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Abstract 

This thesis presents the design, integration, and development of a sensor-based water 

quality monitoring device utilizing ESP32 microcontroller, aimed at enabling real-time, 

accessible, and cost-effective water quality assessment. The system integrates four key sensors 

such as pH, turbidity, oxidation-reduction potential (ORP), and total dissolved solids (TDS) and 

all managed through the ESP32 microcontroller. These sensors continuously measure 

fundamental water quality parameters, which are displayed on a LCD screen and transmitted 

via a Wi-Fi module for remote monitoring through computers or other smart devices. 

The system’s primary objective is to provide an efficient, portable, and affordable tool 

that allows users to easily evaluate water quality without the need for laboratory equipment. In 

the future, the system can be extended with additional sensors such as temperature, dissolved 

oxygen, or conductivity sensors to further enhance measurement precision and environmental 

adaptability. 

 ​ Overall, this research successfully demonstrates a compact, modular, and practical 

prototype that contributes to improving water quality monitoring practices and supports 

sustainable water management solutions. 

 

 

 

 

 

 

 

 

 

 

 

 

 
7 

 



1. Introduction 

1.1 Problem Statement 

Water is an essential resource that sustains life, economic development, and ecosystem. 

However, the rapid urbanization, industrialization, and environmental degradation in many 

regions are exerting increasing pressure on water quality. This is especially true in urban 

centers like Ulaanbaatar, the capital of Mongolia, where water sources face a unique set of 

challenges. Ulaanbaatar is located in a semi-arid region characterized by extreme temperature 

variations, pollution from industrial and domestic sources, and seasonal fluctuations in water 

availability (Batjargal et al., 2020). These factors not only affect the quantity of available water 

but also degrade its quality, posing a significant threat to public health and the environment. 

In Ulaanbaatar, rapid urbanization, industrial activities, and air pollution from coal-burning 

contribute significantly to the degradation of water quality (Bat-Erdene & Tsogt, 2019). The Tuul 

River, a primary water source for the city, has been increasingly contaminated by industrial 

effluents, sewage discharge, and runoff from surrounding mining activities (Baatar & 

Tumenjargal, 2021). Meanwhile, the city’s water treatment infrastructure is often inadequate to 

address these challenges, leaving many areas without access to clean water (Tserenbat et al., 

2022). Given these circumstances, effective and real-time monitoring of water quality is 

essential to address these challenges and inform public health decisions. 

Access to clean and safe water is critical for public health and environmental sustainability, yet 

traditional water quality monitoring methods are often expensive, time-consuming, and require 

specialized equipment and expertise. These limitations make real-time monitoring challenging, 

particularly in remote or resource-constrained areas. There is a growing need for an affordable, 

portable, and user-friendly solution that can provide accurate, real-time water quality data to 

support timely decision-making and intervention. 

The quality of water is a complex interplay of physical, chemical, and biological parameters, and 

turbidity, pH level, Oxidation-Reduction Potential (ORP), and Total Dissolved Solids (TDS) are 

widely recognized as fundamental indicators for assessing water quality (Jin et al., 2019). 

Turbidity refers to the cloudiness of water caused by suspended particles and is a key indicator 

of contamination by microorganisms, heavy metals, or organic pollutants. The pH level provides 

insights into the acidity or alkalinity of water, which influences chemical reactions and biological 

processes within aquatic ecosystems. ORP measures the oxidative capacity of water, providing 

an indication of its ability to neutralize pollutants, while TDS quantifies the concentration of 
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dissolved substances, such as salts, minerals, and metals, which can impact water's taste, 

safety, and suitability for irrigation.  

This project presents the design, development, and testing of a multifunctional device that 

integrates sensors for turbidity, pH, ORP, and TDS measurement. The proposed device aims to 

address the limitations of current monitoring technologies by providing a portable, cost-effective, 

and user-friendly tool for water quality monitoring in both urban and rural settings. By utilizing 

advanced sensor technologies and a simple user interface, this device seeks to make water 

quality monitoring more accessible, empowering local communities, water management 

authorities, and environmental organizations to take proactive measures in addressing water 

contamination. 

1.2 Research Question 

The main objective of this research is to design and implement a low-cost, real-time, and 

modular sensor-based water quality monitoring device using the ESP32 microcontroller. This 

system aims to provide accessible and reliable water quality data for users in both urban and 

rural regions of Mongolia. 

The specific objectives of this research are as follows: 

●​ To integrate multiple water quality sensors (pH, TDS, turbidity, and ORP) into a single 

ESP32-based platform. 

●​ To design and implement a data acquisition and processing system capable of real-time 

monitoring. 

●​ To develop a user-friendly interface for displaying sensor readings and transmitting data 

via Wi-Fi. 

●​ To test and evaluate the performance of the prototype under different water conditions. 

●​ To propose future enhancements such as temperature compensation and mobile 

application integration. 

By addressing these questions, this research aims to develop a practical, portable, and modular 

prototype that supports improved water quality monitoring and provides a foundation for future 

development of  water quality solutions in Mongolia. 
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2. Literature review 

2.1 Overview of Water Quality Standard 

Globally, the World Health Organization (WHO) provides recognized guidelines for 

drinking-water quality, which serve as a foundation for national standards and public health 

policies. These guidelines emphasize a risk-based approach through Water Safety Plans, 

ensuring safe water from catchment to consumer. WHO establishes health-based targets and 

guideline values for key chemical, microbial, and radiological parameters, derived from 

toxicological and epidemiological studies. The latest edition, published in 2022, includes 

updated values for contaminants such as arsenic, lead, nitrate, and cyanobacterial toxins, 

alongside enhanced guidance for small water supplies and climate-related emergencies. These 

standards aim to protect human health by setting permissible limits for parameters like pH, 

turbidity, and dissolved solids, while promoting proactive monitoring and independent 

surveillance. Despite widespread adoption—over 98% of countries reference WHO 

guidelines—challenges remain in ensuring compliance, particularly in rural and resource-limited 

areas. By aligning with Sustainable Development Goal 6.1, WHO’s framework underscores the 

importance of universal access to safe drinking water and the need for affordable, real-time 

monitoring solutions (WHO, 2022). 

Global standards for drinking water quality, as outlined by the World Health Organization (WHO) 

and widely adopted by national agencies, set permissible limits for key parameters such as pH, 

total dissolved solids (TDS), turbidity, and oxidation-reduction potential (ORP) to ensure safety 

and palatability. WHO recommends a pH range of 6.5 to 8.5, as extreme acidity or alkalinity can 

cause corrosion, scaling, and health issues. For TDS, the guideline suggests a palatability 

threshold of 600 mg/L, with an upper acceptable limit near 1000 mg/L, since excessive 

dissolved solids may affect taste and indicate contamination. Turbidity, which reflects suspended 

particles and microbial risk, should remain below 5 NTU for aesthetic quality and ideally under 1 

NTU to ensure effective disinfection. Although WHO does not prescribe a strict ORP value, safe 

drinking water typically exhibits an ORP between +650 and +750 mV, signaling adequate 

oxidation for pathogen control. These standards collectively safeguard public health, maintain 

water treatment efficiency, and support global efforts toward universal access to safe drinking 

water. 

In Mongolia, water quality management is governed by several national standards that define 

the permissible limits and testing methodologies for various types of water sources. Among 
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these, MNS 4586:1998 and MNS 0900:2018 are two of the most significant regulatory 

documents used to evaluate and maintain water quality within the country. 

The standard MNS 4586:1998, titled “Surface Water Quality Standard of Mongolia,” establishes 

the requirements for maintaining the chemical, physical, and biological quality of surface water 

bodies such as rivers, lakes, and reservoirs. Its main objective is to ensure a healthy and 

sustainable environment by preserving the ecological balance of aquatic ecosystems. This 

standard classifies surface waters according to their intended use — for instance, for human 

consumption, agricultural irrigation, fisheries, or industrial purposes — and specifies the 

maximum allowable concentrations of various contaminants for each category. By setting these 

limits, MNS 4586:1998 serves as a foundation for environmental monitoring, pollution control, 

and sustainable water resource management across the country. 

On the other hand, MNS 0900:2018, titled “Drinking Water Standard of Ulaanbaatar,” defines 

the quality requirements for potable water supplied to households and public facilities in the 

capital city. This standard is comprehensive, covering 105 specific quality indicators, which are 

divided into four main categories: 55 organic compounds, 20 chemical parameters, 23 

elemental indicators, and 7 microbiological indicators. These parameters collectively ensure that 

drinking water meets safety, health, and environmental standards, protecting the population 

from waterborne diseases and toxic substances. Laboratory testing is performed to verify 

compliance, and the results are used for quality assurance and regulatory certification. 

2.2 Water Quality Parameters and Standards 

The four selected sensors—pH, TDS, Turbidity, and ORP—collectively provide a comprehensive 

approach to assessing the fundamental physicochemical characteristics of water. These 

parameters are critical because they directly influence health safety, taste, and treatment 

efficiency. Among them, pH and turbidity are often prioritized for immediate safety and treatment 

control, while TDS and ORP provide broader indicators of chemical balance and disinfection. 

The pH sensor ensures the evaluation of acidity and alkalinity. The TDS sensor quantifies the 

total ionic content, representing the degree of mineralization and overall purity of the sample. 

The turbidity sensor measures optical clarity, which reflects filtration efficiency and the presence 

of suspended solids or particulate matter. Meanwhile, the ORP sensor indicates the 

oxidation–reduction potential, providing insight into the redox state and disinfection efficiency of 

water. 
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Although they do not directly measure specific contaminants such as heavy metals or microbial 

components, they effectively represent the core physical and chemical parameters essential for 

evaluating overall water quality and treatment performance. 

Table 1. Sensor types 

Sensor type Measured 
Parameter 

Working Principle Standard 
Limit (MNS 
0900:2018) 

Water Quality 
Significance 

pH Sensor Acidity / 
Alkalinity 
(Hydrogen ion 
concentration) 

Measures potential 
difference between a 
glass electrode and 
Ag/AgCl reference 
electrode, based on 
the Nernst equation 

6.5 – 8.5 pH 
units 

Indicates 
chemical 
stability, 
corrosion or 
scaling potential, 
and disinfection 
efficiency 

TDS Sensor Total Dissolved 
Solids (inorganic 
and organic 
ions) 

Measures electrical 
conductivity and 
converts it to TDS 
(mg/L or ppm) 

≤ 1000 mg/L Reflects mineral 
content, ionic 
strength, and 
overall purity of 
water 

Turbidity 
Sensor 

Clarity / 
Suspended 
particles 

Uses a light beam 
and photodiode to 
detect light 
scattering caused by 
suspended solids 

≤ 5 NTU Indicates 
filtration 
effectiveness, 
presence of 
solids or 
microbial 
contamination 

ORP Sensor Oxidation–Redu
ction Potential 
(redox state) 

Measures voltage 
difference between 
platinum electrode 
and Ag/AgCl 
reference electrode 

No fixed limit 
(indicative 
parameter) 

Assesses 
oxidation 
capacity, 
disinfection 
potential, and 
chemical 
reactivity 

2.3 Importance of Water Quality Monitoring 

Water quality monitoring is essential for safeguarding public health, protecting ecosystems, and 

ensuring sustainable water resource management. Contaminated water can transmit harmful 

pathogens, heavy metals, and chemical pollutants, leading to severe health risks such as 

gastrointestinal diseases, neurological disorders, and long-term chronic conditions. Monitoring 

provides critical data for detecting pollution sources, assessing compliance with national and 

international standards, and guiding treatment processes to maintain safe drinking water. It also 

supports early warning systems for contamination events, enabling timely interventions to 

prevent outbreaks and environmental degradation. In addition, continuous monitoring is vital for 
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industrial and agricultural sectors, where water quality directly influences production efficiency 

and food safety. With growing pressures from urbanization, climate change, and 

industrialization, real-time and cost-effective monitoring technologies—such as sensor-based 

systems—are increasingly important for achieving global water security and meeting 

Sustainable Development Goals. 

2.4 Technological Developments  

Technological advancements have also facilitated wireless communication and Internet of 

Things (IoT) integration. Microcontrollers connected to Wi-Fi modules or cloud platforms provide 

real-time data visualization and remote access, allowing users, water authorities, and 

environmental organizations to monitor water quality from a distance. LCD displays, simple 

interfaces, and modular designs improve usability and accessibility, bridging the gap between 

laboratory testing and field-level monitoring.​​ ​  

 

 

 

 

 

 

 

figure 1.Technical scheme 

Despite these developments, several gaps remain. Many existing systems are too expensive or 

technically complex for household or small-scale applications. Few devices are adapted to the 

specific environmental, economic, and social contexts of Mongolia, where water quality 

challenges are exacerbated by urbanization, industrial activity, and seasonal water fluctuations. 

Current monitoring approaches are limited by infrequent testing and lack of real-time data. 

In conclusion, sensor-based water quality monitoring provides a practical, cost-effective, and 

real-time alternative to traditional laboratory methods. This thesis addresses the gaps by 

designing a multifunctional device integrating pH, turbidity, ORP, and TDS sensors with an   
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ESP32microcontroller, featuring LCD display and Wi-Fi connectivity. The proposed system aims 

to provide a locally relevant solution for water quality monitoring while supporting further 

technological development and environmental management initiatives. 

2.5 Comparison with Previous Studies 

Several previous studies have proposed sensor-based water quality monitoring systems using 

microcontrollers such as Arduino Uno and Raspberry Pi. Jin et al. (2019) developed a low-cost 

monitoring system that achieved real-time measurement but lacked long-distance 

communication capabilities. Bat-Erdene and Tsogt (2019) reported on locally developed 

systems in Mongolia, which were limited by high costs and maintenance requirements. 

Compared to these systems, the proposed ESP32-based device offers built-in Wi-Fi 

connectivity, lower power consumption, and higher integration efficiency, allowing real-time data 

transmission without additional modules. This improvement makes the system more suitable for 

Mongolia’s diverse environmental conditions, where affordability and portability are crucial. 

3.Methodology  

3.1 Water quality sensors 

3.1.1 Oxidation-Reduction Potential (ORP) Sensor 

The Oxidation-Reduction Potential (ORP) sensor is an electrochemical device designed to 

measure the redox potential of a liquid sample, which indicates its ability to either gain or lose 

electrons. This parameter serves as an important indicator of the chemical reactivity, water 

quality, and oxidative capacity of the solution. In environmental monitoring and water treatment 

applications, ORP measurement provides valuable insight into the balance between oxidizing 

and reducing substances present in the water. 

The ORP sensor operates based on the potential difference generated between two electrodes 

— a measuring electrode, typically made of platinum or gold, and a reference electrode, usually 

composed of silver/silver chloride (Ag/AgCl). When both electrodes are immersed in the sample 

solution, a voltage (measured in millivolts, mV) is produced as a result of electron exchange 

between the redox-active species in the water and the electrode surface. This voltage 

represents the oxidation-reduction potential of the sample. 
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A high positive ORP value indicates that the solution has a strong oxidizing potential, meaning it 

contains substances capable of accepting electrons — commonly associated with effective 

disinfection and low organic contamination. Conversely, a negative ORP value reflects a 

reducing environment where electron-donating substances, such as organic compounds or 

pollutants, dominate. 

In practical terms, ORP values above +300 mV usually represent water with strong disinfectant 

properties (such as chlorinated drinking water), while values between 0 and +300 mV are typical 

for natural water bodies. Values below 0 mV suggest anaerobic or polluted conditions. 

 

figure 2.Connection diagram between the ORP sensor and the ESP32 microcontroller. 

Due to its sensitivity and reliability, the ORP sensor is extensively used in drinking water 

treatment, wastewater management, aquaculture systems, and industrial process control to 

monitor redox balance and ensure proper water quality standards. When integrated with digital 

systemESP32  microcontrollers, ORP sensors enable real-time monitoring and automated data 

collection, contributing to smarter and more sustainable water management practices. 

3.1.2 Turbidity Sensor 

The Turbidity sensor is an optical device used to measure the clarity or cloudiness of water, 

which is directly related to the amount of suspended particles such as silt, clay, organic matter, 

and microorganisms present in the sample. Turbidity is a key indicator of water quality, as it 

reflects the degree to which light passing through water is scattered or absorbed by particles. 

The principle of operation of a turbidity sensor is based on light scattering. The sensor typically 

consists of a photodiode or phototransistor detector that measures the intensity of light after it 
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has interacted with the particles in the water.​

 

 

Figure 3.Connection diagram between the turbidity sensor and the ESP32 microcontroller. 

 

When the water is clear, most of the light passes straight through the sample and only a small 

amount is scattered, resulting in a low turbidity value. As the concentration of suspended solids 

increases, more light is scattered and less reaches the detector, leading to a higher turbidity 

reading. The measurement is usually expressed in Nephelometric Turbidity Units (NTU), in 

accordance with ISO 7027 or EPA Method 180.1 standards. 

Turbidity plays a critical role in assessing the aesthetic quality and safety of drinking water, as 

high turbidity can reduce the effectiveness of disinfection and indicate the presence of harmful 

microorganisms. In environmental contexts, it also serves as an indicator of soil erosion, 

industrial discharge, and sediment pollution in natural water bodies. 

3.1.3 pH Sensor 

The pH sensor is an electrochemical instrument used to determine the acidity or alkalinity of an 

aqueous solution by measuring the concentration of hydrogen ions. The pH value, expressed on 
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a logarithmic scale ranging from 0 to 14, represents the chemical reactivity and balance of the 

solution, where lower values indicate acidity, higher values indicate alkalinity, and a value of 7 

denotes neutrality. 

The working principle of a pH sensor is based on the potential difference generated between a 

glass measuring electrode and a reference electrode, which is usually composed of silver/silver 

chloride (Ag/AgCl). When both electrodes are immersed in the water sample, a voltage 

difference develops as a result of the interaction between hydrogen ions and the glass 

membrane of the measuring electrode. This potential difference follows the Nernst equation, 

establishing a logarithmic relationship between the measured voltage and the hydrogen ion 

concentration. The resulting electrical potential is then converted into a pH value by the 

measurement circuit or a connected microcontroller. 

pH measurement is a fundamental parameter in evaluating water quality, chemical stability, and 

biological suitability. Acidic conditions (pH < 7) may indicate industrial contamination, acid rain, 

or chemical discharge, while alkaline conditions (pH > 7) can result from mineral imbalances or 

excess chemical additives. Neutral pH values typically reflect clean and balanced water suitable 

for drinking and biological processes. Maintaining an appropriate pH level is essential for 

ensuring the effectiveness of water treatment processes and the health of aquatic environments. 

The pH sensor is widely applied in water treatment plants, environmental monitoring, 

aquaculture, agriculture, industrial processing, and laboratory analysis. In modern applications, 

pH sensors are often integrated with microcontroller ESP32 to enable real-time data acquisition, 

calibration, and digital monitoring. This integration enhances the efficiency, precision, and 

automation of water quality management systems, making pH measurement a critical 

component in both environmental and industrial research.  
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figure 4.Connection diagram between the pH sensor and the ESP32 microcontroller. 

3.1.4 TDS Sensor 

The Total Dissolved Solids (TDS) sensor is an electronic device used to measure the 

concentration of dissolved substances in water, including minerals, salts, and other inorganic or 

organic compounds. TDS is an essential indicator of water purity and overall chemical 

composition, as it represents the total amount of mobile charged ions, typically measured in 

milligrams per liter (mg/L) or parts per million (ppm). High TDS values generally indicate the 

presence of impurities, while low values suggest clean and low-mineral water. 

The TDS sensor operates based on the principle of electrical conductivity. Dissolved ions in 

water enable the flow of electric current, and the degree of conductivity is directly proportional to 

the concentration of dissolved solids. The sensor applies a small alternating current through the 

water sample and measures the resulting voltage to determine its conductivity. This conductivity 

value is then converted into a TDS reading using an empirical conversion factor that accounts 

for temperature and the ionic characteristics of the water. Since temperature significantly affects 

conductivity, many TDS sensors include automatic temperature compensation to ensure 

measurement accuracy. 

TDS measurement provides crucial information for evaluating water quality in both 

environmental and industrial contexts. In drinking water analysis, excessive TDS can affect 
 

18 
 



taste, odor, and health, while in industrial applications, it can influence corrosion rates, scaling, 

and process efficiency. A TDS value below 300 ppm is generally considered good for drinking 

purposes, while higher values may indicate contamination or the need for filtration and 

treatment. 

 

Figure 5. Connection diagram between the TDS sensor and the ESP32 microcontroller. 

Water quality is a crucial factor for human health, environmental sustainability, and economic 

development. Monitoring involves measuring physical, chemical, and biological parameters 

such as pH, turbidity, oxidation-reduction potential (ORP), total dissolved solids (TDS), 

temperature, and conductivity. Traditional laboratory-based methods are accurate but often 

costly, time-consuming, and unsuitable for real-time monitoring, particularly in remote or 

underserved areas. These limitations have led to growing interest in sensor-based, portable, 

and cost-effective water quality monitoring systems. 

Sensor-based systems commonly use pH, turbidity, ORP, and TDS sensors to measure water 

acidity, suspended solids, oxidative potential, and dissolved substances. Integration with 

microcontroller  ESP32 enables compact, automated, and real-time monitoring. Studies by Jin 

et al. (2019) and Bat-Erdene & Tsogt (2019) demonstrate that such systems can provide 

accurate water quality data with minimal human intervention. Portable and multifunctional 

devices allow simultaneous measurement of multiple parameters, making them suitable for both 

urban and rural water sources.   
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3.2 Sensor Calibration 

Sensor calibration was performed using several different approaches depending on the 

characteristics and requirements of each sensor. Certain devices, such as the TDS sensor, did 

not require extensive calibration because they are pre-calibrated or rely on fixed conversion 

factors supplied by the manufacturer. However, other sensors—particularly those measuring pH, 

turbidity, and ORP—required more complex calibration procedures. 

Calibration of the ORP sensor was especially challenging due to the limited availability of 

standard ORP calibration solutions. Despite this constraint, calibration was carried out using 

known reference values and controlled test conditions to ensure acceptable accuracy. For pH 

and turbidity, standard buffer solutions and empirical voltage–value mapping were used. 

During implementation, several calibration libraries available in the Arduino IDE were tested. 

Many of these libraries were outdated, intended for older Arduino devices, or incompatible with 

the ESP32 platform. As a result, portions of these libraries had to be manually modified, 

rewritten, or fully integrated directly into the main program without external library 

dependencies. Custom calibration routines were also incorporated so that manual calibration 

could be performed when necessary. 

 

figure 6. Definition of ADC parameters and calibration constants in Arduino code 
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figure 7. Implementation of software-based calibration for sensor voltage readings 

3.2.1 pH Sensor 

The pH sensor was calibrated using a two-point calibration method based on standard buffer 

solutions of pH 4.30 and pH 7.25. During testing, the sensor produced a voltage output of 3.30 

V when immersed in the pH 4.30 solution, and 2.518 V when immersed in the pH 7.25 solution. 

These two reference points were used to derive a linear calibration equation that maps the 

sensor’s analog voltage to an estimated pH value. The calculated slope and offset were then 

incorporated directly into the program code, enabling the ESP32 to compute corrected pH 

readings in real time. This approach ensured more accurate and stable measurements 

compared to relying solely on default or library-based calibration parameters.

figure 8. Ph sensor calibration code Implementation 

3.2.2 TDS Sensor 

Although the TDS sensor did not require a formal calibration procedure, adjustments were made 

to improve its compatibility and accuracy within the system. The DFRobot TDS sensor library for 

Arduino (figure 8.) was reviewed and adapted to match the electrical characteristics of the 

sensor used in this project. Instead of relying on the default library configuration, the original 

calculation and filtering routines were modified and integrated directly into the code. This 

allowed the TDS conversion formula to be tailored to the specific voltage range and sampling 

behavior of the connected hardware, resulting in more stable and reliable TDS readings. By 

embedding the calibration and computation logic into the main program, the implementation 

became both simpler and more consistent across different devices. 
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figure 9. Implementation of the TDS calibration equation in esp32 code 

3.2.3 Turbidity Sensor 

The turbidity sensor was calibrated using a one-point calibration method, in which distilled water 

was used as the 0 NTU reference. When immersed in distilled water, the sensor produced an 

output of approximately 2.0 V, and this value was defined as the baseline corresponding to 0 

NTU. All subsequent turbidity measurements were interpreted relative to this baseline, enabling 

the detection of increased turbidity through deviations in measured voltage. 

Arduino-based turbidity libraries were also utilized to assist with voltage reading, filtering, and 

basic NTU conversion. However, due to variations in sensor behavior, portions of the library 

logic were adapted and incorporated directly into the system’s code to ensure accurate 

operation with the specific hardware used in this project. The implementation and calibration 

workflow are shown in (figure 9.), where the corresponding code snippet and hardware 

configuration are provided. 

 

Figure 10. Implementation of the Turbitidy calibration equation in esp32 code 
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3.2.4 ORP Sensor 

The ORP sensor was calibrated by assigning the sensor’s electrical midpoint (ORP center) to 

2.5 V. Distilled water was used as the reference solution and was assumed to have an 

approximate oxidation–reduction potential of 250 mV. Using these reference points, the sensor 

output was adjusted so that a measured voltage of 2.5 V corresponds to 250 mV, and all 

subsequent ORP values were derived relative to this calibrated center. The conversion 

procedure and the specific calculation used for this mapping are illustrated in (figure 10.) and 

expressed formally in Equation 1, which was applied in the code to compute calibrated ORP 

readings throughout the system. 

 

figure 11. Implementation of the ORP calibration equation in esp32 code 

 

 𝑣
𝐶𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑒𝑑

= 𝑣
𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

×𝑠𝑐𝑎𝑙𝑒 + 𝑠𝑐𝑎𝑙𝑒 + 𝑜𝑓𝑓𝑠𝑒𝑡

Equation 1.Linear calibration model for sensor voltage adjustment. 
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4. System Design and Methodology 

4.1 Control Function 

The control function of the water quality monitoring system plays a vital role in ensuring the 

continuous and accurate measurement of various water parameters. It acts as the central 

operational process that manages data acquisition, signal conversion, data processing, and 

wireless communication between the sensors, the ESP32 microcontroller, and the user 

interface. The control logic implemented in the ESP32 determines how the system responds to 

the inputs from the sensors and delivers output data to the web dashboard for monitoring and 

analysis. 

The system employs four major sensors: pH, TDS, Turbidity, and ORP sensors. Each of these 

sensors measures a specific characteristic of water quality. The pH sensor measures the acidity 

or alkalinity of the water, while the TDS sensor determines the total dissolved solids (measured 

in ppm). The Turbidity sensor measures the cloudiness or presence of suspended particles in 

the water (measured in NTU), and the ORP sensor measures the oxidation-reduction potential 

(in mV), which indicates the water’s ability to break down contaminants. These parameters 

together provide a comprehensive evaluation of water quality. 

The ESP32 microcontroller serves as the central control unit of the system. It receives analog 

inputs from each sensor through its built-in 12-bit Analog-to-Digital Converter (ADC). The raw 

voltage signals are first read and then converted into digital values. To ensure precision, each 

sensor is calibrated using predefined mathematical equations that convert voltage readings into 

accurate measurement units. For example, the pH sensor output voltage is converted into a pH 

value using a linear calibration curve, while the TDS sensor reading is calculated using a 

conductivity-based conversion formula. This ensures that all sensor outputs reflect the true 

physical conditions of the water being tested. 

After data acquisition and conversion, the data processing phase takes place. The ESP32 

executes the main control algorithm written in INO (ESP32 framework). This algorithm 

continuously reads data from the sensors at regular intervals, filters out noise, and performs 

real-time computation to interpret the data correctly. Threshold values for each water parameter 

are predefined according to international water quality standards such as those provided by the 

World Health Organization (WHO). The system continuously compares the measured data 

against these threshold values to determine the condition of the water. 
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For example: 

●​ If pH < 6.5 or pH > 8.5, the water is considered unsafe and a pH alert is triggered. 

●​ If TDS > 1000 ppm, the system indicates high mineral content and poor water purity. 

●​ If Turbidity > 5 NTU, it suggests high particle concentration or contamination. 

●​ If ORP < 250 mV, it indicates poor oxidation potential and possible bacterial presence. 

Once the decision-making process is complete, the ESP32 performs the control and 

communication functions. It transmits the processed data wirelessly to a web server or IoT 

dashboard using Wi-Fi. The web interface allows users to visualize water quality in real time 

through charts, numeric displays. The use of IoT technology enables remote monitoring, which 

is highly beneficial for water management in rural and industrial areas In case the 

analog-to-digital conversion fails or produces invalid data, the system identifies the 

issue and displays a “Sensor Error” message, prompting the user to check the 

connection or recalibrate the sensor. Similarly, if the Wi-Fi data transmission fails, the 

ESP32 temporarily stores the measured data locally and retries sending once the 

connection is re-established. This ensures data integrity and prevents data loss during 

network interruptions. 
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figure 12. Flowchart of the data acquisition and processing sequence in the water quality monitoring system 
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4.2 Sensor Selection 

4.2.1 pH Sensor (Ph4502c) 

Purpose:The pH sensor is used to measure the hydrogen ion concentration in water, which 

indicates whether the water is acidic, neutral, or alkaline. pH is one of the most critical 

parameters in determining water quality because it affects chemical reactions, biological 

processes, and the solubility of metals. 

Reason for Selection:A pH sensor was selected due to its reliability, accuracy, and wide range of 

measurement (typically 0–14 pH). It provides real-time monitoring of water acidity or alkalinity, 

which is essential for maintaining safe water quality standards. It is also compatible with 

microcontrollers like ESP32 for IoT-based monitoring. 

Formula 

   𝑝𝐻 =− 𝑙𝑜𝑔
10

[𝐻+]

Equation 2. Formula for calculating pH from [H⁺]. 

Explanation:  

The sensor measures the potential difference between two electrodes (the measuring and 

reference electrodes). This relationship is defined by the Nernst equation: 

 𝐸 = 𝐸
0

− 2.303𝑅𝑇
𝑛𝐹 𝐿𝑜𝑔

10
[𝐻+]

Equation 3. Electrode potential dependence on  
pH from the Nernst equation. 

From this, the pH can be derived as: 

                            ​ ​  𝑝ℎ =
𝐸

0
−𝐸

0.0591

​ ​ ​ ​ ​ ​ ​ Equation 4. Simplified Nernst equation for pH calculation.​
​  

(at approximately C) 25𝑜

Where: 

●​ E – Measured electrode potential (V) 

●​ E₀ – Reference potential (V) 
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●​ R – Gas constant (8.314 J/mol·K) 

●​ T – Temperature (Kelvin) 

●​ F – Faraday constant (96485 C/mol) 

●​ n – Number of electrons involved in the reaction 

4.2.2 ORP (Oxidation-Reduction Potential) Sensor (ORP board v1.1) 

Purpose: The ORP sensor measures the oxidation-reduction potential of water, indicating its 

ability to oxidize or reduce contaminants. It helps determine the sanitizing strength of water, 

especially in processes involving disinfection, wastewater treatment, and environmental 

monitoring. 

Reason for Selection: The ORP sensor was chosen because it gives insight into water’s 

chemical stability and contamination level. It complements the pH sensor to provide a complete 

electrochemical profile of water. It’s also durable, easy to calibrate, and suitable for long-term 

continuous measurement in harsh environments. 

Formula: 

 𝐸 = 𝐸
0

+ 𝑅𝑇
𝑛𝐹 𝑙𝑛 [𝑂𝑥𝑖𝑑𝑖𝑧𝑒𝑑 𝑠𝑝𝑒𝑐𝑖𝑒𝑠]

[𝑅𝑒𝑑𝑢𝑐𝑒𝑑 𝑠𝑝𝑒𝑐𝑖𝑒𝑠]

​ ​ ​ ​ ​ ​ ​ Equation 5. Nernst equation describing redox    equilibrium. 

Explanation: 

The ORP sensor measures the ability of water to oxidize or reduce contaminants. It indicates 

the oxidation-reduction balance of a solution, which reflects the water’s sanitizing strength or 

contamination level.The sensor outputs a potential value (in millivolts) corresponding to the 

electron exchange between oxidized and reduced ions in the solution. 
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4.2.3 TDS (Total Dissolved Solids) Sensor (GravityTDS) 

Purpose:The TDS sensor measures the concentration of dissolved solids such as salts, 

minerals, and metals in the water. High TDS values can indicate contamination or poor water 

quality, affecting both industrial and domestic water applications. 

Reason for Selection:The TDS sensor was selected because it provides a quick and practical 

way to assess water purity. It is widely used, cost-effective, and easy to interface with 

microcontrollers. It helps determine water suitability for drinking, irrigation, or industrial 

processes. 

Formula: 

 𝑇𝐷𝑆(𝑝𝑝𝑚) = 𝑘×𝐸𝐶(μ𝑆/𝑐𝑚)

Equation 6. Formula converting EC to TDS. 

Explanation: 

The TDS sensor measures the total concentration of dissolved solids such as minerals, salts, 

and metals in water. It is derived from the electrical conductivity (EC) of the solution using a 

conversion factor k, typically between 0.5 and 0.7.Higher TDS values indicate higher 

concentrations of dissolved substances and lower water purity. 

Where: 

●​ EC – Electrical conductivity of the water sample (μS/cm) 

●​ k – Conversion factor (usually 0.5–0.7 depending on water type) 

4.2.4 Turbidity Sensor (TDS V1) 

Purpose: The turbidity sensor measures the cloudiness or haziness of water caused by 

suspended solids. It is a key parameter for detecting physical contamination and evaluating 

filtration or sedimentation efficiency. 

Reason for Selection: The turbidity sensor was selected because it offers an optical method to 

continuously monitor water clarity. It provides immediate feedback on changes in water quality 

due to pollution or sediment disturbance. The sensor is robust, low-cost, and easy to integrate 

into automated systems. 
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Formula: 

 𝑇𝑢𝑟𝑏𝑖𝑡𝑖𝑑𝑦(𝑁𝑇𝑈) = α×
𝑉

𝑟𝑒𝑓
−𝑉

𝑜𝑢𝑡

𝑉
𝑜𝑢𝑡

+ 𝑏

Equation 7. Voltage-based turbidity calculation 
formula.​
 

 

Explanation: 

The turbidity sensor measures water cloudiness or the amount of suspended particles by 

analyzing the scattering of light.When the water becomes more turbid, less light reaches the 

detector, resulting in a change in output voltage (Vout).The relationship between Vout and 

turbidity (in NTU) is established during calibration using standard solutions. 

Where: 

●​ – Reference voltage (clean water) 𝑉
𝑟𝑒𝑓

●​ – Measured output voltage 𝑉
𝑜

●​ a, b – Calibration constants determined experimentally 

4.3 Component Selection 

The main reason for selecting these sensors (pH, ORP, TDS, and Turbidity)  is that they are 

low-cost, easy to use, and reliable for general applications. Although these components may not 

provide the same precision and durability as high-end industrial-grade devices, they are highly 

suitable for academic projects, prototype systems, and small-scale water quality monitoring 

applications. 

These sensors offer an excellent balance between price, performance, and simplicity. They are 

widely available, easy to interface with microcontrollers like the ESP32, and require minimal 

calibration and maintenance. This makes them accessible and practical for users with limited 

technical background or budget constraints. 

Moreover, to maintain a low-cost system design, the number of components and complex 

circuits were minimized without compromising the essential functions of the system. As a result, 
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the overall setup remains affordable, compact, and efficient, allowing real-time water quality 

monitoring at a fraction of the cost of commercial systems. 

4.4 Required Hardware List 

The following table provides a summary of the hardware components employed in the indoor 

smart farm prototype, along with their respective quantities and functional roles. 

 

Table 2. List of Hardware Components Used 
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No Component Quantity Purpose Picture 

1 ESP32 1 
Main controller for sensor 

reading and actuator control 

 

2 ORP sensor 1 
Oxidation Reduction Potential 

(ORP)  

3 Ph sensor 1 

A pH sensor is a probe that 
measures the acidity or 

alkalinity  

4 TDS sensor 1 
A TDS sensor measures the 

Total Dissolved Solids  

5 Turbitidy 1 
A turbidity sensor measures the 

cloudiness or haziness  

6 
Breadboard / 

PCB 1 
Prototyping platform for 

hardware assembly  

7 

Type-C 
Cable 

(ESP32) 1 
Upload programs and provide 

power during testing  



Future planned improvements to the water quality monitoring system include the integration of a 

temperature sensor to enhance the accuracy of measurements through temperature 

compensation and the development of a mobile application to enable real-time data monitoring, 

user notifications, and remote system management. 

The complete hardware wiring and sensor configuration are illustrated in Figure X. This diagram 

presents the interconnections between the ESP32 microcontroller and the water quality 

sensors, including the pH, ORP, TDS, and turbidity sensors. Additionally, an OLED display is 

integrated to provide real-time on-site monitoring of the measured parameters. 

 

 

Figure 13. .Schematic diagram of water quality monitoring system circuit, showing full wiring of sensors and power connections 
using Fritzing. 
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8 
Connecting 

Wires Several 
Circuit connections between 

components  



 

figure 14. Circuit schematic showing the connection between the ESP32 microcontroller and the water quality sensors (pH, ORP, 
and TDS). 

 

 

 
 

33 
 



 

4.5 Software Design 

The developed software is designed for remote use via mobile devices, enabling users to 

monitor water quality data from any location. From a software architecture perspective, the 

system follows a layered design approach, consisting of four main components: the embedded 

system (microcontroller firmware), the backend server infrastructure, the database management 

system, and the frontend user dashboard. The software was implemented with a minimal and 

user-friendly interface, ensuring simplicity, efficiency, and accessibility for all users. 

4.5.1. Embedded Firmware(ESP32) 

The ESP32 microcontroller was programmed using the Arduino IDE, utilizing C++ as the 

primary language for embedded system development. The firmware is designed to handle all 

essential operations of the water quality monitoring system, ensuring accurate data acquisition, 

processing, and communication. 

Sensor Data Acquisition: The ESP32 periodically reads analog inputs from the pH, ORP, TDS, 

and Turbidity sensors, converting the raw voltage signals into meaningful measurement values 

through calibration equations. 

Control Logic Execution: The microcontroller compares each sensor reading against predefined 

threshold values based on the Mongolian National Drinking Water Standard (MNS 0900:2018). 

When abnormal readings are detected, the system flags alerts for unsafe water quality 

conditions. 

Data Transmission: The ESP32’s built-in Wi-Fi module enables real-time data transmission to 

the backend server using HTTP POST or WebSocket protocols, supporting both reliability and 

low-latency communication for web-based monitoring. 

OLED Display Updates: The latest sensor readings (pH, ORP, TDS, and Turbidity) are displayed 

locally on an OLED screen, allowing immediate visualization of water quality status even without 

an internet connection. 

The firmware implements interrupt handling, timing control, and basic error detection to maintain 

stable operation and prevent data loss during continuous monitoring. It also includes modular 
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functions for sensor calibration, data filtering, and network reconnection, ensuring robust and 

long-term system reliability. 

4.5.2 Backend Server Implementation (Node.js + JavaScript + Arduino) 

The backend server is implemented using Node.js and functions as the central communication 

layer between the sensing hardware and the frontend dashboard. It receives sensor data from 

the microcontroller through HTTP requests, validates the incoming measurements, and stores 

them in a persistent JSON file for later retrieval. The server also provides real-time updates to 

the dashboard through Socket.io, ensuring that new readings are displayed immediately without 

requiring page refresh. Additionally, the backend exposes endpoints for retrieving historical data, 

exporting measurements as CSV files, and relaying user-issued control commands back to the 

microcontroller. This implementation enables reliable data acquisition, storage, visualization, 

and bidirectional control within the overall monitoring system. 

4.5.3 Frontend Dashboard (Web Interface) 

The frontend dashboard serves as the main user interface of the water-quality monitoring 

system. Built with HTML, CSS, and JavaScript, it communicates with the backend through 

RESTful API calls and Socket.io to provide real-time visualization of water-quality parameters, 

including pH, TDS, Turbidity, and ORP. 

Live sensor readings are displayed through numeric indicators and graphical charts, with 

Socket.io ensuring that values update instantly without requiring page refreshes. In addition to 

real-time monitoring, the dashboard also supports data management. Each reading is stored 

with a timestamp, and users can retrieve historical data through the /data API endpoint for 

tabular or graphical viewing. 

Several interactive features enhance usability: 

●​ Save: Stores the current sensor values and timestamps in the backend. 

●​ Download: Exports all stored data as a CSV file for offline analysis. 

●​ Clear: Removes all stored records from the backend when they are no longer required.​

 

Visual alerts notify users of unsafe water conditions or communication issues with the ESP32 

device. The interface follows a minimalist, responsive design to ensure clarity on both desktop 

and mobile devices. Overall, the dashboard provides an efficient and accessible user 
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experience, linking the embedded hardware with the backend system for real-time and historical 

water-quality monitoring. 

 

 

figure 15. Web-based dashboard interface for real time water quality monitoring  

 

 

4.5.4 System Integration Overview 

●​ Sensing → Backend:​

 The ESP32/Arduino collects water-quality measurements and transmits them to the 

backend via HTTP POST requests (/api/data), including sensor values and an ISO 8601 

timestamp. 
●​ Backend → Storage:​

The backend validates each reading and stores it in a persistent JSON file (data.json), 

which functions as the system’s primary data repository during prototyping. 
●​ Backend → Frontend (Real-Time):​

Newly received measurements are broadcast to the frontend dashboard through 

Socket.io events (e.g., sensorData), enabling immediate real-time updates. 
●​ Frontend → Backend (Historical & Export):​

The dashboard retrieves stored measurements from data.json via GET /data, while /save 

and /download enable CSV generation and file export. 
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●​ User → Device (Control):​

User-initiated control commands are sent from the dashboard to the backend, which 

then relays them to the ESP32/Arduino through HTTP or an available serial interface. 

●​ Optional Serial Integration:​

 When serial port support is enabled, the backend may directly read from or write to a 

USB/COM device; otherwise, this feature remains inactive. 

 

figure 16. presents the system’s end-to-end data flow. Sensor measurements from the ESP32/Arduino are sent to the backend 
server, which broadcasts them in real time to the frontend dashboard and saves them for CSV export. The dashboard retrieves 
both live and historical data and allows users to issue control commands. These commands are returned to the ESP32 via HTTP 
or serial communication, completing the control cycle. 
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5. Implementation and Results 

The implementation phase involved integrating both hardware and software components into a 

fully functional ESP32-based water quality monitoring prototype. The system combines four 

analog sensors — pH, ORP, TDS, and turbidity — connected to the ESP32 microcontroller for 

continuous environmental data collection. An OLED display was incorporated to provide 

real-time on-site visualization, while a Wi-Fi connection enables data transmission to the 

Node.js-based backend server. 

The firmware was programmed using the Arduino IDE in C++, where the ESP32 was configured 

to read analog voltage signals from each sensor, apply calibration formulas, and convert these 

into meaningful water quality values. Each reading cycle was time-stamped and transmitted to 

the backend server via HTTP POST requests in JSON format. 

On the software side, the backend server was implemented using Node.js, Express, and 

Socket.io, while the frontend dashboard was developed using HTML, CSS, and JavaScript. The 

backend receives sensor data from the ESP32, stores it temporarily in memory (or optionally in 

MongoDB), and broadcasts real-time updates to all connected clients. The frontend displays this 

information as interactive charts and tables for user analysis. 

Figure X illustrates the overall system integration, showing the connection between sensors, the 

ESP32 microcontroller, the backend server, and the frontend dashboard. The hardware 

assembly and wiring layout are shown in Figure Y. 

The prototype system was tested using three different water samples: 

●​ Tap Water (Ulaanbaatar city) 

●​ Bottled Drinking Water 

●​ River Water (Tuul River) 

The sensors collected continuous data over multiple readings for each sample, and the 

measured values were compared against the Mongolian National Drinking Water Standard.  

5.1 Hardware Assembly 
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The hardware assembly of the water-quality monitoring system integrates the DOIT ESP32 

DevKit V1 microcontroller with four analog sensing modules—pH (PH4502C), ORP (ORP Board 

v1.1), TDS (Gravity TDS and TDS V1), and a turbidity module—alongside a 1.3-inch OLED 

display for local visualization. Each sensor and peripheral component was connected to the 

ESP32 according to its electrical interface requirements to ensure stable and accurate data 

acquisition. 

The PH4502C pH sensor module includes an onboard signal conditioning circuit that converts 

the probe’s low-level electrochemical signal into a stable analog voltage readable by the ESP32 

ADC. This module was powered through the 5 V rail while its signal output was connected to 

one of the ESP32’s analog input pins. Proper grounding was maintained to reduce noise and 

drift during measurement. 

The ORP Board v1.1 operates similarly, providing a regulated amplification stage for the ORP 

probe. Its analog output, centered around 2.5 V, was connected to an ESP32 ADC pin, enabling 

millivolt-level redox potential conversion through software calibration. This module also required 

stable 5 V power and a shared ground reference. 

The system utilizes two TDS sensing modules: the Gravity TDS sensor and the TDS V1 
module. Both include electrical isolation and voltage regulation to protect the ESP32 from 

conductivity-related interference in the water sample. Their analog outputs were connected to 

separate ADC channels, while the isolation circuits were powered by 5 V to maintain safe and 

stable readings. 

A 1.3-inch OLED display (I2C interface) was integrated to provide real-time local feedback. 

The display was connected to the ESP32’s I2C pins (SDA and SCL) and powered through the 

3.3 V rail to ensure compatibility with the microcontroller’s logic level. This arrangement allowed 

the system to show live pH, TDS, turbidity, and ORP values without requiring a computer 

connection. 

All sensors were mounted on a stable platform, and the waterproof probes were immersed in 

the test solution while keeping the electronics isolated from moisture. Common grounding 

practices and short cable lengths were used to minimize noise and ensure reliable analog signal 

acquisition. The ESP32 also handled Wi-Fi communication, allowing sensed data to be 

transmitted to the backend server for processing and visualization. 
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figure 17. Assembled prototype showing OLED display output and internal wiring  

 

5.2 Software Deployment 

The software for the water-quality monitoring system was deployed locally on a laptop, which 

hosted both the backend server and the frontend dashboard. The ESP32 firmware was 

developed using the Arduino IDE and uploaded directly to the DOIT ESP32 DevKit V1 via 

USB. All required sensor libraries and calibration routines were embedded into the firmware 

prior to deployment, enabling the microcontroller to automatically collect and transmit 

measurements once powered on. 

The backend server was implemented using Node.js and executed with the npm start 

command. This process initialized the Express-based API endpoints, WebSocket 

communication through Socket.io, and the file-based data storage system. Deployment relied 

on several key project files, including server.js for backend logic, script.js for frontend 

interaction, and the public/ directory containing the user interface. The backend operated 

entirely on localhost, meaning both the server and dashboard were accessible only from the 

same machine during testing and development. 

Sensor data was stored in a local data .json file, while CSV export files were generated on 

demand to support data archiving and offline analysis. All data handling logic, including 

calibration adjustments and numerical conversions, was integrated into the backend and 

firmware code during deployment to ensure consistent behavior across devices. 
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Although the overall deployment process was straightforward, several challenges arose during 

sensor calibration and firmware coding. These included adapting outdated Arduino libraries, 

modifying analog-to-value conversion formulas, and ensuring correct communication timing 

between the ESP32 and the backend. Once resolved, the system operated reliably in a fully 

local environment, providing real-time monitoring and control capabilities for all connected 

sensors. 

 

figure 18. System architecture diagram showing data flow between hardware, backend and user interface 
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5.3 Testing and Troubleshooting 

To evaluate the performance of the system under real conditions, several water samples were 

collected and tested using the assembled device. Tap water, bottled water, and river water were 

used as representative samples. All measurements were taken at a controlled temperature of 

approximately 25 °C to ensure consistency across tests. The system recorded pH, TDS, 

turbidity, and ORP values for each sample, and the results were compared to observe 

differences in water quality. These comparisons are presented in the graphs below, where the 

variations between the three water sources can be clearly seen. 

The pH graph shows noticeable variation among the three samples. The river water measured 

pH 6.1, indicating slightly acidic characteristics, which is typical for natural surface water. The 

bottled water measured pH 6.5, still mildly acidic but more balanced than the river sample. In 

contrast, the tap water displayed a significantly higher value of pH 7.2, which is slightly alkaline 

and within the expected range for treated municipal water. Overall, the system successfully 

detected clear differences in pH levels across the three water sources. 

 

figure 19. pH Comparison of River, Bottled, and Tap Water Samples 
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The TDS results show significant variation among the three tested water sources. The bottled 

water sample recorded the lowest TDS level at 57 mg/L, indicating low mineral content and 

effective filtration. Tap water measured 213 mg/L, which reflects a moderate concentration of 

dissolved minerals typically found in municipal water supplies. In contrast, the river water 

sample exhibited the highest TDS value at 263 mg/L, suggesting a greater presence of natural 

sediments, organic materials, and dissolved solids. Overall, the data show that bottled water is 

the least mineralized, while river water contains the highest concentration of dissolved 

substances. 

 

figure 20. Total Dissolved Solids Comparison of River, Bottled, and Tap Water Samples 

 

The turbidity results show a clear difference between treated/filtered water and natural surface 

water. Both tap water and bottled water recorded turbidity levels of less than 1 NTU, indicating 

very clear water with minimal suspended particles. In contrast, the river water sample measured 

approximately 9 NTU, which is significantly higher. This increased turbidity is expected, as river 

water naturally contains suspended sediments, organic matter, and particles from the 

surrounding environment. Overall, the results confirm that untreated river water has noticeably 

higher turbidity compared to tap and bottled water. 
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The ORP results follow the expected inverse relationship with pH. The river water sample 

showed the highest ORP value at 314 mV, indicating stronger oxidizing conditions, which 

corresponds with its lower pH level. Bottled water recorded a moderate ORP of 299 mV, 

consistent with its slightly acidic pH. Tap water exhibited the lowest ORP value at 260 mV, 

matching its higher pH of the three samples. Since ORP decreases as pH increases, these 

measurements align well with theoretical behavior. Overall, the results demonstrate that the 

system accurately captured the inverse correlation between pH and ORP across the tested 

water samples. 

 

figure 21. Oxidation-Reduction Potential Comparison of River, Bottled, and Tap Water Samples 

The results from all measured parameters—pH, TDS, turbidity, and ORP—show clear 

distinctions between the three tested water sources. Tap water demonstrated the highest pH 

level (slightly alkaline) and the lowest ORP value, indicating weaker oxidizing conditions. Its 

TDS level was moderate, reflecting typical mineral content found in treated municipal water, 

while turbidity remained very low, confirming that it is well-filtered and clear. 

Bottled water showed a near-neutral pH and the lowest TDS value among the samples, 

suggesting effective filtration and low mineral content. Its ORP value was moderate and turbidity 

remained below 1 NTU, indicating that bottled water is clean and stable with minimal suspended 

particles. 
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River water, in contrast, showed the lowest pH (slightly acidic) and the highest ORP value, 

reflecting stronger oxidizing conditions. It also recorded the highest turbidity (around 9 NTU) due 

to suspended sediments common in natural water sources. Its TDS level was also the highest 

among the samples, indicating a greater presence of dissolved solids, organic materials, and 

minerals. 

Overall, the comparison confirms that bottled water is the cleanest and most balanced, tap 

water is safe but mineralized, and river water contains the highest level of impurities, which is 

expected for untreated natural water. These results also demonstrate that the developed system 

successfully detects meaningful differences in water quality across varying environmental 

conditions. 

6. Result and conclusion 

The results of this project demonstrate that a low-cost, microcontroller-based water-quality 

monitoring system can reliably measure four essential parameters—ORP, TDS, turbidity, and 

pH—at two-second intervals and transmit these measurements to both a computer interface 

and an integrated display. The system performs continuous real-time analysis of water 

conditions, offering an affordable and practical alternative to conventional laboratory-grade 

equipment. Through iterative calibration, firmware refinement, and hardware optimization, the 

device achieved stable and responsive measurements, confirming that accurate environmental 

sensing is achievable even with budget-friendly components. 

A major strength of the system is its flexibility and openness. The use of open-source hardware 

and software ensures that the device is easy to maintain, repair, and modify, enabling future 

users to expand its capabilities without significant redesign. Its compact design and low power 

consumption make the system suitable for small-scale field investigations, educational 

demonstrations, and community-based water monitoring programs. When compared with 

commercial multiparameter analyzers, this prototype is several times more cost-effective while 

maintaining a reliable level of operational stability. 

From an environmental perspective, the system’s simplicity and accessibility make it a valuable 

tool for everyday water assessment. Since it requires only a power source to begin monitoring, it 

can be used by non-experts, community members, or field researchers who need rapid 

information without specialized laboratory equipment. Its affordability reduces financial barriers 

for schools, rural communities, and institutions that lack access to expensive testing devices. 
 

45 
 



This is especially relevant in Mongolia, where water quality can vary significantly across regions, 

and where early detection of contamination in rivers, wells, and local water supplies is crucial for 

public safety. 

The system also provides strong educational value. By combining sensor calibration, data 

acquisition, electronics, and programming, it creates a hands-on learning platform for students 

to explore environmental science and IoT-based measurement systems. Students can interact 

with real data, adjust calibration parameters, investigate trends, and understand how modern 

monitoring technologies are engineered and deployed. This strengthens both theoretical 

understanding and practical technical skills. 

Overall, the project demonstrates that accessible technologies—supported by structured 

calibration procedures and thoughtful system integration—can deliver meaningful environmental 

data at a fraction of the cost of professional instruments. The system’s affordability, ease of use, 

and adaptability make it well-positioned for educational use, public awareness initiatives, and 

environmental monitoring efforts in diverse contexts. This work contributes to the growing field 

of low-cost IoT environmental sensing and highlights the potential for scalable, user-friendly, and 

customizable solutions for water-quality evaluation. 
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7. Discussion 

While the current water-quality monitoring system meets its core objectives, several 

opportunities exist for improvement and expansion in the future: 

1. Improved Calibration Accuracy 

Future versions should include multi-point calibration for all sensors—pH, ORP, TDS, and 

turbidity. Using a wider range of reference solutions will increase measurement precision and 

reduce long-term drift. 

2. Redesign of the Equipment Base 

The physical base of the device can be redesigned to provide better stability, improved cable 

management, and stronger protection against environmental interference. A more robust 

mounting frame would also help reduce sensor noise. 

3. Larger and More Readable Display  

Upgrading to a larger, higher-contrast display will make data easier to read during field use. A 

touchscreen interface could also improve user interaction and menu navigation. 

4. Increased Portability 

A compact, lightweight enclosure would make the system more portable and suitable for on-site 

water testing. A rechargeable battery module could also be added for mobile operation. 

5. Enhanced Firmware and Software Features 

Future software improvements may include automated data validation, adaptive sensor filtering, 

and more detailed error reporting. Additional calibration tools could be built into the firmware for 

quick on-site sensor adjustment. 

6. Expanded Data Logging and Analytics 

Long-term data storage in a database, combined with online dashboards or cloud services, 

would enable trend analysis, comparisons across locations, and remote monitoring capabilities. 
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9.APPENDICES 

Appendix A – Schematic Diagram 

●​ Full circuit diagram showing connection between DOIT ESP32 Dev v1,pH sensor, ORP sensor, 

TDS, Turbitidy and OLED display. 

●​ Label each pin connection clearly. 
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Appendix B – Arduino Code  

Appendix B Arduino Code part 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix B Arduino Code part 2 
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Appendix B Arduino Code part 3 

 

 

 

 

​ ​ ​  

​  

Appendix C – Website Code  

Node.js backend code: Server initialization, database communication routes, API for 

frontend. 

Appendix C Arduino Code part 1 
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Appendix C Arduino Code part 2 

 

Appendix C Arduino Code part 3 
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Appendix C Arduino Code part 4 

 

Frontend EJS code: Real-time data display, manual control page, graph generation logic. 

Appendix C Arduino Code part 5 
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Appendix C Arduino Code part 5 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix C Arduino Code part 6 
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Appendix C Arduino Code part 7 

 

Appendix C Arduino Code part 8 
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Appendix D – Website Preview 
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