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Abstract: This paper presents the design and development of an Internet of Things based solution for urban
environmental monitoring and pollution hotspot detection. The system integrates with a Espressif Systems
32-WROOM microcontroller for sensor data acquisition, while the Espressif Systems 32 Wi-Fi module
processes the data and sends it to a central server, where Geographic Information System mapping is used to
visualize pollution hotspots in real time. The Long Range Radio Frequency RF module extends the
communication range in urban areas with limited cellular coverage. Geographic Information System mapping
helps visualize pollution levels across urban areas, facilitating the identification and management of pollution
hotspots. To enhance pollution mitigation, the system integrates an Active Carbon Filter, which helps reduce
airborne pollutants before data collection. The filter is placed near gas sensors (MQ-135, MQ-7, MQ-8) to
compare pre-filtered and post-filtered air quality, providing insights into filtration efficiency. It actively
removes harmful gases such as carbon monoxide, Nitrogen Oxides, and Volatile Qrganic Compounds,
supporting sustainable urban management. This system supports data-driven decision-making and timely
interventions, contributing to sustainable urban planning and public health initiatives. The system aims to
offer valuable insights into pollution trends, aiding in the identification of critical areas for intervention.
Additionally, the use of a low-power, low-cost microcontroller-makes it suitable for large-scale deployment
in urban environments.

Index Terms - Internet of Things (IoT), Long Range radio Frequency (LoRa RF), ESP32 Wi-Fi module,
Metal Oxide (MQ), carbon monoxide (CO), Nitrogen Oxides (NOx), Volatile Organic Compounds (VOCs),
Geographic Information System (GIS).

I. INTRODUCTION

Air pollution is a critical global issue, significantly impacting human health, the environment, and
economic development. According to the World Health Organization (WHO), ambient air pollution contributes
to approximately 7 million premature deaths annually, with major causes being exposure to fine particulate
matter (PM2.5) and harmful gases like CO, NO:, and SO: [5], [6]. Rapid urbanization, industrial expansion,
and vehicular emissions have intensified pollution levels, particularly in densely populated cities. Traditional
environmental monitoring systems, while effective, are often expensive, infrastructure-dependent, and limited
in real-time data availability [7], [8]. Consequently, there is an urgent need for cost-effective, scalable, and
real-time air quality monitoring solutions to address these challenges.

With advancements in Internet of Things (10T) technology, sensor-based monitoring systems have emerged as
a promising alternative to traditional methods [3], [4]. These loT-enabled systems leverage low-cost, wireless
sensors for real-time environmental data collection, offering improved accessibility and efficiency compared
to conventional monitoring networks [2], [9]. In this study, we propose an loT-based urban environmental
monitoring system that integrates a microcontroller, Wi-Fi module, and GIS mapping to track air pollution
levels and identify pollution hotspots in urban areas.
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The Pollution Monitoring system employs a network of air quality sensors to measure key environmental
parameters such as PM2.5, PM 10, temperature, humidity, CO2, and VOC levels. These sensors are interfaced
with the microcontroller, which processes the collected data and transmits it via a Wi-Fi module to a cloud-
based platform. Utilizing wireless communication protocols, the system ensures real-time data acquisition,
storage, and visualization [21], [22].

One of the key advantages of this approach is its ability to offer high-resolution air pollution data, filling the
gaps left by conventional monitoring stations that are often sparsely distributed [12], [13]. Additionally, by
leveraging LoRaWAN and other long-range communication technologies, the system can support large-scale
deployment across smart cities [4], [23].

The significance of this research extends beyond scientific and technological advancements. It offers a
practical solution for policymakers, urban planners, and environmental agencies to make informed decisions
regarding pollution control measures and urban sustainability planning [1]. For clarity, this paper is organized
into six sections.

Problem Statement: Despite the rising pollution in urban environments, existing monitoring solutions are
costly, infrastructure-dependent, and lack real-time capabilities.

Objectives: This study aims to develop a low-cost, real-time, GIS-integrated environmental monitoring system
using loT and long-range communication to identify pollution hotspots and support proactive mitigation
strategies.

I1. Air Quality Index (AQI) Monitoring

Air pollution and environmental monitoring have been extensively studied using various 10T-based
technologies. The World Health Organization (WHO) has provided detailed reports on global air pollution
exposure and its health impacts [1,2]. The Health Effects Institute [3] and the World Bank [4] have also
contributed to strategies for improving air quality monitoring.

Air Quality Monitoring:

Gas sensors such as MQ-135, MQ-7, and MQ-8 have been widely used for detecting air pollutants. MQ-
135 is an air quality sensor capable of detecting gases like NHs, NOx, alcohol, benzene, and COs.. It operates
based on resistance variation in the presence of pollutants. The sensor’s resistance

Rs is related to gas concentration C by:
f-f Tl
R =R
? i (C[])
(1)

where RO is the sensor resistance in clean air, COis the reference concentration, and mmm is an empirical
constant. MQ-7 is specialized in carbon monoxide (CO) detection. It requires heating cycles for better accuracy,
alternating between 1.5V and 5V. Its formula follows:

R\ "
PPM = A x | =2
Y (R )

[

)
Where A and B are constants derived from calibration. MQ-8 is used for hydrogen gas detection, following
a similar resistance-based principle as MQ-7 and MQ-135.Several studies have explored the calibration and
optimization of these sensors. Ali et al. [4] integrated LoRaWAN and machine learning to enhance sensor
accuracy.
Noise Pollution Monitoring:

Noise pollution is another critical environmental concern. Noise sensors detect sound pressure levels
(SPL), commonly measured in decibels (dB). The relationship between SPL and sensor voltage Vout is
typically given by:

“":m
SPL (dB) = 20log, (_!)

where Vref is a reference voltage. Noise monitoring has been integrated into loT-based pollution tracking
systems, as seen in studies such as Abraham et al.[22].
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Temperature & Humidity Monitoring:

The DHT22 sensor is widely used for temperature and humidity monitoring, crucial in environmental
studies. It provides digital output with the following formulas:
Humidity (%RH):

(, Sh urndity X 100)

RH — =
21(» ==
Temperature (°C):
'S.'f':r.','.l
10
(4)

where Shumidity and Stemp are raw sensor readings. DHT22 integration has been studied for real-time
environmental monitoring, including applications in GIS-based air quality mapping [9,18].
Integration with 1oT & GIS:

loT-based smart city applications have advanced real-time monitoring. Studies like Dhingra et al. [19]
introduced mobile air pollution monitoring using 10T, while Nowshin and Hasan [23] developed
microcontroller-based monitoring systems for sensor-based air quality tracking. While several studies propose
loT-based environmental monitoring systems, many lack integration with GIS visualization or fail to evaluate
pre- and post-filter air quality. This study addresses these gaps by implementing a real-time, GIS-enabled
system with Active Carbon Filtration for comparative air quality analysis.

I11. Proposed System

The proposed system is an loT-based urban environmental monitoring and pollution hotspot detection
framework that integrates a microcontroller for sensor data acquisition and an ESP32 module for data
transmission. It utilizes LoRa for long-range communication and GIS mapping for real-time visualization of
pollution levels. LoRa (Long Range) is a low-power wide-area network (LPWAN) protocol designed for
wireless communication over long distances with minimal power consumption. It operates in unlicensed
frequency bands and is ideal for 10T applications due to its ability to support multiple sensor nodes in harsh
environments with limited connectivity. An Active Carbon Filter enhances air quality analysis by comparing
pre-filtered and post-filtered data. This system aligns with research on air pollution monitoring [1], [3], [5]
loT-based solutions [14], [19] and GIS integration [21], [22]. It enables data-driven decision-making for urban
planning and public health, supporting sustainable city management [7], [18], [23].
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Figure 1: Transmitter Module Block Diagram showmg ESP32-WROOM and connected sensors.

A. Transmitter and Receiver Module

The transmitter module comprises a ESP32-WROOM microcontroller, which collects data from multiple
environmental sensors, including MQ-135, MQ-7, MQ-8 (for gas detection), a noise sensor, and a DHT22
(for temperature and humidity monitoring). The LoRa RA-02 RF module enables long-range wireless
communication, transmitting sensor data to the receiver module. An Active Carbon Filter is integrated near
the gas sensors to compare pre-filtered and post-filtered air quality. enhancing pollution mitigation efforts.
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Figure 2: Receiver Module Block Diagram
The receiver module features an ESP32 Wi-Fi microcontroller for data processing and cloud integration. It also
includes a LoRa RA-02 RF module to receive transmitted data from the sensor nodes. The ESP32 forwards the
collected data to a MySQL database hosted on XAMPP. The system leverages GIS mapping to visualize
pollution levels, enabling authorities to monitor pollution hotspots effectively.
B.Pollution Control System

Pollution Control System integrates an Active Carbon Filter to enhance pollution control by
reducing airborne contaminants before sensor data collection. The filter is strategically placed near MQ-135,
MQ-7, and MQ-8 gas sensors to compare pre-filtered and post-filtered air quality, providing insights into
filtration efficiency. It effectively removes harmful gases such as CO, NOx, and VOCs, improving the accuracy
of pollution measurements. This approach not only supports real-time environmental monitoring but also
contributes to sustainable urban management by mitigating air pollution at the source, thereby improving
overall air quality and public health.

IV. Hardware Components
Microcontroller and Communication Modules

The system uses the ESP32-WROOM microcontroller for sensor data acquisition and processing,
while the enables Wi-Fi connectivity for real-time data transmission. Additionally, the LoRa SX1278 module
extends communication range in urban environments with limited cellular coverage, ensuring reliable data
transfer to the central server.

Figure 3: ESP32 Microcontroller
Sensors

The system integrates multiple sensors for environmental monitoring. The MQ-135 detects pollutants like
NH3, NOx, benzene, and CO2, while the MQ-7 measures carbon monoxide (CO) levels, and the MQ-8
monitors hydrogen (H2) concentration. The DHT22 sensor records temperature and humidity variations, and
a noise sensor captures ambient sound levels to assess noise pollution. These sensors provide comprehensive
environmental data for analysis and visualization.

=38 &

Figure 4: MQ-135, 7 and 8 Sensors
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Active Carbon Filter

To enhance pollution mitigation, an Active Carbon Filter is incorporated to reduce airborne pollutants before
data collection. It is placed near the gas sensors (MQ-135, MQ-7, and MQ-8) to compare pre-filtered and post-
filtered air quality, offering insights into filtration efficiency. This filter actively removes harmful gases like
CO, NOx, and VOCs, improving data accuracy and supporting sustainable urban air quality management.
Software Components

Embedded Programming and Firmware Development

The ESP32 microcontroller is used for both sensor data acquisition and communication through Wi-Fi and
LoRa modules. For ESP32, Arduino IDE with the ESP32 core is used to handle Wi-Fi connectivity and LoRa
communication.

Database Management and Web Integration

Sensor data is transmitted to a MySQL database hosted on XAMPP, ensuring secure storage and real-time
accessibility. A PHP-based web server retrieves and processes this data for web-based monitoring.
GIS Mapping and Data Visualization

To display real-time pollution data, the system integrates QGIS for GIS-based visualization. HTML, CSS,
and JavaScript are used to develop a web-based GIS dashboard, which helps in pollution hotspot detection.
Python scripts process and analyze the sensor data, enabling real-time alerts and insights for urban air quality
management.

V. Results and Discussion

The proposed loT-based environmental monitoring system was successfully implemented and tested. The
system consists of a transmitter module for real-time sensor data acquisition and a receiver module for data
processing and visualization. The results are discussed based on the different components of the system,
including hardware functionality, database storage, GIS mapping, and alert mechanisms. The transmitter
module, consisting of a ESP32 microcontroller, LoRa RA-02 RF module, and environmental sensors (MQ-
135, MQ-7, MQ-8, noise sensor, and DHT22), successfully collected and transmitted data. The sensor data
was accurately processed and sent via LoRa communication, ensuring long-range transmission even in urban
environments with limited cellular coverage. The ESP32 Wi-Fi microcontroller received the transmitted sensor
data via the LoRa RA-02 RF module.

Figure 5: Transmitter Module and Receiver Module

The data was then forwarded to the MySQL database hosted on XAMPP for storage and further analysis.
The system ensured real-time reception and accurate data logging.
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Figure 6: GIS Mapping

Figure 7: Database in XAMPP Software

The real-time environmental data was visualized using GIS mapping, allowing pollution hotspots to be
identified across urban areas. The GIS-based visualization provided insights into pollution trends, supporting
urban planning and public health management. The system effectively mapped pollution intensity, helping
authorities take timely interventions.All sensor data was stored in a MySQL database for future analysis and
historical tracking. The database structure allowed efficient retrieval and processing of air quality data. The
XAMPP server successfully managed sensor logs, enabling smooth integration with GIS visualization and alert
mechanisms.

Sensor Range Threshold | Pollutio
Level n
conditi
on
MQ- 10-1000 | 200PPM Good
135(Co2, (PPM)
NO2)
MQ-7(Co) | 20-2000 |70 PPM Bad
(PPM)
MQ-8(H2) | 100- 10 PPM Good
10000
(PPM)
Noise 0-140 90 PPM Good
Level(db) (db)
Temperatur | 0°C- 32°C Bad
e 40°C
Humidity 0- 80%RH Bad
100%RH

Tabel 1: Sensor Specifications
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The data analysis for the environmental monitoring sensors is being conducted using ThingSpeak, an loT
analytics platform. Sensor data from MQ-135, MQ-7, MQ-8, DHT22, and the noise sensor is transmitted to
ThingSpeak in real-time via ESP32 WROOM . The platform processes and visualizes the data through dynamic
charts, graphs, and heatmaps to monitor pollution levels effectively. MATLAB analytics in ThingSpeak is used
to perform statistical analysis, detect anomalies, and generate predictive insights based on historical data trends.
Alerts are configured to notify users via email or Telegram when pollution levels exceed predefined thresholds.
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Figure 8: Data Analysis For Sensor
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Figure 9: SMS Alert System

Compared to prior systems such as those by Abraham et al. [3] and Nowshin and Hasan [4], the proposed
system offers real-time GIS visualization and incorporates a dual-stage air quality assessment using Active
Carbon Filters, enhancing both detection accuracy and pollution mitigation.

V1. Conclusion

This research proposes a comprehensive l0T-based urban environmental monitoring and pollution hotspot
detection system that integrates low-cost hardware components and advanced communication protocols to
address the limitations of traditional monitoring methods. By utilizing a ESP32 microcontroller for sensor
interfacing, an ESP32 Wi-Fi module for cloud connectivity, and LoRa RF modules for long-range data
transmission, the system ensures real-time, scalable, and reliable environmental data collection. The integration
of Geographic Information System (GIS) mapping enables spatial visualization of pollution intensity, allowing
authorities to pinpoint and respond to pollution hotspots effectively.
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A notable innovation is the inclusion of an Active Carbon Filter to measure pre- and post-filtration air

quality, providing a practical approach to evaluating pollutant reduction in real-time. Additionally, the use of
Telegram alerts and cloud-based databases enhances timely intervention and public awareness.

The system's low-power, low-cost, and modular design makes it suitable for large-scale deployment in smart

cities, promoting data-driven urban planning and proactive public health management. Future enhancements
will aim to broaden the sensing capabilities, implement predictive analytics using machine learning, and
improve system autonomy for long-term field deployment.
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