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ABSTRACT

The study describes the creation and testing of an Internet of Things hazardous gas detection system, which uses MQ-series sensors together with an ESP32 microcontroller. The system detects hazardous gases and provides real-time alerts through local and wireless mechanisms. Experimental analysis was conducted under controlled indoor conditions using LPG exposure, while evaluating their dynamic response and calibration characteristics together with their recovery behavior and repeatability. The results demonstrate that the sensor exhibits fast response, stable recovery, and consistent output under repeated trials, indicating reliable performance for indicative monitoring applications. The measurements do not meet certified reference standards because they lack calibration, while cross-sensitivity and environmental conditions introduce accuracy problems. The research study presents these limitations together with solutions, which will lead to better gas monitoring systems that meet higher accuracy standards and compliance with official regulations.

Keywords: ESP32, Experimental analysis, Hazardous gas detection, IoT monitoring, MQ sensors.


Introduction

The industrial sector and technological advances have expanded their development activities, which now produce more environmental pollution that primarily consists of dangerous gases.1 The invisible nature of air pollution makes it difficult to detect without specialized sensing systems, which create a significant risk to human health and environmental safety. Industrial and domestic settings contain hazardous gases, such as liquefied petroleum gas (LPG), methane, ammonia, and hydrogen, which require continuous monitoring to prevent accidents and exposure risks. The current commercial gas detection systems face three main issues, which include high costs, large size, and limited portability that prevent their widespread use.2

Figure 1 shows the hazardous chemical accidents and fatalities that occurred over different time periods to demonstrate the need for effective monitoring and early detection systems. The existing accident-to-fatality ratios show increasing variability, which creates a demand for dependable gas detection systems that provide immediate results.


[image: An illustration of Trend analysis of hazardous chemical accidents, fatalities, and fatalities-to-accidents ratio from 2004 to 2018.]

Fig 1 | Trend analysis of hazardous chemical accidents, fatalities, and fatalities-to-accidents ratio from 2004 to 2018.5


The project develops an affordable hazardous gas monitoring system which uses MQ-series sensors and an ESP32 microcontroller to create an IoT-based prototype.3 The system detects gas leakage to send real-time alerts through two different methods, which include local and wireless systems.4 The study demonstrates sensor evaluation through experimental tests, which take place in controlled environments, while existing studies focus on building system design.

The proposed system uses LPG exposure for experimental analysis, which tests its performance through dynamic response assessment and calibration characteristics evaluation, recovery behavior testing, and repeatability assessment. The system serves as a prototype for monitoring purposes because its development will help identify practical limitations, which include calibration issues and cross-sensitivity, environmental factors, and subsequent gas detection system development for reliable standards-compliant operation. This work focuses on experimentally evaluating system performance using real-time measurements and controlled testing conditions.



Related Works

Various gas detection systems based on IoT technology use MQ-series sensors together with microcontrollers to create affordable monitoring systems.5 The systems use threshold-based detection systems to generate alerts, which they transmit through basic interfaces that include buzzers and displays and wireless notifications. Real-time gas monitoring systems, which these methods demonstrate as operational, fail to implement proper calibration methods and controlled testing experiments.6

The testing of current studies appears constrained because researchers have not established testing conditions, which prevents them from assessing how sensors perform in terms of response time, recovery behavior, and repeatability. The absence of certified gas detection system performance reports makes it challenging to determine how dependable and usable these systems actually are.

The microcontroller-based systems of the past, which included 89C51-based systems, dedicated their efforts to detecting gas leaks and creating alarms, but they did not develop their systems for remote monitoring and performance assessment. The new IoT systems provide better connection abilities than before, but their user experience suffers from problems related to sensor precision, environmental changes, and gas interaction.

The researchers need to conduct thorough testing, which involves systematic experiments on low-cost gas detection equipment to find out how these systems function in controlled experimental settings.7 The study investigates MQ-series sensor performance through analysis of their dynamic response, calibration characteristics, and recovery and repeatability capabilities.



System Overview

The qualities of the proposed design gas leakage detection system owe some predetermined and functional features to the former systems. The proposed system extends conventional gas detection designs by integrating low-cost sensors with an ESP32 microcontroller for real-time monitoring and wireless communication.7 System design perspective is a core ESP-32 microcontroller, which is Wi-Fi8 and Bluetooth enabled, to provide better communication and processing for gas leaking stations.2


Sensor Limitations and Considerations

The gas detection systems under consideration mainly monitor hazards by MQ series sensors,9 for example, MQ-2, MQ-135, but these sensors are attached to various inherent limitations. The first of these is the sensitivity of these sensors to environmental parameters, such as temperature and humidity, which also affects the accuracy of detection. They also generally require warm-up time and often quite frequent calibration for reliable operation in the long term.

Problems can also manifest themselves in the way that the many types of gases can cause cross-sensitivity to each other; ambiguous readings may occur without careful software or hardware-level filtering signal conditioning. They may also degrade in the long term, affecting the lifespan and consistency of sensors. Therefore, these limitations must be recognized for improvement in robustness potential and reliability in real-world deployments.



Gas Detection

The design uses the MQ-6 and MQ-135 gas detection system. The MQ-6 sensor can detect LPG, methane, and propane gases in a concentration range of 200 to 10000 ppm. The MQ-135 sensor is suitable for detecting ammonia and hydrogen in the range of 10–1000 ppm. All these sensors have an output in the form of an analog voltage from 0 to 1024, which is also processed by the ESP-32 for measuring the level of the gas in the air.

Table 1 compares hazardous gas detection systems along four primary facets: application environment, types of gases that can be detected by each system, sensor types used, and microcontroller platform. By comparing these parameters, the table enables users to quickly grasp distinctions as well as coverage of each method. For example, some systems are oriented toward industrial or residential environments, whereas others are specialized for applications such as sewage protection or ecosystem monitoring. The selective use of sensors and microcontrollers, such as MQ-series sensors, and trending boards, such as Arduino or ESP32, directly affects the detection of particular gases. This comparison illustrates how each system is customized to detect the most pertinent gases of its intended application so that hardware and software selection are appropriate to prospective protection requirements.



Table 1 | Comparative analysis of hazardous gas detection systems

	Application (Multi-Use)
	Gases Detected
	Sensors Used
	Platform/Microcontroller
	Reference/Context





	Industry, home, education
	LPG, Methane (CH₄), Ammonia (NH3), Hydrogen (H2)
	MQ-6, MQ-135
	ESP32
	Sewage/worker safety



	Sewage, worker safety
	Methane (CH4), Carbon monoxide (CO), Ammonia (NH3), Hydrogen sulfide (H2S)
	MQ-4, MQ-135, DHT11
	Arduino UNO
	Industrial, chemical/environmental



	Smart city, indoor/outdoor
	Carbon dioxide (CO2), Carbon monoxide (CO), Hydrogen (H2), Methane (CH4)
	MQ-135, MQ-2, MQ-7, MQ-8,
	ESP32
	Industry/fire/leak detection



	Industry, fire, leak detection
	Carbon monoxide (CO), LPG, Butane, Propane, Ammonia (NH3), Smoke
	MQ-2, MQ-3, MQ-6, MQ-135
	Arduino
	—








Warning System

The system has piezo buzzers that are activated in case the normal concentration of any gas exceeds the set limits. thus, making the people who are at the site aware of the situation. The specified limits on each of the gases have been set above levels that are safe to allow the taking of necessary measures before the levels of gas become irresponsible.



Remote Communication

Thanks to the incorporation of wireless features with ESP 32, it is possible to send alerts to the system via SMS or any IoT-based app in real time, alerting those designated. In this case, the factors in question will directly inform the designated personnel about the threat posed by dangerous gases, even if they are outside the poisonous gas leak area.

The current draft allows for the delivery of notifications solely via Wi-Fi through a web dashboard. The possibility of SMS delivery is contemplated as a future extension using an online gateway service, but is not implemented.



Scalability and Flexibility

The basic and primary objective of the system is to save human life, and therefore, such systems are required to be compact, lightweight, and inexpensive for industrial, domestic, and commercial applications. The RT frame is lightweight, but, being a box structure, it is modular. This means that the augmentation of their mass with more sensors or the addition of other sensors' mass in use can be readily done.





System Design

The hazardous gas monitoring system uses MQ-series gas sensors together with an ESP32 microcontroller.7 The microcontroller includes Wi-Fi and Bluetooth wireless communication capabilities. The system operates to identify dangerous gas leaks while delivering immediate notification through its local and remote monitoring systems (Figure 2).


[image: An illustration of Prototype hardware implementation of the hazardous gas detection system]

Fig 2 | Prototype hardware implementation of the hazardous gas detection system


The system uses MQ-6 and MQ-135 sensors for gas detection. The MQ-6 sensor detects LPG, methane, and propane gases within the range of 200 to 10000 ppm, while the MQ-135 sensor detects ammonia and hydrogen in the range of 10 to 1000 ppm. The sensors generate analog voltage signals, which increase with rising gas levels.9 The ESP32 processes these signals through its integrated analog-to-digital converter (ADC) system. The hardware interfacing of the proposed system is illustrated in Figure 3.


[image: An illustration of Hardware interfacing of MQ-series gas sensors with the ESP32 microcontroller]

Fig 3 | Hardware interfacing of MQ-series gas sensors with the ESP32 microcontroller




Sensor Limitations

MQ-series sensors demonstrate measurement inaccuracies because they become sensitive to changes in temperature and humidity conditions.10 The sensors need a warm-up time to reach stable operation conditions, while they must undergo periodic calibration procedures to maintain proper functioning during extended use.

The sensors detect multiple gas types which creates a problem because cross-sensitivity between gases produces uncertain results. The sensors experience performance degradation throughout their lifespan, which results in reduced accuracy. The limitations of the system need to be tested through experiments because they affect its ability to function in actual environments.



Alert and Communication System

The system includes a local alert mechanism using a buzzer, which is activated when gas concentration exceeds predefined threshold levels. The ESP32 device establishes wireless connections to transmit sensor information to an online monitoring system, which displays data on a remote dashboard.

The current notification system uses a dashboard interface that operates through Wi-Fi connections. The system might receive future updates that will implement SMS alert capability through third-party gateway services.



System Characteristics

The system is designed to be compact, low-cost, and modular, which enables its use across industrial sites, home environments, and environmental monitoring systems. The modular design enables users to add sensors according to their requirements, which provides them with adaptability in various operational scenarios.




Challenges and Future Directions


Power Consumption

The ESP32 microcontroller uses power-saving technology, but its power usage increases when gas sensors and wireless communication systems work continuously. This problem makes it difficult to operate in locations that lack reliable electricity.

The approximate power consumption distribution of system components is illustrated in Figure 4. The MQ-series sensors use excessive power because their heating elements consume energy, while the ESP32 and its additional parts use power at a lower rate.


[image: An illustration of Optimized power consumption breakdown of hazardous gas detection system components]

Fig 4 | Optimized power consumption breakdown of hazardous gas detection system components


The values represent short-term measurements combined with datasheet estimates, which should serve as general indicators instead of exact measurements.

Upcoming developments will aim to reduce energy consumption through the implementation of duty cycling methods, together with low-power communication techniques and improved sensor management strategies.11



Sensor Calibration and Environmental Influence

The MQ-series sensors require calibration to be performed at regular intervals so they can keep their correct measurements. Temperature and humidity conditions in the environment create strong impacts on sensor accuracy, which leads to errors in measurement results.

Gas cross-sensitivity creates reading confusion that requires both signal filtering and calibration methods to solve. The upcoming research will investigate adaptive calibration methods together with compensation techniques, which will enhance system dependability.



Safety and Practical Limitations

The developed system functions as a prototype system, which provides monitoring capabilities but lacks certification for use in safety-critical environments. The system fails to meet industrial safety requirements, which include ATEX and IECEx standards.

Future development will work toward achieving certified component integration, which includes protective enclosures and fail-safe systems to secure operational use in dangerous work environments.



Future Enhancements

The project will develop better solutions through its IoT system connections, which provide real-time data analysis and predictive maintenance capabilities and remote notification functions. The research will focus on improving system durability, precise measurement capabilities, and the system's capacity to expand.




Methodology


Data Collection and System Operation

The hazardous gas detection system was designed to monitor LPG, methane, ammonia, and hydrogen using MQ-series sensors and an ESP32 microcontroller.4 The system includes MQ-6 and MQ-135 sensors. These sensors generate analog signals proportional to gas concentration.

The ESP32 processes the sensor outputs through its ADC. This enables continuous monitoring of gas levels. The system activates a buzzer for local alerting when the measured values exceed predefined threshold levels, and it sends data to a web-based interface for remote monitoring (Figure 5).


[image: An illustration of Flowchart of the hazardous gas detection and alerting process]

Fig 5 | Flowchart of the hazardous gas detection and alerting process


The system performs sensor data collection every 500 milliseconds, which it uses to measure concentration levels and compare them against threshold limits for assessing dangerous and safe conditions.



Calibration and Measurement Considerations

The MQ-series sensors used in this prototype were operated using baseline values suggested by the manufacturer. The threshold levels were established through initial field tests instead of using standardized calibration methods.

The testing process used non-certified gas chambers, which do not include reference instruments and laboratory calibration setups. Therefore, the obtained readings should be interpreted as indicative trends rather than precise gas concentration measurements.



System Architecture

The system hardware architecture includes an ESP32 microcontroller connected to MQ-6 and MQ-135 gas sensors, along with a buzzer for alert generation. The sensors deliver their outputs as analog signals, which the ESP32 processes to establish gas concentration levels.

The block diagram of the system architecture is shown in Figure 6.


[image: An illustration of Block diagram of the hazardous gas detection system]

Fig 6 | Block diagram of the hazardous gas detection system





Experimental Procedure

The experimental evaluation of the proposed hazardous gas detection system was conducted using a controlled prototype setup under indoor conditions. The system used MQ-6 and MQ-135 sensors together with an ESP32 microcontroller, which established its initial measurements in clean ambient air.

The gas source for hazardous conditions simulation used Liquefied Petroleum Gas (LPG), which was obtained from a standard lighter. The sensor received gas releases that occurred from a fixed distance of approximately 5 cm during controlled exposure periods of 5, 10, 15, and 20 s.

The sensor outputs were recorded at regular intervals of 500 milliseconds through the ESP32 system which used its 12-bit ADC to measure data. The researchers repeated each experiment several times to verify results, and they used average measurements for their study.

The sensor went through a restoration process after gas exposure when it stayed in ambient air, and researchers recorded the sensor output decrease to measure its recovery ability.

All experiments were conducted at room temperature (approximately 27°C) and relative humidity levels of 50%–60%.




Experimental Results and Discussion


Dynamic Response Analysis

The dynamic response of the MQ-6 sensor was evaluated by exposing it to LPG gas and recording the sensor output over time. The metal-oxide semiconductor gas sensor response shows two stages, which begin with a fast increase and end with a stable state.

The response behavior is modeled using an exponential function:

S(t)=A(1−e^(−t/τ))+C(1)

The equation describes sensor output through S(t), while τ represents the response time constant and A functions as the signal's maximum value, and C acts as the initial baseline measurement.

The fitted model shows good agreement with the observed data, which demonstrates that the system reaches its maximum gas response within a brief period, followed by a period of stable operation (Figure 7).


[image: An illustration of Dynamic response of the MQ-6 sensor shows exponential rise behavior]

Fig 7 | Dynamic response of the MQ-6 sensor shows exponential rise behavior




Calibration Characteristics

The research team used a logarithmic calibration method to study how sensor output responds to different gas concentration levels. The experimental data exhibit a near-linear trend on a log–log scale, which demonstrates a power–law relationship between gas concentration and sensor response.

The calibration model can be expressed as:

ADC∝(ppm)^n (2)

The sensitivity exponent of the sensor appears as n in this equation.

The fitted calibration curve shows consistent behavior across the tested concentration range, enabling approximate estimation of gas concentration from sensor output values. The process of conducting precise calibration requires the use of controlled gas environments, together with certified reference standards. The calibration characteristics are illustrated in Figure 8.


[image: An illustration of Calibration curve showing a power–law relationship between gas concentration and sensor output]

Fig 8 | Calibration curve showing a power–law relationship between gas concentration and sensor output




Recovery Analysis

The evaluation of MQ-6 sensor recovery characteristics occurred through gas source elimination and continuous sensor output monitoring. The response pattern shows an exponential decay function, which demonstrates that gas molecules are slowly leaving the sensor.

The recovery behavior can be modeled as:

S(t)=A e^(−t/τ)+C(3)

The formula S(t) defines sensor output, while τ represents the recovery time constant and A stands for amplitude and C indicates the baseline offset, which remains after measuring.

The fitted model shows good agreement with the observed data, confirming that the sensor gradually returns to its baseline condition after gas exposure. The gas sensors using metal-oxide semiconductor technology displayed recovery times that exceeded response times according to industry standards. The recovery characteristics are illustrated in Figure 9.


[image: An illustration of Recovery characteristics showing exponential decay after gas removal]

Fig 9 | Recovery characteristics showing exponential decay after gas removal





Repeatability Analysis

Repeatability tests were conducted by multiple experiments, which used the same testing conditions. The sensor output values obtained across different trials exhibited minimal variation, indicating stable and consistent performance.

The mean sensor output and standard deviation were calculated to quantify measurement variability. The coefficient of variation was determined to measure how sensor readings spread in relation to the total measurement of sensor readings.

The sensor demonstrates dependable performance through its measurements because both standard deviation and coefficient of variation remain low, which confirms measurement accuracy during continuous monitoring tests. The repeatability characteristics are illustrated in Figure 10.


[image: An illustration of Repeatability analysis with error bars indicating measurement stability]

Fig 10 | Repeatability analysis with error bars indicating measurement stability


Table 2 displays the timing characteristics, which measure the system's timing performance. The values represent the time required for the ESP32 firmware to detect threshold crossings, process alert logic, and activate the buzzer and notification mechanisms.



Table 2 | Time calibration for alerts

	Gas Type
	Detection Time (ms)
	Alert Activation Time (ms)
	Response Time (ms)





	LPG
	450
	560
	110



	Methane
	490
	590
	100



	Ammonia
	520
	610
	90



	Hydrogen
	530
	640
	110



	Carbon monoxide
	480
	590
	110







The values represent software response times because they do not account for the basic response time of MQ-series sensors. The actual MQ sensors need extra time to adsorb gas and reach stability because laboratory testing is required to obtain accurate measurements of these processes. Overall, the results confirm that the system provides reliable indicative monitoring performance under controlled conditions (Figure 11).


[image: An illustration of Web-based interface for real-time gas monitoring]

Fig 11 | Web-based interface for real-time gas monitoring






Conclusion

The research developed and tested a low-cost Internet of Things hazardous gas monitoring system, which uses MQ-series sensors and ESP32 microcontroller technology. The system successfully detected hazardous gases while delivering real-time warnings through both its local system and online web interfaces.

The system demonstrated quick response times, which it maintained through stable operation in indoor settings while conducting tests that showed the same results multiple times. The calibration analysis established a predictable relationship between sensor output and gas concentration, which allowed safe monitoring of hazardous gas levels.

The system lacks calibration to certified reference standards, while its performance depends on environmental factors and sensor cross-sensitivity. The prototype serves as a monitoring tool that delivers initial results but lacks the necessary features for safety-critical applications.

The study presents practical knowledge about how low-cost gas detection systems operate while demonstrating their limitations and establishing experimental validation as essential for reliability improvement and future development guidance.



Future Enhancements

The upcoming research will concentrate on enhancing the system's precision and dependable operation and its capacity to handle growing demands. The primary focus area involves sensor calibration work, which uses controlled gas environments and certified reference standards to boost measurement accuracy.

The research will investigate power optimization methods, which include duty cycling and low-power communication techniques to achieve better energy efficiency during extended operational periods. The implementation of environmental compensation techniques will assist in reducing temperature and humidity impacts on sensor performance.

The project will develop additional features, enabling integration with cutting-edge IoT platforms to deliver real-time data analysis and predictive system monitoring and remote operation control. The implementation of industrial-grade sensors, together with selective sensors, will enhance detection performance, which enables usage in critical safety environments.
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