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	A swimming pool is a recreational facility where people relax and refresh themselves. However, maintaining good water quality is essential, as poor water conditions can negatively impact users' health. In public swimming pools, operators typically rely on manual devices to measure pH and chlorine levels, making it challenging to maintain consistent water quality. This can lead to potential skin irritation and other health issues. Therefore, an automated water quality monitoring system has been developed to continuously track and maintain pool water quality by measuring pH, chlorine concentration, turbidity, and temperature to ensure a safe and comfortable swimming environment. The system was tested on several swimming pools with varying water conditions, evaluating key parameters such as pH, Total Dissolved Solids (TDS), turbidity, and temperature. The analysis of results demonstrates that the developed system effectively and accurately measures these parameters, providing reliable data for maintaining optimal water quality.
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Smart pool water quality solutions enable pool owners and managers to efficiently monitor and maintain water chemistry. These systems utilize sensors and other devices to track key parameters such as pH, chlorine levels, and temperature in real-time. When imbalances are detected, they alert users and provide instant feedback, ensuring necessary adjustments are made promptly.
	One of the main benefits of a smart water quality system is its ability to maintain a safe and comfortable swimming environment. Proper pool water treatment helps prevent the growth of harmful germs and algae, reducing health risks for swimmers. Additionally, maintaining balanced water chemistry not only preserves the pool’s structural materials but can also enhance their durability. By automating multiple maintenance tasks, smart water quality devices save time and money for pool owners. These systems can send alerts and even automatically dispense chemicals when needed, eliminating the need for frequent manual testing and adjustments. Ultimately, smart water quality solutions simplify pool upkeep, ensuring optimal water conditions while enhancing convenience and safety for users. 
Background Study
Parameter Needed for Swimming Pools
Water irritancy can be influenced by factors such as pH, hardness, osmolarity, temperature, and the loss of stratum corneum moisturizing components. Water chemistry also plays a crucial role, as calcium-rich water may cause skin irritation [1,2]. The Centers for Disease Control and Prevention (CDC) recommends maintaining a pool’s pH between 7.2 and 7.8 to preserve chlorine’s germ-killing effectiveness and minimize eye and skin discomfort for swimmers [3,4].
Chlorine is the most commonly used disinfectant in swimming pools and drinking water. Sodium hypochlorite, a chlorine-based compound primarily used in textile and paper production, is widely utilized for water disinfection [5]. In swimming pools, chlorine effectively eliminates waterborne bacteria, viruses, and other harmful microorganisms, preventing serious diseases. However, free chlorine disinfection can produce harmful byproducts. To mitigate this, the World Health Organization (WHO) recommends maintaining free chlorine levels between 3 and 5 ppm in swimming pools. Many countries have also established legal limits, such as Italy, where pool water must maintain chlorine levels between 0.7 and 1.5 ppm [6].
Temperature regulation is also essential for swimmer safety. The recommended temperature range for outdoor pools is 25–28°C, which is approximately 10°C below body temperature. Water temperatures below 15°C can lead to hypothermia, while excessively warm water can hinder natural cooling, potentially causing overheating [7].
Swimming Pool Algae and Prevention 
Algae are aquatic plants that can rapidly develop in swimming pools when nutrients such as phosphorus and nitrogen, along with spores from natural and environmental sources, enter the water. These elements can be introduced through wind, human activity, or animals, leading to algae accumulation [8-10]. The first signs of algae growth in a pool include turbid, milky, or foamy water and slippery pool surfaces. Factors such as low chlorine levels, heavy rainfall, and high temperatures in outdoor pools can further promote algae growth.
To effectively prevent algae formation, maintaining proper water chemistry is essential. The recommended parameters for algae prevention include:
· Free chlorine: 1 - 4 ppm
· pH level: 7.2 - 7.6
· Alkalinity: 80 - 150 ppm
· Calcium hardness: 200 - 275 ppm

Regular monitoring and balancing of these parameters help minimize the risk of algae growth, ensuring a clean and safe swimming environment.
Total Dissolved Solids (TDS) Value in Swimming Pool
Total Dissolved Solids (TDS) values are commonly used to assess the quality of drinking water, determining its suitability for consumption and defining mineral content in hard water. In swimming pools, TDS levels play a crucial role in maintaining chemical balance [11-13]. If the dissolved substance concentration is too low, it can lead to algae growth. Conversely, excessive chemical substances can result in a milky-white layer forming on the water surface.
	TDS values are measured in parts per million (ppm). For swimming pools, the minimum recommended TDS level is 600 ppm, while the ideal range falls between 800 ppm and 1200 ppm. The maximum acceptable TDS value is approximately 1500 to 2000 ppm, as outlined by the Environmental Protection Agency (EPA). Maintaining proper TDS levels helps ensure clean and balanced pool water, preventing water quality issues.
Turbidity Value (NTU) for Swimming Pool
Turbidity in water is measured using Nephelometric Turbidity Units (NTU), which quantify the presence of suspended particles that scatter light. Higher turbidity levels indicate the presence of impurities, such as dirt, algae, and organic matter, which can affect water clarity and hygiene.
	According to the National Sanitation Foundation (NSF) Standard, the recommended turbidity level for swimming pool water is 0.5 NTU, a threshold considered "crystal clear" and safe for swimmers [14-15]. Maintaining low turbidity is essential for ensuring proper water filtration, preventing bacterial growth, and optimizing the effectiveness of disinfectants like chlorine. If turbidity levels exceed the standard, pool water may appear cloudy, signaling inadequate filtration or chemical imbalances. Regular monitoring and maintenance of turbidity levels help sustain clean, safe, and visually appealing swimming conditions.
Methodology
[bookmark: _Hlk191572963]Flowchart of the System
Fig. 1 illustrates the flowchart of the system process in this project. The system consists of multiple sensors submerged in the swimming pool water to measure key water quality parameters, including pH level, turbidity, Total Dissolved Solids (TDS), and temperature. These sensors continuously collect data, which is then processed by the system to analyze and determine water conditions.
	Once the data is gathered, it is transmitted to a cloud server via Wi-Fi, enabling real-time monitoring and storage for future analysis. The processed data is then displayed on both a dedicated website and a mobile application, allowing users such as pool owners or facility managers to access water quality information remotely. Through this system, users can monitor fluctuations in water parameters and take necessary actions if any values exceed the recommended safety thresholds.
	To ensure continuous and up-to-date water quality monitoring, the system operates in a loop, repeatedly collecting new sensor readings and updating the displayed results in real time. This automated approach not only reduces the need for manual water testing but also enhances the efficiency and accuracy of pool maintenance, ensuring a safer and more comfortable swimming environment.
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Fig. 1 Flowchart of project
Microcontroller
ESP32, as shown in Fig. 2, is a powerful and cost-effective System-on-Chip (SoC) microcontroller developed by Espressif Systems, known for its versatility in IoT applications [16,17]. It is the successor to the widely used ESP8266 SoC and offers significant improvements in performance, connectivity, and power efficiency.
	The ESP32 is available in both single-core and dual-core variations, powered by Tensilica’s 32-bit Xtensa LX6 microprocessor. One of its standout features is the integration of Wi-Fi and Bluetooth connectivity, making it ideal for applications requiring wireless communication, such as real-time data transmission in smart monitoring systems. The dual-core version enhances multitasking capabilities, allowing the microcontroller to efficiently handle multiple tasks simultaneously, such as data acquisition, processing, and communication.
	Apart from its connectivity features, the ESP32 is equipped with multiple GPIO pins, analog-to-digital converters (ADC), digital-to-analog converters (DAC), and communication interfaces like SPI, I2C, and UART, enabling seamless integration with a variety of sensors and peripherals. Additionally, it supports low-power modes, making it suitable for battery-operated applications where energy efficiency is a priority.
[image: ]	In this project, the ESP32 acts as the central processing unit, collecting data from water quality sensors (pH, turbidity, TDS, and temperature) and transmitting it to a cloud server via Wi-Fi for real-time monitoring. Its built-in capabilities allow for continuous and efficient operation, ensuring reliable data acquisition and processing for maintaining optimal swimming pool water quality.
Fig. 2 ESP32 Wroom Dev Board
Circuit Diagram
The circuit connection for this project consists of three analog sensors—a pH sensor, a turbidity sensor, and a TDS (Total Dissolved Solids) sensor—all of which are connected to the Analog-to-Digital Converter (ADC) pins of the ESP32. These sensors generate analog signals that represent real-world measurements, such as pH level, water clarity, and dissolved solid concentration. Since the ESP32 operates digitally, the ADC pins play a crucial role in converting these analog signals into digital values for further processing. This conversion allows the microcontroller to analyze the data and transmit it for real-time monitoring.
	In addition to the analog sensors, a DS18B20 temperature sensor is integrated into the system. Unlike the other sensors, the DS18B20 is a digital temperature sensor that communicates using the 1-Wire protocol. This allows it to be connected to a normal digital I/O pin on the ESP32, reducing the number of required connections and enabling multiple temperature sensors to be used on a single data line if needed.
	As shown in Fig. 3, the ESP32 microcontroller collects data from all four sensors and processes the readings before sending them to a cloud server via Wi-Fi. This setup enables continuous monitoring of water quality parameters, ensuring a well-maintained swimming pool environment.
[image: ]
Fig. 3 Circuit diagram     
Project Devices
The complete hardware setup for this project has been successfully developed, as illustrated in Fig. 4. The device is designed to be portable and capable of floating on the water’s surface, ensuring continuous and real-time monitoring of pool water quality. To achieve this, the enclosure is built with water-resistant materials to protect the electronic components from moisture and splashes, while maintaining buoyancy to keep the device afloat.
	All sensors are strategically positioned at the bottom of the device body, where they remain submerged in the pool water to accurately measure key water quality parameters. These include pH level, turbidity, Total Dissolved Solids (TDS), and temperature. The collected data is processed by the onboard ESP32 microcontroller and transmitted via Wi-Fi to a cloud-based monitoring system. This setup allows pool owners or maintenance personnel to track water conditions remotely, ensuring that the pool remains clean and safe for users.
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Fig. 4 Figure description (a) Project device; (b) Sensors placement
Software Development
Arduino Cloud is a cloud-based platform developed by Arduino to simplify the creation of IoT (Internet of Things) projects. Designed with a user-friendly interface, this platform allows users to configure devices, write and upload code, design applications, and visualize data, which all within a single integrated environment.
One of the key advantages of Arduino Cloud is its seamless compatibility with various Arduino boards and ESP-based microcontrollers, including the ESP32 used in this project. The platform provides real-time data monitoring, enabling users to track sensor readings remotely through a web dashboard or mobile application.
	As shown in Fig. 5, the Arduino Cloud interface is accessible through both web browsers and mobile apps, offering a convenient and interactive way to monitor and manage connected IoT devices. This feature ensures that pool water quality data, such as pH, turbidity, TDS, and temperature, can be visualized in real time, allowing users to respond promptly to any changes.
[image: A screenshot of a computer
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Fig. 5 Arduino cloud
Experiment Setup for Outdoor Swimming Pools
The first experiment began by carefully placing the developed device in a clean swimming pool under controlled conditions. This experiment was conducted at the Pusat Akuatik Negeri Kedah, located at Jalan Gunung Keriang, Alor Setar, Kedah, as shown in Fig. 6. The test took place on 25 June 2023, in the morning.
During the experiment, the device was floated on the water surface, allowing the pH, turbidity, Total Dissolved Solids (TDS), and temperature sensors to continuously monitor and collect data. The data was recorded over a one-hour period to establish baseline readings for ideal swimming pool water quality. This process aimed to verify the accuracy and reliability of the system before conducting further tests in different water conditions.experiment process starts by put the devices in clean swimming pool with good care.The experiment conducted at public swimming pool Pusat Akuatik Negeri Kedah shows in Fig. 6 at Jalan Gunung Keriang, Alor Setar Kedah, the date of experiment is on 25 June 2023 at the morning. The project device was placed on the water then collected and recorded the data needed for ideal water quality for swimming pool in one hour.
[image: A pool with people standing in it
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[image: A hand reaching for a white bucket in green water

AI-generated content may be incorrect.][image: A group of people standing in a pool

AI-generated content may be incorrect.]Next, Fig. 7 illustrates the experiment conducted to collect and record data from a swimming pool with poor water quality. This test was carried out at a private swimming pool on 28 June 2023, in the morning, and lasted for one hour. For this experiment, the pool had been left untreated for five days, during which the filtration system remained off, and no chemical treatments were added. As a result, the water quality deteriorated, creating an ideal environment to assess the device’s ability to detect and measure deviations in pH, turbidity, TDS, and temperature levels. The device was placed in the pool, and real-time data was recorded to analyze the effects of neglected maintenance on water quality.
Fig. 7 Swimming pool without proper maintenance
Result and Discussion
4.1	Good Water Quality of Swimming Pools Result
Fig. 8 presents the measured parameters of a well-maintained public swimming pool. The data collected indicates that the pH value ranged between 7.6 and 7.7, which falls within the ideal range of 7.2 to 7.8 recommended for swimming pools. This balance ensures that the water remains safe and comfortable for swimmers, preventing skin and eye irritation. Additionally, the Total Dissolved Solids (TDS) levels were recorded between 922 and 924 ppm, aligning with the optimal range of 800 to 1200 ppm. This suggests that the dissolved minerals and chemicals in the water are within acceptable limits, preventing issues such as cloudiness or excessive chemical buildup.
	In terms of turbidity, the measurements confirmed that the water met the clarity standard, as the turbidity value remained below 20 NTU. According to the turbidity scale used in this project, values below 20 NTU indicate clear water, demonstrating that proper filtration and chemical treatment were in place. The temperature of the pool was initially recorded at 28°C, but as the experiment progressed, the average temperature was observed to be around 29°C. This increase is likely attributed to environmental factors such as direct sunlight, as the pool was located outdoors.
	From the collected data, it is evident that a well-maintained swimming pool adheres to specific conditions to ensure water quality. The ideal pH range of 7.2 to 7.8, a TDS value between 800 and 1200 ppm, and a turbidity level below 20 NTU all contribute to maintaining clear, clean, and chemically balanced water. Additionally, while temperature fluctuations are influenced by external conditions, the recorded values remained within an acceptable range for outdoor swimming pools. These findings highlight the importance of regular pool maintenance, proper chemical balance, and effective filtration systems in ensuring a safe and enjoyable swimming environment.
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Fig. 8 pH, TDS, turbidity and water temperature value graph result for good quality swimming pool
4.2	Poor Water Quality of Swimming Pools Result
Fig. 9 presents the graph results of pH values measured from a swimming pool that was left unattended for five days. The recorded pH levels ranged between 8 and 10, which exceed the ideal range of 7.2 to 7.8. A pH level outside this optimal range can be harmful to human health, potentially causing skin and eye irritation. The Total Dissolved Solids (TDS) values recorded in the graph range from 349 ppm to 390 ppm, excluding the initial 200 ppm reading at the start. These values indicate that the swimming pool does not meet the ideal TDS range of 800 to 1200 ppm. The significantly low TDS levels suggest an imbalance or deficiency in essential chemical substances required to maintain water quality. This lack of chemical balance can contribute to the rapid deterioration of water clarity and hygiene.
Observations from the experiment revealed that when a swimming pool is left without care, the water becomes cloudy within just two days. The turbidity scale measurement from Figure 9 shows that the water turned greenish due to algae growth. The recorded turbidity values averaged around 35 NTU, which is significantly higher than the acceptable limit of 20 NTU, confirming that the water was indeed cloudy. The experiment also recorded an average temperature of 29°C, which remained consistent with the previous experiment, as the measurements were taken from an outdoor swimming pool.
	These findings highlight the consequences of neglecting proper pool maintenance. When a swimming pool is not regularly treated with chemical substances such as chlorine, the TDS levels drop, leading to an imbalance in the water’s chemical composition. Insufficient chlorine levels allow algae to grow, which in turn causes the water to turn green and become cloudy. Additionally, the rise in pH levels further accelerates algae growth, making the water unsuitable for swimming. The results from this experiment align with literature findings, reinforcing the importance of maintaining proper chemical balance in swimming pools to prevent algae formation and ensure clear, safe water conditions.
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Fig. 9 pH, TDS, turbidity and water temperature value graph result for poor quality swimming pool
4.3	Discussion
Table 1 presents a comparison of data between good and poor water quality in swimming pools. In well-maintained public swimming pools, which fall under the category of good water quality, the pH, Total Dissolved Solids (TDS), and turbidity scale values remain within the ideal range, ensuring a safe and comfortable swimming environment. The proper care and maintenance carried out by pool workers, such as routine filtration, the addition of necessary chemical substances to maintain a balanced composition, and daily monitoring, help to sustain optimal water quality and meet the required safety standards. In contrast, swimming pools with poor water quality exhibit data that deviate significantly from the ideal values. The lack of maintenance leads to an environment conducive to bacterial and algae growth. The presence of algae not only causes the pool to appear green and murky but also contributes to an increase in pH levels. Additionally, TDS levels drop due to the absence of necessary chemical treatments, further disrupting the pool's chemical balance. As a result, the water becomes increasingly cloudy, leading to turbidity scale readings that exceed the acceptable threshold of 20 NTU, making the pool unsuitable for use.
Table 1 Comparison of good & poor or bad water quality data for swimming pool
	Parameter
	Good water quality

	Bad water quality


	Average pH
	7.71
	9.83

	Average TDS (ppm)
	923
	348

	Average Turbidity Scale
	4
	35

	Average Temperature (˚C)
	29
	29


The comparison between well-maintained and neglected swimming pools reveals significant differences in water quality parameters such as pH, Total Dissolved Solids (TDS), turbidity, and overall clarity. The well-maintained pool had a pH level of 7.71, which falls within the ideal range (7.2 to 7.8), ensuring effective chlorine disinfection and swimmer comfort. In contrast, the neglected pool had a high pH of 9.83, reducing chlorine efficiency and encouraging algae growth. High pH levels can cause skin and eye irritation and lead to scaling on pool surfaces.
	TDS levels further highlight the impact of maintenance on water quality. The well-maintained pool had a TDS value of 923 ppm, indicating a balanced chemical composition necessary for effective sanitization. However, the neglected pool had a drastically lower TDS level of 348 ppm, suggesting a lack of essential dissolved chemicals. This imbalance can contribute to unstable water chemistry, making it difficult to maintain proper sanitation and allowing contaminants to thrive.
	Turbidity measurements reinforce the importance of regular maintenance. The well-maintained pool had a turbidity scale of 4, signifying clear water, while the neglected pool recorded a turbidity scale of 35, well above the acceptable limit. High turbidity levels indicate cloudiness caused by suspended particles and algae, which can pose health risks and reduce water visibility. Although the temperature of both pools remained constant at 29°C due to similar environmental conditions, it did not directly impact water quality but could influence microbial activity.
	Overall, these findings emphasize the need for routine pool maintenance, including regular chemical treatment, filtration, and monitoring. Properly maintained pools ensure ideal pH, TDS, and turbidity levels, preventing algae growth and bacterial contamination. Neglecting maintenance leads to rapid deterioration, making the pool unsafe and unappealing. Regular care is essential to maintain healthy swimming conditions and prolong the lifespan of the pool infrastructure.
Conclusion
The IoT-Based Swimming Pool Water Quality Monitoring System enhances the efficiency and accuracy of water quality monitoring by utilizing real-time data collection and analysis. This system provides an easy and cost-effective solution for ensuring pool safety and cleanliness. By continuously monitoring key parameters such as pH, TDS, turbidity, and temperature, it helps prevent water quality issues that could lead to health risks. The system notifies users of any abnormalities, enabling timely corrective actions to maintain optimal swimming conditions.
	The system integrates sensors, controllers, and cloud-based data storage, all connected wirelessly via Wi-Fi. This connectivity allows seamless data transmission, ensuring that pool owners and operators have access to real-time water quality information. By leveraging cloud technology, the system provides reliable and consistent data analysis, reducing manual efforts while improving overall pool maintenance efficiency.
Furthermore, the integration of a website and mobile application enhances user experience and accessibility. Users can remotely monitor the pool’s water quality from any location, making it easier to maintain and manage pool conditions. This feature is particularly beneficial for public pool operators, who need to ensure compliance with health and safety standards. The user-friendly interface simplifies data interpretation, allowing for quick decision-making in response to any detected issues.
	In conclusion, the IoT-Based Swimming Pool Water Quality Monitoring System represents a significant advancement in pool maintenance technology. Its ability to provide real-time data, remote monitoring, and automated alerts makes it an essential tool for maintaining clean and safe swimming environments. As IoT technology continues to evolve, this system can be further enhanced to meet changing needs, ensuring better water quality management and improved pool hygiene.
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