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Abstract

This study evaluates thperformance of Smart Citizen Kits (SCKs), a network of-mst sensors,

in monitoring urban air pollution, with a focus on P§PWMo, carbon dioxide (Cg), ozone (Q),
nitrogen dioxide (N®@), temperature, and humidity. SCK measurements were compared to reference
grade instruments (ARPAE) during collocation campaigns in Bologna, dialyngboth summer and
winter. The resultsndicate that while SCKs effectively captuhetemporal trends of pollutants and
environmental parameters, they show discrepancies in absolute concentrations, particularly for PM
and NQ, due to crossensitivity, environmental influences, and sersmecific biases. Strong
correlations were observéegtweertemperature (R? = 0.89) and humidity, confirming the reliability

of SCKs for environmental monitoring. However, moderate correlations fors HRA = 0.59) and

low correlations for Plvb (R2 = 0.19) highlight the need fpostdatacorrectionmethodgo improve
guantitative accuracy. The study atdemonstratedhe influence of meteorological factors, such as
relative humidity and wind speed, on sensor performance and pollutant dispersiostutlyis
underscores the potential of les@st sensor networks for tracking urban air quality variability,
provided that calibration and correction techniques are applied to enhance their accuracy and

reliability for regulatory and scientific applications.



Chapter 1
1.Introduction

1.1 What are Low-costSensors
Low-cost sensor (LCS) systems a@ssentiainstrumentsfor completing the information gaps in
current local and global air quality monitoring networks anavidedata for air quality initiatives
that are relevant to policy.CSs are available in various forms, each with its unique specifications
enabling individuals, communities, agencies, and organizations to acquiteneaoncentrations
of gaseous and particulate matter (F®@Midvarborna & Kumar, 2024jhese sensors offer a cost
effective solution for air quality monitoringCS have recently been extensively implementédavin
and middleincome nations. These deployments primarily provide air quality data intaegdack
conventional (and costlier) refereageade monitors. They augment reference grade monitors in
high-income countries with more specific near riale air quality data, such as monitoring fire

smoke or car emissions on heavily trafficked routes.

LCSs are small devices specifically engineered to monitor environmental factors, such as air
pollution, at anuchlower costthanconventional referenegrade equipmenihe concentrationsf
gaseous and particulate pollutants such as n
(CO2), and particulate matter (PN PMiog) are commonly detected using microelectromechanical
system(MEMS) technology, electrochemical sensa@nsdoptical sensorgPiedrahita et al., 2014a)

These sensors can be widely ubedausehey are cheapndcreatedense networks that offer high

resolution geographical and temporal data on air quaiagtell et al., 2017b)

Recent developments have greatly enhanced the performance of LCSs, even though they are less
reliable and accuratan traditional monitoring systeni8lorawska et al., 2018 he accuracy of

these sensors is often improvedapplying calibration and data correction technigoeskingthem
appropriate for a range of applicatipagch as citizen science, academic research, and supplementary
monitoring by regulatory bodiefHernandezGordillo et al., 2021) Moreover, the mobility and
simplicity of installation of LCS enable immediate monitoring in many settings, including close to
highways, industrial zones, and residential communities, thereby offering a significant understanding

of specific pollution treds (Kumar et al., 2015)

The present study employed the Smart Citizen(Katw-cost Sensor)designed and assembled by
FabLab Barcelon&pain, a cuttingedge instrument specifically developed feattime monitoring
of environmental variables. The kits exhibit modularity and portability, with sensors to quantify
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meteorological parameters, including air temperature, atmospheric relative humidity, barometric
pressure, light and noise levels, concentrationgaskeous air pollutants (specifically O3, VOCs,
NOy), particlesize distribution (0.3, 0.5, 1, 2.5, &d10 pum), and particulate matter (RIMPM. s,

and PMg) mass concentration®oth indoor and outdoor testsere conductedo assess the
geographical heterogeneity of air pollution in various metropolitan settings in Bologna, Italy and
Barcelona, Spain, in the presence of refergred instruments. The utilization of the opsyurce
hardware and software framework of the Sn@itizen Kit facilitated the gathering, visualization,
and dissemination of data vital for our stuthgingthese kits, we collected data the variations in
pollution levels within urban environmerdaringdifferent seasons. Incorporating these kite the

SCK webportal (https://smartcitizen.me/kits/) for immediate data retrieval improved our capacity to
monitor environmental conditions broadly, underscoring the significance of affordable, readily

available technologies in environmental and pollution research.

1.2 Introduction to Urban Air Pollution

1.2.1Definition and significance
Air pollution refers teollution of indoor or outdoor environments caused by chemical, physical, or
biological factors that alter the natural characteristics of the atmogphiareet al., 2024)his has
become a hot issue over the past few decades, and the problem is expected to continue for decades
Particulate matter (Ph% PMo), nitrogen oxides (NOx)sulfur dioxide (SQ), carbon monoxide
(CO), volatile organicompounds (VOCs), and groutelel ozone (®) areamongthe most critical
pollutantsfound in urban aifLuben & Epa, 2023)They are considered important to study because
of their adverse effects on human health, ecosystems, and the climate. The Worl@Hyadihation
(WHO) identifies urban air pollution as a significant global public health risk because it is responsible
for an estimated 4.2 million premature deahsually(World Health Organization [WHOQO], 2020)
Furthermore, air pollution worsens climate changénbyeasinghe quantities of greenhouse gases
and shoHived atmospheric pollutant§ hese changes, in turn, contribute to global warmingtand

associated consequences

1.2.20verview of urbanization and its impact on air quality
Urbankation, charactered by progressive clustering of people in urban regions, has been a
prevailing pattern in recent decades. An estimated 55% of the global populditi@sidein urban
areas by 2020, which is expected to increase to 68% by 2050 (United N2@ibB)s Although
urbaniation has positively contributed to economic expansion and enhanced service accessibility, it
has also contributed to several environmental issuels as air pollution, water contaminatiand

loss of green spacedrban expansion generally results in elevated energy usage, more significant
7



usage of private vehicleand increased industrial operations (rise in manufacturing facilities and
commercial enterprises), all of which contributeaio quality degradatioffKumar et al., 2015).
Transportation congestion in several urban areatributes significantlyo air pollution particularly
nitrogenoxide and particulate matter emissions and concentrations (Requia et al., 2018). The urban
heat island phenomenon, characterized by the uneven distribution of temperatures across urban and
rural areas, intensifies air pollution by expediting the chemical psesesesponsible for the
formation of groundevel ozone (Stone et al., 2010his increased ozone formation can lead to a
range of negative health effects, particulanlyulnerable populationsuch as children, the elderly,

and those with respiratory conditi¢@sank et al., 2024)Additionally, the heat island effect can
exacerbate the concentration of particulate matter in urban areas, further compromising air quality
and public healtfPiracha & Chaudhary, 2022)

1.3 Sources and Types of Urban Air Pollution in urban
areas

Urban air pollution is amntricate combination of many contaminants that arise from two or more
sourcesand isprimarily caused by human activitieBransportationindustrial operations, domestic
heating and cooking aréhe principal contributors to urban air pollution. Urban air pollutants can be
broadly divided into primary and secondaategoriesPrimary pollutants are substances released
directly from sourcesuch as particulate matter from carswifurdioxide from industrial operations.

Transportation: The transportation industrythe primary source of urban air pollution. Motor
vehicles fuelled by fossiluels release substantial quantities of nitrogen oxides (NOx) and carbon
monoxide (CO) from the exhaust, while particulate matter (PM) is emitted both from the exhaust and
from the abrasion of mechanical componestseh as brakes and tyrd3ependenceon private
automobiles, particularly in highly populated metropolitan regions, worertgiality challenges

(Apte et al., 2015)Excessive traffic congestion exacerbates this ibgurcreasing emissions and
extending exposuref urban inhabitantgHischier et al., 2020)

Industrial Activities: Manufacturing, mining, and chemical producaoasignificant sources of air
pollutantsincludingsulfurdi oxi de ( SO ) , volatil e organic coc
These industrial processes often release particulate matter and nitrogen oxideth@uCodtribute

to smog formation and respiratory issi{Maring et al., 2023)Emissiondrom these sectors can have
far-reaching effects on air qualitgffectingboth urban and rural areas. Frequently, these emissions
result in concentrated pollution hotspots, particularly in industrial zowees residential areas

(Sobrinho et al.2024) The insufficientimplementation of modern technology and inadequate
8



enforcement of emission regulations in specific regions exacerbate the pollution levels originating
from these sourcg#tolina & Molina, 2004)

In certain metropolitan regions, especially in developing nattbes,se ofolid fuels such as coal,
wood, and biomasdor heating and cooking substantially contributes to indoor and outdoor air
pollution. The incomplete combustion of these fuels generates toxic pollstasttsagarticulate
matter (PM), carbon monoxide, and black carbon, which contribute to the deterioration of air quality
and related health hazar@3hafe et al., 2015)

Power generation facilities, particularly from fossil fyedsich as coal, oil, and natural gas, are
significant contributors to air pollution, includirgulfur dioxide, nitrogen oxides, and particulate
matter. With the expansion of urban populations, thasebeem correspondingicreasen the need
for electricity, resulting in elevated emissions from pomerducing facilitiegLelieveld et al., 2015)
The proximity of these facilities to metropolitan areas can substantially affequality in the

surrounding area.

Secondary pollutants are formed in the atmosphiar@mplex chemical reactions involving primary
pollutants and other atmospheric constituents. These reactions, often driven by sunlight or other
environmental factors, convert primary emissions like nitrogen oxides (NOx) and volatile organic
compounds (VOQs i nto pollutants such as o Z)Gamgeta. O )
2023) Tropospheric ozone issecondary pollutant generated by the interaction between nitrogen
oxides and volatile organic compounds (VOCSs) under the influence of suiMighks et al., 2015)

Both primary and secondary pollutants are significant contributors to the intricate air quality issues

encountered by metropolitan regions globally, affecting human health, ecosystems, and the climate.

1.4 Motivation of the Study

The rationale for this work is rooted in the necessftyacklingthe difficulties presented by urban

air pollution and the constraints of conventional air quality monitoring methods. The escalating issue
of urban pollution is primarily associated with its profound consequdacésiman health and the
environment. Although conventional monitoring systemspageise, they are costly and frequently
have restricted coverage, resulting in datdlection gaps, especially in heavily populated or
economically disadvantaged regions. l-owst sensors present a viabtdutionto this issue, as they

are more cosgffective and may be implemented in more significant quantitiaspossibly yielding

more extensive data. Nonetheless, the dependability and efficiency of these sedsoesctual

environmentakonditionsare stillunderinvestigation This work aims to assess the precision and



reliability of inexpensive sensors in monitoring urban air pollutiath the aim of ascertainintpeir
efficacy in complementing or perhaps substituting conventional techniques. Thus, the project intends
to enhance the creation of more resilient and readily available air quality monitoring networks that

caneffectively guide public health policies and environmental management plans.

1.5 Importance of addressing urban air pollution (generic)
Metropolitan air pollution is a paramount environmental ishaeaffectscontemporary urban areas.
With the growth of urban populations and the intensification of industrial operationshésebeen
a substantial increase in the concentration of hazardous pollutatite atmospherencluding
particulate matter (PM), nitrogen oxides (NOsQlfurdi oxi de (SO ), and vol at
(VOCs) The concentration of these contaminants presents significant hazards to theingethf
the general population, leading to respiratory and cardiovascular ailments, untimely mortality, and
diminished overall quality of life (World Healtl®rganization 2021). Furthermore, urban air
pollution has wider ecological consequences, sugtasystem deterioratipdecreased agricultural
output, and the hastening of climate change caused by the release of greenhouse gases and transier
climatic pollutants(Lelieveld et al., 2015)In addition to enhancing public health outcomes,
addressing urban air pollution is essenttapromotesustainable urban growtlgwer healthcare
expenses, anachieveglobal climate objectives. Optimal air quality control in metropolitan regions
is crucial for establishing healthier living conditions and promoting the general welfare of urban
residents (UN Environment Programme [UNEP], 2019).

1.6 Statement of the Problem (Rationale for the Study)

Despite the increasing recognition of the hazauosedby urban air pollution, current air quality
monitoring methods encounter substantial constrasush asgeographic extent and financial
implications. Although very precise conventional monitoring statiorere costly to establish and
maintain resulting in their deployment in relatively sparse ar@éthory et al., 2022)Such
disparities in data are particularly evident in heavily populated, economically disadvantaged, or
industrial regionswhere pollution levels might exhibit substantial variatigkbreis et al., 2022)

The advent of inexpensive sensors has presented a promainipnto this issue, providing the
opportunity for extensive, higresolution monitoring at anuch lower expense compared to
conventional system@#i. Y. Liu et al., 2019)However the effectiveness and dependability of these
inexpensive sensors in actual urban settriegginunclear. The primary objective of this work is to
thoroughly assess the precision, longevity, and general efficacy of inexpensive sensors in the

surveillance of urban air pollution. To improve our capacity to monitor and manage urban air quality
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more efficiently, thisstudyintends to provide valuable insights into the viability of incorporating

inexpensive sensors into current air quality monitoring networks by addressing these issues.

1.7 Why Low-cost sensors? Opportunity and Challenges
The advantages of lowost sensors for research inclyédeixandre & Gerboles, 2012; Borrego et
al., 2016; deSouza et al., 2020)

1. The field deployment of economical sensors facilitates enhanced spatial and temporal
coverage, thus enablirgmore comprehensive monitoring of air pollution across various
regions and periods. This improves the resolution and identification of localized pollution
incidents that may be overlooked by stationary refergnade sensors.

2. Costeffective sensors are designed for ease of use and low maintear@hoequireninimal
technical expertise for installation and operation. Their intuitive interfaces and
straightforward maintenance protocols render them suitable for extensive implemantation
diverse settings.

3. Numerous coseffective sensors are equipped with battery power sotleésnableremote
or portable utilization without theeedfor continuous electrical access. This makes them
optimal for assessing air quality in regions with inadequate power infrastruatusdere
mobility is essential.

4. These sensors can connect viafVor Bluetooth to transmit data, occasionallyeal time
to central servers or crowdsourcing platforms. This connectivity facilitates the collection and
dissemination of data across extensive geographic regions, enhancing both spatial and

temporalresolutiondor air quality monitoring.

However low-cost sensors have the following limitations and challe(@asnboa et al.,
2023 Madhwal et al., 2024)

1. Regular testing and calibration are essetdiaiaintainthe accuracy and reliability of budget
friendly sensors over time. Without periodic calibration, sensor measurements may deviate,
resulting in inaccurate data atig potential misinterpretation of pollution concentrations.

2. Affordable sensors are susceptible to interference from other environmental substances,
which can compromise their ability tneasure specific pollutants preciselor instance,
gases or particles that are not the primary focus of the sensor may still infreado®ys,
requiring careful analysis and potential adjustments.

3. The performance of lowost sensors is significantly affected by weattedated factors such

as temperature, wind velocity, and humidity. These environmental conditions can distort
11



sensor readings, leading ittaccuraciesunless addressed through calibration or corrective
algorithms.

4. Sensoraging and drift occur over time, gradually diminishitige measurement precision.

This deterioration may necessitate frequent recalibration or replacement tatleattire data
remainaccurate and representativetiod actual conditions.

5. Given the considerable expense of extensive field testing by trained researchers, it is crucial
to calibrate lowcost sensoralong withreferencegrade monitors. This process helps validate
sensor accuracy but introduces additional complexity and cost to their widespread
implementation.

6. While individual lowcost sensors are affordable, the high expenses associated with field
calibration and upkeep make largeale deploymentsostlier This is particularly evident
when aiming for precislng-term monitoring across extensive geographic areas.

7. Sensors measuring particulate matter (PM) are particularly prone to inaccuracies caused by
weatherrelated factorssuch as relative humidity (RH), calibration drifts, and limited
durability. Despite these challengesnsor manufactureodten provide minimal information
about the actual performancdmifv-cost PMsensors in realorld settings, complicating their
reliable use in field studies (Alfano et al., 2020; Vogt et al., 2021).

1.8 Gaps and contributions to the field (generic)
Despite significant advancements in urban environmesriical gapsremain in air quality
monitoring technology, particularly in the extensive deployment and reliability ctéswsensors.
Although traditional air quality monitoring stations are accurate, their ¢ogksand maintenance
requirements limit their availability, resulting in inadequate coverage in numerous urban areas,
particularly those with lower incoméBorrego et al., 2016).ow-cost sensors provide a promising
solution to these voids; however, their letegm accuracy, calibration requirements, and
susceptibility to environmental factors, such as temperature and humidity, are still being investigated
(Jiao et al., 2016Furthermore, the integration of these sensors into existing monitoring networks is
further complicated by the absence of standardized protocols for the deployment, calibration, and
interpretation of data, and the variability in sensor performance acftes®ioli brands and models
presents additional challengBandara et al., 2020; Narayana et al., 2024; Pamula et al.,. A@22)
resolve these gaps, this study aimed to assess the performance -ebspveensors, establish
standardized deployment protocols, and investigate their integration with conventional monitoring

systemsUltimately, the goal of this study was to provide valuable insights into air quality monitoring.
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1.9 Objectives of the Study

The primary objective of this study is to evaluate the potential and limitations -@fdstxsensor

technologies for urban air quality monitorirgpecifically, this study aimed to:

1. To assess the operational effectiveness of -Cm8t Sensor Kits (SCKs) under diverse
environmental conditions, including varying meteorological parameters and pollutant levels.
This will help to understand their performance in+walld settings.

2. Benchmark the datagenerated by LovCost Sensors against established regulatory
monitoring systems to determine their accuracy and reliability in comparison witigfaida
reference instruments.

3. Evaluationof the feasibility and applicability of deploying le@ost sensors for continuous
and largescale urban air quality monitoring. Thiwolvesassessing their utility in identifying

pollution hotspots and their potential for integration into existing monitoring networks.

1.10Structure of the thesis
Thefollowing chaptergpresent the details of this thesis. Chapiaraidesa comprehensive literature
review of the topic under investigation, followed by a description of the research methodology in
Chapter 3, whiclelucidategshe work plan and experimental protocols in detail. Chapter 4 will present

the results of the indoor and outdoor experiments, and Chaptir§concluding remarks.
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Chapter 2
2.Literature Review
2.1 Air Pollution Monitoring

The global issue diirbanair pollution poses significant challenges to public health, climate change,
and sustainable urban developnibtanisalidis et al., 2020 racking air pollution in cities is crucial

for understanding how pollutants vary across space and time, ensuring compliance with air quality
regulations, and creating effective stratedies reducing pollution (Orsetti et al., 2022)High
concentrations of contaminan®ich agparticulate matter (PM), nitrogen oxides (NOx), and ozone
(03), are linked to respiratory and cardiovascular illnesses, early death, and reduced quality of life
(N. M. Liu & Grigg, 2018) Accurate and ongoing monitoring allowscision makerand scientists

to pinpoint pollution hotspots, assess the effectiveness of regulatory actions, and improve public
awareness. Moreover, innovations in monitoring technologies, such as affordable sensors and remote
sensing, enhance the ability to gatheradetl dataand enablereattime analysis and community
involvement. These initiatives contribute to the development of sustainable urban environments,
buildingresilience against environmental threats, and enhancing the health outcome®sidgtyts

(Kelly et al., 2012; Myeong & Shahzad, 202The characteristics of the three types of instruments

utilized for air quality monitoringveredelineated as follows:

2.1.1Low-cost Sensors:
Affordable sensor technology has emerged as a promising tool for urban air quality monitoring,
providing an economical and widely available method gorentific studies and community
involvement(Chojer et al., 2020)These budgédtiendly devices are increasingly being integrated
into citizen science kits, allowing individuals and neighborhoods to actively participate in
environmental data gathering and observation. Recent technological advancements have facilitated
the development of lowost sensors capable of monitoring various air pollutants, including
particulate matter (PM), n(Rddenasdgarciaetal. @0Zhdse ( NO
low-cost sensors provide an economically viable option for extensive air quality monitoring,
including devices such asmart citizen kits (version 2,0 among various other projects.
Notwithstanding their affordability, the accuracy and reliability of these sensors can vary
considerably}compared to more expensive referegcade systenfgang et al., 2022)Research has
demonstrated that cesffective sensors can generate valuable spatial information; however, their
accuracyrequirescalibration and validation against reference equipr(ienner et al., 2021)
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2.1.2ReferenceGrade Instruments:
To monitor urban air pollution concentrations, referegi@e instruments are crucial for precise
environmental monitoring and regulatory compliance, as they adhere to rigorous standards set by
organizationssuch asthe European Environment Agency (EEA) aBdvironmental Protection
Agency (EPA)( El s h a a r Mawmitoring a?téh IinRojves a network of air quality sensors
strategically placed throughout cities to measure various pollutantstiReatlata collection and
analysis can help identify pollution hotspots and tretidstebyenabling targeted interventions
(Penza, 2020)Additionally, advanced technologiesuch assatellite imaging and mobile sensing
units are increasingly used to complement traditional monitoring methods, providing a more
comprehensive picture of air quality across urban areas. The stdodandquality assessment is
traditional monitoring networks, which typically consist of higinality referencegrade instruments
(Ahangar et al., 2019; Sokhi et al., 20ZPhese instruments are typically more expensive and require
specialized trainindor an effectiveoperation They are strategically deployed to monitor air and
water quality, among other environmental parameters, over exténegeriods. This ensures that
the collected dataare accurate and reliable, which is essential for validating data frorcésiy
sensors and ensuring compliance with EU regula(ietzenbaum, 2017Yhe provided datdo not
directly address the specifics of refereigcadeinstrumentsbut focuson the cost implications of

different environmental policy instruments, including monitoring and enforcement costs.

2.1.3Emerging Technologies:
Air pollution monitoring is transformin@wing to the integration of new technologies, including
remote sensing observations. These technologies provide a supplementary spatial context and offer
broadscale monitoring capabilities, augmenting grotvaded measurement®urke et al., 2021;
Stratoulias et al., 2024Mobile air quality sensors and Internet of Things (loT) enabled devices to
enhance the capacity to dynamically monitor and manage air poll(Asima et al., 2022)In
summary, air pollution monitoring systems encompass a broad spectrum of deawiges from
low-cost sensors to higbrecision reference instruments, each with distinct advantages and
limitations. The most comprehensive insights into air quality are frequently obtained through an
integrated approacthat incorporatevarious technologies, thereby supporting public health and

environmental manageme(igakirci, 2024)

2. The use oflow-cost sensor networks in monitoring Urban
Alir pollution T advantages and disadvantages
Low-cost sensors can be deployed in dense networks, offeringdsghution data that traditional

sparse networks cann(Ropoola et al2018) This allows forthe better identification of pollution
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hotspots and more detailed monitoring of urban air quality variations, providing opportunities and
challenges compared to traditional meth¢Nead et al., 2013; Nalakurthi et al., 2024Bhe
deployment of cosgeffective sensor networks presents an opportunity for more extensive and detailed
data acquisition, facilitating thorough understanding of air quality fluctuations in urban settings.
Nevertheless, apprehensions regarding these sensors' data quality and reliability have sparked
ongoing research discussions regarding their appropriate role in official air qualityonmgnand
policy formulation processefPoupry et al., 2023)Consequently, increasing attentionhising
directed toward developing methodologies that integrate data from both conventional and cost
effective sensor networks, aiming to capitalize on the respective strengths of each approach and yield
more comprehensive air quality evaluatigNgavarro et al., 2024)
Following a recent literature reviewhe benefits of lowcost sensor networks can fismmarizeds
1. Increased spatial coverage: The affordability of-mst sensors enables them to be deployed
at significantly higher densities thahat of traditional instruments. This comprehensive
coverage identifiethe concentrations and variations within urban landscapes that traditional
networks may overlook, allowindetailed spatial mapping of pollutarfizitz et al., 2022)
2. Allow for community engagement: The accessibility and simplicity of-émst sensors
facilitatescommunity involvement in air quality monitoring. The utilization of these sensors
in citizen science initiatives has the potential to enhance public awareness and engagement,
which could have an impact on personal behavior and community ad@&zamyanno et al.,
2024; Higgins et al., 2024).
3. Increasingthe availability of reatime data: Many lowcost sensors can generate 4taake
data, which is advantageous for improving public information systems and disseminating
immediate health advisories, in contrast to conventional methodotbgié®quently require
postponed laboratory analygBousiotis et al., 2023)

Thedisadvantages of lowost sensor networlese as follows

1. Accuracy and reliability: Although progress has been made in developingosiwsensors,
theystill camot match the reliability and accuracyreferencegrade instrument(Sa et al.,
2023) Variablessuch ashumidity, temperature, and age can substantially influence their
efficacy. The calibration and validation of supefmpality sensors remain significant
obstaclegAdresi & Pakhirehzan, 2023; Bulot et al., 2023)

2. Data management and standardization: The proliferation of data from dense sensor networks
presents substantial challenges terms of data management, quality control, and

standardization. Robust data processing frameworks are necessary to ensure that data from
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disparate sources are comparable and integrated into air quality models, which is a complex
endeavo(Eichstadt & Werhahn, 2024)

3. Calibration Challenges: Regular calibration is essential for maintaining the precision of
inexpensive sensgrBoweverthis process can be both costly and intricate. The credibility of
data is jeopardized when proper calibration is lacking, particularly in informal netusells
for purposes such as monitoring air qualfalakurthi et al., 2024)

Comparative Analysis: Conventional monitoring networks provide unparalleled credibility,
reliability, and accuracywhich are indispensable for lonterm environmental planning and
regulatory compliance. However, their scalability and flexibility in dynamic urban environments are
restricted by their higleosts complex maintenance, and typically lower spatial resolubbaspite

their limitations, lowcost sensors offer a complementary approach to conventional methods. They
increasespatiotemporal access to air quality data and broaden the scapenitoring initiatives.

When integrated, botkystems can offer a more thorough understanding of the dynamics of urban air
pollution.

In conclusion, incorporating lowost sensor networks into conventioral-quality
monitoring frameworks is a promising development in environmental science. Althouglosbw
sensors cannot compensate for higlality instruments, they substantially imprdhe spatial data
resolution and public engagement in urban air quality monitoring when utilizeavetil-aefined
manner (evaluating differences and applying {ulaéta correction methods). Balancitng strengths
and weaknesses of both the systésnsssentiafor creatingsustainable and effective air pollution

monitoring strategies.

3. Role of meteorology in the Sensor's performance
The precision and performance of l@est air quality sensors asegnificantly affected by weather
conditions.Becausepotential temperature changaect sensor responses, frequent calibration is
crucial (Agrawal et al., 2024)Humidity can interfere with electrochemical and optical sensors,
potentially leading to inaccurate readin@ereira & Ramos, 2022Wind speed and direction can
modify the local distribution of pollutants, thereby influencing sensor (@kau et al., 2024)
Atmospheric pressure changes affect the effectiveness of the PM seng@isristakis et al., 2022)
In addition solar radiation cadegrade sensor materiaiger time, affecting their sensitivity. Tace
these impacts and ensure reliable air quality monitoring, it is vital to implement thorough calibration

procedures and carefully considkee sensor placement.
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2.3.1Temperature
The potential for dense network deployment and the affordability ofctst sensors have caused
them to become more popular for monitoring air pollutionftaandeenabled the collection of detailed
spatial data on air quality. However, these sensors encounter substantial obstacles, particularly the
impact of temperature on their functionalityS a k a | & B.oTsmpeératurenfldedcasltiae)
chemical processes and physical propertieseofors. For instance, temperature fluctuations may
induce substantial deviations in gas sensor measurements thahdeigenh dioxide or ozongola
et al., 2024)Similarly, the airflow within particulate matter sensors can be influenced by temperature,
which affectsthe particle courstand size distribution detect¢@cchipinti & Oluwasanya, 2017,
Oluwasanya et al., 2020 he calibration of these sensors presents additional obstacles as they are
typically conducted under specific environmental conditidalakurthi et al., 2024)Deviations
from these condition®wing to temperature fluctuations can result in inaccurate readings. This
problem is further complicated by localized heat islands in urban environments, which can result in
significant temperature fluctuations and further complicate the calibration pr@wpssval et al.,
2024) Numerous strategies have been implemented to alleviate the effects of temperature fluctuation.
Temperature compensation algorithms are prevalent methods that modify sensor measofements
the most recent temperature d@hen & Teng, 2021)Another approach involvgshysical alteration
of thesensor housings to reduce temperature fluctuations.imiotvesusing ventilated enclosures
or insulating materials to shield sensors from ambient temperature extremes and direct sunlight
(Holstius et al., 2014)Ongoing research aims to develdprable, lowcost sensorshat areless
susceptible to temperature fluctuations. This entails investigating advanced materials that are less
thermally sensitive anthtegratingsensor arrays that can compensate for individual temperature
effects using sophisticated algorithms. These advancements are essential because they enhance th
precision and dependability of data collected from these se(@or&lvarborna et al., 2020The
operational strategies for consumers of gt sensors involve understanding the environmental
conditions of the deployment argerticularlythe range of temperature variations. Therefaretine
recalibration and maintenan@e imperativeto mitigate temperaturisduced inaccuracies. In
addition,exposure to extreme temperatures can be mitigated by placing sensors in shaded areas or
within specially designed enclosur@&yner et al., 2021)In summary, although lowost sensors
provide substantial benefits for air pollution surveillance, their vulnerability to temperature
fluctuations is asignificantobstacle. The reliability of these devices under varying environmental
conditions can be substantially improved through the implementatitamgferature compensation
techniques, careful calibration, and continuous advancements in sensor technology. It is anticipated

that newer models will be more capable of managing environmental varsaicless temperature,
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as sensor technologies continue to develop. Ovatdilhughtemperature can affect the performance
of low-cost sensors, its impact varidgpending orthe sensor type and environmental conditions.
Particle sensors are less affected by tempergfiliams, 2019) whereas gas sensosse

significantly influencedSamad et al., 2020Falibration and environmental control are crucial for

improvingthesensor accuracy and reliability.

2.3.2Humidity
In addition to the the influence of temperature on lawst sensors for air pollution monitoring
previously discussedt is imperative to consider the substantial impact of humidity on these devices
(Feng et al., 2024; X. Liu et al., 2020bjumidity presents distinct challenges that can compromise
the accuracy of sensor measurements, particularly for gases and particulateamaltiggus to the
effects of temperature fluctuations ¢ime sensor response. Humidity can significantly influence
chemical processes within gas senfoi®e mane g a, Muj an, Singer, AnlL
2021) Water vapor can interfere with the chemical reactions on the sensor surface in sensors that
measure reactive gases such as ozone or nitrogen dioxide. Water molecules may compete with gas
molecules for adsorptioon the sensor, resulting in distorted readings. This phenomenon can lead to
either underestimatioror overestimationof gasous pollutarg concentrationgWei et al., 2018)
Humidity also presents challenges for particle matter sensors. Unddrunigtity conditions, these
sensors may register readings higher than the actual pollutant levels because hygroscopic particles
absorb moisture and tend to grow, resulting in aerestimation otthe particulate matter mass
concentrations measureadsing optical particle counters. This phenomenon complicates accurate
measurement and analysis in humid environments and conditions by altering the imaigarttles
and their size distribution (Jayaratne et al., 2018). Advanced compensation strategies (correction
algorithms) and calibration are essential for mitigating humiditsted inaccuracies. Some
manufacturers (ZigBee Module and SHT20 Senfldkddike et al., 2024) DHT22 and MQ135
Sensors (Waworundeng, 2028)and SHT21 Sensor from Sensirio(Suarez et al., 201B)have
integrated humidity sensors into their air quality monitoring devices to adjust readings dynamically
according to the detected humidity levels. Moreover, correction factors derived from extensive
calibration exercises under various humidity cownditi were appliedsingalgorithms developed to
account for humidity effectévajs et al., 2021)These correction factoensuredthat the sensor
output remainedreliable regardless othe ambient humidity level. The sensor enclosures were
modified to mitigate the effects tfie ambient humidity. Protective coatings, electric heaters, and
enclosureshave beerapplied to shield sensitive components from moisaurd maintain sensor

integrity and functionality over timgschilt et al., 2023)Despite these advancements, the widespread
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implementation of lowcost sensors in regulatory and hedittsed air quality monitoring remains
challengingowing to humidity-induced variability. Continued research is imperative to enhiuece
material properties and sensor design, enabling thebetter withstand environmental stressors
Although temperature compensation has improved, the accuracy and reliabilityarfdbair quality
sensors remain contingewin addressingthe effects of humidity(Zou et al., 2021) Future
technological advancements and environmental compensation technigrezgiaszito enhance the
precision of these sensarsderdiverse climatic conditions.

2.3.3Wind Direction and Wind Speed
The efficacy and accuracy of legost air quality sensors are significantly influencedtswind
direction and speed, which affect the concentration and dispersion of poll{Baiggmano et al.,
2022) The path of pollutants is determinedthg wind directionwhich determines their origin and
destination. Wind direction can direct pollutants into confined corridors in urban environwiseits
buildings and streets generate intricate airflows, resulting in the formation of local pollution hotspots
(Y. Kim & Guldmann, 2011; B. Li et al., 2019; J. Yang et al., 20Z@gse concentrated flows may
result in substantially higher levels of pollutants being recordddwgost sensordn contrast, the
potential for underestimating pollution levels can result from wihilgng away from pollution
sources, resulting in lower readings. This variability in wind direction poses a challenge for sensors
to provide consistent datecause the local air quality can be abruptly altered by shifting winds.
Similarly, the concentration of air pollutants is significantly influencethieyvind speed. Pollutants
are dispersed ovelagerarea by high wind velocities, resulting in lower concentrations at any given
location(Pérez et al., 2021 onversely, pollutants accumulate in the atmospaemoderate and
low wind speeds, leading to elevated concentrations. This variability presents difficulties in
documenting rapid air quality changes, particularly during fluctuating wind speeds, foosh\air
guality sensorgCastello et al., 20245ensors may encounter difficultiesinterpreting shorterm
pollution surges owing to rapid fluctuations in pollutant levels precipitated by wind gusts or periods
of relativecalmnesgSmith et al., 2017)
The precise capture of air quality data under turbulent conditiependson the placement of the
sensol(Camprodon et al., 2019)he data may be distorted if the sensors are positioned too close to
buildings, trees, or other obstructiomscausehese structures can disrupt wind patterns and create
sheltered zones where pollutants behave differe(lgiubenko & Tatarnikova, 2018)The
placement of sensors in open areas with more consistent wind pati@refersed to ensure that the
readings are more representative. In urban environments, where the built environment and its
morphologysignificantly affect the wind pattern, it is essential to position sensors to obtain reliable

data strategicallySousa et al., 2018urthermore, deploying numerous sensors at various locations
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can assist in mitigating the variability in pollutant concentrations associated with local wind
variations, thereby enhancing the overall understanding of air quality conditions and minimizing the
effects of localized anomali€k. H. Yang et al., 2022b)

The reliability of lowcost sensor data can be further enhanced under varying wind conditions using
advancedlataprocessingnethods. For example, integrating sensor data with meteorological models
or using reatime data assimilation techniques can assist in the adjustment of sensor readings
according towind direction and spee@uo et al., 2024)These computational methods have been
demonstrated to improve the precision of air quality monitoring by considering the intricate effects
of wind onthe pollutant distribution(FerrerCid et al., 2022)These methods guarantee that the data
collected by lowcost sensormore accurately reflect the actual air quality conditions in a specific
area

In conclusion, the performance of les@st air quality sensors is significantly influencedhgywind
direction and speedyhich arecritical environmental factors that significantly affect air pollution
levels. It is imperative to comprehend these dynamackeploy sensors effectively, particularly in
complex environments such as cities. The limitations imposed by wind can be mitigated by
meticulously considering the sensor placement, regular calibration, and application of advanced data
processing technique$his enables loveost sensors to generate reliabhironmental monitoring

data

4. Role of Different Ambient Environments (Urban
Outdoors)

Microclimates in urban areas show significant variations across space and time, posing chiallenges
the precision of affordable sensdferexample, the MeteoTracker sensor demonstrated fluctuations
in temperature and humidity readings. However, the application ofddiaten adjustmenthas
enhanced its precision, rendering it a suitable choice for monitoring atmospheric coriBeidrzso
et al, 2024)
Vehicular emissions, industrial output, and residential heating are the primary sources of pollution in
urban environmentflbarraEspinosa et al., 2020; Lin et al., 2020; Y. Wang et al., 20B8se
environments are frequently distinguished by elevated concentrations ofigases] u djandg NO
delicate particulate matter (BN). PM composition in urban areas is intricate and often contains
carbon, heavy metals, and organic compounds derived from combustioicosbgensors deployed
in urban areas must be sufficiently sensitive to detect rapid fluctuations in pollutant sexssdd by
changing traffic patterns or industrial operations because of thecbhigfentration®f traffic and

industrial activities. Nevertheless, these environments also present obstacles, such as "street canyon”
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effects, which occur when buildings accumulate pollutants and establish localized pollution
concentrationgGong et al., 2015Frequent calibration and sensor validation against refegrace
instruments are necessary to guarantee accurate data because of the high viariadmiigminant
concentrations in these microenvironmg@gkafor et al., 2020)

Low-cost sensors encounter distinct obstacles in rural seft@igsdano et al., 2021ajn some
regions, pollution levels are typically low, and sources of particulate matter may include biomass
combustion, agricultural activities, and natural dust. In rural areas, PM may conssgef
particulates (PNb) derived from soil dust or organic mattél. Yang et al., 2020)In these
environments, lowcost sensors may encounter sensitivity isswaag to the difficulty in detecting
low pollutant concentrations. Sensors may need to be recalibrated to account for these changes, as
high humidity can cause particulates to absorb water, resultingvarestimation of PM
concentrations.

In industrial settings, loveost sensors are subjected to elevated concentrations of specific pollutants
such as sulfur dioxide (SO ), nitrogen oxides
in these regions is generally more hazardous ansigts of metallic particles, smoke, and industrial
byproductgNorizan et al., 2022 he sensitivity of lowcost sensors can be overpowered by extreme
pollutant levels, resulting in sensor saturation and degradation ovelRianest al., 2017)The
presence of aomplex mixture of pollutants in industrial areas presents a challenge-serassvity
is a common issue with loaost sensorBecausehe presence of one pollutant can interfere with the
detection of another, thereby reducing the overall measurement acfdmsein Motlagh et al.,
2020) This can be mitigated by employinqultipollutantsensor array® enhancelata reliability by
distinguishing between pollutan{Shorson et al., 2019)Neverthelessthe severe environmental

conditions in industrial zones necessitate regular maintenance and recalibration.

5. Particulate composition

Particulate matter DefinitionSuspended in the atmosphere, particulate matter (PM) consists of a
diverse blend of solid and liquidlarticlesthatvary in size, form, and chemicabmposition As a
major air contaminant, PM posasignificantrisk to both humarand environmental health. These
particles can be generated from various sources, includitgally occurringparticlesand those
resulting from humaractivity. Examples of PM origins include industrial operations, automobile
emissions, building projects, and the combustion of organic mat@als). Ali et al., 2019{L.
Zhang et al., 202{[paellenbach et al., 202@hu et al., 2018)
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The health effects of particulate matter significantly influenced by its dimensions. Particles are
typically classified according to their aerodynamic diameter, Riho denoting particles 1Qm or
smaller in diameteand PM s, indicating fine particles with diameters of 2.5 micrometers or less.
These finer particlesaninfiltrate deep within the respiratory tract, potentially causing a range of
health problemsincluding respiratory and cardiovascular disorders, and in some cases, early
mortality (K. H. Kim et al., 2015)Y. Yang et al., 2019Bell et al., 2013Mukherjee & Agrawal,
2017)

Particulatematter (PM) composition is criticdbr understanding air pollution dynamics and the
efficacy of air quality sensors, particularly inexpenssensors Particulate matter is a complex
mixture of liquid droplets and solid particles suspendetierair. The size, composition, and origin

of this mixtureare highly heterogeneo(s!. U. Ali et al., 2019) PM composition is influenced by

the surrounding environment and sources of emissions, including anthropogenic sources such as
industrial processes, biomass burning, vehicular traffic, and natural seaudesas marine salt,
volcanic eruptions, sea, and d(igtukherjee & Agrawal, 2017)

Vehicular emissions, industrial activities, and construction dust are primary sources of particulate
matter in urban environments. The combustion processes of vehicles, power plants, and factories
generatefine particles (PMs) in urban zones(Zhu et al., 2018)These patrticles are particularly
hazardous because of their capacity to penetrate the lungs andhentigculation, as they are
composed of black carbon (soot), metals, polycyclic aromatic hydrocarbons (PAHSs), and organic
compoundgQ. Zhang et al., 2007pecondary pollutants, including sulfates and nitrates, are formed

in the atmosphere through chemical reactemdcontributeto the complexity of urban air pollution

(Zhu et al., 2018)Consequently, these agents also influeRlve compositionin cities. Lowcost

sensors may be unable to accurately measure pollution eedsisef the varied composition of

urban PM, which may not effectively differentiate between various chemical species.

The composition of particulate matter is typically distinatural and agricultural regions typically

distinct In these regions, P¥ or coarse particulate matter, is more prevalentieagientlyresults

from farming activities such as tillage and fertilizer application, pollen, and soil(lddsa n d a | k a
nurl ansk§, 2014) (Bil al et al ., 2019) . thehe o
biogenic particles emitted from plants in rural areas. In regions where biomass burning is prevalent,
such as agricultural burning or wildfires, particulate matter is composed of carbonaceous aerosols,
including black carbon and organic carbon, which careladverse health and environmental effects
(Singh et al., 2020) (Yao et al., 2016)s c he mi c al compositionaand s
influenced by the longange and local transport of pollutants. Particles from adjacent agricultural

activities are intermixed with pollution from distant sources (Chen et al., 2011). Monitoring rural
23



environments is a compleandeavorbecause of the variability in PM compositjand low-cost
sensors may not be sufficiently sensitive to these particles.

Another unique profile of particulate matter am industrial environmentvas presented. PM is
frequently composed of heavy metals, volatile organic compounds (VOCSs), and other industrial
byproducts in industrial zones, which can be highly toxic (Maring et al., 2023) (Barabad et al., 2018).
For instance, PM from metallurgical pr@ses may contain iron, lead, and zinc, whereas emissions
from chemical industries magontaindiverse organic and inorganic compounds. These particles are
frequently more hazardous than typical urban or rural particulates because of their chemical
composition, and¢an be emitted as both fine and coarse PM, depending on the piDicesst al.,

2024) The crosssensitivity of sensors to various pollutants frequently presents a challenge when
deploying lowcost sensors in these regiphscause they must be capable of detecting a wide range
of particulate typegGiordano et al., 2021bAdditionally, the monitoring process may be further
complicated because industrial particles may exhibit substantial variations in size and composition
based on their proximity to the emission source.

The health effects and behavior of particles in the atmosphere are directly influenced by the chemical
and physical properties of PM, includiitg size, shape, and composition. The capacity ofdost
sensors to provide detailed compositional information is frequently restricted because they
concentrate on the bulk concentration of particles. Consequently, to comprehensively understand
particulate composition in various environments, employing more sophisticated surveillance systems
or collaborating with reference instruments is often nece¢¥#ama et al., 200§Kelly & Fussell,

2012)

6. Effects of Particle Size
Particulate matter (PM) is ora the most critical factors affecting the performance of air quality
sensors, particularly lowostones Their size significantly influences thxehavior health effects,
and detectability of particles in the air. The most prevalent categories of particulate matteiare PM
(particles with diameters of 30m or smaller) and Pl (particles with diameters of 2.5 micrometers
or smaller)Kuula et al., 2019)
Mechanicaprocesses such as construction, road pollution, and agricultural activities are the primary
sources of larger particles, including lower fractions of PM {P&hd PM 1)(Khan et al., 2021)
Although they have the potential to irritate the respiratory system, they are less likely to penetrate the
alveoli deeply because of their confinement in the nose, throat, ancainpyser Neverthelesdarger

particle sizes and varying densities of BMrequently present challenges for lkmest sensors
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designed to detect and accurately measure their concentrations. Environmental factors such as wind
speed and direction can also influenceltekraviorof PMio(Hagan & Kroll, 2020)

In contrast, PMsand PM are primarily produced through combustion sources, including biomass
burning, industrial processes, and vehicle emisgioms et al., 2024). Li et al., 2024)The primary
objective of air quality monitoring systems is to detectbR&dPM:o, althoughtheinstrumentsare

now being designed to measure particle sizes (the best possible sizeeyetdnitoreds in the range

of 0.3:0.5 micrometer).Furthermore, environmental factossich as humiditycan result in the
absorption of moisture by Pl which increases the particle size and results in an overestimation of
thepollution level(Han et al., 2019) (Xu et al., 2019). Sophisticated senseedgorithms to mitigate

these effectsHowever,low-cost sensors may not possess these capabilémsting inless precise

data.

In summary, the precision of air quality measureméntsgnificantly affected by particle size.
Although lowcost sensors have simplified the process of monitoring air pollution, their capacity to
distinguish between PM PM: s and ultrafine particles is limited (Molina Rueda et al.,
2023)Gramsch et al., 2021Yo increase the accuracy of these sensors, it is necessary to compare
themwith referencegrade instruments and implement advancements in sensor technology, such as

creating algorithms that consider environmental variables, such as humidity.

7. Challenges with Field Deployment (Collocation with
Reference grade instruments) and Data Evaluation

Low-cost air quality sensors encounter numerous challenges during field deployment and data
interpretation, potentially compromising their efficacy and reliability. Despite thehetfesitiveness
and ease of implementation, these sensors must overcome various technaludjiogerational
obstacles to acquire accurateljable and substantive air quality dgBush et al., 2021)
Calibration is one of the most promingssues in field deployment.ow-cost sensors are less
accurate than referenggade devices and can be affectedtiyy temperature, humidity, and air
pressure. In various contexts, lwst sensors can produce skewed or erroneous data witksptut
calibration(Delaine et al., 2019Yhe lowcostsensorsverecalibrated with referenegrade devices
to ensurghatthe sensor readingsetthe requirements.
The heterogeneity dbw-cost sensor data is another issue. These sensors are commonly placed in
networks to cover broad areas; therefore, the sensor performance can generate data discrepancies
Data from disparate sites might be challenging to aggregate and analyze becams®omodels,

calibration methods, and ambient variabldgvat et al., 2015)A sensor in an urban environment
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may register significantly different pollution levels than those in a ruralcavesy to differences in
pollution, sensor sensitivity, and response to environmental ff&ong et al., 2024)

Data transmission and storage complicate thedost sensor deployment. Some sensors use wireless

or cellular networks to relay data in reathe, which is difficult in locations with poor connectivity.

Data transmission delays or losses complicatetmea air quality monitoring (FerrerCid et al.,
2024)Allka et al., 2024) Sensor networks generate significant amounts oftdataequire robust
storage and management. Sensors create vast amounts of data at high temporal resolutions, making
data managememnesourcentensive Cloud storage or compladatahandlingsystems are required

to store, access, and analyze detayang et al., 2021)

Low-cost sensors and reference devices are typically used in field validation to compare data.
However,sensor precision and sensitivity variances may cause inconsistencies, making it difficult to
correct them without conventional sensor validation procédseng et al., 2018)ield validation

is laborious and expensive in resodoomstrained placesyhich restrictssensor network expansion
(Nalakurthi et al., 2024a)

The fielddeployment involves sensor maintenance and durability. Owing to their fragilincdsiv
sensors may degrade faster under adverse environmental conditions such as pollution, humidity, and
extreme temperatures. Cleaning and recalibration are requiredaittam the performance.
Maintaining sensor networks can be problematic in remote or underserved areas, resulting in data
gaps and shorter sendibe spans

In conclusion, lowcost air quality sensors camproveair quality monitoring networks; however,

they must be deployed and evaluated correc®pecific difficulties include calibration,
environmental sensitivity, data heterogeneity, transmission, validation, and maintenance. These
difficulties require advances in sensor technology, uniform calibration and verification processes, and

data management systenhancement

8. Contribution to the field

As mentioned,in this chapter, the discipline of environmental monitoring has been significantly
impacted by lowcost air quality sensors, which have revolutionized the measurement and
comprehension of air pollution. Many constraints associated with conventionallay ouoitoring
methods, such as cost, accessibility, and spatial resolution, have been regakiad these sensors
(Nazli et al., 2024)Consequently, they have expanded the scope of air quality research, enhancing
public awareness of air quality issues, democratizing data collection, and facilitating granular

monitoring(Diez et al., 2024)
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The affordability and portability of lowost sensors have facilitated their widespread use in
communitydriven air-quality monitoring initiatives and citizen science. L@ost sensors have
enabled citizens to engage more actively in environmental health advocacy by simplifying the
monitoring ofair quality for individuals and communitié®yola et al., 2022)These initiatives have
increased public awareness of air quality issues and provided valuable data that can be used to
supplement official monitoring network&astell et al., 2017a)For instance, citizen science
initiatives such as the "PurpleAir" network and other grassroots projects have generated extensive,
publicly accessible air quality datasets that can be used to inform local policy decisions and provide
residents with redime pollution information(Heintzelman et al., 2023By democratizing air

quality data collection, thgap between the public's demand for more immediate and localized
information and traditional regulatory monitoring has been bridged.

Furthermore, research on exposure assessimanificantly influenced by the use of legost
sensors. These sensors endbdaeattime measurement of individual exposure to air pollutants by
integration into personal monitoring devices or mobile platfqivhsV. Narayana et al., 2022} his

is a significant improvement over conventional monitoring methods, which depend on fixed stations
that cannot capture the fluctuations in personal exposure resulting from daily actstittbsas
commuting, working, or exercising outdoof8ubourg et al., 2023)The capacity to monitor
individual exposure has been instrumental in epidemiological studlgsh have established a
correlation between pollution levels and specific health outcomes, thereby providing new insights
into the impact of air pollution on individual health. These developments have enhanced our
understanding of the health hazards associatgdair pollution and facilitated the development of
more precise public health interventiqii®iakur et al., 2024)

Additionally, the capacity to monitor pollution in developing regions or areas with restricted
resources has been improvieg using lowcost sensors. In loawmcome countries, traditional air
guality monitoring infrastructure is frequently absent, even though pollution may be sexkre
resources for addressing it are scarce. Hcost sensors have expanded monitoring initiatives in
previously underserved regions by providing a more affordable alternative to refgradee
instrumentgWu et al., 2020)This has resulted in more comprehensive air quality data on a global
scaleand has provided policymakers and health officials in developing countries with essential
information to address air pollution more effectively. In addition, the availability otlost sensors

has facilitated the development opid responsesystems andinvestigation of shorterm
contamination event®©wing to their limited number, traditional monitoring stations frequently fail

to capture transient pollution spik&sch as those induced by wildfires, dust storms, or traffic surges.
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Conversely, lowcost sensor networks can be deployed rapidly in large quantities to monitor these

events in reatime (S. Wang & Zhang, 2024)

Despite these contributions, it is crucial to recognize thatdast sensors are not a substitute for
referencegrade instruments but rather as supplementary(a®la k a| & BbDataifronlow 202 4)
cost sensors frequentiyequire validation and calibration against highecision instruments to
guarantee reliability because of their susceptibility to environmental factors and lower accuracy.
Nevertheless, their contributions to expanding air quality monitoring networks, enhanbing p
engagement, and providing remhe, localized data are invaluable for scientific researclhpalidy

making
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Chapter 3
3.Data and Methods

3.1 Smart Citizen Kit: An Accessible and Versatile
Environmental Monitoring Tool

The Smart Citizen Kit (a loweost sensoris designed for accessibility, ease of use, and reliability,
making it ideal for individuals, communities, and researchers in environmental monitoring and
urban data collection. This significant advancement in citizen science offers a compact and versatile
solution that integrates sensors to measure air quality, temperature, humidity, light, and sound levels
for both indoor and outdoaises It features low power consumption for letegm battery operation,
Wi-Fi connectivity for reatime data transmission the Smart Citizen platform, and an ofsurce
design for communitgriven improvements and customization. The 4gendly interface
simplifies the setup and data visualizatiovhereasits durable, weathemesistant construction
ensures outdoor reliability. Expandability with additional sensor boards and options for solar power
enables autonomous operatiomhile data encryption ensures privacy and security. As this
technology continues to evolve and be adopted more widely, it has the potentialliticeize
citizen science, foster community engagement in environmental issues, and provide crucial data for
informed decision makingin urban planning and environmental management. Additional
information regarding SCK can be obtained from the following web address:

(https://smartcitizen.mg/

3.1.1 Smart Citizen Kits Manufacturing and Assembling

The SCKs (Figure 3.1) used in this study were manufactured and assembled using a combination of
automated processes and manual quality checks to ensureraliaigifity and performance. For an
efficient design, the first and foremost element is the selection of appropriate arsliveell
electrical components. These components were manufactured using standard techniques such as
surface mount technology (SMTWhich is essential for achieving compact and efficient circuit
boards. These boards can measure different meteorological and air pollutant variables, namely air
temperature, relative humidity, volatile organic compounds VOCs, BQ, O3, particulate maér

in the form of PM, PMos, PMio, and particle number counis size bins with lower cubff
diameterf aer odynami c di amet er s ).Orhesedsen8ors wére aSsembled 2 .

on a circuit board at Fab Lab Barcelona, which supervised the quality control, module integration,
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and functional testing. The modular design of SCK allows for flexibility in sensor selection, making

it adaptable to different monitoring needs. Each component, such as the Data Board (Figure 3.2 &
3.3) and specific sensor modules, was carefully testecbfapatibility and performance to ensure

that the entire system functioned seamlessly once assembled. A key feature of the SCK assembly
process is its scalability. The manufacturing process is designed so that even larger quantities of kits
can be produceefficiently without compromising quality. Quality assurance is a significant part of
manufacturing and assembly processes, with each unit undergoing rigorous checks to confirm that
it meets the specifications for environmental sensing applications. Tous fe not only on
producing accurate and reliable sensors but also on maintaining a system that is easy to assemble,
use, and track. This modular nature allows users to replace or upgrade individual sensors without
requiring sophisticated technical skjllwhich is advantageous for educational purposes and for
communitydriven projects. The assembly also considers ease of deployment and power
management. As part of the design philosophy, boards are organized to simplify the wiring and
connection requiremésy making the setup user friendly. This facilitates deployment byerperts

and ensures that maintenance, whether related to the power supply, connectivity, or sensor
replacement, can be performed without specialized tools. The manufacturing teamigtedho
providing a robust product that is straightforward to deploy and maintain, which is critical for
participatory scientific initiatives. The components used to manufacture the Smart Citizen Kit were
sourced from reliable suppliers to ensure themadility and compatibility. The emphasis on open
source hardware allows transparency in the manufacturing process, enabling researchers and
developers to understand and replicate the design if necessary. This transparency is also intended to
facilitate imovation; developers can enhance or customize kits for their specific requirements,
fostering an ecosystem of collaborative learning and development. The assembly process at Fab Lab
Barcelona incorporated multiple stages of testing, ensuring that eachetnite quality standards
appropriate for environmental monitoring. This design approach not only supports scalability in
production but also ensures that the kit can be effectively utilized in diverse environments by a wide
range of users, from citizegisntists to academic researchers. Additional information can be found

at the following link Oittps://docs.smartcitizen.me/Smart%20 Citizen%20Kit/
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Figure 3.1 Smart Citizen Kit
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Figure 3.2: Data Board SCKversion 2.1 (Front and Back View)
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Figure 3.3: Component Areas of SCKversion 2.1 (Data Board on the left side and Urban
Sensor Board on the right side)

3.1.2 Sensors Specifications and Measurement Ranges
As mentioned in the previous section, SOiegrates multiple sensors to capture various
environmental parameters. Table 3.1 presents the full list of sensors mounted on the version utilized
in this work, together with the measuring range and declared accuracy. The air temperature sensor
exhibitsan operational range 6#0°C to 125°C with an accuracy of £0.2°C, while the relative
humidity sensor measures from 0% to 100% relative humidity, maintaining an accuracy of +2%.
The particulate matter sensor's effective range encompasses 0 to 500 pitymfnecision of +10
Og/ mj, whereas particle counting efficiency i
carbon dioxide (C@ sensor can detect concentrations ranging from 0 to 40000 ppm with an
accuracy of £30 ppm. For N@nd Q, the range extends frora2Dppm. Volatile organic compound
(VOCs) sensors detect a wide range of compounds typically present in polluted air, with sensitivity
thresholds (29206ppb) that facilitate the detection of subtle variations in VOCs concergtation
For atmosheric pressure, the barometric sensor records from 20kPa to 110kPa, offering a precision
suitable for elucidating the influence of weather on air quality. These sensors collectively offer a
detailed representation of the urban air quality, making thenffactiee tool for citizen science
and academic research. This modularity allows for sensor upgrades based on specific study
requirements, supporting the measurement of both primary air pollutants and other relevant

environmental metrics. The calibrationdaaccuracy of each sensor are crucial for ensuring that the
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collected data are reliable, actionable, and appropriate for informing urban planning and public

health interventions.

Table 3.1: Smart Citizen Kits Parameters- Accuracy and Uncertainty Ranges

Parameter
Air
Temperature
Relative
Humidity

Noise Level

Ambient Light

Barometric
Pressure
Equivalent
Carbon Dioxide
Volatile Organic
Compounds
Particulate
Matter (PM 1,
2.5, 10)
CO2 Sensors

Air

Temperature

SCD30
Relative

Humidity

SCD30

Unit Sensor
OC .
Sensiron
SHT31
%rh
Invensense
dBA
ICS43432
Rohm
Ix
BH1721FVC
NXP
kPa
MOL3115A2
m
PP AMS
CCs811
ppb
Plantower
ug/nt
PMS 5003
ug/m?
°C
Sensirion
SCD30

%rh

Range

-40 +125°C

0-100 % rh

High 65 dBA SNR

1-65528 Ix

20 kPa to 110 kPa

absolute pressure

400-32768 ppm

0-29206 ppb

Particle Effective
Range: 66 00 ¢

0-40000 ppm

071 50°C

0-100 %rh

Accuracy/Uncertainty

+0.2°C

+ 2% RH

+1 dB Sensitivity

Tolerance

1.021.38

0.4 absolute accuracy

N/A

N/A

0.310me

* (30 ppm, + 3%)

+0.4°C

+ 3 %RH
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3.2 Data Collection from Experimental Field Campaigns
This section provides an overview of all experimental campaigns conducted within the broader
framework of this study. The research pursued two distinct but complementary objectives: (i)
collocation campaigns, aimed at assessing the performance of Smagn Gits (SCKs) by
deploying them alongside referergeade instruments in controlled conditions in Reggio Emilia and
Bologna, and (ii) application campaigns, which focused on using thef8€tealworld monitoring
of urban air pollution in Bologna to capture spatial and temporal variabiiigollutants These
campaigns were conducted during both winter and summer periods, enabling evaluation of sensor
behavior under diverse meteorological conditions and deployment configurattesubsequent
two sections provide a comprehensive overview of the study areas, the instruments employed, and

the configuration of the campaigns.

3.2.1 Reggio Emilia Campaign: Collocation withReference
Instruments

Study Area: The Via Giovanni Amendola, 2, 42122, ARPAE Reggio Emilia Station, Italy, was
selected as the primary deployment site for thedost sensor network, where twelve SCKs were
co-located with a referencenstrument, the Fine Dust Aerosol Spectrometer (FIDAS), for
approximately two months ($4Vlay- 18th July 2023)Figure 34). This site provides an optimal
environment for evaluating the performance and accuracy ofcé®iv sensors for measuring
particulate matter (PM) concentrations over an extended period. The collocation with FIDAS, a
high-precision reference instrument renwed for its reatime, highresolution measurement of
particle size distribution and PM fractions (for exampi®]:, PM.s, andPMo) facilitated direct

and continuous comparison of the data generated bgdsivsensors.

During the twemonth deployment, the concurrent operation of both the-¢oat sensors and the
FIDAS enabled the collection of a substantial dataset, providing valuable insights into sensor
performance under various environmental and meteorological conditions. This extemefeantie
ensured that the sensors were exposed to a range of pollution events and variations, including
potential seasonal shifts, diurnal traffic patterns, and meteorological changes. By comparing the
outputs of lowcost sensors to higidelity data fromthe FIDAS, researchers can accurately assess
the sensords sensitivity, response ti mes, and

matter concentrations in an urban setting.

The strategic deployment at ARPAE Reggio Emilisggional environmental agency, also provides

the additional benefit of integrating these data into ongoing air quality monitoring efforts, further
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enhancing the robustness and reliability of the comparative analysis. The results of this study are
crucial for validating the practical utility of lowost sensors in realorld air quality monitoring
campaigns, particularly when aiming to expand momtprcoverage in urban areas where dense

networks of referenegrade instruments may not be feasible.

Sensors
Placements in
collocation with
Arpae Monitoring
station

M Arpae Reggio
> AUniversita 1 sps .
degli'studi Emilia, Via
dﬁ'ly‘lode?é’e | - 2 .
£ Reqgioe T Giovanni
Amendola

1% R ,
JMead Info‘lr%allfza o

Figure 3.4: Arpae Reggio Emilia (Territorial Headquarter and Monitoring site)

Instrument (FIDAS): For this campaign FIDASfife dust analysis systgmwasused whichis a
sophisticated redaime air quality monitoring device that uses light scattering to quantify particulate
matter (PM) across different size fractions, includiByl;, PM2s, PMio, and total particle
concentrations. The FIDAS system utilises a single particle light scattering approach with
polychromatic light, facilitating highly accurate measurements of airborne particles ranging from
0.18 um to 18 um. The detection of light seaittg as particles traverse the laser beam enables the
instrument to ascertain the size and quantity of particles in real time. The Palas Fidas 200 Particulate
Matter Analyser is an EN 164&pproved fine dust measurement device for the simultaneous
measwement ofPM..sandPMao. This means that the instrument is the only optical ambient air quality
measurement system for online and simultan€dss and PM1o measurements of single particles
(counting measurement method). For this reason, this method is the one employed by the ARPAE
Environmental Protection Agency for the crassnparison campaign conducted in Reggio Emilia.
A principal characteristic of the FIDAS system is its use of white light and a 90°slkigktering
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detection angle, which guarantees a distinct calibration curve throughout the entire-piadicle
spectrum, encompassing the complex Mie scattering range. This guarantees elevated precision, even
when assessing minute particles. The system incorporasgerfure technology, which reduces
borderzone errors and guarantees that measurements remain unaffected by particles situated near the
periphery of the detection zone. Furthermore, the FIDAS has an automatic coincidence detection and
correction mechanisrthat guarantees precise particle counts even at elevated concentrations by
compensating for the potential occurrence of multiple particles entering the detection container
concurrently.

FIDAS devices are engineered for ongoing functionality that requires minimal maintenance. The
device incorporates an Intelligent Aerosol Drying device (IADS) to mitigate humidity effects,
guaranteeing the precise measurement of particles without intedefemm water vapour. The
system was contained within a durable6® weatherproof casing, rendering it appropriate for air
quality monitoring in both indoor and outdoor settings even under severe environmental conditions.
In contexts such as the one ofg@® Emilia, the FIDAS can deliver comprehensive, -teak air

quality data essential for urban air pollution research, regulatory oversight, and public health
evaluations. FIDAS provides a detailed analysis of particle pollution owing to its high i@saind
capability to measure several size fractions concurrently, facilitating the identification of pollution
sources and their possible health implications.

Campaign: The deployment of 13 Smart Citizen Kits (SCKs) at the ARPAE station in Reggio
Emilia, Italy, from May 24th to July 18, 2023, marked a significant step in evaluating the efficacy of
low-cost air quality monitoring devices under readrld conditions (Figure.5). This eightveek
campaign aimed to assess the performance of SCKs in an outdoor setting, providing valuable insights
into their reliability and accuracy when exposed to various environmental factors. By comparing the
data collected from these SCKstlwvmeasurements from ARPAE's refereqgcade instruments, we
sought to determine the potential of these more affordable and accessible devices to complement or
supplement traditional air quality monitoring networks. The comparison between SCKs and
refererce instruments (FIDAS) is crucial for assessing the accuracy and consistency-aafstow
sensors. This evaluation process likely involved analyzing various air quality parameters, such as
particulate mattelrRM..s andPMayo), particle number countaérodynamic diameter of 0.3, 0.5, 1, 2.5,

5, a nd abdother meteorological parameters of interest. The extended duration of the
campaign allowed for the collection of a comprehensive dataset across different weather conditions
and pollution levels, enabling a thorough assessment oftéyng stability andsensitivity to

environmental changes.
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Figure 35: Deployment of Smart Citizen Kits (SCKs) on the roof of ARPAE Reggio Emilia
Italy monitoring station for intra -sensors comparison andalidation in the outdoor
environment

3.2.2 Bologna Campaign: Application to Air Pollution
Monitoring

Study Areas:

15t Location: Department of Physics and Astronomy "Augusto Righi" via Irnerio,

University of Bologna, Italy
The primaryexperimental setup for the performance evaluation in indoor and outdoor environments

was established at the Department of Physics and Astronomy, "Augusto Righi, "DIFA, Bologna, Italy

(Figure 36). The frontal courtyard of the department presents the ideal tree cover and green spaces,
an ideal place to deploy sensors to check the role of green space in reducing the PM burden.
Additionally, proximity to department facilities enables easy access for researchers to monitor and

maintain sensor equipment, ensuring consistent and reliable data collection.
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Figure 36: Depart ment of Physics OAugusto Righi

2" Location: Department of Physics, vialeCarlo Berti Pichat, University of
Bologna Italy

The Department of Physics at Viale Carlo Berti Pichat, University of Bologna, Italy, was
specifically selected as a monitoring site for the Smart Citizen Kits performances (Winter and
Summer Campaigns) due to its location along a roadside with minimal treen canopy (Figure

3.7). This characteristic makes the site particularly advantageous for assessing urban air quality as
it reduces the potential interference of vegetation in altering pollutant dispersion and deposition
patterns. The absence of a sfgaint tree canopy ensures that the particulate matter (PM) and
gaseous pollutants emitted by traffic are not obstructed or diluted by foliage, thus providing a more
direct measurement of vehicular emissions and their impact on ambient air quality. Based o
campaign objectives, this site offers an ideal environment for testing the performancecostow
sensors under conditions where pollution sources are largely unmitigated by natural barriers.
Roadside locations experience substantial traffic fleading to higher concentrations of traffic

related pollutants such &5, PMiy, nitrogen dioxide (NO ), and
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placing sensors in such an environment, this study aimedaloate their ability to capture real

time pollution variations in an urban setting without the confounding effects of tree canopies, which
can significantly influence pollutant concentrations through filtration, deposition, and shading.
Moreover, the mimal presence of vegetation allows for a more straightforward comparison
between lowcost sensors and referergeade instruments, because the site conditions remain
consistent and predictable and are primarily dominated by vehicular emissions. Thuglehe V
Carlo Berti Pichat is a critical location for validating the accuracy, sensitivity, and reliability -of low

Figure 3.7: Department of Physics,Viale Carlo Berti Pichat, Bologna, Italy

Instruments (Gravimetric Method and BAM) :

Gravimetric Method: The gravimetric method is a highly reliable technique for measuring
particulate matter (PM) concentrations and is recognized as the referetncel by regulatory bodies

such as the US EPA and EU regulatory agencies. This method was utilized by the ARPAE Regional
Environmental Protection Agency to measure:Pihd PM 5 daily average mass concentrations
during the winter and summer experimental campaigns conducted in Bologna in the site of viale Carlo
Berti Pichat. This method involves collecting particulate matter on a filter paper, and the particle mass
is determined Y the differential weight of the filter paper before and after sampling, after
conditioning of the filter under controlled temperature and humidity conditions, an operation which
ensures the removal of the water sampled together with the hypiogmrticles. Air is drawn
through the filter at a controlled flow rate, and siedective inlets ensure that particles of the desired

size fraction (e.g., PM and PM.s) are captured. The filter papers are preconditioned to remove
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moisture and weighed using a microbalance before sampling. Following the sampling period, the
filter papers are reconditioned and reweighed, with the difference in mass representing the mass
concentration of sampled particulate matter (PM). The PM coratemtris then calculated by
dividing the mass by the volume of air sampled. The gravimetric method is valued for its accuracy
and is frequently used as a reference standard for validating automated and continuous monitoring
methods. It is particularly usdfin studies requiring precise data and chemical analyses of PM
composition to facilitate source identification. Despite these advantages, this method s labor
intensive and does not provide réiahe data, owing to the necessity of manual filter handhing
analysis. Typically, sampling is conducted overh®ir periods, limiting the temporal resolution
compared to automated systems that provide hourly or mioyateinute data. Although the manual
nature of the gravimetric method and delayed resultbedimitations, they remain indispensable in
regulatory air quality assessments and scientific research. Its precision and capacity to capture
detailed particulate data ensures its continued significance in air pollution monitoring, particularly

for crossvalidating lowcost sensors and other réiahe instruments.

BAM (Beta Attenuation Method): The BetaAttenuation Method (BAM) is a prevalent approach

for continuously measuring particulate matter (PM) concentrations in the ambient air. This method
was utilized by the ARPAE Regional Environmental Protection Agency to measusaRMP M. 5

daily average concentrations collected during the winter and summer experimental campaigns in
Bologna in the site of via Irnerio. This method is based on the principle of beta radiation attenuation,
wherein beta particles are emitted from a radioactivecsg typically carbori4, traversing clean

filter tape. Particulate matter is collected on tape as the air passed through the filter. The attenuation
of beta particles traversing the Hitlen filter is directly proportional to the quantity of particulate
matter accumulated on the filter. BAM is an automated tieed monitoring system capable of
providing neaicontinuous particulate matter data frequently on an hourly basis. The procedure
commenced with a pristine segment of filter tape subjected to plvaids exposure at the sampling

inlet. Following a designated interval, the mass of the collected particulate matter was quantified by
assessing the attenuation of the beta radiation relative to its initial intensity. The device determines
the PM concenttaon by correlating the decrease in beta radiation with the mass of particles
accumulated on the filter tape and volume of air sampled. A primary feature of the BAM is its capacity
for continuous operation with minimal operator intervention, renderingtatse for regulatory air

guality monitoring networks. It is less labmtensive than gravimetric approaches and offers real
time data, facilitating the prompt evaluation of air quality conditions. BAM is frequently employed

in national air quality moniring networks to dete®M:o andPM. s, and is susceptible to ambient

factors, particularly humidity, which can influence measurements by modifying the physical
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properties of particulate matter. Many BAM devices incorporate features to regulate the humidity
levels within the system. Notwithstanding these limitations, this approach is recognized for its
stability and capacity to provide losigrm continuous air qlity data, rendering it an indispensable

instrument for air pollution monitoring.

Winter and Summer Campaignsseup

From February 7 to March 9, 2023, the SCKs were deployed in two proximate but distinct locations:
the Department of Physics and Astronomy 'Augusto Righi' via Irnerio and Viale Berti Pichat (Figure
3.8), in collaboration with ARPAE (Emilia Romagna Environmental Protection Agency) (Figire 3.

& 3.10). The primary objective of this campaign was to evaluate and classify the microclimate and
air quality in two areas with varying morphology, vegetation cover, and orientation relative to solar
path and wind veloty. The aim was to comprehend the ventilation patterns of the two areas and to
validate potential improvement solutions. In this context, an initial (partially qualitative) verification
of the SCK measurements against a reference was conducted, despmitfetkat measuring
techniques employed. Subsequently, the behavior of PM concentrations at the two sites was
examined, detailing their evolution at different elevations and locations. Given the significance of
traffic as a contributor to air pollution iBologna, it was deemed appropriate to integrate
measurements at the two sites with traffic fluxes from the Comune di Bologna portal

(https://www.comune.bologna.it/dptt. The Summer Campaign was conducted from July 27 to

August 29, 2023, with the same objective as that described for the winter campaign.

Aey| ‘eudojog ‘z/9 1€Udid 1uag oleD alelIn

«DIFA, ‘AUGUSTO RIGH!’ Via Irnerio 46, Bologna, Italy

Figure 3.8. Overview of experimental design locations for winter and summecampaigns in
Bologna, Italy. The highlighted areas indicate the measurement sites at "DIFA, Augusto Righi"
(Via Irnerio 46), and Viale Carlo Berti Pichat 6/2.
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The comprehensive approach of this study facilitated a thorough investigation of urban air quality
dynamics at different temporal and spatial scales. By conducting campaigns in both the winter and
summer seasons, we assessed the seasonal influences wanpalbncentrations, potentially
identifying variations due to factors such as temperature, humidity, and differing atmospheric
conditions. The inclusion of measurements at varying altitudes provides insights into the vertical
distribution of pollutantswhich is crucial for understanding pollution dispersion patterns and
potential exposure risks at different levels within the urban environment. Furthermore, by examining
pollutant concentrations in different urban settings, this part of the study aimeddcidate the
complex interplay between urban infrastructure, traffic patterns, and air quality, thereby offering

valuable information for urban planning and pollution mitigation strategies.

Site 1: Department of Physics and Astronomy (Via Irnerio)
On site 1, We used 2 following Locations
11: Irnerio 1 (Department front yard, 3m) DIFA Rooftop (19m height)

12: Irnerio 2 (Department rooftop, 19m)

= DO 1a110 e

ARPAE Van Location

v SCK (NO,, PM and Ozone)

) SCK(CO,&PM)

:‘C Meteo Station (net radiometer,
Sonic & Thermohygrometer)

. Cielometer

- OPC (LOAC)

!Trafﬁc Spire

DIFA front yard ARPAE Lab for Air Quality (3m height)

Figure 3.9: Details of 1%t Locaiton (Department of Physics and Astronomy, Via Irnerio) used
for the experiment. Two locations, 11 (front yard, 3 mheight) and 12 (rooftop, 19 m height),
are highlighted. The setup included Smart Citizen Kits (SCK), meteorological stations, a
ceilometer, optical particle counters (OPC), and an ARPAE van for reference measurements.
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Site 2: Department of Physics and Astronomy (Via Berti Pichat)

BP Piano 1 (4m) & Piano 2 (7m)
BP1: (Roadside Parking, 3m) BP2: (Geophysics building balcony, 6m)

BP3: (Department rooftop,12m) BP4 & BP5: Balconies on the 15t and 2" Floor (4m & 7m) BP Rooftop (12m height)

ARPAE Van Location

SCK (NO,, PM and Ozone)

! SCK(CO, &PM)

* Meteo Station (net radiometer,
Sonic & Thermohygrometer)

g Traffic Spire

Department Roadside ARPAE Lab for Air Quality (3m height)

Department Roadside Geophysics building balcony (6m
height)

Figure 3.10: Details of 2" Location (Department of Physics and Astronomy, Via Berti Pichat)
used for the experiment. Five locations are highlighted: BP1 (roadside parking, 3m), BP2
(Geophysics building balcony, 6m height), BP3 (department rooftop, 12m), and BP4 & BP5
(balconies on the 1stiad 2nd floors, 4m & 7m). The setup includes Smart Citizen Kits (SCK),
meteorological stations, and traffic spire indicators for monitoring the air quality and
meteorological parameters.

Berti Pichat, Piano 2

DIFA top Roof

Arpae Van, Berti Pichat roadside

Balcony, Geophysics Department

Figure 3.11: Photographic documentation of Smart Citizen Kits (SCK) deployed at various
locations for the experimental campaigns: DIFA rooftop (top left), Berti Pichat Piano 2 (top
right), Arpae van near Berti Pichat roadside (bottom left), and balcony of the Geophyss

Department at Berti Pichat (bottom right)
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3.2.3 Data Pre-processing
Following the collection of data from our designed experiments and campaign, we processed the data
utilizing the Hampel filter for outlier removal while keeping data window 7 and threshold level of 3
(Outliers are identified as points where the deviatireedstx MAD, where MAD is the Median
Absolute Deviation ans a usetdefined constant (commonl3). The Hampel filter is a robust
statistical method employed to identify and remove outliers from time seriegRiateson et al.,
2016) It is particularly effective in scenarios where data may be contaminated with noise or
anomalous values, which can skew the analysis and modeling efforts. The Hampel filter functions by
replacing data points that deviate significantly from the mediaheostirrounding window with a
median value. This decisidrmased approach is effective in maintaining the integrity of data while
eliminating outliers(Yu et al., 2014) The filter is characterized by two primary parameters: the
window width and threshold parameter, which determine the extent to which a data point must deviate
from the median to be classified as an outlier. The effectiveness of the Hampel filter stanits fr
capacity to adapt to the local data characteristics. Unlike global outlier detection methods, this
approach considers the local context of each data point, rendering it particularly suitable for time
series with varying trends and seasonality. Thelewv width parameter allows researchers to adjust
the filter's sensitivity to local variations, with wider windows potentially attenuating more subtle
anomalies, whereas narrower windows preserve more detail, but may be more susceptible to noise.
The threshold parameter, often denoted as a multiple of the median absolute deviation (MAD),
provides a robust measure of dispersion that is less affected by extreme values than the standard
deviation(Pearson et al., 2016 his renders the Hampel filter resistant to the masking effect, where
multiple outliers can skew the traditional outlier detection methods. By integrating these elements,
the Hampel filter offers a balanced approach to outlier detection and removavimgsthe
underlying structure of the time series while effectively eliminating anomalous data points that could

otherwise lead to erroneous conclusions in subsequent analyses or modeling efforts.

3231 9YI I UAqRYUWYNWA~H/BW?2cqeclnyYl WecedR
In this research, for the Reggio Emilia campaign, where SCKs were deployed in an outdoor
environment, we adapted and evaluated the humidity correction propo$€dllay et al., 2018a)
developed for the ITC ORN2 PM sensor. The concept behind this adjustment is that, when water
vapor molecules interact with aerosol particles, they can be absorbed into or adsorbed onto aerosol
particles(Pdschl, 2005)This uptake of water vapor can leadthee development of aqueous solution
droplets and a notable increase in the particle size, contingent on the attributes of these patrticles.
Using the Kohler theory, hygroscopic growth describes the increase in water vapor, which is known

as hygroscopic growth. This theory is a combination of the Kelvin equation, which gives the
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relationship between the vapor pressure of a liquid droplet as a functitsafrvature and surface
tensi on, and the formulations of the vapor p
(Kohler, 1936)

00 —— ¢éééééé.. Equation (1
5 p —E— 6é6é6é6é6éé Equation (2)
= T Y. .

WL eeeéeéeéé. Equation (3)

where PMorected@nd PMaw given in equation (1) are the corrected and observed PM mass
concentrations in units of pgAyrespectivelyaw (equation 3) is the water activity (unitless),
defined as RH/10Gand k is 0.63 (unitless).

3.3 Methods: SCK Functionality and Performance
Evaluation

Ensuring a stable and reliable power supply is essential for accurate operation-adgstow
environmental sensors. In this study, we performed voltage supply and power efficiency tests before
deployment in an indoor environment and field evaluation. Pusvatudies on power supply have
recognized its technical relevance, but they often lackedotg scientific analysis and empirical
evidence.To address this limitation, a comprehensive analysis of voltage fluctuations and battery
discharge profiles was conducted to elucidate how these factors directly affect sensor stability,
operational longevity, and measurement precision. Empirical evideoroerecent studies has been
incorporated to illustrate the sensitivity of the sensor performance to power supply variSiiares.
et al., 2024)eported that minor fluctuations in voltage can significantly compromise sensor accuracy
and consistency, particularly in the context of Jomst sensors used in environmental monitoring.
Further research b§. Ali et al., 2021 highlighted how variations in battery charge levels directly
influence sensor outputs, especially under field conditions characterized by dynamic environmental
challenges( Demaneg a, Muj an, Si n g eemphasized the imgodande iof et
maintaining a stable power supply to mitigate sensor drift during prolonged deployfhéntst al.,
2020a)demonstrated that inconsistent power supplies could result in substantial measurement noise
and inaccuracies, thus affecting data reliability in urban air quality monitoring scenarios. The

integration of these findings and comprehensive discussionsgmagcaintly enhanced the scientific
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rigor of this analysis, thereby improving the overall validity and reliability of the conclusions drawn

from our study.

3.3.1 Power Supply Test (Bologna and Barcelona)
SCKs underwent evaluation in controlled environments in both Bologf&{ZFebruary 2023)
and Barcelona (17 May-215' May 2024), with the primary objective of assessing the SCKs'
performance under varying power supply conditions (Figul® & 3.13). The experimental

protocol encompassehe followingthreepowerconnectiorconfigurations:

1) Battery-poweredoperation
This testevaluatedhe performance of the deviaehen running solely on its internal

battery. It assesses factors such as
U Battery life duration under typical usage conditions
U Power management efficiency
U Device functionality across different battery charge levels
U Performance consistency as the battery depletes
U Low-battery warning systems and automatic shutdown features
2) Direct connection to chargers
This testexaminedhe behavior of the deviasghen connected directly to its designated
charger. Key aspects include:
U Charging speed and efficiency
U Heat generation during charging
U Overcharge protection mechanisms
U Compatibility with various charger types (if applicable)
U Device functionality while chargingPower delivery consistency
3) Connection via USB:
This test analyzes thperformance of the deviaehen connected to a computer or
anothempower source viaUSB. The pointsof focus includehe following.
U Data transfer capabilities (if applicable)
U Charging speed compared to direct charger connection
U Power draw limitations
U Device recognition by connected systems
U Simultaneous charging and data transfer capabilities
This comparative testingllowsfor a comprehensive assessment ofvdsatility and adaptability

of SCKsto various power sources, which is crucial for their potential deployment in diverse urban
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settings. The tests were conducted systematiedllyoth locations to ensure consistency and
reliability of the data collected.

By employing this dualocation, multipower source testing methodology, \&en to gather
comprehensive data on thaperational capabilities of SCKsnder various conditions, thus
providing a robust foundation for evaluating their potential applications in urban environmental
monitoring.

Figure 3.13: Power Supply Test Set up in FabLab, Barcelona
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3.3.2 Indoor Test (Intra -sensors Comparison) in Bologna
The first and foremost step this study washe preliminary performance testing tife SCKs.An
intracsensorcomparison test was conducted in the Department of Physics and Astronomy, Bologna,
Italy, to evaluate the consistency and efficiency of-tmst sensors when exposed to particulate
matter (PM) concentration€,O,, and other meteorological parameters in indoor environments
(Figure 313). The sensors were positioned close to each other to emguosureto identical air
conditions. The test lasted for nine days{Recembeir29" December 2022), during which time the
sensors collected data (1 minute resolution). The sensors continuously monitored PM concentrations
(PM25, PM1o, and CQ, along with other meteorological parameters) for an extended period,
recording variations in air quality during the Christmas holidays. The data from each sensor were
compared with the averagaluesof all sensors and revealed potential discrepancies in sensor
accuracy and temporal consistency. This assessment establishes a baseline for the sensor reliability
before deployment in more complex environmeftsimilar experiment was conducted in FabLab
Barcelona for four day&l 0" May-14" May 2024).
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Figure 3.13: Indoor Testing - Laboratory Experiment (21st Ded 29th Dec 2022)

3.3.3 Performance Evaluation

3.3.3.1 Timeseries Analysis
Performance evaluation constitutes a critical aspect for analyridgcomprehending complex
systems and data trends. Within this context, ts@mes analysis plays a crucial role in examining
the data that evolve over time. This analytical approach enables the identification of patterns, trends,
and seasonal variatioms the sequential data points. Through the application of various statistical

techniques and models, tirseries analysis can yield valuable insights into the behavior of systems
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over extended periods, thereby facilitating predictions and informed deaisikimg. For our data
analysis, we utilized statistical techniques to examine temporal patterns and trends in the dataset. The
analysis involved decomposing the time series itga@onstituent components including seasonal
variations, longterm trends, and cyclical fluctuations. By applying these methods, we were able to

identify key insights and make informed predictions regarding future data points within the time

series.
1. Identifying patterns: This allows us to see whether there are repeating behaviors or cycles
in the data.
2. Spotting trends: We can observe if the values generally increase, decrease, or remain
stable over time.
3. Detecting seasonal changes: This helps recognize if certain patterns occur at specific

times, such as yearly, monthly,dranges at specific hours of the day.
Time-series analysis is particularly useful in the context of performance evaluation. It allows
researchers to track how well a system or process is worbwegtime identify areas for
improvement, and predict future performance. This method is valuable for studying complex systems

and for understanding how they change and behave over extended periods.

3.3.3.2 Correlation and Regression Analysis

Correlation and regression analyses are complementary methddsttieatenhance the performance
evaluation. Correlation analysis measures the strength and direction of the relationships between
variables, helping identify potential dependencies or associations. Regression analysis, on the other
hand, focuses on modely the relationship between a dependent variable and one or more
independent variables. These techniques allow researchers to quantify the impact of different factors
on system performance, predict outcomes based on input variables, and uncover urnutefing

that may not be immediately apparent using other analytical methods.

3.3.3.3 Statistical Biases

Mean Bias Error (MBE) and Mean Absolute Error (MAE) are statistical metrics employed to assess
the accuracy of models or measurement systems, each serving distinct purposes. MBE quantifies the
average difference between the predicted (or measured) valdeactual (or observed) values,
thereby capturing the systematic bias in the model. A positive MBE indicates a tendency towards
overestimation, while a negative MBE indicates underestimation, rendering it useful for identifying

directional errors. HowevelBE does not reflect the magnitude of the errors.
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Conversely, MAE evaluates the average magnitude of the errors without considering their direction
by calculating the absolute differences between the predictions and observations. This metric yields
a nonnegative value, providing a more precise representaf the overall prediction accuracy by
focusing solely on the magnitude of discrepancies. While MBE is optimal for detecting systematic
biases, MAE is more robust for assessing the scale of errors, rendering the two metrics
complementary for diagnosirand improving the model performance. By utilizing both metrics, one
can comprehensively evaluate the predictive reliability and error patterns of a system.
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Chapter 4
4 Results and Discussions

4.1 Performanceevaluation of SCKs with different Power
Supplies (DIFA Bologna)

4.1.1 Sensor Powered by Rechargeable Battery
The sensors powered by the rechargeable sensor battery demonstrated consistent performance acros
all the parameterghumidity, temperaturéd?M.s,  a n d FoChOmidity, the readings aligned well
with the overall averagevithin the defined accuracy range (x2%), except for a minor dip at the start
of the measurement perioghich waslikely caused by sensor initialization or power stabilization
(Figure4.1). Temperature readings followdige expected diurnal patterns, with smooth trends that
adhered closely to the accuracy range (x0.ZFR@)ure 4.2) For PM2 5, the batterypowered sensor
performed reliably, providing stable trends that closely matched the overall gvendgeut
significant anomalief~igure 4.3) CO measur ements wer aligredwithi | ar |
the average trendandremainedwithin the accuracy range (30 ppitBigure 4.4) These results
suggest that rechargeable batteries are a reliable power sdtivoeghthe initial power stabilization

phase may slightly affect the data.

4.1.2 Sensor Powered by Power Extension

The sensors connectedtte power extension exhibited some inconsistencies across the parameters,
particularly during the initial measurement period. For humidity, a sharp deviation was observed
initially, which could be attributed to electrical noise or power fluctuations. After this initial
instability, the readings stabilized and followed the average trend within the accuracy range (£2%)
(Figure 4.1) Temperature measurements showed a sharp spike early on, potentially due to
overheating or inconsistent power delivery, but later stabilized to match the averag@-igenel

4.2). PM2s readings displayed minor deviations, particularly early in the recording, but eventually
aligned with the average within the defined accuracy rangei(®043m)(Figure 4.3) CO readi
also exhibited elevated initial values, likely due to electrical interference, but these values normalized
over time and fell within the acceptable accuracy range (£30 @fgyre 4.4) The variability in the
extensiorpowered configuration highlights its susceptibility to power inconsistencies, particularly

during initialization.
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4.1.3 Sensor Powered by Duracell Battery
The sensors powered by the Duracell battery consistently provided the most stable and accurate data
across all parameters, demonstrating superior reliability compatfethe other power sources. For
humidity, the readings closely followed the average trend without any significant deviations,
remainingwell within the accuracy range (x2%) throughout the entire measurement (fagace
4.1). Temperature data exhibited smooth diurnal trends, with no anomalies or spikes, and adhered
closely to the accuracy range (x0.2°@jgure 4.2) PM2s measurements were similarly stable,
showing uniform trends that aligned perfectly with the overall average and fell within the acceptable
range (x0.810 pm) (Figure 4.3) coO readings were consistent
average trendremaining comfortably within the accuracy range (30 pp(Rjgure 4.4) The
consistent performance of the Duracell batigoyvered sensors indicates that disposable batteries
provide a stable and noifee power source, making them highly suitable for applications requiring

precise and reliable environmental monitoring.
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Figure 4.1: Variation in Humidity readings over time for different power configurations:
sensor battery (6ECF), extension power connection (9A66), and Duracell powered (D8EF). The
shaded region indicates the accuracy range (x2%)
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Figure 4.2: Variation in Temperature readings over time for different power configurations:
sensor battery (6ECF), extension power connection (9A66), and Duracell powered (D8EF). The
shaded regionindicates the accuracy range (+0.2°C)
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Power Connectivity Testing (PM2.5)
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Figure 4.3: PMzs, concentration during power connectivity testing with different power
configurations. The shaded region indicates the accuracy range (0130 pm)
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Figure 44: CO2 concentration during power connectivity testing with different power
configurations. The shaded region indicatean accuracy range (x30 ppm)

This comparative assessment of SCKs powered by various sbuemsargeable batteries, power
extensions, and Duracell batteriesvealed that power stability significantly affects sensor
performance, particularly during initialization. Among all configurations, sensors powered by
Duracell batteries demonstrated the most consistent and-freéseneasurements across all
parameters. These findings highlight the critical importance of power source selection in ensuring
data reliability and sensor stability, thereby informing optimal deployment strategies fetetamg

urban air quality monitoring usg low-cost sensor networks.

4.2 Performance evaluation of SCKs with different Power
Supplies (FabLab, Barcelona)
The performance ahe SCKs was evaluateasingtwo data logging methodaetworkbased real
time transmission and local storageing SD cardso investigate their effect on data accuracy and
reliability. The sensors were tested two power configurations: battepowered and charging
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modes This section presengsomparison ofthetemperature (°C) and humidity (%) data across these

configurations and discusses the observed trends and deviations in detail.

4.2.1 Temperature and Humidity on Battery and Charging
While Connected with Network

The performance of sensors recording temperature and humidity while connected to the network
demonstrated noticeable differences betwéas batterypowered and charging modesFor
temperature, botthe battery and charging configurations captured the expected diurnal trends, with
daytime peaks and nighttime troudRsgure 4.5) However, in the charging mode, slight deviations
were observed durinthe temperature peaks, likelpwing to the heat generated by the charging
process, which can altehe sensor calibration. These deviations were more pronounced in the

network modeowing to the additional noise introduced by réiate data transmission.

Humidity measurement&igure 4.6)of the network also followed diurnal patterns, with lower values
during the day and recovery at nightthebatterypowered mode, the datgererelatively consistent,
althoughoccasional irregularities occurred, particularly during rapid environmental changes. These
inconsistencies may have resulted from transmission delays or briédstagensors ithecharging

mode exhibited greater variability in humidity readings, likely influenced by heat from charging,

which may have creatddcalized microclimatic conditions affecting sensor performance.

4.2.2 Temperature and Humidity on Battery and Charging
While Connected with SD Card

When the sensors were configured to log data locally on SD cards, the results exhibited significantly
enhanced stability comparesiith the networkbased setup. For temperature measurements, the
batterypowered sensors produced consistert€ptSCK Sensor ID D25C, as its battery was fully
depleted) and precise readings that accurately reflected diurnal cycles witieitor anomalies
observed in the network dat&igure 4.7) The charging mode still demonstrated slight upward
deviations duringhe temperature peaks; however, these deviations were less pron@snizeshl

data logging minimized external interference and maintained data integrity.

The humiditydata logged orthe SD cards displayed similamprovement The batterypowered
configuration captured consistent diurnal humidity variations withotgble anomalie@=igure 4.8)

This observation demonstrates the robustness of SEbeaeetl logging in preservitigedata fidelity.

While the charging mode continued to introduce some variability in humidity readvnigg to
charginginduced heat, the extent of this variability was significantly reduced compared to the
network setup, further confirming the reliability of SD card storage.

54



On Network
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Figure 4.5. On Network connection (Temperature comparison between battery -powered and charging
sensors, highlighting diurnal variations across multiple devices)
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Figure 4.6. On Network connection (Humidity comparison between batterypowered and
charging sensors, highlighting diurnal variations across multiple devices).




On SD Card
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Figure 4.70n SD card (Temperature comparison between batterpowered and charging
sensors, highlighting diurnal variations across multiple devices
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Figure 4.8: On SD card connection (Humiditycomparison between batterypowered and
charging sensors, highlighting diurnal variations across multiple devicgs

Evaluating various data logging techniques across different power setups, it was found that using an
SD card for local storage ensures much higher data stability and reliability compared to transmitting
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data in reatime over anetwork, especially when charging. Sensors powered by batteries consistently
delivered the most precise measurements, whereas charging led to thermal artifacts that impacted
both temperature and humidity data. These results underscore the significantofhgmaeer mode

and data transmission method on the performance of sensors and the integrity of data, emphasizing

the necessity of meticulous system configuration for{@mm, costeffective sensor deployments.

4.3 Indoor Testing in DIFA Bologna (Intra-sensors
Comparison)

The hourly measurements of temperat@€© PMio, andPM: s, recorded in the Bologna Living Lab
from December 21st to 29th, 2022, demonstrate consistent and reliable performance across the sensol
network. PMio and PM5, showed clear diurnal patterns, with higher concentrations during the
daytime and notable peaks around December 27th, likely linked to localized pollution events. The
standard deviations fé¥M> .5 (£5.04 pg/m3andPMzo (£5.55 pg/m3YFigure 11& Figure 12)ndicate
good agreement among the sensors, with occasional spikes attributed to calibration or environmental
variability. CcCO concentrations exhibitthed ty
nighttimedue to reduced ventilation and lower levels during the day, with an average variation within
+121.73 ppm(Figure 4.10) Temperature readings were stable and closely aligned across sensors,
with a standard deviation of +0.89°Eigure 4.9) reflecting strong intesensor reliability and
minimal anomalies. Overall, the sensor network effectively captured environmental trends and
maintained accuracyith minor deviationshighlighting the need for periodic calibration to ensure

data consistency in loAgrm urban air quality monitoring.

Hourly Temperature Levels - Bologna Living Lab (21st-29th Dec 2022)
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Figure 4.9: Hourly temperature levels recorded at Bologna Living Lab (21$29th Dec 2022).
The data represent multiple sensor readings with +0.89°C as the standard deviation.
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Hourly CO: Levels - Bologna Living Lab (21st-29th Dec 2022)
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Figure 4.10 Hourly CO2 levels recorded at Bologna Living Lab (218229th Dec 2022).
Multiple sensors show consistent patterns with a standard deviation of £121.73 ppm

Hourly PM2.5 Levels - Bologna Living Lab (21st-29th Dec 2022)
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Figure 4.11 Hourly PM 2slevels recorded at Bologna Living Lab (218229th Dec 2022). PMs
concentrations exhibit temporal variation with a standard deviation of £5.04 pg/m3

Hourly PM10 Levels - Bologna Living Lab (21st-29th Dec 2022)
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Figure 4.12 Hourly PM1o levels recorded athe Bologna Living Lab (21st 29th Dec 2022).
The readings show diurnal variations, with a standard deviation of £5.55g/m3

Thehousto-hour variabilities illustrated in Figure
to factors previously documented in the literatg@uimette et al., 2028Frilley et al., 2020)
specifically instrument artifacts, rather than authentic environmental fluctuafibesourto-hour
variabiltesdepi ct ed i n Figur es ate likel (dU20 fagtorsgoredously . 1 2
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reported in the literaturenstrument artifacts rather than genuine environmental fluctuations. For

P M , the Pl antower RiM&nuabibidy variability is lasdtiedapowert r a t
and photodiode gain, affecting scattering efficiency; (ii) differences in Aéerdlow that alter
sampling residence time; (iii) factesyet o coef fi ci ents that <conve
device;and (iv) millivolt-level variations (4.906.05 V) on the 5 V rail, influencing both laser
intensity and fan speed. Collectively, these factors result in approximately 6% systematic offsets,
accounting for devi at iSD basdwhikgmainird within the ddtashegts Og
N10 Og m j accuracy range. For CO , the -Sensi
calibration (ASC) locking onto different sevelay minima; (ii) unitspecific thermistor offsets that
interact withthesenor 6 s t emper at ur e -rdspopse diffteenmcesevhenlfoard ) pr
compensation is disabled; and (iii)-lEED radiantp o wer decay (~1% month T
explain the £121 ppm envelopghich remainswithin the £(30 ppm + 3%) specificatig®ensiron,

2019) Therefore, the observed divergence among traces is attributable to optics, electronics, and

firmware rather than heterogeneous air conditions

The intrasensor comparison conducted at DIFA Bologna demonstrated strong consistency across
SCK units i n r ec oPMdandPM:sb witmyaeatioastramaieng withidexpected
specification ranges. These results highlighttieistness of the sensor network for indoor air quality
monitoring, while also emphasizing the significance of identifying and accounting for devée

systematic differencéscrucial for ensuring data quality in extended deployments

4.4 Indoor Testing in FabLab Barcelona (Intra-sensors
Comparison):

The indoor testing conducted at FabLab from May 10th to May 14th involved monitbeigO
humidity, PM1o, and temperature using multiple senstwnghe time series of parameters, rather than
plotting the 1SD or accuracy range across average data, @oirabernative approagiasemployed.
This approach involves plotting the accuracy range of two sensors: one exhibiting the highest values
throughoutandthe othedisplaying the lowest values throughoith e  C O l evel s r ema
stable throughout the testing period, with a significant spike observed on May 14th, potentially due
to a localized source @brupt environmental changEigure 4.13) The humiditydata exhibited a
gradual increase over time, reflecting stable indoor conditions, with readings consistently aligning
within £2% of the overall trendFigure 4.148). This consistency demonstrates stramgrsensor
reliability, except for minor deviations during thater stages of testingThe temperature
measurements followed clear diurnal cycles, with peaks during the day and troughs at night. The

temperature trends showed good agreement among the sensors, with variations remaining within
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+0.2°C(Figure4.16) underscoring the accuracy of the setup. These resuifsmedthe robustness
of the sensor network for indoor environmental monitoring, with minor anomalies likely attributable
to specific events or sensgpecific variations. Regular calibration is recommended to maititain

data integrity in longerm monitoring scenarios.
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Figure 4.13 Time series of CQ during FabLab indoor testing (10thi 14th May 2023)
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Figure 4.14a: Time series ofHumidity during FabLab indoor testing (10thi 14th May 2023)
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Time series of PM10 (FabLab Indoor Testing) Sensors
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Figure 4.14b: Time series ofPM1o during FabLab indoor testing (10thi 14th May 2023)
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Figure 4.15: Time series ofT emperature during FabLab indoor testing (10tl 14th May 2023)

The indoor intresensor evaluation conducted at FabLab Barcelona revealed a high level of
consistency among mul t i p PMy @dctEmperaturet veith dewationsC O
staying within acceptable accuracy thresholds. These results underscore the sensors' reliability under
controlled indoor conditions and emphasize the importance of such controlled comparisons in
identifying sensospecifc behavior. Ultimately, this supports the refinement of calibration protocols

and enhances the credibility of sensor data in broader urban air quality monitoring applications.
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4.5 Outdoor Testing (Reggio Emilia Campaign):
The outdoor performance of Smart Citizen Kits (SCKs) during the Reggio Emilia campaign was
evaluated through the monitoring@i¥.0, CO», and temperature levels, as illustrated in Figures (4.16,
4.17 & 418). ThePMyo concentrations exhibited significant temporal fluctuations, with elevated
levels observed during specific periods, potentially associated with anthropogenic activiieas
vehicular traffic. The meaRPMio concentration, denoted by the red dashed line, demonstrated a
consistent trend across #iesensors, although the shaded region representing the standard deviation
(1 SD) indicated moderate variability among the sen€i®s.concentrations (Figuré.18, bottom
panel) exhibited a distinct diurnal pattern, with peaks duthegmorning and evening hours
corresponding to periods of increased human activity. The sensors demonstratsahbaydance
with high variability inthe CO, datg as evidenced by the narrow standard deviation band. Similarly,
temperature measurements followed a pronounced diurnal cycle, with daytime maxima and nighttime
minima. The mean temperature readimgsre closely aligned withthe individual sensor outputs,
underscoring their reliability and consistency, with minimal kstemsor variability indicated by the
narrowshaded region. Overall, the SCKs demonstrated efficacy in capturing urban air quality
parameters, particulariO, and temperature, whegestrong intersensor agreement was observed.
However, the slightly higher variability ithe PMio data suggests the necessity for enhanced
calibration to improvehe uniformity of particulate matter monitorind-hese findings corroborate
thepotential of lowcost sensors for urban air pollution assessment, and calibrationdefiuttated
and continuously carried out by the Smart Citizen team at FabLab Ba@dlana been undertaken

to address specific performance challenges.

1 Hour Avergage- Reggio Emilia Campaign-Outdoor Testing of SCKs (PM10)

PM10 (pg/m?3)

m—— EE41
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Figure 4.16: Temporal variation of PM1o concentrations during the Reggio Emilia campaign,
measured using Smart Citizen Kits (SCKs). The plot represents-tiour averages for multiple
sensors, with the red dashed line indicating the overall average and the shaded region showing
+1 SD.
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Figure 4.17: Diurnal temperature variation during the Reggio Emilia campaignrecorded
using Smart Citizen Kits (SCKs). The plot shows -hour averages for multiple sensors, with
the red dashed line indicating the overall average and the shaded region illustrating +1 SD.

1 Hour Average - Reggio Emilia Campaign - Outdoor Testing of SCKs (CO2 ppm)
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Figure 4.18: Temporal variation of CO; concentrations during the Reggio Emilia campaign
measured using Smart Citizen Kits (SCKs). The -hour averages for individual sensors are
displayed, with the red dashed line representing the overall average and the shaded area
denoting £1 SD

45.1 Statistical Biases
The statistical performance of Smart Citizen Kits (SCKs) for measuring tempe2@rendPM:o
concentrations wasvaluated using key metrics, includitngmean absolute error (MAE), mean bias
error (MBE), and Pearson correlation coefficient (r), as illustrated in Figl¥%4.21 For
temperature (Figurd.19, the MAE values weravithin the 0.5-1.25 °C rangewhereashe MBE
values highlighted minor biases. The Pearson correlation coefficient for all sensatesea®1.0,
indicating excellent agreement witthe average valuesSimilarly, for CO, concentrations (Figure
4.20), MAE values showed slight variability amonthe sensors, with MBE indicating
underestimations for some and overestimations for others. The Pearson correlation coefficients for

CO: remained above 0.9, demonstratagfrongintra-sensoragreementPM;o performance (Figure
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