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Abstract: Air quality monitoring has become essential foderstanding the impact of pollutants on health #melenviron-

ment. This paper explores the implementation ofila@based sensors in air quality monitoring, pobag an affordable and
effective solution for tracking pollutants suchR€2.5, NO2, and CO2. The system comprises intercéesh@omponents,
including sensors for particulate matter, temperafthumidity, and volatile organic compounds, supgmbby real-time data
visualization platforms like ThingSpeak. These aensnable real-time data collection, analysis, amglalization, allowing

users to identify pollution sources and make inftrdecisions for pollution reduction. The integpatiof 10T platforms en-
hances spatial resolution and accessibility ofcaiality data, offering valuable insights for persdirscientific, and regulatory
applications. The study highlights the advantagassing cost-effective, portable sensors for imprgenvironmental moni-
toring and supporting sustainable urban development
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1.INTRODUCTION

Air, water, soil, Earth's crust, energy, and mateaind cultural heritage compose the environmenhatural
and comprehensive system that enables the existercdevelopment of organisms and humans. Anyadilber
in the state of the environment or failure to taleeessary actions to prevent environmental quelignges is
considered as "pollution." This term refers to esiniss of pollutants, heat, vibrations, or noise itlite air, water,
or soil, potentially impacting environmental qualihuman health, and material assets. Pollutiomcgsucan be
natural, such as volcanic eruptions and seismiviges, or anthropogenic, stemming from directratirect hu-
man activities like vehicular traffic, agriculturand industrylarodne Novine 2033

Given that we spend most of our time indoors, a&ksgthe air quality in these environments (microem-
ments) is critical for determining overall expostwegolluted air. Air quality sensors are esserntals for moni-
toring and safeguarding our environment. By detecpollutants like particulate matter (PM), nitrogdioxide
(NOy), and ozone (§), these sensors provide real-time data on aiitgu8luch information is vital for identifying
pollution sources, evaluating regulatory measuwaed,guiding policy decisions aimed at reducing Hatmmis-
sions. Continuous air quality monitoring reduceByion’s impact on human health and ecosystemanpoting
sustainable and cleaner living environmeits &t al. 200k

Traditional air quality monitoring methods, whilecarate, are often expensive, time-consuming, aqdire
extensive infrastructure, making them inaccesdiinlemaller-scale or real-time applications. Inengcyears, ad-
vancements in affordable technologies, such asiAodbased sensors, have revolutionized air quaddpitoring.
Arduino, an open-source electronic platform, alldas the integration of various sensors and compts&
create custom, portable systems offering a prddiicd scalable solution for individuals, researshand local
authorities. To extract valuable insights fromdiehleasurements, efficient visualization and angalsgst essential
given the growing number of sensors and the expgralinount of air quality data available. To enhagroaron-
mental protection decision-making, this procestumhes gathering, processing, visualizing, and priting data
utilizing a variety of software tools and platfornkor example, such data can be visualized thrgugphs, pol-
lution maps, and interactive platforms such as @8peak, OpenAQ or Geographic Information Systen8jGl
(Sanders 2008; Hilary Kelechi et al. 2022; S e2@R4).

2. ENVIRONMENTAL POLLUTION

Environmental pollution is a global issue, with, aiater, and soil acting as carriers for varioustaminants.
For instance, ocean currents and migrating fighspart pollutants across regions, wind dispersmaative ma-
terials globally and leachate from waste sites aimimiates soil and reduces its quality. Thus, enwrental pol-
lution can be categorized dsgtional Geographic 2032
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a) Water pollution
b) Soil pollution
c) Air pollution.

2.1. Water pollution

Water is a very important biological and ecologfeator of the living world on Earth due to its sz physical
and chemical properties. Water pollution is anratten in the appearance or physical and chemmalposition
of water as a result of a change in the conceaotratf certain substances (pesticides, metals, hoes@ntibiotics)
or energy (heat or radioactivity) that can causgatiee consequences for its consumers (humans,anend
plants). Water pollution is not limited to surfasater, but also applies to groundwater, seas ardrecQwa
2013; Britannica 2025 Some of the sources of water pollution are weater - sewage (discharges from house-
holds and public institutions), industrial wastegratindustries discharge several inorganic andracgaarmful
substances), agriculture (excess fertilizers, pie&t$, herbicides, insecticides), various powentgldwater as a
coolant where hot water is discharged into theremvnent - a sudden increase in temperati?e)r¢e, Weiner
and Aarne 1998

2.2. Soil pallution

Industrialization, war, mining, agriculture and icprrbanization have a major impact on soil. Soilytion
refers to the presence of a foreign substanceeirsdii and thus has a harmful effect on any organgoil is an
important component of the environment becausastthe function of food production and enablespttoeess
of photosynthesis, so soil pollution itself reduttesavailability of food for living beings. Any ggultural product
grown on polluted soils can cause serious consegsdior human and animal health. As the populajiows,
the need for food production also grows, so ifigreat importance to keep the soil healthy. If $bé is heavily
polluted, remediation of such soil is carried osihg various methods such as phytoextraction, plegi@dation,
phytovolatilization or evapotranspiration, whictmato return the soil to its original state, thattie state before
the pollution occurred. Sources of soil pollutimnde natural (fires and volcanic eruptions) arttirapogenic
(acid rain, waste, agriculture, sewagdakeem et al. 2034

2.3. Air pallution

Air pollution is one type of environmental pollutigchat, by altering the natural properties of ttraasphere,
can cause harm to human health, quality of lifel #tne environment. It can occur as indoor or outgadlution.
Clean air is essential for life on our planet. Gdegng that air pollution causes approximatelyilliom premature
deaths worldwide each year, its reduction is ctumidocal, regional, and continental scales. Imdpe, concen-
trations of air pollutants like particulate mat{@M), nitrogen oxides (NOXx), sulfur oxides (SOxhdavolatile
organic compounds (VOCs) have decreased over stespaeral decade$gn 2014; World Health Organization
2022; European Environment Agency 20R4%es of 2021, around 75% of Europe’s populatiemedi in urban areas
(European Environment Agency 20248ccording to the European Environment AgencyAEEPM, NG, and
Oz are considered the most harmful pollutants to huhealth, primarily caused by human activities. $ame of
these pollutants, concentration levels exceeded\tbed Health Organization (WHO) air quality guidsds, as
reported by the EEA in 202&(ropean Environment Agency 2034Dbespite reductions in total emissions across
the European Union (EU), urban populations remaiisk (European Environment Agency 2022; World Health
Organization 202

Air pollution involves the emission of primary asdcondary pollutants into the atmosphere from ahtur
sources (e.g., volcanic eruptions, seismic acdis)tand anthropogenic sources (e.g., motor vehiatgeculture,
and industry) Tan 2014. Primary pollutants (e.g., PM, SONGO,, NHs, CO, CH, NMVOC, BaP) are emitted
directly into the atmosphere, while secondary palits (e.g., @ PM, NG&) form in the atmosphere through
chemical reactions involving primary pollutanBu¢opean Environment Agency 2022

To raise awareness, reduce exposure to pollutrahhaghlight the associated health risks, the WH® leen
publishing air quality improvement guidelines sid@87. In September 2021, WHO released the latedelines
titted “WHO global air quality guidelines: parti@ate matter (Pis and PMg), ozone, nitrogen dioxide, sulfur
dioxide, and carbon monoxidefMorld Health Organization 2021These guidelines are not legally binding and
are based solely on health considerations. Theirigdo provide recommendations for reducing altytants to
lower the global health burden caused by ambieatizehoor air pollution.

The European Air Quality Index provides real-timsights into air quality across Europe, using deim
over 3,500 monitoring stations. It measures five pellutants (PMo, PM: 5, O3, NO,, and SQ) and reflects their
potential health impacts. Users can view data fitoerpast 48 hours, forecast the next 24 hoursfildstations
by type (traffic, industrial, or background). Thelex helps users monitor air quality in their aseavhile travel-
ing, enhancing awareness of environmental andteatiditions European Environment Agency 2025
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Since most of our time is spent indoors, deterngirdim quality in such environments is crucial fesassing
overall exposure to polluted air. A microenvironmegpresents the area where we spend most of merand
has specific pollutant concentrations during thexiqul. Table 1 provides an overview of typical urban microen-
vironments, their pollution sources, and associptdllitants {World Health Organization 2021

Table 1. Presentation of microenvironments with associateslces and pollutants typical for urban environ-
ments(World Health Organization 2021

MICROENVIRONMENT SOURCES POLLUTANTS
Cooking, space heating, parked vehi-
Home cles, hobbies, smoking, household PM, CO, NQ, VOCs, allergens

products, pets, rodents, inse
Vehicle and industrial emissions,| PM, including ultrafine PM, CO,

Transportation environments road dust, background pollution, | NOx, VOCs, Q, carcinogens, aeroal-
smoking lergen:
Streets Vehicle emissions, ror_s\d dust, back- PM, including uItraf_ine PM, CO,
ground pollutiol NOx«, VOCs, G, carcinogens, lei

Industrial processes, smoking, back
ground pollutiol
Cooking and space heating, back-
ground pollution, smokir

Work environments " PM, CO, N@, VOCs, carcinogens

Entertainment environments PM, VOCs, carcinogens

Unlike outdoor air, indoor air circulates continsby leading to the accumulation of pollutants #émeir po-
tential increase. Indoor air quality (IAQ) refecsthe characteristics of the environment withinlesed spaces
that can impact human health and quality of lifee3e characteristics include pollutant concentnates well as
temperature and humidity levels. Polluted indoarsagnificantly contributes to both short-term adodg-term
health effects. Common symptoms associated with ipaimor air quality include eye, nose, and thigdtation,
headaches, nausea, dizziness, and fatigue. In casas, prolonged exposure may lead to acute andiches-
piratory diseases such as asthma, lung canceneammonia.

Health issues related to indoor air pollution esogiated with two concepts: Sick Building Syndrdi®BS)
and Building Related lliness (BRI). SBS describissiers and symptoms experienced by individuadstdyoor
air quality in enclosed spaces, while BRI referglimgnosable illnesses directly attributed to dpeeirborne
pollutants within a buildingTan 2013.

Additionally, poor indoor air quality reduces wollpe productivity. Common sources that contribotelit
minished IAQ include wood and coal stoves, tobammoke, vehicle exhaust, and heating and air camilitg
systems. Effective monitoring of IAQ ensures cl@@nfree of potentially harmful substances and coamas
(World Health Organization 2021

3. SENSORS

To protect the environment and prevent the intrtidacf harmful pollutants into its componentssiessen-
tial to conduct environmental monitoring. Currergthrods are expensive and require significant tiones&mple
collection and analysis. Moreover, the reliabilitiylaboratory analyses can be compromised duringpacol-
lection, transport, storage, and processing. Thegethere is an increasing need for precise, efbsttive, and
long-term methods for monitoring environmental ptitin (Ho et al. 200k

3.1. Environmental sensors

Environmental protection sensors are devices tibat data and information about the environmenthich
they operate. These sensors include those desigmadasure soil conditions, temperature and huynidases,
precipitation, wind speed, light, or air qualith& collected data is transmitted to control unitfiw the system,
where it is processed and analyzed to improve enmiental and life quality. The development of ssehsors is
driven by the demand for small, affordable, anébdt devices that are relatively simple, compeast-efficient,
and perform well. By enhancing the capability odiindual sensors, their performance improves, akgwfor
more accurate readings of phenomena that tradiljoremuired extensive signal or data processinghsas mass
flow sensors or gas sensors. Sensor systems anddhgonents are sometimes exposed to harsh emvawotal
conditions (e.g., very high humidity, pressure, éehperature), which necessitates a focus on theability.
Environmental sensors can be described as smalpu®msystems with basic interfaces, limited corimgut
power, memory, and communication equipment, and@ependent power source (e.g., batteries). Thegeas
are made of electronic and other physical or chahmiaterials designed to detect or measure phygiocglerties
(e.g., heat, light, sound, pressure, humidity, smrres, or movement) and convert them into sigihalscan be
used by individuals, devices, instruments, or maehi The energy source significantly determinedifisgpan of
environmental sensors, while data transmissiomésaf the most energy-intensive operations for silices.

3
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Size and cost limitations lead to correspondingric®sns on resources like energy, memory, praogsspeed,
and data throughput. These limitations encourageareh into environmental sensors to develop moeegg-
efficient designs and enable wider distributioneTlemand for smaller, more energy-efficient sensapsible of
autonomous operation under harsh conditions stiesiladvancements in robust, fault-tolerant seresadssys-
tems Sanders 2008

Using low-cost sensors suitable forsitu applications enables the measurement of spedaflatants within
a given area. However, the capabilities of sucls@enare limited by technological developmeihd gt al. 200%
and their precision often falls short of the staddarequired by regulatory authorities or governnagencies.
Despite these limitations, they provide valuabkghts into air quality and support data procesgimngcientific
purposes. Additionally, they enhance the spatedltgion of official monitoring stations and canumed by citi-
zens for personal air quality monitoring and pratec(World Health Organization 2021

3.2. Application of Arduino sensorsin air quality

Arduino is an open-source electronic platform basedhe simple use of hardware and software thraugh
physical programmable board and software, also knasvthe Integrated Development Environment (IDdz),
cated on a personal computer. This platform is usealrite and transfer computer code to the phydicard.
Arduino can communicate with buttons, LED lightgtors, speakers, GPS units, cameras, the intemeteven
smartphones or TVs. This flexibility, combined witte fact that Arduino software is free, and thelhare boards
are relatively inexpensive, has led to the creatitenlarge community of users who contribute ®dlevelopment
of Arduino-based projects. A more detailed desmipbf how Arduino works and an example of its aggtion
is presented in the studydpi¢ 2022.

3.2.1. Experimental setup

This paper provides an example of a sensor systeairfquality measurement based on several inteiected
sensors and components which are showiralsie 2.

All sensors were mounted on an acrylic bodfiare 1) and powered through a USB connection to ensure
stable operation.

Figure 1. Arduino-based sensor system for air quality momigpused in the research

The central control unit of the system is the Feg8 microcontroller by Adafruit which manages theni-
toring of numerous environmental parameters, sscPM, CQ, VOCs, temperature, humidity, and pressure.
Every part of the system is interfaced with Fe&emhich additionally features wireless connetgtiaind sends
real-time air quality data to a remote server famtmuous monitoring. The fundamental componertdhiige the
FeatherS2-ESP32 microcontroller, Adafruit Feathefy\OLED display which shows air quality indicatorseal
time, Adalogger FeatherWing - RTC + SD board tltsaboth a battery-backed datalogging and micra&0
storage. Those three boards were connected orf &gch other using stacking headers. The resteo$éimsors,
Adafruit HTS221 sensor for temperature and humjdigtafruit LPS25 sensor for absolute pressure, Adiaf
CCsS811 air quality sensor for measuring @&guivalent and total VOCs, and Adafruit PMSAO0O0BI quality
sensor for the detection of RM PMs & PMjg particles were also connected using stacking heade well as
compatible cables or so called STEMMA connectorsefasy wiring without the need for soldering. They k
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component of air pollution monitoring systems is thicrocontroller. Using Wi-Fi, Bluetooth, or cdlu net-
works, this component receives, analyzes or traissseinsor data to a cloud server or writes it lpcaVhile
Adalogger makes it simple to write data and stolecilly on a micro-SD card, the display enablesrunteraction
with the system and provides a straightforward e tbf instantaneous information retrieval. Moreg®@nsors
that measure air pollution also require power tocfion. While mobile sensors use batteries, permiinstalla-
tions use an external power sourtiqry Kelechi et al. 2022; S et al. 2024

Table 2. Sensors and components of a system used fouaitygmeasuremenfdafruit Industries 2026

FeatherS2 - ESP32-S2 Feather (plug-and-play bearbfnmunication with other sensors
32-bit 240 MHz single-core processor
Optimised power path for low-power battery usag8\(3
USB-C type connector with 21x GPIO pins

Adafruit Featherwing OLED (128x64 1.3" monochromeED screen for desired data print)

Adalogger FeatherWing - RTC + SD (board that alloatdo be written to a micro-SD card
in real time without the use of an external powarrse)

Adafruit PMSA003I Air Quality Breakout (sensor fdretdetection of PhMo, PMe.s & PMio
particles)
12C communication protocol, 3 - 5V DC power
Particle Range of measurement: 0.3~1.0,1.0~2.512.54crometer
Particle Resolution: fig/m3
Working Temperature Range: - 10 ~%€0
Working Humidity Range: 0~99%

Adafruit CCS811 Air Quality Sensor Breakout (sensomfi@asuring C@®equivalent and tota|
VOCs
, VOC & eCQ)
12C communication protocol, 3 - 5V DC power
eCQx: 400 to 8192 ppm
VOC: 0 to 1187 ppb

Adafruit HTS221 (sensor for temperature and humjdit
I12C communication protocol
Temperature: - 40 - 120 °C; +0.5 °C
Humidity: 0-100%; +3,5%

3 -5V DC power

@m,.&,a§3s§n,o:a©

o 4-4 T,

Adafruit LPS25 (sensor for absolute pressure)
AL 12C communication protocol, 3 - 5V DC power
fug - M : Pressure: 260-1260 hPa; +0,2hPa

SCK _-spI INT

0000

VIN-  GND SDO CS

Data acquisition was managed through the ArduinB, Ilsing publicly available Adafruit libraries, wiee
each library was installed using the Library Managensure proper functionality of the sensorbraiies needed
for the system were as follows: Adafruit SH110xdity, Adafruit GFX Graphics Core library, RTClilbtary,
Adafruit PM25AQI, Adafruit CCS811 library, AdafrutTS221 library, Adafruit LPS2X library, and Thing&ak
Communication library.

The Arduino-based system was programmed to contsiyaollect and process data from multiple sensors
including PM (PMSA003I), C@and VOC (CCS811), temperature and humidity (HT$221d pressure (LPS25).
Each reading was time-stamped using the RTC (Riea Tlock) module and simultaneously stored localty
an SD card, displayed in real time on an OLED sgraad transmitted via WiFi to the ThingSpeak Iddtform.
This ensured redundancy in data storage and enbbtbédocal and remote monitoring of environmertahdi-
tions.
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The code was structured to initialize sensorst @&ED screen, RTC and SD card and prepare Wi-Hi an
ThingSpeak connection, while main loop collectsdiegs every 60 seconds, logs data locally to therarsD
card, prints them on the OLED screen, and sendesdb the ThingSpeak cloud platform. It was progreed to
continuously collect and process data from mult§aiesors, including PM (PMSA003I), €énd VOC (CCS811),
temperature and humidity (HTS221), and pressur&p3)p. Each reading was time-stamped using the RG& m
ule and simultaneously stored locally on an SD cdigplayed in real time on an OLED screen, andsimzitted
via WiFi to the ThingSpeak IoT platform. This enstiredundancy in data storage and enabled bothdada
remote monitoring of environmental conditions. Tiseudocode of the acquisition loop is summarizédiesvs:
sensor initialization - data acquisition - locairsige - cloud transmission - repeat cycle. Thiscétire ensured a
consistent data stream for visualization and Istististical analysis.

Such sensor system enables the collection of datardormation about the distribution and frequemdy
exposure to the harmful effects of pollutants idaar environments. It provides valuable informationhealth
risk assessment and insights into the behavidiegénsor system in different settings. For ingapoor indoor
air quality reduces productivity and contributesioincreased number of workplace absences. Bg ssinsors,
air quality monitoring (specific pollutants) is magossible, allowing users to gain insight into diivequality of
their surroundings and take timely measures toguresr reduce pollution.

In indoor spaces, the placement of sensors caifisagntly affect the accuracy of the collected d&ampling
near emission sources results in higher pollutantentrations compared to those measured at @b&tidns in
the same space. Therefore, sensors should beopesitaway from ventilation systems, heating deyiaed direct
light exposure. They should ideally be installedeast 1 meter (preferably 2 meters) from walls arfidmeters
above the floor, while minimizing interference witgular activitiesRortASAP and cost 2021The system used
in the research was located in Varazdin city (Nemttpart of the Republic of the Croatia) and plaoecontrolled
indoor environment (living room, East-West orieittat approximately 24-30 °C depending on the wiotesum-
mer periods, relative humidity 45-55%, decent amoéisunlight without direct exposure to sunligtatevaluate
its performanceKigure 2).
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Figure 2. Sketch of the building apartment in which the Anddbased sensor was placed

After successful sensor installation, it is possital monitor the current state of concentrationsenfain pol-
lutants and parameters in real time.

3.3. Analysisand monitoring

Monitoring air quality data has become essentiabfaderstanding and mitigating the impact of palhis on
health and the environment. With the increasinglmemof sensors and the growing availability ofcpiality data,
effective visualization and analysis are crucial deriving meaningful insights from field measurerse This
process involves the collection, processing, vigatibn, and interpretation of data using varioofveare tools
and platforms to improve decision-making relate@n@ironmental protectiorHo et al. 200k
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Long-term monitoring of indoor COPM and VOCs is important since they change viithseasons, and are
significantly affected by ventilation rates, whittay also vary from season to season because gbactsuchang-
ing ventilation habits throughout the yebllu@ng et al. 2013

The collected data was analyzed with the aim ofgaming seasonal variations and identifying efféatestain
activities (training, staying home, ventilation mgpto work) on pollutant concentrations during teek. For this
purpose, two one-week datasets were extractecgepting the winter (Jan 01, 2024 — Jan 07, 202 sammer
periods (Jun 1, 2024 — Jun 7, 2024), respectigbxplot analysis was applied to visualize the distiion of
pollutants such as PM, PMyo, CO,, TVOC (Figure 3), with addition of temperature and relative hunyidiFigure
4), providing a clear overview of median values,afaitity, and extreme concentrations. This approacabled a
direct comparison between the two seasons andidiiged differences in pollutant levels.
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Figure 3. Boxplot comparison of summer and winter concerdreti (a) CO2 (b) Total VOCs (¢) PM2.5 and
(d) PM10 (Source: Authdr

Figure 3(a) shows CQ concentrations during one summer and one wintekweeasured iparts per million
ranging from around 500 to approximately 3500 ppime summer period (June) shows higher, €@ncentra-
tions, with median values around 1000-2000 ppmamodsional peaks above 3000 ppm. This suggestseddu
ventilation efficiency or more frequent occupandylosed indoor spaces during summer (e.g., usér @ondi-
tioning with closed windows). It can be concludkdttwith ' and 29 of June 2024 (first two boxes) being Sat-
urday and Sunday (weekend), the concentrationl gibdutants is significantly lower compared to st of the
week, suggesting that less time was spent in thetmpnt due to more outdoor activities. On the iotrend,
winter period (January) shows lower concentratiovith most values below 1000 ppm and significarféyer
outliers. Such results may be due to more frequentilation during the heating season (e.g., ogemimdows
briefly to reduce condensation or as part of dh#pits) or no one being in the apartment. Accordm@Air
Standard | RESET® 20p%oncentrations under 1000 ppm are generallyidered as the threshold for adequate
ventilation in indoor spaces, with lower levelsigating better air quality.

Furthermore, total VOCs concentratiofsgur e 3(b)) during summer show gradual increase of conceotrat
over the week. The increase is related to indoacsgonditions (temperature, humidity and ventitgtias well
as the activities such as cooking and use of akggmioducts, disinfectants and scented candleswiriter period
has much lower and constant concentrations duawerltemperatures, ventilation of the room andféloe that
during this period, there were less activities thubolidays.

When it comes to TVOC concentrations, levels uisd@r pg/ni (Air Standard | RESET® 202%re generally
considered acceptable for indoor air quality. Adbog to the data, only two days showed higher cotradons
while the rest of the days were within recommenitealth limits.

The boxplots for Pi¥lsand PMg concentrations reveal very similar seasonal patevhich is expected given
the strong correlation between these two partidetions Figure 3(c-d)). During the summer period (June),
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particle concentrations were generally lower, altffto a gradual increase was observed over the cofiribe
week. In contrast, the winter period (January) ldigpd higher overall concentrations with more promzed var-
iability from day to day. This indicates that indquarticle levels are influenced both by seasopabiitions and

by daily activities or ventilation practices. Thengarity between PMsand PMo results suggests that the main
sources of indoor particles affect both fine andrse fractions simultaneously, without significdifference in
seasonal trends. WHO recommends 24-hour averagermations of 15 pg/fand 5 pg/mfor annual averages
(World Health Organization 2021As shown inFigure 3(c-d), the observed concentrations during both summer
and winter weeks remained within these guidelinees suggesting that indoor particle levels inrtienitored
environment comply with WHO recommendations.

Additionally, temperature and relative humidity wealso monitored and analyzed as showRigure 4. In
the case of the temperatufgdure 4(a)), winter period shows stable values around 24°€tdwconstant heating
with occasional drops indicating the ventilationlieing space. Relative humidity={gur e 4(b)) follows similar
patterns as temperature. Increased ventilationesahigher variations of the values as a resulhefftesh air
exchange. Summer period, in both temperature dativeehumidity, shows higher variations of theued influ-
enced by outdoor conditions, ventilation and ainditioning. Higher summer temperatures also couted to
increased VOC concentrations, while lower wintemidity may have favored longer suspension of PMigas.
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Figure 4. Seasonal variation of: (a) indoor temperature abiirelative humidity for the selected seasonal
periods

In addition, to better understand daily variatiaimee-series plot was generated for selected pamamee.g.,
CO;,, VOCs and PM), covering a 24-hour cycle averagesacthe seven-day peridéigure 5). These plots were
supplemented with annotations of personal routfaas, cooking, training, sleeping), which allowtbé identifi-
cation of activity-related peaks in pollutant conirations. For instance, PM levels showed rapideiases during
periods of indoor occupancy before going to worthattime of breakfast preparation (between 06r@DG8:00),
while VOC spike was observed during cooking adtsit(between 16:00 and 19:00) due to frying. Tieeiase
in CO, concentrations was also recorded in the morningdaming cooking activities later in the afterno&e-
garding training period (between 19:00 and 22:@@kn no one is home, there was decrease in tha@®VvVOC
concentrations while during the sleeping periotipallutants concentrations were stabilizing. Imggl, spikes
were recorded during certain activities while tastiof the time concentrations were in decline.
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The combination of seasonal comparison and daiepaanalysis provided a comprehensive understgndi
of indoor air quality dynamics. While no formal @rquantification was conducted, the study prinyaidicused
on identifying temporal trends and the influencéwmhan activities and ventilation on pollutant lsyeather than
on achieving high-precision quantitative measurgmenhis methodological approach highlights thecpical
applicability of low-cost sensors for contextuatiarxploratory environmental monitoring.

Effective data visualization makes complex air gyalatasets more comprehensible, providing reseasc
and the public with insights into the current statehe environment. For example, such data cavidelized
through graphs, pollution maps, and interactivafptens. Graphs display concentrations of varioubupents
(PM2s5, NO;, Os) over specific time periods, highlighting peakued and seasonal changemy(re 3). Pollution
maps are useful for spatial analysis as they deuittitant concentrations across geographic aidasfifying
hotspots and potential pollution sources. Usingfgims like GIS and Google Earth, spatial datalwanlisplayed
on maps to show the distribution and density ofytioin. GIS tools can model air quality for spatalalysis and
develop exposure models accessible to the genaotgor self-assessment and visualization ofygalht spatial
distribution figure 6) (Aniceto et al. 2021; Mohd Shafie et al. 2022; Saeld Khader 2022 Additionally,
interactive platforms offer real-time visualizatiohair quality data, integrating various graphs amaps to pro-
vide an overview of current environmental conditigdassan et al. 2024

National network of permanent monitoring stations in The Republic of Croatia
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Figure 6. Data representation in ArcGIS software: a) measgistations for air quality monitoring in the
Croatia; b) mean NOx concentration in central Criaat

ThingSpeak is an 10T platform (Internet of Thinggt enables the storage, visualization, and aisabjseal-
time data via the internet as shown on Bigure 7. It allows communication by sending data from tiser's
sensors and devices to ThingSpeak servers, proveitimultaneous visualization of live data alonghite ability
to send notifications and alerts. ThingSpeak hasda range of applications, such as remote sensaitaring
on farms to develop models for increasing cropdgeind reducing costs, tracking energy usage, ororgtair
quality, and supporting various research projeiditafy Kelechi et al. 2022; ThingSpeak 2028 air quality
monitoring, ThingSpeak enables the integrationmd@ality sensors to track various air pollutamtsviding real-
time insights. Its ability to generate alerts antifitations makes it a valuable tool for both meral and environ-
mental applications, enhancing decision-makingodhoting air quality awareness.

Figure 7 illustrates the live data visualization interfadettee ThingSpeak platform. The screenshot was in-
cluded to demonstrate how sensor readings arentigied, stored, and displayed in real time throtighcloud-
based dashboard and therefore serves as a rejatasenf the system'’s functionality.

On the other hand, OpenAQ is the largest open-spopen-access repository of air quality data éwtorld.
It is an open-access data platform that providesatricted access to the data by combining infaonarom
public, academic, and private sources. It offeasdardized and easily readable data on airbordetaots. The
platform provides tools for data visualization, Exption, and integration to promote research,gyofiaking, and
public awarenesg-{gure 8). As a community-based open-source platform, Ofigs&ives to be open, transpar-
ent, user-oriented, sustainable, and technologiealVanced@penAQ 202k

The analysis of air quality data also involves easi statistical methods and computational modelséopret
trends, predict future pollution levels, and evéduhe effectiveness of mitigation measures. Comynased tools
and methods include simple statistical techniquesdfan, mean values, standard deviations) to suinendata,
machine learning methods (neural networks and ssgre models) to predict air quality based on histb data
and meteorological variables, and Air Quality MadgAQMs) that simulate the dispersion of pollutaintthe
atmosphereHl-Harbawi 2013; Iskandaryan, Ramos and Trilles®?02
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4. CONCLUSION

This study demonstrated the potential of an Arddbased sensor system for indoor air quality moimitpr
integrating multiple low-cost sensors for simultange measurement of particulate matter,,G@DCs, tempera-
ture, and humidity. The system provided reliabéal#time data through local storage and cloud-basrdhliza-
tion, confirming the suitability of low-cost platims for continuous environmental monitoring.

The analysis of two representative seasonal pe(iiiser and summer) revealed clear variationsatupant
concentrations influenced by ventilation, humarivégt and indoor environmental conditions. €&nd VOC
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concentrations were higher during summer due tdduinventilation and increased temperatures, wilecon-
centrations exhibited slight fluctuations but renaa within WHO recommended limits. Temperature launchid-
ity trends further supported the interpretatiompollutant dynamics across seasons.

Although no formal error estimation was performtbe, primary focus of this research was to explenegoral
and behavioral patterns rather than high-precis@ditration. The approach highlighted the practagaplicability
of low-cost sensors for contextual air quality asseent, illustrating how environmental data calecteveryday
routines and ventilation habits.

Overall, the combination of affordable sensing tegbgies, 10T data management, and contextual aisaly
provides a foundation for personal and communitgll@ir quality awareness, supporting future resteand the
development of smart environmental monitoring syste
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