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A bstract: This paper presents the design and framework development of a low-cost loT-based multi-param-
eter air quality monitoring network for smart campus applications, including its hardware and software architecture and
an initial evaluation of the proposed prototype. The proposed system is designed to measure key environmental param-
eters, including particulate matter (PM1, PMa2.5, PM10), ambient noise levels (dB), temperature and barometric pressure.
The system is based on cost-effective hardware components and integrates wireless communication technologies to
enable real-time data transmission. The system enables continuous monitoring while remaining user-friendly and easy
to deploy. Unlike traditional monitoring systems, which rely on large and expensive equipment installed at fixed
locations, the proposed system is compact and portable, allowing deployment across different locations and enabling
users to monitor environmental conditions in real time, while also providing indicative insights into potential changes
in measured levels. Experimental validation of the noise sensing module demonstrated good agreement with a reference
sound level meter, indicating the suitability of the proposed system for indicative environmental monitoring applica-
tions.
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JAU3AJH U PA3BOJ HA HUCKOBYIIETEH CUCTEM 3A MOHUTOPUHI'
HA )KUBOTHATA CPEJIMHA 3A AIIVIMKALIUN
HA YHUBEP3UTETCKHUTE KAMITYCH

AmnctpaxkT: BooBoj Tpy e mpeTcTaBeH IM3ajHOT U pa3BojHATa paMKa Ha HUCKOOYIIeTHa Mperka Oa3upaHa Ha
ToT 3a MOHMTOPHHT Ha MOBEKe MapaMeTpH Ha KBAIMTETOT Ha BO3IYXOT, HAMEHETa 3a MPUMEHa BO TAMETEH KaMITyc,
BKJIy4yBajK{ ja Hej3UHATa XapABepcKa U coTBEpPCKa apXUTEKTypa, KaKo U MOYETHa eBaiyalyja Ha MpPEe/I0KSHHUOT
npoTtoTun. IIpeyIoKeHHOT CHCTEM € AW3ajHUpaH 3a Meperme Ha KIYYHH IapaMeTpd OJ JKHBOTHaTa CpE/HHa,
BKJIy4yBajku cycrneHaupanu dectnuku (PMi, PMzs, PMio), HuBoa Ha amGuenranHa Gyuasa (dB), Temnepatypa u
aTMoc(epckn nmpuTtucok. CrcteMoT ce 6a3upa Ha eKOHOMHYHH XapABEPCKH KOMIIOHEHTH M WHTETpHpa O0e3KHIHU
KOMYHHUKAIIMCKH TEXHOJIOTHH CO IIeJI J1a C& OBO3MOXH IIPEHOC Ha MOJATOLH BO peaiHo Bpeme. CHCTEMOT 0BO3MOXKYBa
KOHTHHYHpPAH MOHHUTOPHHT, IIPHU IITO OCTaHYBa €IHOCTABEH 3a KOPUCTEH:E U JIECEH 3a ITOCTABYBame. 3a Pa3iMKa O]
TPaAMIMOHATHUTE MOHUTOPUHT-CHCTEMH, KOM ce 0a3MpaaT Ha rojema M CcKama ompeMa HMHCTaaupaHa Ha (UKCHH
JIOKAIMH, TIPE/UIOKEHUOT CHCTEM € KOMIIAKTeH M MPEHOCIHMB, IITO OBO3MOXXYBAa HETOBO MOCTABYBAmbE HA PA3IMIHU
JIOKAllMK ¥ CIeJCHe Ha YCJIOBHTE BO JKMBOTHATA CPEIUHA BO PEAlHO BpeMe, Kako M J0OWBambe HHANKATHBHU
coryie/lyBama 32 MOYKHH NPOMEHH Ha HM3MEPEHHTE BPEAHOCTH. EKCIepHMeHTanHaTa BajMAalldja Ha MOAYJIOT 3a
Mepeme OydaBa Imokaxa o0po coBHarame co pe)epeHTeH Mepad Ha HUBO Ha 3BYK, IITO YKa)KyBa Ha COOABETHOCTA HA
MPEJIOKEHHOT CUCTEM 32 HHAWKATUBHHU AIUIMKALMK 33 MOHUTOPUHT HA )KUBOTHATA CPEMHA.

Knyunn 36opoBu: loTM; MOHHTOPHHT Ha KBAJINTET HAa BO3AYX; MOHUTOPHHT Ha )KUBOTHA CPEJIHA;
HHUCKOOYIIETeH cucTeM; Oe3)KnuHa KOMYHHKaIHja
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INTRODUCTION

Air pollution represents one of the major envi-
ronmental challenges today, with significant im-
pacts on human health, contributing to approxi-
mately 7 million premature deaths annually and be-
ing closely linked to respiratory and cardiovascular
diseases. Skopje is frequently ranked among the
most polluted cities in Europe, particularly during
the winter season, when elevated concentrations of
particulate matter (PMas) lead to unhealthy air
quality levels [1]. These conditions are mainly
caused by residential heating, traffic emissions, in-
dustrial activities, and unfavorable valley topogra-
phy.

Motivated by these challenges, this work pre-
sents the development of a low-cost loT-based sys-
tem for real-time monitoring of environmental pa-
rameters and air quality. The proposed system con-
sists of an autonomous sensing unit equipped with
sensors for measuring particulate matter (PM.s and
PMyy), ambient temperature, and environmental
noise levels. The collected data are transmitted via
LoRaWAN to a central gateway and further for-
warded to a cloud-based platform for real-time vis-
ualization and analysis. The system enables contin-
uous monitoring with periodic measurements and
supports historical data analysis through graphical
representations. The rapid development of [oT tech-
nologies enables cost-effective real-time monitor-
ing and integration of multiple sensing units, con-
tributing to more accurate environmental assess-
ment and improved decision-making in urban envi-
ronments. Several studies have proposed loT-based

environmental monitoring systems. In the study [2],
a low-cost system based on Arduino UNO is pre-
sented, capable of measuring multiple environmen-
tal parameters; however, it lacks scalability and
long-range communication capabilities. Similarly,
[3] introduces a solar-powered system using
ESP8266 and Wi-Fi communication, which is en-
ergy-efficient but limited by short-range connectiv-
ity. In [4], an ESP32-based system is proposed for
real-time monitoring, but it is primarily designed for
localized applications and depends on Wi-Fi com-
munication.

In contrast, the system proposed in this work
utilizes LoRaWAN communication, enabling low
power, long-range data transmission suitable for
distributed deployment across smart campus and ur-
ban environments. Additionally, the solution em-
phasizes a compact and scalable design with real
time monitoring and historical data analysis capa-
bilities.

CONCEPT FOR SENSOR NETWORK
AT THE FACULTY

Proposed sensor deployment across
the faculty campus

The concept of the proposed sensor network is
based on the deployment of multiple distributed
measurement units across our faculty campus, with
the primary objective of capturing spatial variations
in environmental conditions (Figure 1).

LoRaWAN

Manitaring Node

Marstoring Node

ing Node itaring Node

Fig. 1. Campus deployment concept of the IoT environmental monitoring system
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The placement of the units is proposed based
on the functional characteristics of the campus en-
vironment. Measurement units are intended to be in-
stalled at building entrances, courtyard areas, labor-
atory surroundings, and parking zones, where vari-
ations in air quality are expected due to human ac-
tivity and localized emission sources. As a concep-
tual implementation, the units are proposed to be
mounted on existing infrastructure elements, such
as lighting poles (lamp posts), at a height of approx-
imately 2.5 to 3 meters above ground level.

This proposed installation height is selected to
approximate the human breathing zone while reduc-
ing the influence of ground level disturbances and
ensuring unobstructed airflow around the sensors.

System Architecture

The system architecture is designed as a mod-
ular and distributed structure consisting of sensing,
processing, communication, and visualization lay-
ers. The architecture enables continuous acquisi-
tion, preprocessing, and transmission of environ-
mental data within a smart campus framework. The
black-box model in Figure 2 illustrates the system
as a functional unit that converts environmental

]
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§t air concentrationinair |

*  (PMI.0, PM2.5, PMI10)

inputs into processed and transmitted information.
Inputs include ambient air parameters, electrical
energy, and control signals, while outputs consist of
measured data, visualized information, and trans-
mitted signals via LoRa. The system performs
acquisition, preprocessing, and communication of
environmental parameters.

The functional architecture of the proposed
system is illustrated in Figure 3, where the overall
process is decomposed into several interconnected
subsystems responsible for sensing, data acquisi-
tion, processing, communication, and visualization.
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Fig. 2. Black-box model of the IoT environmental
monitoring system
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Fig. 3. Functional block diagram of the environmental monitoring system
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The system begins with the sensing stage,
where environmental parameters are continuously
measured. This includes particulate matter concen-
tration (PM, 0, PM2s, PM)o), ambient temperature,
atmospheric pressure, and environmental noise.
These measurements represent the primary input
signals to the system. The acquired sensor data are
forwarded to the data acquisition and preprocessing
block, where initial operations such as signal

conditioning, synchronization, and formatting are
performed.

Control inputs such as system configuration,
communication settings, and on/off states are also
processed at this stage. Following preprocessing,
the data are subjected to further processing and fil-
tering in order to improve measurement reliability
and remove potential noise or outliers (Figure 4).
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Fig. 4. Data transmission and visualization architecture using Supabase and Vercel

Based on the processed values, the system can
trigger alerts when predefined threshold limits are
exceeded. The processed environmental data are
then directed toward two main outputs. The first
output includes real-time visualization of measured
values through display interfaces such as web or
mobile applications. The second output involves

wireless transmission of data to an external system
using LoRa communication.

This modular structure enables efficient data
flow, scalability, and reliable operation of the sys-
tem within a distributed environmental monitoring
network (Figure 5).
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Fig. 5. Layered architecture of the proposed loT-based environmental monitoring system
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The cloud platform represents the final layer of
the proposed IoT monitoring system and enables
data storage, real-time visualization, and analysis of
the measured environmental parameters through
Supabase and a Vercel-based web dashboard [5].

After the environmental parameters are
measured by the sensors, the data are processed by
the ESP32 microcontroller and transmitted through
the LoRa gateway. The gateway forwards the
received data to the cloud backend, where the
measurements are stored in a Supabase database.

Each measurement record includes the sensor
node information, timestamp, and measured values
such as particulate matter concentration, tempera-
ture, pressure, and noise level. This enables both
real time monitoring and historical data analysis.
The stored data are then accessed by a web dash-
board deployed on Vercel, where the values are pre-
sented through cards, tables, and graphical repre-
sentations. The platform allows users to observe

Trend in the last 24 hours

m PM25 PM10 Temperature

o Noise (dBA)

Trend in the last 24 hours

Noise PM2§ m Temperature

o PM10 (ug/m3)
GO03
Group 3

Wb Noise Le

66.4 dBA

18.0 pg/m?

Trend in the last 24 hours

Trend in the last 24 hours

current environmental conditions, analyze trends
over the last 24 hours, and review daily or monthly
changes. In addition, the system is designed to sup-
port comparison between different sensor nodes,
which makes it suitable for future expansion into a
distributed monitoring network across the univer-
sity campus.

The left part in Figure 6. shows the 24-hour
trend visualization of the measured environmental
parameters through the web dashboard. The dis-
played graphs include noise level, PM,s and PMj
particle concentrations, and ambient temperature.
This visualization enables real-time monitoring and
easier analysis of changes in the measured values
over time. While the figure on the right shows the
real-time display of the measured environmental pa-
rameters for one of the sensor nodes.

This view enables quick monitoring of the cur-
rent environmental conditions at the selected loca-
tion.

Noise PM25 PM10 Temperature

S SR
———
— ——

14.0 pg/m*

24.2°C

500V

5/31/26, 8:32 PM

Fig. 6. Web dashboard trend visualization of measured environmental parameters
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FRAMEWORK FOR A SINGLE SENSOR UNIT

Hardware architecture

The hardware architecture of the system is
based on the integration of an ESP32 microcontrol-
ler with multiple environmental sensors. The com-
ponents are interconnected through standard digital
interfaces, enabling reliable data acquisition and

communication. The selected hardware ensures a
compact, low-cost, and scalable solution.

Table 1 below summarizes the technical spec-
ifications of the sensors used in the proposed sys-
tem. The selected sensors provide reliable measure-
ments of key environmental parameters, including
particulate matter, temperature, pressure, and noise
levels.

T able 1
Technical specifications of the sensors used in the proposed system
Component Parameter | Measurement Measuring | Resolution/ Accuracy Interface Supply voltage /
method range Sensitivity power consumption
1. PMS5003 . PMi, PM2s, | Laser scattering: 0 — 500 pg/m® © 1 pg/m? +10 pg/m*or | UART 5V /~100 mA
PMio principle +10%

2.BMP280 : Temperature : MEMS — based : —40 to +85°C; 0.01°C; +] °C; =1 hPa 12C 5V /~100 mA
and pressure sensing 300-1100 hPa : 0.18 Pa

3.INMP441 | Soundlevel | MEMS digital | ~30— 120 dB :24-bit digital. +1 dB (typical) 128 33V /~0.6 mA
(estimated) output

The PMS5003 sensor is based on a laser scat-
tering principle and can be used for low-cost partic-
ulate matter monitoring, although its performance
should be evaluated against reference instruments
for reliable environmental applications [6]. The
BMP280 sensor integrates temperature, and pres-
sure measurements in a compact MEMS-based de-
sign. While the INMP441 digital microphone ena-
bles accurate acquisition of environmental noise
levels.

The ESP32 LoRa module serves as the central
processing and communication unit, coordinating

sensor operation, managing data acquisition, and
transmitting the collected data to the network gate-
way.

Mechanical design of the sensor unit enclosure

The mechanical design of the sensor unit en-
closure was developed to provide a compact and
protective housing for the electronic components
and sensors (Figure 7). The enclosure is intended to
be manufactured using 3D printing technology.

Opening for the
NMP44] noise sensor

Fig. 7. Mechanical design of the 3D-printed sensor unit enclosure
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The enclosure includes dedicated openings and
internal compartments for proper sensor placement,
following the design principle that particulate mat-
ter sensors require unobstructed airflow through the
enclosure for reliable measurements [7]. The partic-
ulate matter sensor requires direct airflow, while the
noise sensor is positioned close to an external open-
ing in order to detect ambient sound levels more ac-
curately. The remaining electronic components, in-
cluding the ESP32 LoRa module, power manage-
ment modules, and battery, are placed inside the en-
closure to protect them from external influences.

The proposed enclosure design supports easy
installation on existing campus infrastructure, such
as lighting poles, and contributes to the portability
and scalability of the monitoring system.

SOFTWARE ARCHITECTURE

Power supply concept

The proposed sensor unit is designed to oper-
ate as a portable device, suitable for outdoor place-
ment across the faculty campus. For this reason, the
power supply concept (Figure 8) is based on three
possible power sources: USB power during devel-
opment and testing, a rechargeable lithium battery
for autonomous operation, and a solar panel for ex-
tending the operating time of the system.

; Battery + Solar pzmcl\

/Power management ]
module
TP4056 + MT3608

5, oY &

(ESP32 LoRa module]
« PMS5003 /
 BMP280 / INMP441

Fig. 8. Power supply concept of the proposed [oT sensor unit
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The selected battery is a 26650 lithium-ion cell
with a nominal voltage of 3.7 V and a capacity of
5000 mAh. The battery capacity was selected based
on the estimated current consumption of the main
components.

The ESP32 with LoRa communication, to-
gether with the PMS5003, BMP280, and INMP441
sensors, requires a current in the range of approxi-
mately 180-250 mA during active operation. For a
5000 mAh battery, the approximate operating time
can be estimated as:

Battery capacity

Operating time = Average current consumption
because the battery voltage is lower than the voltage
required by some components, a power
management subsystem is included. The TP4056
module is used for safe charging of the lithium bat-
tery, while the MT3608 DC-DC step-up converter
is used to increase the battery voltage and provide a
stable 5V supply where needed. This is especially
important for components such as the PMS5003
sensor, which operates at 5V.

A 5V, 3W solar panel is included as an addi-
tional charging source to support autonomous out-
door operation, following the concept of self-sus-
taining LoRaWAN-based air quality monitoring
prototypes [8]. The solar panel is used to support the
battery charging process and extend the operating
time of the sensor unit when it is placed outdoors.
This makes the system more suitable for long-term
environmental monitoring, since it reduces the need
for frequent manual charging.

SYSTEM EVALUATION AND VALIDATION
APPROACH

Noise sensor calibration and validation

The calibration and validation of the INMP441
noise sensor were performed in the mechatronics
laboratory by comparing its measurements with a
reference sound level meter. During the experiment,
sound signals with different frequencies were gen-
erated, while the values from both the INMP441
sensor and the reference instrument were recorded
simultaneously. For each frequency, three measure-
ments were taken with the proposed sensor and
three measurements with the reference instrument.
The average value was then calculated in order to
reduce the influence of random variations and pro-
vide a more reliable comparison between the two
devices.
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From the obtained graph in Figure 9, it can be
observed that the INMP441 sensor follows the same
trend as the reference instrument. In the graph, Se-
ries I represents the INMP441 sensor, while Series
2 represents the reference sound level meter. The
sensor shows stable behavior and can be used for
monitoring changes in noise level.

Results from frequency measurements
900

70.0

0 500 1000 1500 2000 2500 3000 3500 4000 4500

— Series] Series2

Fig. 9. Noise sensor validation at different sound frequencies

Noise sensor validation at different sound levels

Measurements were also performed at two dif-
ferent sound signal levels: low noise level and high
noise level (Figure 10). For each level, three meas-
urements were taken using the INMP441 sensor and
three measurements using the reference sound level
meter.

76.0
74.0
72.0
70.0
68.0
66.0
64.0
62.0
60.0
Average (dB) INMP441 Average (dB) reference

sensor instrument
Elow mHigh

Fig. 10. Noise sensor validation at different sound levels

The average value was then calculated in order
to obtain a more reliable comparison between the
two devices.

Ambient noise level testing

The INMP441 sensor was also tested under
ambient noise conditions in order to compare its
measurements with the values obtained from the
reference sound level meter.

The results showed in Figure 11 that the
INMP441 sensor provides slightly lower values
compared to the reference instrument. However, all
measurements remain within a similar range. This
indicates that the sensor can consistently detect am-
bient noise levels, although a certain deviation from
the reference measurement is present. The observed
difference may be caused by the microphone sensi-
tivity, sensor positioning, and signal processing
method.

62
60
58
56

54

. l
50
Trial 1 Trial 2 Trial 3

B Measurement (dB) Team 3

Measurement (dB) reference instrument

Fig. 11. Comparison of measured sound levels

The BMP280 temperature sensor would be
evaluated by comparing its measurements with ref-
erence weather data or with a calibrated temperature
sensor placed at the same location, following com-
mon validation approaches in which low-cost envi-
ronmental sensors are assessed through simultane-
ous comparison with calibrated reference sensors
[9]. The measurements will be performed over a de-
fined time interval under real ambient conditions.
The collected data would then be compared in order
to determine whether the sensor follows the same
temperature trend as the reference source. Possible
deviations may occur due to local conditions such
as sensor placement, airflow, shading, and the dif-
ference between point measurements and wider area
weather data.

The PMS5003 sensor would be validated by
comparing its PM,s and PMo measurements with
official data from the State Automatic Ambient Air

Mech. Eng. Sci. J., 44 (1), 37-45 (2026)
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Quality Monitoring System, operated by the Minis-
try of Environment and Physical Planning of the Re-
public of North Macedonia [10]. The sensor would
be placed near an official reference monitoring sta-
tion, where it would measure PM;s and PM ;o con-
centrations under the same ambient conditions as
the reference station. The collected data would then
be time aligned with the official measurements and
compared in order to evaluate whether the proposed
low-cost sensor follows the same trend as the refer-
ence system.

CONCLUSION

This work presented the design, development
and preliminary validation of a low-cost loT-based
environmental monitoring system intended for
smart campus applications. The integration of par-
ticulate matter, temperature, pressure, and noise
sensors with an ESP32 LoRa module enabled real-
time acquisition and wireless transmission of envi-
ronmental data. The proposed cloud-based platform
provided clear visualization of the measured param-
eters, allowing easier monitoring and analysis of en-
vironmental conditions overtime.

The developed sensor unit was designed as a
modular and scalable solution, suitable for deploy-
ment at different locations across the faculty cam-
pus. The 3D-printed enclosure provided a compact
housing for the electronic components while allow-
ing proper exposure of the sensors to the surround-
ing environment. Testing of the noise sensor con-
firmed that the system follows the same general
trend as the reference instrument, indicating its suit-
ability for indicative monitoring and trend analysis.

Overall, the results highlight the effectiveness
of combining low-cost sensors, wireless communi-
cation, cloud storage, and real-time visualization to
create a practical environmental monitoring plat-
form. For future work, we plan on focusing on long-
term outdoor testing, further sensor calibration,
power optimization, and deployment of multiple
sensor nodes across the campus.
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