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Abstract: Aquaponics, a sustainable method of food production, merges aquaculture and hydroponics into a closed-loop ecosystem. This 

paper presents an enhanced IoT-based intelligent aquaponics monitoring system designed for real-time data acquisition, analysis, and 

semi-automated control. The system leverages an ESP32 microcontroller integrated with pH, water temperature, and environmental 

sensors. Data is transmitted via Wi-Fi or Bluetooth to a Flutter-based mobile application for real-time visualization, trend analysis, and 

threshold-based notifications. In addition to standard monitoring, the system introduces lightweight predictive analytics to forecast 

potential water quality issues based on historical data patterns. Moreover, basic actuator control, such as pump switching and simulated 

gate mechanisms, is implemented for environmental intervention. The solution operates with energy-efficient routines and supports solar 

power integration, ensuring off-grid functionality. This intelligent approach significantly improves system reliability, reduces manual 

intervention, and promotes sustainable, smart farming practices. 
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1. Introduction 
 

In recent years, aquaponics has emerged as a revolutionary 

method of sustainable agriculture, combining the practices of 

aquaculture (fish farming) and hydroponics (soilless plant 

cultivation) into a single, symbiotic ecosystem. In such 

systems, nutrient-rich waste water from fish tanks provides 

natural fertilizer for plant growth, while the plants filter and 

purify the water, which is then recirculated back to the fish. 

This closed-loop method significantly reduces water usage, 

eliminates the need for synthetic fertilizers, and minimizes 

environmental waste, making it ideal for both urban farming 

and resource-scarce regions. 

 

Despite its potential, maintaining a balanced aquaponic 

ecosystem requires constant vigilance. Critical parameters 

such as water temperature, pH level, and ambient 

environmental conditions must be kept within ideal ranges to 

support the health of both fish and plants. Even slight 

imbalances in pH or temperature can lead to systemic failures, 

affecting crop yield and fish survival. Traditionally, these 

parameters have been monitored manually using test kits or 

digital meters, which is labour-intensive, time-consuming, 

and prone to human error. 

 

To overcome these challenges, this project proposes an IoT-

based intelligent aquaponics monitoring system that 

automates data collection, prediction, and basic response 

mechanisms. At the core of the system is an ESP32 

microcontroller interfaced with digital and analog sensors 

capable of measuring key water and air parameters. This 

microcontroller transmits data via Wi-Fi or Bluetooth to a 

custom-built Flutter-based mobile application, which serves 

as the user interface. 

 

The mobile application provides real-time data visualization, 

threshold-based alert notifications, and access to historical 

trends using local storage. The system is enhanced with a 

lightweight predictive analytics module that analyses past 

sensor data to forecast potentially harmful changes, allowing 

users to act proactively rather than reactively. Additionally, a 

basic actuator control system has been implemented using a 

servo motor to simulate real-world intervention (e.g., 

triggering a water gate or controlling a pump), paving the way 

toward future automation. 

 

Unlike cloud-dependent systems, this solution emphasizes 

local-first architecture, ensuring privacy, reducing operating 

costs, and making it suitable for remote or off-grid 

installations. The system is designed to operate efficiently on 

low power and can be supported by renewable energy sources 

such as solar panels, further reinforcing its applicability in 

sustainable smart agriculture. 

 

This paper presents the design, development, and evaluation 

of this enhanced aquaponics monitoring system. It 

demonstrates how combining Internet of Things (IoT), mobile 

computing, and basic AI concepts can lead to a more reliable, 

intelligent, and scalable solution for modern-day agriculture. 

 

2. Literature Survey  
 

Aquaponics represents a synergistic fusion of aquaculture and 

hydroponics that requires continuous environmental 

monitoring to ensure a stable and productive ecosystem. The 

success of such systems hinges on precise control of water 

quality parameters such as temperature, pH, dissolved 

oxygen, and ammonia levels. With the advent of IoT and 

mobile technologies, numerous research efforts have been 

made to automate and optimize the monitoring and 

management of aquaponic environments. This literature 

survey examines key contributions in the domain, 

highlighting various approaches, methodologies, and 

technological frameworks. 
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Sahoo et al. [1] proposed a smart aquaponics system that 

leverages IoT and machine learning to provide intelligent 

environmental monitoring. By deploying low-cost sensors for 

data acquisition and incorporating ML models for predictive 

analytics, their system can issue early warnings and 

mitigating potential issues before they impact system health. 

Their work emphasizes the importance of data-driven 

decision-making and laid a foundation for integrating AI in 

precision agriculture. 

 

Sahitya et al. [2] designed a real-time water quality 

monitoring system using IoT and cloud computing 

technologies. They implemented sensor nodes to measure 

critical parameters such as pH, temperature, and turbidity, 

transmitting the data to cloud servers for storage and analysis. 

The system’s architecture enabled remote access and 

historical trend tracking, demonstrating how cloud services 

enhance flexibility, scalability, and data persistence. 

 

To address connectivity and power limitations in rural 

aquaponic systems, Rahman and Azad [3] adopted LoRa 

communication. Their system supports long-range, low-

power transmission, making it ideal for decentralized farms 

with limited infrastructure. This innovation extends the reach 

of smart monitoring systems to remote areas, supporting 

decentralized, sustainable agriculture. 

 

Hannan et al. [4] focused on building a sustainable IoT-based 

monitoring platform that ensures continuous tracking of 

essential aquaponics parameters. They highlighted how 

continuous feedback loops enabled by wireless sensors 

reduce manual intervention while enhancing overall 

productivity and ecosystem balance. 

 

Sahoo et al. [5] also explored mobile-based interaction by 

developing a Flutter application that interfaces with IoT 

devices. Their system offers cross-platform compatibility, 

real-time monitoring, and a user-friendly dashboard that 

enables farmers to respond promptly to system alerts. This 

approach highlights the importance of mobile accessibility in 

modern agriculture systems. 

 

Gupta et al. [6] identified multiple technical challenges in IoT 

aquaponics implementations, such as sensor drift, energy 

inefficiency, and limited predictive capability. They 

advocated for incorporating edge computing and machine 

learning to overcome these bottlenecks, suggesting the need 

for intelligent and autonomous monitoring systems. 

 

Lin et al. [7] conducted a comprehensive review of IoT-based 

water quality systems. They categorized communication 

protocols (Wi-Fi, Zigbee, LoRa), sensor types (analog vs 

digital), and data processing architectures (cloud, edge, 

hybrid). Their work provides a valuable reference for 

selecting suitable technologies based on specific operational 

requirements. 

 

Kodali et al. [8] proposed an edge computing model for water 

quality monitoring in aquaponics. Unlike cloud-reliant 

systems, their solution processes data locally using 

microcontrollers, thus reducing latency, bandwidth usage, 

and reliance on stable internet connections. This architecture 

aligns well with real-time systems that require immediate 

response actions. 

 

Gupta, Singh, and Kumar [9] emphasized the integration of 

mobile applications with IoT-enabled sensors for sustainable 

aquaponics management. Their work supports the creation of 

user-centered systems that are not only intelligent but also 

accessible to non-technical users, such as small-scale farmers. 

 

Lin et al. [10] explored the design and deployment of Flutter 

applications integrated with IoT microcontrollers. Their focus 

on cross-platform UI development improves the portability 

and cost-effectiveness of smart farming solutions, allowing a 

wider range of users to benefit from technological 

advancements. 

 

Al-Ali et al. [11] introduced an advanced IoT system that 

supports both monitoring and automated control. Their 

system includes actuators such as water pumps and heaters, 

which are triggered based on sensor readings. This closed-

loop control mechanism moves beyond monitoring toward 

full automation and self-regulation in aquaponics. 

 

Alahi et al. [12] developed a user-friendly mobile platform 

that allows real-time monitoring and control of aquaponics 

systems through IoT devices. Their work underlines the need 

for responsive design, push notifications, and real-time charts 

for enhancing user engagement and timely decision-making. 

 

Patil et al. [13] presented a low-cost water monitoring 

solution using Raspberry Pi. Their system demonstrates that 

affordable open-source technologies can be combined with 

commercial sensors to achieve real-time feedback loops in 

aquaponic ecosystems, making smart agriculture more 

accessible to the masses. 

 

In a related study, Nandurkar et al. [14] focused on integrating 

a Flutter mobile app with a robust IoT setup for aquaponics. 

They addressed key implementation challenges like sensor 

calibration, data inconsistency, and network interruptions. 

Their framework supports offline data syncing and secure 

user authentication, improving overall system reliability. 

 

Lastly, Tripathy et al. [15] developed a mobile-driven system 

using Flutter for managing sensor data and alerts. Their work 

emphasized user experience, cross-platform support, and 

simple configuration workflows for deploying smart 

aquaponics systems without technical overhead. 

 

Together, these studies establish a strong foundation for 

building IoT-enabled aquaponics systems that are intelligent, 

energy-efficient, and user-friendly. They also highlight the 

shift from simple monitoring toward smart automation, 

predictive analytics, and hybrid cloud-edge architectures. 

 

3. Methodology  

 

The development of the IoT-based intelligent aquaponics 

monitoring system was carried out using a modular and 

structured approach to ensure seamless integration between 

hardware, software, and communication components. The 

system was designed to monitor key environmental 

parameters in real time, transmit data wirelessly, and deliver 
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predictive alerts and basic automation to support sustainable 

aquaponic farming. This section describes the methodology 

used, including the hardware setup, data acquisition, 

communication protocols, mobile application development, 

and local automation mechanisms. 

 

3.1 System Overview 

 

The architecture is built around a microcontroller-based IoT 

node (ESP32), which is responsible for collecting data from 

multiple sensors placed in the aquaponics environment. These 

include sensors for: 

• pH monitoring (to assess water acidity), 

• Water temperature (DS18B20 digital sensor), 

• Ambient environmental temperature (LM35 

analogsensor). 

 

This data is processed and transmitted via Wi-Fi or Bluetooth 

to a custom-built Flutter mobile application, which provides 

a real-time dashboard, historical data visualization, alert 

notifications, and predictive feedback. A simulated actuator 

(servo motor-controlled gate) was also integrated for proof-

of-concept automation in response to threshold violations. 

 

3.2 Hardware Architecture 

 

The core of the hardware system is the ESP32 development 

board, chosen for its dual-core processor, low power 

consumption, and built-in Wi-Fi/Bluetooth modules. The 

sensors are interfaced directly with the ESP32 as follows: 

• DS18B20 (water temperature sensor) connected via a 

digital pin using One Wire communication. 

• pH sensor module connected through the analog pin with 

appropriate signal conditioning. 

• LM35 (environmental temperature sensor) connected via 

analog input for ambient monitoring. 

• Servo motor connected via PWM to demonstrate 

threshold-triggered mechanical response. 

 

A regulated 5V–9V power supply ensures stable operation, 

with the option to integrate solar energy in future upgrades. 

Jumper wires and a breadboard or PCB were used for 

prototyping. 

 
Figure 1: Hardware Architecture 

3.3 Data Collection and Processing 

 

Sensor data is collected every 5 seconds through polling 

routines programmed in the Arduino IDE. The firmware is 

written in C++ and includes libraries such as WiFi.h, 

HTTPClient.h, DallasTemperature.h, and OneWire.h for 

managing sensor interfacing and communication protocols. 

 

The ESP32 performs basic validation checks on sensor data, 

such as range filtering and averaging, to eliminate noise or 

false spikes. Once validated, the data is either: 

• Transmitted to the Flutter app via HTTP requests (Wi-Fi) 

or 

• Sent directly via Bluetooth (in offline mode). 

 

Additionally, if sensor readings exceed critical thresholds, the 

ESP32 triggers an alert signal to the app and activates the 

servo motor, simulating a control action (e.g., opening a gate 

or starting a pump). 

 

3.4 Mobile Application Development 

 

The mobile application was developed using the Flutter 

framework with the Dart programming language, allowing for 

cross-platform deployment on Android and iOS devices. The 

app includes the following features: 

• Real-time Dashboard: Displays pH, water temperature, 

and environmental temperature using graphs, gauges, and 

charts. 

• Historical Data Visualization: Stores and displays past 

readings retrieved from a local MySQL database. 

• Threshold Alerts: Notifies users through push alerts and 

UI highlights when readings go beyond set limits. 

• User Authentication: Supports secure login using 

username and password stored in the database. 

• Offline Support: Uses SQLite to cache data and function 

in areas without internet connectivity. 

• Predictive Alert System: Uses basic trend analysis on 

stored data to forecast near-future anomalies. 

3.5 Backend and Database Design 
 

For backend operations, PHP scripts are hosted on a local 

XAMPP server to manage: 

• Sensor data reception via HTTP POST, 

• User login validation, 

• Data storage and retrieval from MySQL database. 

 

Two primary tables are maintained: 

• usertbl: Stores registered user credentials securely. 

• readings: Stores timestamped environmental readings 

(pH, water temp, environmental temp). 

 

All API endpoints are secured and optimized for fast 

response. The data schema is normalized to ensure efficient 

querying and trend analysis. 

 

3.6 Predictive Analysis and Local Automation 

 

To add intelligent capabilities, the app includes basic 

predictive logic that uses historical trends to estimate if a 

parameter will cross a threshold within a defined timeframe. 

This is achieved using a simple linear regression model 

running on the mobile application, requiring no cloud 
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connectivity. 

 

Additionally, local automation is achieved through the ESP32 

using conditional logic. When a pH or temperature value is 

out of bounds, the ESP32 sends a command to the servo motor 

to simulate a corrective action. This demonstrates the 

potential for full automation in future iterations (e.g., auto-

pump control, oxygenation systems). 

 

4. Results and Discussion 
 

The IoT-based Aquaponics Monitoring System developed in 

this project shows significant improvements in functionality,  

efficiency, and effectiveness compared to traditional and 

existing IoT monitoring solutions.    

 

Comparison with Traditional Methods: Traditional 

systems often rely on manual checks of parameters like pH 

and temperature, which are time-consuming and prone to 

error. They lack real-time tracking and timely alerts crucial 

for maintaining a healthy aquaponics environment. The 

implemented system automates this by continuously 

monitoring key water quality indicators. Real-time alerts 

allow for immediate responses to anomalies, minimizing risks 

to the ecosystem.    

 

Comparison with Other IoT Solutions: This system offers 

advantages in data privacy, cost efficiency, and reliability 

over many existing IoT solutions that depend heavily on cloud 

platforms. Cloud dependency can raise concerns about data 

security, accessibility in remote areas, and subscription costs. 

This system addresses these by using local data storage and 

secure, direct communication between the ESP32 

microcontroller and the mobile app. This local-first approach 

gives users full data control and reduces reliance on external 

services.    

 

Data Storage and Analysis: The integration of a MySQL 

database allows for historical data storage, supporting trend 

analysis and enabling data-driven decisions for system 

optimization.    

 

Performance and Practical Results:  

• The system demonstrates robust performance.    

• Real-time monitoring and an intuitive mobile app provide 

a comprehensive view of the aquaponics environment.    

• Historical data logging offers deeper insights into system 

behaviour over time.    

• The energy-efficient design reduces operational costs.    

• The alert feature is crucial for early issue detection, 

helping prevent system failures and losses.    

• Performance metrics show stability and reliability, with 

minimal latency in data transmission from sensors to the 

mobile interface.    

• Offline functionality and local synchronization enhance 

usability in off-grid or remote settings.    

• Enhanced data security via local databases makes this a 

strong alternative to cloud-dependent systems, offering 

better privacy and operational resilience.    

 

pH Monitoring: The top graph shows pH values fluctuating 

over a 24-hour period. You can see variations, including a 

simulated drop below the lower threshold (red dashed line at 

pH 6.0) around 5 PM, which would trigger an alert in the 

system. It mostly stays within the target range (e.g., 6.0-7.0) 

 

 
Figure 2: pH Reading 

 

Water Temperature Monitoring: The bottom graph shows 

water temperature changes, typically increasing during the 

day and cooling at night. The red dashed lines represent 

example alert thresholds (e.g., 22°C and 26°C). 

 

 
Figure 3: Water Temperature Reading 

 

These charts exemplify the real-time data visualization your 

mobile app provides, making it easy to see the current state 

and recent history at a glance, which is a significant 

improvement over manual check.  Observing these lines over 

time (as your system stores historical data) allows users to 

identify patterns (like the daily temperature cycle) and make 

informed decisions about system management, as discussed 

in the report. The threshold lines demonstrate the alert feature. 

When the blue (pH) or orange (temperature) line crosses a red 

dashed line, your system would notify the user, enabling 

timely intervention to prevent harm to fish or plants.   

 

5. Conclusion 

 

The IoT-based Aquaponics Monitoring System developed in 

this project represents a significant advancement in 

optimizing aquaponics management through automation and 

real-time monitoring. By utilizing cost-effective components 

like the ESP32 microcontroller and wireless communication 

(Wi-Fi, Bluetooth), the system effectively tracks essential 

environmental parameters such as pH levels and water 

temperature, which are critical for plant and aquatic life 
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health. The Flutter-based mobile application provides a user-

friendly interface for accessing real-time and historical data, 

along with timely alerts for unsafe water conditions. The 

system's reliance on local storage and direct device-to-app 

communication ensures data privacy and low operational 

costs, making it accessible for small to medium-scale 

operations. This approach reduces manual labour, addresses 

key aquaponics challenges, improves ecosystem health and 

productivity, and promotes sustainability by minimizing 

waste and optimizing resource use.    

 

The system offers numerous opportunities for future 

enhancements. Incorporate sensors for dissolved oxygen, 

ammonia concentration, and nutrient levels for a more 

comprehensive understanding of system health. Implement 

cloud integration for remote data access across multiple 

devices and enable advanced data analytics and predictive 

insights using machine learning. Expand the system to 

include automatic control of pumps, heaters, and nutrient 

dispensers based on real-time data, moving towards a fully 

autonomous solution. Improve sustainability, especially for 

off-grid use, by integrating solar panels or energy-harvesting 

technologies. Enhance the mobile app with advanced 

graphing, personalized notifications, and AI-powered trend 

analysis to improve accessibility and decision-

making.   Optimize communication protocols and data 

management strategies to support large-scale commercial 

aquaponics operations. Continued innovation holds promise 

for this IoT solution to drive efficiency, sustainability, and 

cost-effectiveness in the future of smart agriculture.    
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