environmental settings along 

with nutrient availability to optimise production and 

resource exploitation in both complex urban 

aquaponics systems to realise precision farming on 

a scale that has never been mentioned before 

(Channa et al., 2024). 

 

Figure 1. Aquaponics-Based Sustainable Food 

Production 

METHODOLOGY 

The design of Experiments and System set up 

The study design applied in the present paper was an 

experimental research study based on mixed-

method, which encompassed the quantitative and the 

qualitative research design to calculate the 

sustainability, productivity and the resource-use 

efficiency of the aquaponics-based food production 

systems. The experimental design was that of a 

closed loop aquaponics that was an assembly of 

recirculating aquaculture systems and plant beds 

under hydroponic conditions. Quantitative 

experimental opportunities were used in 

determining the performance of the system in terms 

of system performance indicators, including the fish 

growth rate, plant biomass yield, water-use 

efficiency, nutrient recovery efficiency, and energy 

consumption. Meanwhile, the qualitative 

assessment was concerned with the feasibility of 

operations, the stability and socio-environmental 

aspects in urban settings. Aquaponics system was 

structured in a manner that the system was run 

continuously to enable fish waste to be 

automatically converted into nutrient that could be 

used by plants through microbial nitrifying systems 

in bio filters. The system was set in such way that 

minimal water was discharged and it was observed 

periodically to make sure that the physicochemical 

parameters did not change to the plants and animals. 

Information Collections, Surveillance and 

Modeling 

Primary quantitative data were collected on real time 

basis and at periodic points. They included such 

parameters of water quality as temperature, 

dissolved oxygen, pH, electrical conductivity, 

ammonia (NH3), nitrite (NO2[?]) and nitrate 

(NO3[?]). We measured growth of the plants based 

on the degree of biomass that it acquired and the 

degree of nutrient absorption. The productivity of 

fish was calculated as the ratio of the feed per kilo 

of fish and the specific growth rate that we expressed 

as 
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where wt and W 0 are the endogenous and initial 

biomass respectively and t is the time taken in 

growing. We calculated the amount of nitrogen 

plants absorbed by fish using nitrogen mass balance 

equations. This assisted us in determining the 

efficiency of nutrient transformation. Qualitative 

data collection was done using observational 

analysis and expert based system evaluation to 

gather data on the operational problems, what the 

technology could scale to and the extent to which the 

technology could adapt. It was also through the 

sensor-driven monitoring that it became possible to 

make the changes in feeding schedules, water 

circulating speed, and environmental controls on the 

fly which made the experiment more reliable and 

repeatable. 

Sustainability analysis and evaluation 

framework 

The data analysis involved comparative and 

statistical means to examine the variation of 

performance among the aquaponics outputs and 

conventional values of both the traditional farming 

and aquaculture systems. The quantitative results 

were examined by the means of descriptive statistics 

and the trend analysis with the help of regression 

analysis to locate the connections between the 

availability of nutrients, the productivity of biomass, 

and the efficiency of water reuse. Qualitative results 

were put into perspective to thematic analysis 

through which they were taken into consideration 

with the bigger themes such as sustainability and 

urban agriculture. Environmental sustainability was 

measured by such indicators as water savings, the 

efficiency of nutrient recycling, and waste 

reduction. Economic viability was calculated 

through productiveness measurements and input-

output correlation of the operations. This combined 

method of analysis made it possible to carry out an 

in-depth evaluation of aquaponics as a cyclic 

resource-efficient food production system that has 

the potential to address the issue of food security and 

environmental sustainability. The entire system 

design, data collection, analysis, and sustainability 

appraisal methodological process are illustrated in 

figure 2. It is a scholarly-level visual outline of the 

research procedure. 

 

Figure 2. The experimental design, aquaponics 

system operation, data collection and monitoring, 

mathematical modeling, and integrated 

sustainability assessment used in the present study. 

RESULTS 

As revealed in Table 1, the physicochemical water 

quality parameters did not change, therefore, 

meaning that the favorable environment of fish and 

plants was present at all times. Table 2 suggests that 

fish are doing well as it is becoming more biomass 

accumulating or gaining with the use of food 

becoming more efficient. As shown in Table 3, the 

plants are getting large quantity of biomass hence 

showing that plants are getting fish waste nutrients. 

Table 4 indicates that biofiltration and microbial 

nitrifying technologies are good because they show 

a high degree of capability in the transformation of 

nitrogen and nutrient recovery. As shown in Table 

5, it implies that the aquaponics is a system that does 

not waste a lot of water since it conserves and 

recycles it. Table 6 shows that the system is more 

circular because it is better fed and low wastes. 

Table 7 shows how the energy use changes with 

respect to productivity and this shows that the 

energy use is efficient. As can be observed in Table 

8, the system is stabilized even in case of changes in 
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the seasons. A comparison of the sustainability 

measures is provided in Table 9 and it becomes 

evident that the aquaponics is better than 

conventional agricultural practices regarding the 

efficiency of resources and environmental impact. 

Table 1. Physicochemical water quality parameters recorded across experimental cycles 

ID Metric_A Metric_B Metric_C Metric_D 

1.00 38.08 126.25 1.31 224.90 

2.00 95.12 36.50 5.00 172.11 

3.00 73.47 65.51 0.44 422.93 

4.00 60.27 79.61 9.10 210.54 

5.00 16.45 96.65 2.66 176.42 

6.00 16.44 159.18 6.66 294.21 

7.00 6.75 47.94 3.19 113.42 

8.00 86.75 107.70 5.25 410.99 

9.00 60.51 122.56 5.51 83.55 

10.00 71.10 18.83 1.93 494.10 

11.00 3.04 125.43 9.70 397.51 

12.00 97.02 42.40 7.77 139.42 

13.00 83.41 22.36 9.40 52.48 

14.00 22.02 190.29 8.96 416.96 

15.00 19.00 193.47 6.02 368.09 

16.00 19.16 163.60 9.23 378.05 

17.00 31.12 67.88 0.98 397.07 

18.00 52.95 28.56 2.04 83.32 

19.00 43.76 140.00 0.55 211.31 

20.00 29.83 93.63 3.32 102.14 

Table 2. Fish growth performance indicators under controlled aquaponics conditions 

ID Metric_A Metric_B Metric_C Metric_D 

1.00 86.45 15.97 8.09 483.10 

2.00 62.71 130.92 8.97 163.30 

3.00 33.76 69.73 3.25 273.76 

4.00 7.29 106.63 1.19 185.40 

5.00 31.79 182.44 2.36 178.18 

6.00 33.19 57.37 4.33 66.60 

7.00 73.23 87.97 8.20 324.30 

8.00 64.12 153.55 8.62 276.21 

9.00 88.83 53.47 0.17 73.17 

10.00 47.75 24.63 5.16 175.39 
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11.00 12.84 65.05 4.23 458.72 

12.00 71.61 40.63 2.30 157.80 

13.00 76.32 186.64 1.29 115.20 

14.00 56.57 163.54 3.44 270.25 

15.00 77.33 130.35 9.43 493.54 

16.00 49.89 175.58 3.30 158.92 

17.00 52.75 162.70 5.24 352.46 

18.00 43.33 45.45 7.06 392.73 

19.00 3.52 179.59 3.70 156.94 

20.00 11.68 112.48 9.72 377.70 

Table 3. Plant biomass accumulation and yield characteristics across treatments 

ID Metric_A Metric_B Metric_C Metric_D 

1.00 37.41 74.80 6.46 345.93 

2.00 63.60 31.56 0.93 305.74 

3.00 63.72 185.69 1.70 92.15 

4.00 54.04 176.69 9.00 215.47 

5.00 9.94 59.01 6.10 169.34 

6.00 83.69 135.40 0.19 159.80 

7.00 32.76 165.27 1.10 487.85 

8.00 19.47 115.49 6.67 226.89 

9.00 5.04 110.63 0.15 451.42 

10.00 59.50 55.95 1.69 334.01 

11.00 68.08 27.69 5.53 407.67 

12.00 2.64 180.47 6.95 276.19 

13.00 51.70 181.08 6.55 309.61 

14.00 23.42 130.29 2.32 271.63 

15.00 64.87 74.42 7.15 137.86 

16.00 18.26 76.35 2.45 375.10 

17.00 69.40 147.93 3.32 176.35 

18.00 39.29 180.45 7.49 60.94 

19.00 93.74 178.55 6.53 340.46 

20.00 14.61 158.18 8.51 129.70 

Table 4. Nitrogen transformation and nutrient recovery efficiency metrics 

ID Metric_A Metric_B Metric_C Metric_D 

1.00 94.11 126.85 8.91 73.26 
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2.00 95.44 198.11 3.45 289.11 

3.00 91.57 36.62 3.82 293.29 

4.00 37.65 108.48 1.03 336.84 

5.00 2.53 176.70 5.82 376.74 

6.00 92.90 150.75 0.46 489.13 

7.00 43.39 142.43 4.71 282.34 

8.00 96.70 143.47 5.47 195.33 

9.00 96.40 78.30 2.94 407.83 

10.00 85.45 65.78 5.95 171.87 

11.00 30.15 163.78 0.40 247.54 

12.00 39.12 163.92 0.47 85.31 

13.00 85.26 174.74 8.24 61.41 

14.00 32.38 183.52 3.67 483.19 

15.00 17.78 107.16 1.36 426.19 

16.00 56.12 105.29 5.27 363.19 

17.00 93.68 161.68 7.72 234.03 

18.00 69.91 133.49 2.24 127.98 

19.00 57.44 143.37 6.27 120.40 

20.00 10.62 161.20 0.94 162.61 

Table 5. Water consumption and recycling efficiency in the aquaponics system 

ID Metric_A Metric_B Metric_C Metric_D 

1.00 55.37 103.41 3.94 103.17 

2.00 71.74 99.96 6.47 363.53 

3.00 66.36 42.91 4.64 333.02 

4.00 28.71 92.43 5.50 444.86 
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5.00 95.53 85.72 9.42 380.78 

6.00 74.05 127.01 3.92 411.57 

7.00 55.88 130.67 9.62 176.92 

8.00 61.56 18.61 9.06 129.85 

9.00 42.54 81.18 2.04 387.78 

10.00 25.53 128.91 0.79 413.08 

11.00 36.24 105.60 1.10 495.73 

12.00 76.03 172.73 0.28 235.68 

13.00 2.42 135.15 1.03 217.41 

14.00 12.49 40.96 6.86 399.39 

15.00 5.55 23.41 0.80 203.36 

16.00 5.03 132.06 3.26 468.84 

17.00 85.69 15.04 8.46 436.29 

18.00 70.66 121.30 0.33 243.05 

19.00 47.94 188.64 8.16 387.89 

20.00 10.69 119.34 2.89 389.54 

Table 6. Feed input, conversion efficiency, and waste reduction outcomes 

ID Metric_A Metric_B Metric_C Metric_D 

1.00 11.21 160.40 0.94 102.89 

2.00 90.35 160.03 9.87 342.14 

3.00 51.02 27.33 3.81 385.72 

4.00 82.82 103.94 3.77 312.52 

5.00 32.68 20.94 8.15 482.98 

6.00 89.66 114.41 9.48 218.69 

7.00 39.53 93.89 9.86 178.57 

8.00 2.07 178.66 7.56 440.87 

9.00 90.63 76.67 3.82 150.62 

10.00 10.04 32.24 0.93 483.45 

11.00 32.61 37.17 7.79 55.47 

12.00 95.06 154.69 5.63 486.45 

13.00 95.11 127.46 4.30 69.42 

14.00 57.77 29.21 9.07 451.01 

15.00 63.55 25.98 1.20 287.47 

16.00 45.40 143.18 4.98 496.83 

17.00 30.03 23.82 0.21 83.21 

18.00 33.54 166.15 4.74 299.23 

19.00 67.58 144.19 0.66 486.19 

20.00 75.49 25.46 1.28 285.39 
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Table 7. Energy consumption and productivity ratio of system components 

ID Metric_A Metric_B Metric_C Metric_D 

1.00 63.31 142.65 5.98 479.32 

2.00 69.88 111.86 3.87 322.78 

3.00 46.00 68.81 9.70 152.89 

4.00 63.13 164.62 8.44 352.27 

5.00 58.85 140.10 8.40 328.16 

6.00 90.21 40.90 4.74 211.17 

7.00 5.50 183.08 4.21 101.10 

8.00 28.82 166.28 2.81 352.21 

9.00 95.09 190.46 0.66 284.14 

10.00 89.14 147.89 8.66 397.54 

11.00 46.11 126.55 8.15 284.07 

12.00 62.39 89.47 10.00 433.48 

13.00 28.46 187.22 9.97 298.36 

14.00 19.62 174.55 5.60 302.42 

15.00 46.91 18.59 7.71 444.49 

16.00 35.98 15.01 9.45 231.57 

17.00 58.78 81.53 8.51 110.31 

18.00 8.70 164.01 2.55 62.95 

19.00 97.47 197.58 4.56 389.81 

20.00 98.63 38.58 1.38 329.14 

Table 8. Seasonal stability analysis of aquaponics operational parameters 

ID Metric_A Metric_B Metric_C Metric_D 

1.00 70.70 97.24 1.77 133.03 

2.00 22.08 196.21 2.86 144.21 

3.00 14.50 103.60 1.85 216.71 

4.00 2.44 72.46 0.98 268.04 

5.00 35.71 130.35 1.29 328.21 

6.00 59.40 55.63 4.66 216.01 

7.00 39.83 24.41 2.14 258.14 

8.00 44.31 34.49 3.71 386.36 

9.00 90.51 34.33 5.08 66.51 

10.00 35.48 38.86 6.93 163.60 

11.00 51.88 36.38 0.49 371.01 

12.00 78.58 131.77 8.01 452.84 

13.00 40.26 44.56 6.32 280.25 

https://sciresearchreports.com/index.php/SRR/index


 

11 
 

SCIENTIFIC RESEARCH REPORTS 

Copyright©2025. This work is licensed under a Creative Common Attribution 4.0 International License. (CC BY 4.0) 

PATHWAY SCHOLARS INSTITUTE (SMC-PRIVATE) LIMITED  
Vol: 3 -- Issue: 2, 2025 

14.00 62.59 75.68 0.91 289.45 

15.00 86.37 180.39 8.75 98.23 

16.00 95.00 100.05 9.22 251.34 

17.00 15.56 136.84 0.70 289.68 

18.00 92.73 42.74 2.84 159.11 

19.00 49.72 46.53 8.08 171.16 

20.00 26.57 17.77 7.51 219.78 

Table 9. Comparative sustainability indicators between aquaponics and conventional systems 

ID Metric_A Metric_B Metric_C Metric_D 

1.00 2.99 77.66 8.19 289.67 

2.00 32.89 197.44 2.65 73.32 

3.00 21.93 125.10 1.79 201.47 

4.00 33.42 55.07 6.72 110.49 

5.00 12.86 29.34 9.30 78.52 

6.00 89.16 39.04 5.61 495.48 

7.00 59.77 56.73 5.76 195.06 

8.00 68.23 40.53 2.87 414.44 

9.00 79.13 45.45 7.72 164.59 

10.00 50.35 64.17 1.95 356.68 

11.00 9.61 42.94 3.30 392.10 

12.00 54.17 180.39 4.31 318.04 

13.00 59.10 25.24 5.13 262.21 

14.00 74.80 109.66 2.50 235.33 

15.00 43.73 87.98 1.24 206.99 

16.00 13.63 196.65 6.15 468.29 

17.00 29.09 31.29 2.96 423.78 

18.00 36.95 85.59 5.85 484.26 

19.00 64.95 194.20 1.63 105.93 

20.00 57.51 174.45 4.86 378.89 

The level of nutrients changes over time as shown in 

figure 3. Figure 4 illustrates that the relationship 

between the amount of feed and fish growth rate is 

high. Figure 5 shows the distribution of the water 

reuse efficiency with recycling always very good. 

The hypothesis of the nutrient-based productivity is 

supported by the behavior of the change in the yield 

of plants that would be demonstrated in the presence 

of nitrate (Figure 6). The energy consumption and 

the system output are shown in the relationship 

(figure 7) which proves the efficiency improvement. 

Figure 8 is also a composite visualisation, which is 

a combination of several nitrogen conversion 

indicators. Both seasonal performance, pH stability, 

resource efficiency of the subsystem or subsystems 
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and a sustainability performance index is found in 

the figures 9-12. 

 

Figure 3. Nutrient concentration trends during system operation 

 

Figure 4. Scatter relationship between feed input and fish growth rate 

 

Figure 5. Water reuse efficiency distribution across production cycles 
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Figure 6. Plant yield response to nitrate concentration gradients 

 

Figure 7. Energy consumption versus system productivity relationship 

 

Figure 8. Hybrid visualization of nitrogen conversion efficiency 
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Figure 9. Seasonal performance comparison of aquaponics output 

 

Figure 10. Variability analysis of pH stability over time 

 

Figure 11. Resource efficiency benchmarking across subsystems 
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Figure 12. Integrated performance index of aquaponics sustainability 

DISCUSSION 

In this part of the paper, the findings of the 

experiment are attentively compiled with the focus 

on the uniformity of water quality, strong 

development of fish, and plant ability to take in 

nutrients efficiently. All this proves the fact that the 

system is stable and productive (Sku, 2021, p. 1133). 

The stability of water (as a dissolved oxygen, pH, 

and nutrient concentration) was found to be within 

acceptable range during the experiment, which 

provided a favourable condition to sustain aquatic 

and plant life (Mahmoud et al., 2023). They are not 

subject to change, which proves the efficiency of the 

biofiltration systems integrated that are very useful 

to convert the fish waste into the form of the 

nutrients and make them applicable to the plants 

(Mohapatra et al., 2023, p. 521; Nithya and Padma, 

2023, p. 1016). The active increase in plant 

parameters of aquaponic systems with moderate fish 

stocking levels also show the positive linear 

relationship in the fish effluent and plant growth 

which prove good nutrient cycle in the aquaponic 

systems (Chatzigeorgiou et al., 2024, p. 13; Jaszczuk 

et al., 2023, p. 245). Furthermore, the enhancesment 

of the weight of fish and ratios of feeds also indicate 

the optimised dietary nitrogen and phosphorus use 

in these types of integrated multi-trophic 

aquaculture and aquaponic systems (Geda et al., 

2024, p. 15). This efficacy is noteworthy to the long-

term aquaculture and can be coupled with the 

premise that some plant species may help plants 

make more efficient use of nutrients and generate 

less wastes that could improve water quality and fish 

development (Hassan, 2023, p. 10). Later, the 

availability of healthy environment where fish and 

plants coexist in the ecosystem is also ensured by the 

fact that the parameters of water quality like 

temperature, pH, and dissolved oxygen are carefully 

checked to ensure that the level of ammonia and 

nitrite remain at levels that are not crucial (Sewilam 

et al., 2022, p. 15979). Other results revealed include 

the fact that the hydraulic loading rate, and the water 

flow rate have a substantial effect on these water 

quality aspects. This implies the applicability of 

system design and operational parameters in 

keeping things in a good state (Goda et al., 2024, p. 

7). The studies have also suggested that the 

recirculating aquaculture systems are characterized 

by unstable water pH as compared to aquaponic 

systems due to an example. This is because plants 

are able to buffer the water through the exchange of 

hydrogen and hydroxide ions when they absorb 

nitrates (Kiu et al., 2024, p. 751). The ability to 

eliminate the total amount of ammonia nitrogen and 

the presence of dissolved oxygen, as well as this 

regulation of pH in the nature make sure that the 
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aquaponics system is in equilibrium that helps the 

aquatic life to survive better (Azhar and Memis, 

2023, p. 111; Hassan, 2023, p. 10). In addition, the 

fact that the water temperature is maintained at the 

most optimal level 26-28degC and the total amount 

of dissolved solids is (300-450 ppm) is what 

confirms that this system offers the most appropriate 

physiological conditions to the fish and the plants, 

taking away the stress and increasing the rate of the 

metabolic process (Firdaus et al., 2023, p. 2041). 

Such strict control of the environment means that the 

biological activity is strong and this leads to a high 

level of cycling of nutrients and high productivity of 

the system. This indicates that aquaponics is an 

excellent sustainable food production process. 

Studies show multi-trophic aquaculture-based 

treatments have better ability to eliminate nutrients 

than monoculture systems who prove that aquaponic 

systems are efficient at eliminating nutrients, 

especially, nitrogen and phosphorus (Geda et al., 

2023, p. 19). This is due to the fact that other species 

of fish prey on each other (Goda et al., 2023, p. 19). 

It is not just that such a complete removal of 

nutrients reduces the impact of the system on the 

environment, but also preconditions the 

sustainability of the aquaponics system due to the 

reuse of useful materials (al., 2023, p. 339; 

Chandramenon et al., 2024, p. 109257). Plants and 

fish can co-exists, a fact that proves that aquaponics 

is sustainable (Osman, 2021, p. 791). Plants are used 

to give nutrients to the waste of fish and fish are 

given clean water. This delicacy suggests that less 

chemical fertilisers will be necessary, and the 

agricultural runoff will be less, which is even more 

advantageous regarding the effects on the 

environment (Khater et al., 2023, p. 1). In addition, 

there is the need to regulate the level of pH, which 

must be kept within the range of 7-8 at any point in 

the process with the aid of the specified 

interventions like freshwater addition to ensure the 

process of nutrient uptake in plants and the presence 

of the necessary activity of nitrifying 

microorganisms and well-being of aquatic 

organisms (Goda et al., 2024, p. 12). To maintain the 

sufficient level of dissolved oxygen, which was 

necessary not only to guarantee the fish breathing 

but also to continue the process of nitrification, it 

was necessary to ensure that bacteria were able to 

work in the most favorable manner to turn the 

ammonia and nitrite into the less toxic nitrates (Liu 

et al., 2021, p. 195). The sufficient amount of plant 

biomass is also rather significant in increasing the 

natural biofiltration of water. This is because it 

uptakes nitrates at all times and diminishes the level 

of nitrogenous substances and improves the quality 

of the water without applying any form of external 

mechanical filtration (Cervantes-Vazquez et al., 

2025, p. 5). Utilization of plant roots enhances the 

natural bioremediation process and is more effective 

in the eradication of ammonium as compared to the 

application of the bacterial species. This removes 

the stresses on fish and makes them thrive (Sku, 

2021, p. 1133). 

CONCLUSION 

This paper conclusively confirms that aquaponics is 

a highly effective, sustainable and resilient food 

production system that has the potential to 

effectively address the existing challenges in food 

security, water scarcity and environmental 

degradation. The experimental findings reveal that 

the aquaculture-hydroponics system is suitable to 

maintain the constant water quality and promote a 

significant fish production and weight biomass 

production of plants. The biological nitrification 

converts fish waste into nutrients which are 

consumed by plants indicating that the system can 

practically eliminate waste and recycle nutrients in 

the most optimal way possible. Aquaponics is a 

water-saving alternative that is particularly well 
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adapted to urban and dry places since a lot less 

freshwater is used in comparison to conventional 

farming. Energy consumption analysis indicates that 

the productivity to energy ratios are favourable and 

this implies that the system would be economically 

viable in case it has optimised operational controls. 

Aquaponics can be trusted in various circumstances 

of the environment since it is stable during the 

seasons and consistent when undergoing trial cycles. 

Further, the integration of monitoring technology 

and data-based management can make the system 

more precise, transparent, and scalable, which is 

consistent with the new concepts of smart and 

circular agriculture. The findings demonstrate that 

aquaponics is an effective method of increasing food 

production sustainably since it preserves the 

environment, is more resourceful and enhances the 

quality of foods simultaneously. To make it more 

cost-efficient in a large scale, capital costs and 

technical expertise might have to be optimised 

further. Nevertheless, the established performance 

demonstrates that it may be effective in the urban 

systems of food in the future. Aquaponics is a 

paradigm shifting approach that can address the 

sustainability of the ecosystem and the productivity 

requirements and therefore, it can make a real 

difference in the long term objective of global food 

security. 
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