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Abstract. Air pollution monitoring in urban areas requires portable and real-
time solutions to overcome the limitations of fixed monitoring stations. This
study aims to design and develop a mobile carbon monoxide (CO) monitoring
device to support urban air quality mapping. The proposed system integrates In-
ternet of Things (IoT) technology, including the MiCS-4514 gas sensor, ESP32
microcontroller, Bluetooth, and Wi-Fi communication. Data transmission is
conducted through the MQTT protocol to the Antares cloud platform. To ensure
consistent measurement in motion, the device is equipped with a protective air
chamber, DC pump, and flowmeter with a constant airflow of 1 liter per minute.
Sensor calibration using the span gas method achieved a relative standard de-
viation of 1.58%, within the acceptable threshold and confirming valid preci-
sion. Field testing was conducted in two scenarios: static (indoor and outdoor)
and mobile. Static tests demonstrated that sensor performance is highly influ-
enced by wind direction and proximity to emission sources. Mobile tests were
performed across three routes in Bandung City, covering a total of approximate-
ly 24 km during morning, midday, and evening periods. The average CO con-
centrations recorded were 3.76 ppm, 2.90 ppm, and 3.93 ppm, respectively. The
highest detection rate, 7.8%, occurred during midday monitoring. The devel-
oped device successfully detected spatial CO distribution in real-time under dy-
namic conditions. This research contributes to the development of adaptive and
efficient mobile air quality monitoring technologies, supporting data-driven en-
vironmental decision-making and potential integration with smart city systems.

Keywords: Air quality; Carbon monoxide; 1oT; Mobile monitoring; Sensor
system

1 Introduction

Urban areas in developing countries are increasingly facing environmental challenges
due to rapid population growth and rising vehicle numbers. Bandung, the capital of
West Java, Indonesia, is among the cities with the highest vehicle density, reaching
2.3 million registered units, and a population approaching 2.5 million residents (Ba-
dan Pusat Statistik, 2020; Indonesian National Police, 2025). This escalation in urban
activity contributes to elevated concentrations of air pollutants, especially those pro-
duced by transportation, waste burning, and industrial [1].
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Air pollutants are harmful substances present in the atmosphere at concentrations
that pose risks to human health. Major sources include vehicle emissions, forest fires,
and industrial chimneys [2]. Based on the Ambient Air Quality Standards
(AAQS/GB 3095-2012), six key pollutants are used to assess air quality: particulate
matter (PMz.s and PMio), sulfur dioxide (SO:), nitrogen dioxide (NO:), ozone (Os),
and carbon monoxide (CO) [3]. Among these, CO is a toxic, colorless, and odorless
gas produced from incomplete combustion of fossil fuels. It is flammable and danger-
ous, yet non-irritating, making it difficult to detect without instrumentation [4]; [5].

Exposure to CO above the permitted threshold of 25 ppm, as regulated in Indo-
nesia’s Ministerial Regulation No. 13/2012, can significantly harm human health [6].
In fact, air pollution-related mortality rates have been reported to be three times high-
er than those caused by malaria, tuberculosis, and AIDS combined [7]. Hence, timely
and accurate air quality information is critical for public awareness and policy devel-
opment [8].

While fixed monitoring stations offer reliable data, their limited spatial coverage
and high installation costs restrict their effectiveness. Mobile monitoring systems
offer a flexible alternative, yet many face challenges in sensor stability during motion
and lack real-time data integration [9]. Therefore, it is necessary to develop low-cost,
mobile, and real-time air quality monitoring solutions that can operate effectively in
urban environments.

This study aims to design and implement a mobile air monitoring system based on
Internet of Things (IoT) technology. The system integrates a MiCS-4514 CO gas
sensor with an ESP32 microcontroller and is mounted on a bicycle to allow flexible
monitoring across various urban locations. The system utilizes a smartphone to re-
trieve GPS data and transmit measurement results to the Antares cloud platform using
MQTT protocol. Equipped with a DC pump and flowmeter, the device maintains
stable airflow and ensures reliable CO readings during motion. This approach is ex-
pected to support adaptive environmental monitoring and contribute to air pollution
mitigation policies, particularly within the smart city framework.

2 Method

This study employed a quantitative-experimental approach for the development and
evaluation of a mobile air quality monitoring system. The methods were designed to
ensure the system could operate in real-time, with reliable data acquisition, transmis-
sion, and visualization for carbon monoxide (CO) concentration monitoring. All com-
ponents, procedures, and analytical processes are described in sufficient detail to al-
low reproducibility.

2.1  System Design Overview

The mobile air quality monitoring system was developed as a compact and efficient
solution for real-time monitoring of carbon monoxide (CO) concentrations. It ad-
dresses the limitations of conventional monitoring stations in terms of spatial cover-
age and operational costs. By adopting an Internet of Things (IoT) approach, the sys-
tem enables flexible and location-independent deployment. The system architecture
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integrates a microcontroller (ESP32) as the main processing unit, connected to a car-
bon monoxide sensor (MiCS-4514), a voltage and current sensor (INA219), a real-
time clock (RTC) module, an LCD display, a MicroSD card for local data logging,
and a Bluetooth module for acquiring GPS data from a smartphone. Wireless commu-
nication is established via Wi-Fi tethering to transmit data to a cloud-based IoT plat-
form (Antares) using the MQTT protocol. This design ensures continuous environ-
mental data acquisition and supports real-time visualization, remote access, and relia-
ble data storage. Furthermore, the system is designed with modularity in mind, allow-
ing for future scalability and the integration of additional sensing components.

2.2 Observation Routes and Time Schedule

The field data collection process was conducted along three designated urban traffic
routes. Each route was selected based on its traffic density and environmental charac-
teristics, such as proximity to commercial and office districts. The observations were
scheduled at three different time intervals to capture the diurnal variation in pollutant
concentrations corresponding to urban activity patterns.

e Rute 1: JI. Tubagus Ismail — JI. Sadang Serang — JI. Cikutra — J1. Surapati — JI.
Taman Sari

e Rute 2: JI. Diponegoro — JI. Supratman — JI. Ahmad Yani — JI. R.E. Martadinata —
JI. Ir. H. Juanda

e Rute 3: JI. R.E. Martadinata — JI. Sumatra — JI. Aceh — JI. Kalimantan — JI. Jawa —
JI. Gudang Selatan — JI. Ahmad Yani — JI. Asia Afrika — JI. Banceuy — JI. ABC —
JI. Braga — J1. Wastukencana.

To capture the variation in air pollutant concentrations throughout the day, obser-
vations were conducted during three distinct time intervals. These time slots were
selected to reflect typical urban traffic cycles, including peak and off-peak periods.
The schedule and corresponding objectives are presented in the table below.

Table 1. Observation schedule and objectives for traffic route monitoring

Route Observation Hours Observation Objectives

1,2 and 3 06:00 — 10-00 WIB Morning .rush hour in office and
commercial areas

Afternoon traffic during lunch

break and commercial activity

Evening rush hour in office and

commercial areas

1,2 and 3 11:00 - 15:00 WIB

1,2 and 3 15:00 — 19:00 WIB

This time-based observation structure enabled a more comprehensive analysis of
pollution level fluctuations relative to human mobility patterns in urban environments.
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2.3 Block Diagram of the system

To provide a clear understanding of the system architecture, a block diagram is pre-
sented. This diagram illustrates the relationship and interaction between hardware
components used in the portable CO monitoring system. The microcontroller ESP32
acts as the core of the system, managing sensor readings, data transmission, and pow-
er regulation. Each supporting module is integrated through appropriate communica-
tion protocols such as 12C, SPI, and Serial, ensuring modularity and real-time perfor-
mance.
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Fig. 1. Block diagram of the portable CO monitoring system based on ESP32

As shown Figure 1 in the block diagram, the system integrates various modules such
as a CO sensor (MiCS 4515), voltage and current sensor (INA219), RTC, and Blue-
tooth, all connected to the ESP32 microcontroller. Data is stored locally via the Mi-
croSD module and also transmitted to the Antares IoT platform through MQTT over a
hotspot connection. The system is powered by a 12V lithium battery regulated
through step-down converters to supply stable voltages for each module. This modu-
lar design ensures flexibility, ease of maintenance, and scalability for future sensor
integration or functionality enhancements.

2.4  Design and System Architecture

To ensure accurate and stable CO gas detection in outdoor and mobile conditions, the
device was designed with a protective casing that integrates all functional components
into a compact structure. The mechanical layout was arranged to optimize airflow,
minimize interference from ambient conditions, and facilitate real-time sensing. Fig-
ure X illustrates the physical design of the device, showing the position of critical
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components such as the inlet, outlet, CO sensor, flowmeter, microcontroller, and dis-
play interface.

LCO4X20
MIKROKONTROLLER
BATERAI 12V ESPR

MODUL ADJUSTABLE
XL4005

MODUL STEPDOWN 5V

POT. CALIBRATION
0K

MICROSD
BLUETOOTH SENSOR TEGANGAN DAN ARUS
HC05 INAZ1Y

MODUL RTC

SENSOR GAS
MICS 4514

» MOTOR DC 12V

Ant. Esp3?
Semsor gas CO
MGCS-4514
Flowmeter

FLOWMETER <

(a) (b)

Fig. 2. Structural design of the portable CO monitoring system: (a) External front view with component
labels and airflow direction; and (b) Internal layout showing electronic module integration

As illustrated in Figure 2, the portable CO monitoring device integrates a protec-
tive enclosure and modular electronics for mobile environmental sensing. The exter-
nal view in Figure 2 (a) shows the inlet, outlet, flowmeter, and sensor arrangement,
designed to ensure stable airflow and minimize external interference. Ambient air
enters through a 3 mm inlet, is regulated by a 1 LPM flowmeter, and directed into a
sealed sensor chamber (53.49 cm?) containing the MiCS-4514 CO sensor. Air exits
via a designated outlet to maintain consistent flow.

The internal layout, shown in Figure 2 (b), features an ESP32 microcontroller as
the core processor. Measurement results are displayed on an LCD, logged to a mi-
croSD card, and time-stamped using an RTC. GPS data is received via Bluetooth
(HC-05), and power consumption is monitored using the INA219 sensor. A DC mo-
tor, regulated by an XL4005 step-down module, ensures stable airflow. The entire
system is powered by a 12V lithium battery, supporting extended mobile deployment.
Figure 3 presents a flowchart detailing the operational stages, starting from device
initialization to automated data acquisition and transmission.
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Fig. 3. Flowchart of the data acquisition and transmission process in the IoT-based

The flowchart above Figure 3 illustrates the sequential process of the IoT-based air
monitoring system. The process begins with system initialization, including sensor
configuration and communication module setup. Once initialization is completed, the
system checks the success status. If initialization fails, the system will display an
"LCD Blank" condition and halt further processes. However, if successful, the system
proceeds with the warm-up phase of the carbon monoxide (CO) sensor for three
minutes while simultaneously checking for Wi-Fi connectivity. If Wi-Fi is unavaila-
ble after the warm-up period, the system will terminate the process and display "LCD
Blank." Conversely, if the Wi-Fi connection is successful, the system will read data
from the CO sensor along with voltage and current values. The acquired data will be
transmitted to the Antares platform, stored on a microSD card, and displayed on the
LCD. Next, the system waits for a Bluetooth connection from the smartphone applica-
tion. If the connection is not yet available, the system continues to wait. Once Blue-
tooth is successfully connected, GPS data including latitude (Lt), longitude (Ln), and
speed (Sp) will be transmitted from the smartphone to the device and combined with
the previously collected sensor data. All GPS data are then stored in both the Antares
database and the microSD card, and displayed on the LCD as well as the Antares

883 This is an openaccess article under CC-BY-SA license




Journal of Science and Education (JSE)

Vol 6, Issue 1, September 2025, Pages 878-890
ISSN: 2745-5351 (Media Online)

DOI: https://doi.org/10.58905/jse.v6i1.589

dashboard. After completing all processes, the system returns to the initial sensor
reading phase.

2.5  Architecture of Mobile CO Monitoring System

To facilitate real-time carbon monoxide (CO) monitoring in urban environments, the
system is designed as a mobile platform integrated with Internet of Things (IoT) tech-
nology. The monitoring device is mounted on a bicycle, enabling high mobility, flexi-
ble deployment, and broader spatial coverage during data collection. This configura-
tion allows for efficient tracking of pollutant distribution across various urban routes
and conditions. The system architecture, as illustrated in the following figure, com-
prises several key components that work in coordination to support accurate sensing,
real-time data transmission, and geospatial mapping of CO concentrations.

Platform Cloud
ANTARES

Smartphone

Fig. 4. Architecture of the Mobile CO Monitoring System

The figure above illustrates the data acquisition architecture of the mobile car-
bon monoxide (CO) monitoring system. A smartphone is utilized as a key component
due to its built-in GSM and GPS capabilities, which significantly reduce system com-
plexity and eliminate the need for additional hardware modules. The smartphone’s
GPS employs Assisted Global Positioning System (A-GPS) technology, which en-
hances positioning accuracy and responsiveness by leveraging cellular and wireless
communication networks—particularly advantageous in areas with weak satellite
signals, such as dense urban environments, high-rise corridors, and forested regions
[10]. GPS location data—including latitude, longitude, and speed—is transmitted via
Bluetooth to the HC-05 Bluetooth module embedded in the monitoring device. Addi-
tionally, the smartphone provides internet connectivity through mobile hotspot tether-
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ing, allowing the device to access the network without requiring a dedicated GSM
module. The collected sensor and location data are then transmitted to the Antares
cloud platform using the lightweight MQTT protocol, supporting efficient, low-
power, and real-time data communication.

MQTT was selected as the communication protocol due to its lightweight and
efficient architecture, making it highly suitable for resource-constrained devices
commonly found in low-power Internet of Things (IoT) systems [11]. The Antares
platform was chosen to facilitate real-time IoT communication and data visualization,
offering user-friendly features for monitoring and analysis. One of its key advantages
is the capability to export raw data in easily accessible formats such as Excel files,
enhancing usability for further data processing and interpretation (Bragiwibisana et
al., 2024). In addition to cloud-based storage via Antares, the system also supports
local data logging through a MicroSD card. Data is saved in the .txt format, which is
lightweight, human-readable, and compatible with various data processing tools such
as Microsoft Excel and Python. The use of the .txt format—categorized as an open
standard—ensures long-term accessibility, transparency, and interoperability across
platforms [13]. This dual-storage approach enhances data reliability and supports
redundancy for post-processing, analysis, and validation purposes.

2.6  Testing and Calibrations

To ensure the reliability and validity of gas concentration measurements, a compre-
hensive calibration process was conducted on the carbon monoxide (CO) sensor prior
to field deployment. Calibration is a crucial step in the development of any sensing
system, as it ensures the accuracy, consistency, and repeatability of the data collected
during real-time monitoring.

Calibration Setup and Procedure.

The calibration process consisted of two standard stages: zero calibration and
span calibration. Zero calibration involved the use of zero air to establish a baseline
reading, while span calibration employed carbon monoxide (CO) gas at a known con-
centration—typically 15 ppm—to validate the sensor’s responsiveness. A commonly
adopted method, as demonstrated by Afshar-Mohajer et al. (2018), utilizes a sealed
calibration chamber with a constant gas flow rate of 1 liter per minute (1 LPM) to
ensure uniform gas exposure. In this study, calibration was performed in a controlled
laboratory setting using a dedicated calibration apparatus specifically designed for gas
sensor evaluation. The setup included gas flow channels and flexible tubing to con-
nect the reference gas source to the sensor chamber. A potentiometer was used to
manually adjust the sensor’s sensitivity, aligning the sensor output with a reference
concentration of 100.35 ppm. This procedure ensured stable and precise readings
during calibration. To assess the effect of flow rate on sensor response, two flowme-
ters were integrated into the system, set at 0.6 LPM and 1 LPM, respectively. Each
flow rate was applied for one minute, during which sensor readings were recorded at
S-second intervals. All collected data were systematically logged and averaged to
determine the sensor's mean output under each condition. The subsequent analysis
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focused on signal stability, sensitivity, and response time—key parameters for evalu-
ating the sensor’s accuracy and precision under varying flow conditions.

Accuracy Calculation (%R).

The accuracy of the sensor, expressed as a percentage (%R), was evaluated to
determine how closely the measured values aligned with the reference gas concentra-
tion. Accuracy was calculated using Equation (1), which represents the ratio between
the mean of the measured sensor outputs and the known reference concentration. This
percentage provides a quantitative assessment of the sensor’s ability to deliver reliable
and valid measurements during calibration.

%R =>.100 % (1)

= I

Where X is the mean of repeated measurements, u is the true or reference value.
A result is considered accurate if the %R is within the accepted threshold, specifically
<2% (Hadi et al., 2017).

Repeatability and Relative Standard Deviation (%RSD).

Repeatability, also referred to as instrument stability, is evaluated using the rela-
tive standard deviation percentage (%RSD), which quantifies the consistency of
measurement results obtained under identical conditions. The %RSD is calculated
using Equation (2), based on the standard deviation derived in Equation (3) and the
mean of the repeated measurements obtained from Equation (4). To determine wheth-
er the observed %RSD meets the acceptable threshold for precision, a comparison is
made using Equation (5). This criterion states that the measured %RSD must be less
than or equal to 0.5 times the predicted %RSD, which is a function of the analyte
concentration in mass fraction. If this condition is fulfilled, the measurement precision
is considered acceptable and reliable (Hadi et al., 2017); [15]; & [16].

%RSD = = . 100% )
Where sd is the standard deviation and X is the mean of repeated measurements. The
standard deviation is calculated as:

_ [ZEaxi - D)2
sd = B (3)
and the mean value is given by:
X = Z?=1Xi — X+X2+X3+.ne. Xn (4)
n n

To determine whether the observed %RSD meets the acceptable precision threshold,
the following criterion is applied:
%RSDObservasi <0, 5X %RSDHorwitz (5)
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Where, 2 170510910l¢] Horwitz Equation (predictive RSD), sd is standard deviation, X
is mean of repeated measurements, C is concentration of the span gas in mass fraction
(100 ppm=1x10") (Hadi et al., 2017).

3 Results and Discussion

Prior to presenting the main findings, calibration tests were carried out to ensure the
accuracy and reliability of the sensor readings. This step was essential to verify the
sensor’s capability in detecting carbon monoxide (CO) concentrations within the ex-
pected range. The calibration results, which include measured values, reference con-
centrations, and error analysis, are summarized in Table 2.

Table 2. Calibration Results of CO Sensor under Different Flow Rates

Flow Factor Calibra- Ref. Gas Mean Calibrated Sample
(LPM) tion (ppm) (ppm) Size
0,6 0,26 100,35 53,00 12
1 0,27 100,35 102,7 12

The calibration results presented in Table 2 illustrate the significant influence of
airflow rate on the accuracy and precision of the carbon monoxide (CO) sensor when
tested with a reference gas concentration of 100.35 ppm. Two airflow conditions, 0.6
LPM and 1.0 LPM, were evaluated to determine the most reliable operating point for
mobile applications. Under the 0.6 LPM condition, the average measured CO concen-
tration was 53.01 ppm with a standard deviation of 27.73. Based on the Horwitz sta-
tistical model, the observed relative standard deviation (%RSD) was calculated at
52.32%, which substantially exceeds the acceptable threshold of 4% (equivalent to
0.5 x predicted Horwitz RSD of 8%). This high level of variation indicates poor re-
peatability and precision, suggesting that the sensor’s response under low flow condi-
tions is unstable and does not meet method validation criteria.

In contrast, at a flow rate of 1.0 LPM, the sensor demonstrated improved perfor-
mance, with an average reading of 102.75 ppm and a significantly lower standard
deviation of 1.62. The resulting %RSD was 1.58%, well below the 4% acceptance
limit. These findings confirm that the sensor operates with high precision and con-
sistency at the higher airflow rate, thereby validating its reliability for repeated meas-
urements. Overall, the results clearly demonstrate that airflow rate plays a critical role
in the performance of the CO sensor. Specifically, maintaining an optimized flow rate
of 1.0 LPM enhances measurement stability and yields results closely aligned with the
reference concentration, making it well-suited for mobile environmental monitoring,
where consistent sampling and accurate readings are essential.
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Fig. 5. CO Concentration Mapping Results during Mobile Monitoring (a) Morning Route Point
Map; (b) Afternoon Route Point Map; (c) Evening Route Point Map

Table 3. Concentration Mapping Results during Mobile Monitoring

Dis. Traveled Route Number  Number Succes A\I;e;; gcie(éo SD (ppm)
(km) of Point  Detected Rate (%) (ppm) pp
24,23 Morning 136 4 2,9 3,76 1,81
25,01 Afternoon 89 7 7.8 2,90 2,25
24,28 Evening 117 2 1,7 3,93 1,30

The results of air quality monitoring reveal varying levels of carbon monoxide
(CO) concentrations across different time intervals. During the morning route (136
monitoring points), CO was detected at only 4 points, yielding a detection rate of
2.9%. The average concentration was 3.76 ppm, classified under the moderate catego-
ry, with a standard deviation of 1.81 ppm. The midday route, consisting of 89 moni-
toring points, exhibited the highest detection rate at 7.8%. The average CO concentra-
tion during this period was 2.90 ppm, falling within the good category, with a stand-
ard deviation of 2.25 ppm. In contrast, the evening route (117 monitoring points)
recorded CO presence at only 2 points (1.7%), the lowest detection rate among all
intervals. However, this route showed the highest average concentration of 3.93 ppm,
also categorized as moderate, with a standard deviation of 1.30 ppm.

4 Conclusion

A mobile carbon monoxide (CO) monitoring device based on the Internet of Things
(IoT) has been successfully developed utilizing the MiCS-4514 sensor, an ESP32
microcontroller, and wireless communication through Bluetooth and Wi-Fi, integrated
with the Antares cloud platform. The system also incorporates GPS data from a
smartphone to enable spatial tracking, along with dual data storage capabilities (cloud
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and local). An optimized airflow design and regulation mechanism maintained a sta-
ble flow rate of 1 LPM, ensuring consistent and reliable sensor readings during mo-
bile operation. Calibration using a 100.35 ppm CO gas reference at 1 LPM yielded a
mean sensor reading of 102.7 ppm, with a standard deviation of 1.62 ppm. The result-
ing relative standard deviation (%RSD) was 1.58%, and the Horwitz Ratio was calcu-
lated at 0.20—both well within acceptable validation limits. Field testing across three
urban routes in Bandung demonstrated the device's effectiveness in detecting CO
concentrations at varying times and locations. The results showed average CO levels
below 5 ppm, with standard deviations also under 5 ppm. While detection rates re-
mained below 10%, spatial mapping revealed a clear correlation between CO concen-
trations and traffic density, with notably higher levels consistently recorded near ma-
jor roads and intersections.
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