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1. Introduction 

In the last few decades, there has been an increase in public interest in air 

quality issues, partly due to the outbreak of the COVID-19 pandemic and increase 

health concerns in the population (Lou et al, 2022). However, there is still a lack 

of awareness among a large part of the population about the harmful and 

detrimental effects of air pollutants in the atmosphere. The World Health 

Organization (WHO) has linked over 6.7 million deaths per year to the combined 

effect of ambient and household air pollution exposure (WHO, 2024); similarly, 

in the scientific literature the exposure to PM2.5 concentrations is linked to a 

global burden of disease of millions of deaths per year (Cohen et al., 2017; Burnett 

et al., 2018). This highlights the need for continuous action on air quality at a 

global level, with increasingly strict regulations and continuous, widespread 

monitoring of pollutants, especially in more critical environments. However, the 

impact of air pollution is not limited to human health. Air pollution is linked to 

climate-altering effects, as some pollutants are climate forcers, displaying both 

warming or cooling effect on the atmosphere (Unger, N., 2012; Maione et al., 

2016); it also severely affects the global ecosystem (Mohapatra et al., 2014; 

Manisalidis et al., 2020; Özkara et al., 2018). Another significant damaging effect 

of air pollution concerns anthropogenic materials, as it has been observed how 

the interaction with atmospheric pollutants can affect electronic equipment 

(Ferrero et al., 2015) and promote degradative processes on cultural heritage 

materials and artworks (Matrali et al., 2023; Vidović et al., 2022). A more detailed 

assessment of the impacts of atmospheric pollutants is provided in the following 

sections of this dissertation. 

At the present day, air quality monitoring activities are conducted in order 

to comply with existing local or international legislation or for scientific research 

purposes. At European level, air quality monitoring is outlined in the EU 

Directive 2008/50/EC, which establishes common methods and criteria for 

monitoring activities, as well as defining limit values and thresholds for each 

pollutant (PMX, NOX, SO2, CO and O3), in an effort to protect human health and 

vegetation. Recently, the EU Directive 2024/2881 revised the aforementioned 

directive, in an effort to align with the updated WHO Air Quality Guidelines 

(WHO, 2021), establishing stricter limit values for pollutants, aimed at 
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minimizing pollution to protect health and ecosystems, reducing premature 

deaths from PM (PM2.5) exposure by over 55% and defining the need for 

monitoring of emerging pollutants like ultrafine particles (UFP), black carbon 

(BC), and ammonia (NH3). However, as stated by the WHO, still over 99% of the 

world population is exposed to pollutants levels above the recommended 

guidelines levels, even more significantly in low- and middle-income countries. 

While monitoring air quality within urban and rural areas is now common 

practice, data coverage is still limited and restricted to official monitoring stations 

managed by local government authorities. This is mainly related to the fact that 

the reference instrumentation required for air quality measurements is often 

expensive, bulky, and is continuously subjected to maintenance and calibration 

processes to ensure the data accuracy and precision required by the legislation. 

This results in inadequate spatial and temporal data coverage, which often fail to 

provide sufficient information on emission sources and hotspots (Kumar et al., 

2015). In response to this matter, in recent years there has been a significant      

surge, both in the market and in scientific research, into the development of low-

cost technologies for monitoring air quality. The emergence of new technologies 

and miniaturization of electronics allowed for cheaper, smaller and publicly 

accessible devices that, since their introduction, started shifting the paradigm of 

air quality monitoring. These new devices overcome some of the limitations of 

traditional instruments, complementing their role in air quality measurements. 

Thanks to their affordability, these sensors can be implemented in dense 

networks, to gather high-resolution air quality data with increased spatial and 

temporal coverage. This also opens the door to the involvement of citizens and 

communities in the process air quality measurements, towards a scenario where 

the public is directly engaged in the monitoring process, gradually increasing 

awareness towards atmospheric pollution issues while contributing to data 

collection (Snyder et al., 2013; Jovašević-Stojanović et al., 2015). Thanks to their 

reduced bulk and portability, these sensors are suitable for applications in 

personal exposure studies, both in domestic and occupational environments 

(Morawska et al., 2018; Ruiter et al., 2023; Howard et al., 2022), as they can be 

directly paired to an individual for longer periods than traditional instruments 

and without the constant need for supervision.  
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Low-cost sensors (LCS) are seeing several applications also in indoor 

environments, where often air quality monitoring through traditional 

instrumentation is held back by their size, bulk and noise. Deployment of LCS for 

indoor studies could prove crucial in understanding these environments, 

complementing the limitations of research-grade sensors, providing site-specific      

information. As indoor environments are profoundly different from one another, 

extensive monitoring in different settings, even in the same building, is critical to 

understand and address potential risks to human health and materials. As of now, 

no indoor-specific regulation is in place for air quality at the European level, 

where indoor air quality (IAQ) is subject to general guidelines (i.e. WHO global 

air quality guidelines, figure 1.1) aimed at protection of human health or to 

improve the energy performance of buildings (Siddique et al., 2025).  

 

 

Figure 1.1. Recommended Air Quality Guidelines and interim targets as 

reported by the World health Organization (WHO, 2021). 

 

However, as people tend      to spend most of their time indoors      (Bousiotis 

et al., 2023), there is still the need for proper monitoring of living spaces. 

Exposure to particulate and gaseous pollutants is generally higher in indoor 

spaces and has been linked to respiratory and cardiovascular diseases, as well as 
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possible carcinogenic effects depending on the chemical composition of the 

pollutant (Hoskins, 2003). 

Given these premises, this work is aimed at the employment of low-cost 

devices for atmospheric pollutants monitoring, with the ultimate objective being 

to assess the role that these new technologies may play in addressing air quality. 

More detailed, this work is focused on the application, testing and analysis of low-

cost, smart, and portable instrumentation for air quality monitoring, as powerful 

tools that can aid the scientific community, as well as the public, towards a more 

comprehensive understanding of the air we breathe. 

 Given the high variability of spaces, settings and conditions, this project aims to 

test low-cost sensors in different indoor and outdoor environments, from 

ambient air conditions in urban and sub-urban areas, to occupational and 

cultural heritage-related settings. As this technology is easily accessible and 

employed by the public and non-scientific community, this project is also greatly 

centred around the concept of citizen-science research, engaging citizens in the 

monitoring process, and the dissemination of air quality data to increase 

awareness and knowledge of environmental issues related to atmospheric 

pollution. However, these sensors display significant technical limitations, 

resulting in lower accuracy and precision in air quality measurements. This 

creates the need for a rigorous testing and calibration phase in comparison with 

reference instruments, both in laboratory and environmental conditions. Part of 

this work is therefore dedicated to a technical evaluation of the instruments 

employed in the conducted analyses, assessing their performance and their ability 

to establish themselves as a useful tool in atmospheric monitoring, while 

developing corrective algorithms where necessary to align the measurements 

with their reference counterparts. 

This work was conducted within the MUSA – Multilayered Urban 

Sustainability Action – project, funded by the European Union – 

NextGenerationEU, under the National Recovery and Resilience Plan (NRRP) 

Mission 4 Component 2 Investment Line 1.5: Strengthening of research 

structures and creation of R&D “innovation ecosystems”, set up of “territorial 

leaders in R&D”. The MUSA project is an ecosystem of innovation born from the 

University of Milano-Bicocca, involving the other main universities of the city 
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(Politecnico di Milano, Bocconi University, and the University of Milan) and 

numerous public and private partners, aimed at proposing a new model of public-

private collaboration that can be replicated at national and international level. 

The ecosystem was established in the metropolitan area of Milan in an effort 

towards the three dimensions of sustainability: environmental, economic and 

social. This project acted as part of Spoke 1 (Urban) of the MUSA ecosystem, 

focused on the development of strategies for urban regeneration, making cities 

more sustainable and responsive to the needs of today's citizens. At the University 

of Milano-Bicocca, this effort translated into the urban redevelopment plan of 

Piazza della Scienza, the university’s science campus, where the whole 

architectural context of the square was renewed, offering better living spaces and 

green coverage. As the square was planned to be one of MUSA's living 

laboratories, it saw the collaboration of young researchers involved in several 

different scientific fields who collaborated to create a space dedicated to research 

and sustainability, where more than 50 sensors were installed to monitor 

numerous parameters, such as square temperature, air quality, noise impact of 

human activities and biomonitoring. As part of the project, this work covered the 

entire redevelopment plan of the square with      air quality monitoring activities 

during the pre-construction, construction, and post-construction phases. This 

not only allowed for an environmental evaluation of the impact of the whole 

redevelopment plan on air quality, but it also proved to be an excellent testing 

ground for deploying and installing various low-cost monitoring devices.  

All the work carried out will be presented in the following sections of this 

dissertation     . Later in this chapter, we will introduce the main atmospheric 

pollutants and their impact on the environment, human health and materials. 

Chapter 2 will focus mainly on outlining the instrumentation, materials and 

methodologies common to all activities conducted, serving as a general reference 

for the following sections. Since all the activities share a common thread, but the 

studied environments and sensor applications are varied and different from one 

another, each chapter (apart from the chapters 1 and 2, serving as a common 

reference point for the entire work) has been structured to stand alone, similarly 

to a scientific paper with an introductory section and methodology specific to the 

type of work carried out. Chapter 3 describes all the activities carried out as part 



8 
 

of the MUSA ecosystem redevelopment plan of Piazza della Scienza. A detailed 

technical evaluation of the low-cost sensors used will be presented, including 

calibrations against reference instruments and the derivation of site-specific 

algorithms and correction factors. From the data obtained, a precise 

environmental assessment of the construction site is then presented, to highlight 

its impact on the overall air quality of the square and the adjacent university 

spaces. Finally, based on the data gathered in the first months following 

installation, the performance of the devices placed in fixed positions within the 

square is assessed compared to reference data, as the concluding legacy of the 

MUSA project. Chapter 4 presents work carried out with regard to an 

environmental monitoring campaign employing an innovative low-cost sensor 

for measuring atmospheric black carbon (BC), presenting data obtained during 

five months of sampling and comparison with a reference aethalometer in an 

urban background site in Mülheim-Styrum, Germany. Chapter 5 focuses on 

monitoring activities carried out within the “Grande Brera” museum complex in 

Milan (comprising the Pinacoteca di Brera, Palazzo Citterio and Leonardo da 

Vinci's Last Supper), conducted for the purpose of preserving the environments 

and cultural heritage within them. While the monitoring focused on an initial 

assessment of pollutant concentrations in the environment, the project also 

involved the use of low-cost sensors to complement traditional instruments. This 

allowed for greater spatial and temporal coverage of the environment, enabling a 

more comprehensive assessment of the analysed spaces than through standard 

monitoring. Chapter 6 discusses data obtained from two experimental campaigns 

monitoring particle emissions in occupational environments involved in the 

production of polyurethane (PU) foams, conducted as part of the BIOMAT 

project. Particle monitoring was carried out by combining reference 

instrumentation with medium- and low-cost devices, to assess the capability of 

these sensors to significantly detect process-related emissions. Finally, Chapter 7 

focuses on citizen science initiatives carried out as part of this work, involving the 

use of different low-cost systems for air quality monitoring. A homemade     , low-

cost device for monitoring particulate matter and gaseous pollutants, developed 

by a group of local citizens as part of the Milano Smart Park project (Associazione 

Parco Segantini, Milan), was calibrated against a gravimetric sample in an 
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environmental campaign as planned by the F.AIR project. A low-cost, portable 

sensor for personal exposure monitoring (RESPIRO, Unimib) was developed and 

employed in pilot campaigns involving citizens and students in the data collection 

and dissemination phase. 

Finally, conclusions are drawn from this entire study, providing an overview 

of the application of low-cost sensors as a complementing tool in air quality 

monitoring, highlighting the benefits that can be gained and the limitations that 

still persist. 

 

1.1. Pollutants in the atmosphere 

The following passage is primarily aimed at depicting the main pollutants found 

in the atmosphere. As atmospheric chemistry is a highly complex system 

involving numerous agents, this section will focus its attention on a limited 

selection of pollutants, highlighting those most relevant to the activities 

conducted in this work.  

In urban environments, and primarily from the perspective of preserving 

human health and anthropogenic materials, one of the most significant pollutants 

is the particle phase, commonly referred to as particulate matter (PM). Other 

important pollutants are gaseous compounds, introduced into the atmosphere 

from direct sources or through chemical reactivity. Among the most relevant and 

essential for understanding this work and its implications are nitrogen oxides 

(NOX), ozone (O3), and carbon oxides (CO and CO2). The next paragraphs will 

briefly introduce the mentioned pollutants, describing the main mechanisms of 

emission and formation, as well as their evolution and reactivity in the 

atmosphere. 

 

1.1.1. Particulate matter 

Atmospheric particulate matter (PM) is usually defined as a mixture of solid and 

liquid particles suspended in the atmosphere for different times (from seconds to 

weeks). This definition does not strictly refer to a single class of compounds but 

defines a highly heterogeneous set of particles with widely different chemical 

composition, shape, size and physical properties. These characteristics are 
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strongly dependent on emission sources, reactivity, and atmospheric evolution 

processes (EPA, 2019). 

The origin of particles in the atmosphere can be direct, therefore mainly 

linked to emission sources, which can be divided into natural (i.e. mineral dust, 

sea spray, volcanic eruptions and biogenic sources) and anthropogenic (i.e. traffic 

emissions, industrial processes, domestic heating, agriculture) sources. However, 

a significant fraction of the particulate matter present in the atmosphere derives 

from secondary processes, linked to the chemical reactivity of compounds and 

ageing of particles capable of significantly altering their size and physio-chemical 

characteristics. New particle      formation can occur from gaseous compounds in 

the atmosphere through a process called nucleation. As outlined in Figure 1.2, 

following formation by nucleation new particles can then grow through 

coagulation and condensation processes (Raes et al., 2000). 

 

Figure 1.2. Schematics of reactions and processes in the atmosphere that 

influence particle size distribution and their physio-chemical characteristics 

(Raes et al., 2000). 

The formation, ageing and deposition (dry or wet) processes therefore 

significantly influence the size distribution of particles in the atmosphere. This 

results in a number of modes that usually accurately depict particles in the 

atmosphere (Figure 1.3). The number size distribution is usually dominated by 

the nucleation mode (diameter less than 10 nm), characteristic of particles 
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generated via nucleation, and the Aitken mode (diameter comprised between 10 

and 100 nm), dominated by condensation of secondary particles on primary 

nuclei (Seinfeld & Pandis, 2006). However, as the contribution in terms of 

number of particles with a diameter greater than 0.1 μm is negligible, the size 

distribution of particles in the atmosphere is different when mass concentration 

is considered. The accumulation mode, which consists of particles with diameters 

ranging from 0.1 to 2 μm, is predominantly dominated by particles of primary 

origin or those that have resulted from secondary coagulation and condensation 

processes; the coarse mode is characterized by particles with diameters between 

2 to 50 μm, usually generated by mechanical processes, such as wind and erosion. 

These two modes generally dominate the volume and mass particle size 

distributions in most environments. Atmospheric particles are then further 

defined by their size in three different broad-size classes: the term coarse 

particles is generally used to describe particles with a diameter greater than 2.5 

µm; particles with a diameter less than 2.5 µm are referred to as fine particles; 

additionally, particles with a diameter less than 0.1 µm are collectively referred 

to as ultrafine particles. 

 

Figure 1.3. Number (up) and volume (down) size distribution with main modes 

highlighted (Seinfeld & Pandis, 2006). 
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The U.S. EPA (EPA, 2004) introduced a sampling convention for PM, defining 

two classes based on the efficiency of a sampling system and the equivalent 

aerodynamic diameter of atmospheric particles (Figure 1.4): PM10 and PM2.5. The 

PM10 fraction is defined as the fraction of particulate matter collected by a 

sampling system with an efficiency of 55% for an aerodynamic diameter value of 

10 µm following a well-defined sampling efficiency curve (Figure 3); the PM2.5 is 

the fraction of particles collected by a sampling system with an efficiency of 48% 

for an equivalent aerodynamic diameter of 2.5 μm again following a well-defined 

sampling efficiency curve (Figure 3). As the sampling efficiency of a system is 

dependent on the flow geometry, different systems may employ different 

penetration efficiency. At the European level, PM is in accordance with UNI EN 

12341, which defines PM10 as the fraction collected by a sampling system with an 

efficiency of 50% at 10 µm; similarly, PM2.5 is defined as the fraction collected 

with an efficiency of 50% at 2.5 µm. These definitions allow the establishment of 

a parameter for assessing atmospheric particulate matter to simulate its ability to 

penetrate the human respiratory system, providing a useful index for health 

protection. 

 

Figure 1.4. Sampling efficiency curves for atmospheric particulate matter 

measurement systems (EPA, 2004). 
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The chemical composition of atmospheric PM features site-specific and 

temporal variability, mainly related to differences in emission sources, in the 

chemical-physical processes undergone by the particles, as well as meteorological 

conditions and daily and seasonal cycles (Figure 1.5). Typically, the chemical 

composition of atmospheric PM is dominated by water-soluble compounds, 

primarily inorganic ionic species such as NH4+, NH3-, SO4=, derived mainly form 

secondary processes and accounts for almost 40% of atmospheric PM (Ferrero et 

al., 2013). A second important component is the carbonaceous fraction, 

consisting of a significant proportion of organic matter (OM), from both natural 

and anthropogenic sources, and elemental carbon (EC), also reported as black 

carbon (BC) and directly emitted by combustion processes; please note that EC 

is determined via a thermal method while BC from an optical method and 

therefore a recent publication reports the guidelines for reporting BC data 

(Savadkoohi et al., 2024). Finally, a less significant fraction of atmospheric PM is 

composed      of mineral dust and metals (Zhang et al., 2020).  

 

 

Figure 1.5. Average chemical composition and its seasonal variations of PM2.5 

at both an urban (left) and background (right) sites (Liu et al., 2018) 
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One of the most noteworthy properties of atmospheric particulate matter, in 

relation to its chemical composition, is its hygroscopicity. Some compounds, such 

as inorganic salts, can absorb water present in the atmosphere, thereby growing 

in size. When the ambient relative humidity (RH) is low, particles in the 

atmosphere are typically in a solid state. When particles reach a threshold RH 

value, defined as deliquescence relative humidity (DRH) and dependent on the 

chemical composition, they begin to spontaneously absorb water, transitioning to 

the aqueous phase and significantly increasing their mass. This phase transition 

is an equilibrium process, regulated by the Gibbs free energy. When the ambient 

RH decreases water evaporates; however, in the atmosphere the transition to 

solid state does not occur at the DRH and the solution remains supersaturated 

until a lower RH threshold is reached. This point is defined as crystallization 

relative humidity (CRH). The values (DRH and CRH) at which phase transitions 

occur are not constant but are determined by the chemical composition. 

Furthermore, not all species undergo a hysteresis cycle (Figure 1.6), but some 

highly hygroscopic species gradually absorb water in relation to RH values 

(Seinfeld & Pandis, 2006). Hygroscopicity plays a key role in both human health, 

influencing deposition in the respiratory tract, and climate, affecting properties 

and lifetime of clouds, as well as regulating the abundance of different species in 

the gas and particle phases (Shi et al., 2022). Additionally, aerosol hygroscopicity 

can heavily affect particle measurements conducted with optical particle 

counters, as particle can absorb water and grow in size in high RH conditions, 

thus influencing their refractive index light scattering (Nurowska & Markowicz, 

2023). This process usually induces a mass overestimation in the particle 

measurement conducted with such devices. 
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Figure 1.6. Hysteresis cycle of different chemical species, showed as change in 

particle diameter in relation to relative humidity levels (Seinfeld & Pandis, 

2006). 

The chemical composition, size distribution and hygroscopicity of atmospheric 

particulate matter determine a wide range of effects (Liu et al., 2018) that can 

significantly impact the climate, the environment, human health and 

anthropogenic materials. Section 1.2 provides a comprehensive overview of these 

impacts and their implications. 

 

1.1.2. Nitrogen oxides 

The chemistry of nitrogen-containing compounds in the atmosphere is complex 

and involves multiple chemical species. At the tropospheric level nitrogen oxides, 

mainly nitrogen oxide (NO) and nitrogen dioxide (NO2), play a fundamental role 

in atmospheric      chemistry. Nitrogen oxide (NO) is a colourless and odourless 

gas emitted primarily from combustion processes, both of biogenic and 

anthropogenic nature. Within urban centres NO is mainly emitted by vehicular 

exhaust emissions. Nitrogen dioxide (NO2) is a gas      characterised by a reddish-

brown colour and a strong pungent odour. While NO2 is also emitted as a primary 

pollutant through combustion processes, the main source is through reactivity in 

the atmosphere via the oxidation of NO. Given their reactivity and role in the 

atmosphere, it is usually convenient to define atmospheric nitrogen oxides as the 

sum of NO and NO₂, thus referred to as NOX. Other nitrogen oxides present in 
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the atmosphere include nitrous oxide (N2O), an inert gas that is emitted directly 

into the atmosphere from both biogenic and anthropogenic sources. This 

compound is a prominent greenhouse gas and, given its atmospheric lifetime of 

over 100 years, can therefore be transported into the stratosphere, where it acts 

as one of the most significant ozone-depleting substances of the present time. 

Other nitrogen oxides, like the nitrate radical NO3 and dinitrogen pentoxide 

(N2O5), are crucial components of atmospheric chemistry, albeit being present in 

relatively low concentrations (Seinfeld & Pandis, 2006). 

Considering only the NOx, after NO is emitted in the atmosphere, it can rapidly 

be oxidized by ozone to nitrogen dioxide (Eq. 1). As NO2 absorbs the solar 

radiation in the UV, it can then go through photodissociation forming NO and 

atomic triplet oxygen (Eq. 2). This step is critical, as the subsequent reaction (Eq. 

3) with molecular oxygen (where M is a species capable of absorbing excess 

energy) is the only significant source of ozone in urban atmospheres. This series 

of reactions, known as the photolytic cycle of NO₂, is the main mechanism 

influencing NOX and O₃ concentrations in the atmosphere at the steady state, a 

steady state that can be affected even by volatile organic compounds (VOCs) 

(Holland et al., 2024). 

𝑁𝑂 +  𝑂3 →  𝑁𝑂2 +  𝑂2 (1)  

𝑁𝑂2 + ℎ𝜐 → 𝑁𝑂 + 𝑂 (2)  

𝑂 +  𝑂2 + 𝑀 → 𝑂3 + 𝑀 (3) 

After its formation following the reaction described in Eq. 1, nitrogen dioxide can 

further react with ozone forming the nitrate radical NO3 (Eq. 4). The 

concentration of NO3, and its oxidative potential, is thus dependentent on the 

availability of ozone and concentration of NO2 in the atmosphere. The nitrate 

radical is then quickly photolyzed by solar radiation (at wavelengths shorter than 

630 nm), resulting in overall higher concentration during the night. 

𝑁𝑂2 +  𝑂3 →  𝑁𝑂3 +  𝑂2 (4)  

Furthermore, NO2 and the NO3 radical can interact through a three-body reaction 

involving a compound able to absorb the excess energy (Ep. 5), resulting in the 

formation of dinitrogen pentoxide (N2O5) which acts as a short-term reservoir of 
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the NO3 radical. Although N2O5 is easily degraded either thermally or 

photochemically, it is a crucial component of atmospheric      chemistry as it can 

easily react with water to form nitric acid (Eq. 6), contributing to the rain 

acidification phenomenon and gas to particle conversion considering the affinity 

between HNO3 and NH3 in the atmosphere. 

𝑁𝑂2 +  𝑁𝑂3 + 𝑀 →  𝑁2𝑂5 +  𝑀 (5)   

𝑁2𝑂5 +  𝐻2𝑂 →  2 𝐻𝑁𝑂3 (6)  

Nitric acid functions as a bridge between the gaseous phase and the particulate 

phase, as it reacts easily with basic compounds in the atmosphere, such as 

ammonia, to form the corresponding nitrate salts (Eq. 7). 

𝑁𝐻3 +  𝐻𝑁𝑂3  ⇌  𝑁𝐻4𝑁𝑂3 (𝑠) (7)  

This process heavily impacts secondary particle formation through mainly 

heterogeneous reactions, especially in winter, due to high nitrate concentrations 

and generally high relative humidity levels. 

 

1.1.3. Ozone 

Ozone (O3) is a highly reactive gas, and one of the most powerful oxidising species 

in the atmosphere. While most of the atmospheric ozone is found in the 

stratosphere (about 90%), a significant portion, between 10% and 15% dependent 

on latitude, is present in the troposphere (Fishman et al., 1990). In the 

stratosphere, ozone plays a fundamental role, absorbing almost all ultraviolet 

solar radiation at wavelengths between 240 and 290 nm (UV-C) and part of the 

radiation between 290 and 320 nm (UV-B). At the tropospheric level, however, 

high concentrations of ozone can pose harmful effects on human health, resulting 

in damage and inflammation to the respiratory system, and vegetation (Seinfeld 

& Pandis, 2006). A significant part of tropospheric ozone is exchanged from the 

stratosphere through the Stratosphere-Troposphere Exchange (STE); however, 

most of ozone found in the troposphere is formed directly from photochemical 

reactions in the atmosphere involving other gaseous pollutants like NOX and 
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volatile organic compounds (VOCs), methane and carbon oxides (Guicherit & 

Roemer, 2000).  

Ozone in the troposphere plays a critical role in atmospheric chemistry as it 

contributes to the formation of the hydroxyl radical (OH), which rules the 

oxidative processes in the atmosphere (Lelieveld & Dentener, 2000). After 

photodissociation, the ground-state atomic oxygen produced (Eq. 8) can react 

with water vapour resulting in the hydroxyl radical OH (Eq. 9): 

𝑂3 + ℎ𝜐 → 𝑂(1𝐷) + 𝑂2 (8)  

𝑂(1𝐷) + 𝐻2𝑂 → 2𝑂𝐻 (9)   

Among anthropogenic sources, ozone is primarily generated in the atmosphere 

by sunlight-induced photodissociation of NO2 (Finlayson-Pitts & Pitts, 1993), as 

already highlighted by Eq. 2 in section 1.1.2. In a setting where no side reactions 

occur, the overall concentration of O3 in the atmosphere is regulated by the 

photolytic cycle of NO₂, thus depending on generation by photodissociation of 

NO2 and removal by the subsequent oxidation of NO to NO2. In reality, however, 

the cycle is perturbed by other chemical species, like hydrocarbons or volatile 

organic compounds (VOC), that compete in the oxidation of NO to NO2, thus 

preventing the removal of O3 and promoting its accumulation in the atmosphere.  

 

1.1.4. Carbon oxides 

Carbon monoxide (CO) is a colourless, odourless gas and one of the most 

prevalent gaseous pollutants in the atmosphere. CO is usually formed as a 

product of incomplete combustion processes of carbonaceous materials. 

Although CO can originate from natural sources, most of its emission in the 

atmosphere (around 90%) comes from combustion processes linked to 

anthropogenic activities, like motor vehicle exhaust, industrial processing and 

domestic heating (Jaffe, 1968). While vehicle emissions are one of the main 

sources of CO in urban centres and heavily populated areas, the introduction of 

catalytic converters in exhaust systems has led to a significant reduction in 

emissions of this pollutant over the years (Twigg, 2011). As demonstrated by Mott 



19 
 

et al. (2002), CO concentrations in the U.S. have fallen by over 70% since the 

introduction of catalytic converters in 1975. 

In the atmosphere, the main reaction that carbon monoxide undergoes is 

oxidation by the hydroxyl radical to form carbon dioxide and a hydrogen atom in 

its ground electronic state: 

𝐶𝑂 + 𝑂𝐻 → 𝐶𝑂2 + 𝐻 (10)  

This reaction is one of the main pathways in which OH radicals are removed from 

the troposphere (Bjork et al., 2016). The oxidation from CO to CO₂ can also occur 

in the presence of molecular oxygen (Eq. 11), although this reaction is kinetically 

much slower: 

𝐶𝑂 + 𝑂2 → 𝐶𝑂2 + 𝑂 (11)  

Through interaction, and subsequent depletion, with the hydroxyl radical, carbon 

monoxide acts as an indirect greenhouse gas, favouring the accumulation in the 

atmosphere of other greenhouse gases that would otherwise be removed by OH, 

like methane (CH4) (Daniel & Solomon 1998). 

Carbon dioxide is a chemically inert gas, whose overall concentration in the 

atmosphere is influenced by the carbon-cycle through photosynthesis and 

respiration, decomposition of organic matter, carbon fixation, geological and 

combustion processes, as well as the atmosphere-ocean exchange. Atmospheric 

concentrations of CO2, however, have been increasing significantly in the past 

decades driven by anthropogenic emissions, with over 70% resulting from the 

combustion of fossil fuels and industrial activities (IPCC, 2013). While its 

concentrations in the atmosphere are of particular interest due to their climate-

changing effect as a greenhouse gas, CO2 is also widely studied with regard to 

indoor air quality monitoring. In indoor environments, where carbon dioxide 

concentrations can be strongly influenced by release through human respiration, 

high concentrations of CO2 can severely impact cognitive function (Du et al., 

2020). 

In the following section the impacts on human health, climate and 

ecosystems, and anthropogenic materials of the aforementioned pollutants will 

be detailed in greater depth, with particular regard to the activities carried out in 

this work. 
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1.2. Impact and effects of atmospheric pollutants 

The study and monitoring of atmospheric pollutants in different environments is 

of fundamental importance in understanding the impact they can have on our 

world and thus guiding the decision-making processes to promote their 

mitigation and prevention. Scientific literature highlights how these compounds 

and their interaction in various atmospheric processes can significantly influence 

the Earth's climate and the entire ecosystem. Furthermore, these pollutants have 

a negative impact on human health, being often linked to increased human 

mortality, respiratory and cardiovascular diseases (Orellano et al., 2020), and the 

onset of cancer and other conditions. Finally, it is important to underline the link 

between atmospheric pollutants and various detrimental effects on materials of 

anthropogenic origin, potentially resulting in significant economic, social and 

cultural implications. 

The following subsections will address the individual impacts of these 

pollutants on climate change, ecosystems and the natural environment, as well as 

on human health, and materials of anthropogenic origin and use. Given the focus 

of this work, special consideration will be given to the effects regarding human 

health and man-made materials. 

 

1.2.1. Impact on climate, environment and ecosystem 

The impact of atmospheric particulate matter (PM) on the climate is mainly 

caused by changes in the Earth's radiation budget, thus leading to warming or 

cooling of the atmosphere. Atmospheric particulate matter can have two      effects 

in terms of radiative forcing: a direct effect, due to interaction with the solar 

radiation through absorption or refraction; or an indirect effect, interacting with 

cloud formation, changing certain characteristics such as persistence in the 

atmosphere or reflectivity (Bellouin et al., 2020). Overall, the effect of 

atmospheric particulate matter on the Earth's radiation budget is negative, as an 

increase in aerosol concentrations has been linked to a net cooling at the top of      

the atmosphere (Charlson et al., 1992; Levy et al., 2013). The radiative forcing of 

atmospheric aerosols is therefore able to offset part of the positive forcing caused 
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by greenhouse gases, having a substantial influence in concealing a significant 

portion of atmospheric warming caused by anthropogenic emissions. However, 

the role of atmospheric aerosol is double: from one side can cool the surface and 

the top of the atmosphere while on the other side it can warm the atmosphere, 

thus bringing to an energy redistribution (both in space and time). In this respect, 

one of the main components of atmospheric particulate matter influencing 

radiative forcing is the black carbon (BC), whose absorption of light radiation 

leads to atmospheric warming. Conversely, some compounds such as inorganic 

salts (mainly sulphates and nitrates) as well as some organic aerosols can scatter 

solar radiation, thus leading to a significant net cooling effect     . 

Atmospheric particulate matter also has      profound effects on soil, vegetation 

and marine ecosystems. Plant leaves are one of the major sinks for atmospheric 

PM via deposition. It has been observed that atmospheric particulate matter can 

adversely impact vegetation, altering physiological (photosynthesis rate) and 

biochemical (i.e. pH, water content) parameters and affecting morphology, 

through reduction in plant development and growth (Singh & Verma, 2023). 

After deposition, atmospheric PM can penetrate deep into the soil leading to 

various detrimental effects based on its chemical composition, such as 

accumulation of chemical components, changes in nutrients, alteration of species 

diversity and population, disruption of biogeochemical cycles and soil 

acidification. (Zuhara & Isaifan, 2018; Grantz et al., 2003). 

As detailed in the case of PM, the impact on the Earth's climate linked to 

nitrogen oxides (NOX) present in the atmosphere is twofold. These compounds 

present a net warming effect on the atmosphere as they interact with volatile 

organic compounds (VOCs) to form ozone, a well-known greenhouse gas (Tan et 

al., 2018); in an equivalent way, nitrogen oxides in the atmosphere can be 

converted into nitrous oxide (N2O), another potent greenhouse gas (Forster et al, 

2007). The negative forcing of nitrogen oxides, in contrast, is the result of their 

reactivity in the atmosphere, where they play a role in the creation of the OH 

radical thus reducing the lifetime of methane (CH4) in the atmosphere. 

Furthermore, as NOX can undergo nucleation processes to form particulate 

matter, they can consequently contribute to the formation of compounds capable 

of reflecting light and increase the Earth's albedo, thus leading to a net cooling 
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effect on the atmosphere. In addition, nitrogen oxides are one of the main 

compounds leading to acidification of rain. This decrease in rain pH levels can 

have profound implications on soil, leading to a decrease in plant growth and a 

loss in nutrients, on marine ecosystems, directly harming marine fauna, and on 

plants, leading to leaf alterations or reduction in crop yields (Singh & Agrawal, 

2008). 

Stratospheric ozone plays a fundamental role, as detailed in section 1.1.3, in 

blocking ultraviolet solar radiation, contributing marginally towards cooling 

Earth’s surface. Tropospheric ozone, on the other hand, has the opposite effect 

on the climate, acting as a greenhouse gas comparable to CH₄ and N₂O resulting 

in a net positive radiative forcing of about 0.3 W m−2 (Mohnen et al., 1993; Sudo, 

2023). Furthermore, tropospheric ozone has been identified as one of the most 

toxic gaseous pollutants for plants and is linked to adverse effects on the entire 

ecosystem (Fuhrer et al., 2016). 

Carbon dioxide (CO2) is widely known as one of the main greenhouse gases 

in the atmosphere, responsible for a net positive radiative forcing of 1.826 ± 0.19 

W m-2, with an estimated increase per decade, between 2000 and 2010, of 0.2 

W m−2 (Feldman et al., 2015).  

While carbon monoxide (CO) has a direct, albeit very limited, positive forcing 

effect on the Earth's climate, its major effect is indirect, as CO competes to remove 

the OH radical from the atmosphere (forming CO2), thereby increasing the 

lifetime of methane (CH4), a powerful greenhouse gas (Daniel & Solomon, 1998).  

 

1.2.2. Impact on human health 

The effects of air pollution on human health have been extensively studied and 

described in scientific literature, mainly linked to respiratory, cardiovascular and 

neurological morbidity, damage to the reproductive system and the incidence of 

cancer. This translates into an increase in early mortality, hospitalization, as well 

as an increase in total healthcare cost. 

Atmospheric particulate matter is one of the most studied pollutants from a 

human health perspective. The main factor influencing the adverse health effects 

of PM is particle size, thus their ability to penetrate the respiratory system: coarse 

particles (diameter higher than 2.5 μm), usually identified as the PM10 fraction, 
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can reach the upper respiratory tract; fine particles (diameter less than 2.5 μm, 

usually identified as the PM2.5 fraction), however, can penetrate deeper, reaching 

the alveoli and, in some cases, entering the bloodstream (Kampa & Castanas, 

2008). Moreover, ultrafine particles (UFP, diameter less than 100 nm), thanks to 

their smaller size, can easily spread from the lungs to the circulatory system, 

contributing to adverse health effects also in extrapulmonary organs 

(Oberdörster et al., 2005; Oberdörster et al., 2004).  

 

 

Figure 1.7. Permeation of atmospheric PM in the respiratory tract (Sanità di 

Toppi et al., 2020). 

Exposure to fine PM concnetrations has been extensively linked to increased 

cardiovascular mortality, accounting for nearly 80% of pollution-related deaths 

(Basith et al., 2022). Moreover, it is the leading cause for increase in 

cardiovascular morbidity, such as myocadial infarction, strokes, hearth failures 

and arrhythmias (Krittanawong et al., 2023). Exposure, both short- and long-

term, to high PM concentrations has been linked to a higher incidence of chronic 

respiratory diseases, such as asthma and chronic obstructive pulmonary disease, 

and a loss in lung function (Bentayeb et al. 2013; Kyung & Jeong, 2020; Guillam 

et al., 2013). These PM-related diseases are particularly severe for the most 

vulnerable groups of the population, such as the elderly and children (Gao et al., 

2014). Given its variability of chemical species and relative toxicity, atmospheric 

PM has been classified as a Group I carcinogen by the International Agency for 
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Research on Cancer (IARC), as its relation with lung cancer, as its relationship 

with the insurgence of lung cancer is widely documented in scientific literature 

(Sahu et al., 2014; Raaschou-Nielsen et al., 2016; Hamra et al., 2014). Overall, 

exposure to atmospheric PM has been linked to an increase in mortality rate 

(Pope & Dockery, 2006). 

Ozone is a highly oxidising gas in the atmosphere which, upon inhalation, 

can lead to oxidative stress and inflammation of the respiratory tract (Nuvolone 

et al., 2018). Short-term exposure to high ozone concentrations can lead to 

worsening of respiratory symptoms, while long term exposure to ozone is often 

linked to exacerbation of pre-existent respiratory diseases, to chronic lung 

diseases and an overall increase in respiratory and cardiovascular mortality rate 

(Bell et al., 2004; Liu et al., 2018; Jerret et al., 2009; Wang et al., 2020). 

Similarly, exposure to high concentrations of nitrogen oxides, especially 

NO₂, can lead to respiratory symptoms, inflammation of the respiratory tract or 

aggravate pre-existing respiratory conditions. Longer exposure to high 

concentrations of NO2 can result in the development of chronic respiratory 

diseases, such as asthma, respiratory symptoms and an increase in respiratory 

and cardiovascular mortality (Theodorakidou & Lambrou, 2017; Tao et al., 2011; 

Belanger et al., 2005). 

Once inhaled, carbon monoxide (CO) can easily diffuse from the lungs into 

the bloodstream, where it binds to hemoglobin with an affinity 200–250 times 

stronger than oxygen. This can cause a significant decrease in oxygen supply in 

the blood, leading to cellular hypoxia (Abelsohn et al., 2002). The health 

implications of exposure to low concentrations of CO have been recognised for 

several decades, with evidence highlighting possible cardiovascular and 

neurobehavioural effects, as well as complications on fetuses and newborns (U.S. 

EPA, 1984). CO poisoning is a widely documented phenomenon, linked to an 

increase in mortality even at low concentrations and short-term exposure (Ernst 

& Zibrak, 1998; Chen et al., 2021). Carbon dioxide (CO2), while not considered 

one of the major atmospheric pollutants, is nevertheless regarded as an excellent 

indicator of indoor air quality and proper ventilation in buildings 

(Dimitroulopoulou et al., 2023). Exposure to high CO2 concentrations was shown 

to cause cognitive decline and fatigue, dizziness and respiratory symptoms 
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(Samudro et al., 2022). Moreover, CO2 is one of the pollutants considered, as an 

indicator for poor ventilation, regarding the Sick Building Syndrome (SBS), a 

condition involving a plethora of symptoms and health issues due to poor air 

quality inside indoor environments. 

 

1.2.3. Impact on anthropogenic materials 

While the effects of air pollution on human health have been extensively studied 

in scientific literature, the impact that certain pollutants can have on 

anthropogenic materials has been less explored. However, it is now clear how 

atmospheric pollutants can impact our daily lives, affecting every material that is 

exposed to the air. This section will focus on addressing some of the most 

significant effects the discussed pollutants have on anthropogenic materials, from 

damage and soiling of civil structures and cultural heritage sites to effects on 

electronic equipment and printed circuits. 

The materials most susceptible to degradation over time due to exposure to 

atmospheric pollutants are those used in the construction of buildings and civil 

structures, which are predominant in every urban context. While the degradation 

rate for most employed materials has been decreasing in recent years thanks to 

anti-pollution policies (Brimblecombe & Grossi, 2010), the effect on buildings 

and infrastructure is still significant and capable of causing socio-economic 

damage, as well as potential harm to people's lives. Damage to building materials 

is mainly caused by the interaction of certain pollutants with the material, which 

can lead to degradation, corrosion, erosion and soiling of surfaces. One of the 

main contributors to surface degradation is the phenomenon of acid rain, mainly 

linked to the presence of compounds such as sulphur and nitrogen oxides in the 

atmosphere. These compounds, emitted directly from anthropogenic sources or 

reactivity in the atmosphere, can react further to form acid compounds, such as 

nitric acid (HNO3) and sulphuric acid (H2SO4). These acids can then, through dry 

or wet deposition, settle on surfaces causing corrosion and degradation, leading 

to material loss and structural failings in buildings (Rao et al., 2014, Sharma et 

al., 2023; Ruffolo et al., 2023). Among the main targets of this type of process are 

stone materials, especially carbonate-based materials such as marbles and 

limestones, as detailed by Ruffolo et al., (2023) through equations 12 and 13: 
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2𝐻𝑁𝑂3  + 𝐶𝑎𝐶𝑂3  →  𝐶𝑎(𝑁𝑂3)2  + 𝐻2𝑂 + 𝐶𝑂2 (12)  

𝐻2𝑆𝑂4  + 𝐶𝑎𝐶𝑂3  →  𝐶𝑎𝑆𝑂4  +  𝐻2𝑂 + 𝐶𝑂2 (13)  

A further mechanism of degradation of limestone surfaces occurs through natural 

dissolution by rain, naturally acidified by CO2 in the atmosphere, in what is 

known as the karst effect (Eq. 14).  

𝐶𝑎𝐶𝑂3 + 𝐻2𝑂 +  𝐶𝑂2 →  𝐶𝑎(𝐻𝐶𝑂3)2 (14)  

This reaction leads to the formation of calcium bicarbonate, about a hundred 

times more soluble than calcium carbonate, thus leading to a loss of material 

(Cardell-Fernández et al., 2002). Metal surfaces in contact with outdoor air may 

undergo a corrosive phenomenon known as atmospheric corrosion, defined as a 

corrosive process of material degradation following exposure to air. Corrosion 

usually occurs as a result of water vapour condensation on metal surfaces exposed 

to air, where a thin liquid layer is formed and acts as an electrolytic solution, 

allowing dissolution of gaseous or particulate pollutants. The actual corrosion 

process is activated by the presence of this aqueous layer on metal surfaces and 

the dissolution of molecular oxygen (O2) in it, acting as an electron acceptor. 

Atmospheric pollutants can influence the kinetics of this process, influencing the 

corrosion rate, which is usually dependent      on the metal, air temperature and 

relative humidity, as well as the chemical composition and concentration of 

atmospheric gaseous and particulate pollutants involved. Metal corrosion can 

therefore lead to material deterioration, resulting in a loss of structural integrity 

for building and thus in lower longevity, while also posing a safety risk for 

occupants. 

The degradation, corrosion and soiling of surfaces are particularly critical 

for cultural heritage materials such as historic buildings, paintings and 

sculptures, exposed to atmospheric pollutants. Most cultural heritage sites and 

artworks are usually made of materials that are easily degraded and are located 

in highly anthropized areas, making them particularly susceptible to the effects 

of ageing and degradation caused by atmospheric agents and pollutants through 

some of the processes mentioned above (Sablier & Garrigues, 2014). As detailed 

by Vidović et al. (2022), atmospheric particulate matter (PM), nitrogen oxides 

(NOX), sulphur dioxide (SO2) and ozone (O3) are the main contributors to 
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pollution-induced deterioration of cultural heritage objects, as they can lead to 

acidification thus deterioration and corrosion of materials. While the effect of 

ozone on cultural heritage material is generally less explored in the scientific 

literature, its role in deterioration of plastic, rubber, paints and coatings has been 

recognized. Sulphur dioxide has a leading role in the corrosion processes of metal 

exposed to air contaminants; however, its impact on cultural heritage materials 

has been decreasing due to recent anti-pollution policies in most countries. 

Atmospheric particulate matter has been identified as one of the pollutants with 

the greatest impact on cultural heritage materials. Given its high variability in 

terms of size and chemical composition, PM can cause physical, chemical and 

biological damage to surfaces. Atmospheric PM is one of the main agents causing 

surface soiling, defined as the accumulation of materials on surfaces, which can 

lead to their deterioration and visual impairment of the object. In the context of 

cultural heritage, soiling can lead to blackening of surfaces due to the deposition 

of carbonaceous material (elemental and organic carbon) as well as the formation 

of gypsum (CaSO4·2H2O) from the interaction between sulphur dioxide in the 

atmosphere and calcium carbonate (Barca et al., 2014; Comite & Fermo, 2018). 

Deterioration linked to atmospheric pollutants is not a process that only affects 

cultural heritage exposed to outdoor air, but also artworks confined in indoor 

environments, such as museums, exhibitions and historical sites. Fine particulate 

matter (PM2.5) is one of the main agents of deterioration in indoor 

environments, leading to surface soiling (Grau-Bové & Strlič, 2013). Soiling of 

indoor surfaces can lead to two different effects: a visual impairment or 

modification of the surface due to deposition of dust, and degradation due to 

chemical interaction at surface level. Moreover, particles in indoor environments 

are subjected to wet-dry cycles of dissolution and crystallization due to their 

interaction with ambient relative humidity and temperature, thus potentially 

leading to cracking, detachment of materials, scaling and discolorations (Motta 

et al., 2022). In indoor cultural heritage environments, visitors are an important 

source of pollutants, such as carbon dioxide (CO2) and ammonia (NH3), mainly 

from the respiration. Monitoring of these pollutants is of great importance as they 

can lead to formation of secondary particles, as well as degradation and 

discoloration of surfaces. To prevent damage to paintings, artworks and 
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sculptures contained within these environments, it is therefore essential to 

monitor pollutant concentrations, as well as environmental parameters such as 

temperature and relative humidity. The fine tuning of these parameters, 

especially RH levels, and the control of ventilation, air circulation and 

conditioning systems in museum      environments are some of the key measures 

required to preserve cultural heritage. 

An additional category of anthropogenic material negatively impacted by 

atmospheric pollutants are both the electric and electronic infrastructure. 

Atmospheric PM, especially its inorganic fraction, can increase the risk of 

flashover events on insulators of the power grid systems after interaction with 

water (Gini et al., 2023). Atmospheric particulate matter has also been 

demonstrated to cause damage to electrical circuits and printed circuit boards 

(PCBs), resulting in short-circuits and electrical failures. Once deposited on the 

electrical surfaces, PM can reach the DRH, enabling the dissociation of water-

soluble ionic compounds, thus becoming both electrically conductive and 

corrosive (Ferrero et al., 2013). For this reason, as highlighted by Ferrero et al. 

(2015), monitoring pollutant concentrations and environmental parameters 

within high-risk environments, such as data centers, can lead to significant 

economic, energy and environmental savings. 
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2. Materials & methods 

As described in the previous section, this work is aimed at the employment of 

several low-cost instrumentation for monitoring pollutants in the atmosphere. 

The devices used in the present work are characterized by different      operating 

principles and applications, suitable for very specific aims and usages in various 

environments, as detailed in the next sections of this work. In addition, since low-

cost sensors require comparison and calibration with reference instruments, the 

research-grade devices employed are      described as well. Therefore     , this 

chapter focuses on providing a detailed description of each device and equipment 

used. Since most of the equipment discussed here is the one used in  the 

environmental applications outlined in the following sections, the information 

reported below       provides      a common foundation for      the materials and 

methods used in      all the activities described hereinafter this chapter. In fact, 

each of the following chapters will contain a more detailed description of the 

methodology specific to each application, referring to this section where 

necessary. 

 

2.1. Gravimetric system: HYDRA Dual Sampler 

The Low Volume Gravimetric PMx sampler used during this work was an HYDRA 

Dual Sampler (FAI Instruments s.r.l.) system: a sampling system for atmospheric 

particulate matter collection on filter membranes (either teflon or quartz, 47 mm 

diameter) with two independent sampling lines (figure 2.1). The system is fully 

automated and allows the management of particulate matter sampling according 

to the time specifications defined during the sampling setup. Once blank filters 

are loaded into the container, the instrument automatically manages their 

loading, PMx accumulation and unloading of the sampled filter for recovery by 

the operators. 
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Figure 2.1. HYDRA Dual Sampler system. On the right the HYDRA system with 

a cabinet for outdoor applications. 

The device is designed to work with an operating flow rate in the range 0.8 – 2.5 

m³/h, with a relative uncertainty of 2% of the measured value and a 

reproducibility of 1% of the measured value. The flow rate is controlled 

automatically and regulated by a valve moved by a step motor with a relative 

precision of about 1% of the set nominal value. The airflow is regulated by two 

pump units, located downstream of the sampler unit, which draw air from the 

environment through the sampling heads, the sampling lines and the two filter 

membranes. Automatic flow rate adjustment is conducted independently on the 

two sampling lines. The instrument is equipped with an external air compressor 

(200–300 kPa) necessary to manage the movements of the servomechanisms 

that control the loading and unloading of the filters. The sampling method 

adopted by the HYDRA Dual Sampler complies with the European technical 

standard EN 12341 "Ambient air - Standard gravimetric measurement method 

for the determination of the PM10 or PM2.5 mass concentration of suspended 

particulate matter". Additionally, the device is equipped with PM10 Low Volume 

sampling heads (model LVS-PM10, FAI Instruments) designed in compliance 

with the sampling requirements set out by the Italian Ministerial Decree no. 60 

of 2 April 2002 “Procedure operative ai fini della certificazione di equivalenza 
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dei metodi e dei sistemi per il campionamento e la misura del PM10 da parte dei 

laboratori primari di riferimento”. Given these specifications, the HYDRA Dual 

Sampler instrumentation can be defined as a reference PMx monitoring system. 

For compliance with regulations, the sampler must be employed at a specific 

constant airflow (2.3 m3/h), over a nominal sampling period of 24 hours. In 

addition, the instrument must provide specific environmental and instrumental 

parameters, including ambient temperature and pressure, total sampled volume 

and pressure drop at the filter membrane. 

When employed for applications relevant to this work, the HYDRA Dual 

Sampler was equipped with low-volume sampling heads for PM10 and PM2.5 in 

compliance with EN 12341 and EN 14907. This sampling heads are based on the 

principle of inertial classification, where particles with inertia under a specific 

threshold value (corresponding to a specific equivalent aerodynamic diameter) 

follow the airflow and are sampled on the filter, whereas particles with sufficient 

inertia can escape the flow and are captured on the impaction plate (figure 2.2). 

 

Figure 2.2. Schematics of an inertial classifier. 

The inertial impactor must be designed to allow sampling in a wide range of 

environmental conditions, protecting the filter from rain, insects and other 

foreign objects from entering the system, thus compromising the 

representativeness of the sampled PM fraction. Additionally, the temperature of 

the sampling lines must not exceed the ambient temperature by 5°C and no 

obstructions or flow impairments must be present, in order to prevent losses on 

the PM sample.  
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In all the activities reported in this work where a gravimetric PM measure 

was applied, the HYDRA Dual Sampler was equipped with standard EU low-

volume sampling heads for PM10 and PM2.5, compliant with the EN 12341 and EN 

14907 standards respectively. Each measure was conducted with a constant flow 

of 2.3 m3/h over a sampling period of 24 hours. To ensure compliance with the 

European standard and an accurate mass quantification, sampled filter weighing 

was conducted, after conditioning for 48 hours in a desiccator, in a room with 

controlled environmental conditions. 

 

 

2.2. Optical particle counters       

2.2.1. Environmental Dust Monitor – model 1.107      

The Environmental Dust Monitor model 1.107 (GRIMM Aerosol Technik GmbH) 

is a compact and portable aerosol spectrometer, generally defined as optical 

particle counter (OPC), built for real-time assessment of airborne atmospheric 

particles and their size distribution (figure 2.3). To simplify further discussions, 

throughout this document the device will be referred to as OPC Grimm. The 

device measures the numeric particle size distribution (unit particles/litre) in the 

range 0.25 - 32 μm. Additionally, the device is designed to classify the sampled 

particles into 32 separate size channels (unit particles/litre), thus providing an 

accurate deternibation of the particle size distribution in terms of equivalent 

optical particle diameter (Howell et al., 2006). Through a specific calculation 

algorithm, the instrument also reports the particle mass concentration, expressed 

as μg/m3, in the three main PM fractions, namely PM10, PM2.5 and PM1. The 

standardized dust mass fractions in terms of occupational health (respirable, 

thoracic and alveolic) according to EN 481, are also reported. To ensure an 

accurate and reproducible particle concentration assessment, the OPC Grimm 

operates with a constant and stable airflow set at 1.2 litre/minutes. Data can be 

reported at different time resolutions, from a minimum of 6 seconds to a 

maximum of 60 minutes. Thus, the Grimm OPC is an excellent tool for real-time 

particulate matter measurement in various environments and contexts where 

high temporal resolution is required, enabling short-lived emission events to be 

detected. Finally, the instrument is equipped with a sensor for monitoring 
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ambient parameters such as relative humidity, temperature and pressure, 

necessary for subsequent data analysis. 

 

Figure 2.3. The Environmental Dust Monitor model 1.107 

The Environmental Dust Monitor detection principle is based on the light 

scattering phenomenon, as detailed in figure 10. Each device is equipped with a 

laser diode as a monochromatic light source, at a specific wavelength of 655 nm. 

As airborne particles are sampled, they are led directly in the measuring cell and 

focused aerodynamically in a way that statistically ensures only one particle in 

the measuring volume at a time. Particles are then hit by the laser source, 

perpendicular to the airflow, and the resulting scattered light is detected by a 

receiving mirror at an angle of 90° and focused onto a receiver diode (figure 2.5). 

The manufacturer explains that the 90° position of the mirror allows to minimize 

the influence of the refractive index of aerosol particles in the determination of 

particle size. The opening angle of the detector optics was selected to compensate 

for uncertainty of the scattering light intensity due to MIE scattering undulations 

caused by monochromatic illumination. This setup enables the detection of the 

particle size in distinct and sufficiently narrow dimensional classes. The number 

concentration outputted by the device results from the number of particles 

detected divided by the flow rate. The particle size is directly proportional to the 

intensity of the detected scattering light signal. However, the intensity of this 
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signal can be influenced by different factors, such as the particles’ refractive 

index, shape, and orientation. 

 

 

Figure 2.4. Measuring principle of the Environmental Dust Monitor model 

1.107 as reported by the manufacturer. 

 

Figure 2.5. Schematics of the measuring chamber for the Environmental Dust 

Monitor model 1.107 as reported by the manufacturer. 

Given these specifications, the OPC Grimm proves to be a useful tool in 

monitoring atmospheric PM, providing great accuracy and reproducibility in the 

measurements. As reported by Grimm & Eatough (2009), the device shows 

strong agreement with results obtained with a filter dynamic measurement 

system (FDMS) and tapered element oscillating microbalance (TEOM) monitors. 

Additionally, the conversion from number size distribution to mass size 

distribution was robust when compared with FDMS results, as highlighted by the 

authors. 

Thanks to its ease of use, compact size, and ability to provide real-time 

measurements at high temporal resolutions, this instrument is a valuable tool for 
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monitoring indoor environments or mobile sampling, where the use of a 

gravimetric sampler would not be possible. 

 

2.2.2. OPC-N3 

The OPC-N3 (Alphasense) is a low-cost (~ 500€), small, and portable optical 

particle counter, developed for applications in highly polluted urban 

environments. The sensor provides a real time measure of particle number 

concentration and mass concentration, expressed as μg/m3, in the three main PM 

fractions: PM10, PM2.5 and PM1. While available at a slightly higher price than 

other low-cost sensors on the market, this device stands out for its ability to also 

provide accurate measurements of the particle size distribution, with 24 

dimensional channels in the size range 0.35 – 40 μm. 

 

 

Figure 2.6. Outer case of the OPC-N3 sensor. 

The OPC-N3 operates through the same principle as traditional optical particle 

counters, measuring the scattered light from a monochromatic laser source (with 

a wavelength of 658 nm) after interaction with individual particles carried in the 

entering air stream. Particle number concentration can then be obtained, while 

particle size is calculated from the intensity of the scattered light based on the 

Mie scattering theory at the refractive index of polystyrene latex sphere. The PM 

mass concentration is calculated via an algorithm in compliance with the 

European Standard EN 481. To convert from number size distribution to mass 
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distribution, the sensor applies a default fixed particle density value of 1.65 g/cm3      

and an average refractive index (RI) of 1.5 + i0. These assumptions are made 

based on factory calibrations and testing and are suitable for most environmental 

applications. However, since it is well known that particle refractive index and 

density vary greatly depending on emission sources, environmental conditions 

and particle size, it is often necessary to set actual experimental density values 

within the algorithm in order to improve the accuracy of the sensor. To enable a 

more accurate estimate of PM concentrations, the OPC-N3 allows for different 

particle density values to be set for different dimensional channels. The device is 

also equipped with a temperature and relative humidity sensor. However, as this 

sensor is mounted directly on the PCB, the reported values are affected by heating 

of electronic components and thus do not represent the ambient conditions. The 

OPC-N3 manages the airflow by means of a small fan positioned on the opposite 

side to the inlet, which allows the sampled particles to pass directly into the 

measuring chamber. The device is then susceptible to sudden variations in the 

fan speed and to any obstruction to the inlet or fan outlet. To solve this issue, the 

OPC-N3 is equipped with a patent-pending correction algorithm capable of 

dynamically compensating      moderate flow variations, thus ensuring stability in 

PM measurements. 

Given its small size, ease of use, and ability to obtain a good estimate of PM 

concentrations and their size distributions at a lower cost, the OPC-N3 has seen 

a wide variety of applications. The scientific literature concerning this device 

shows good correlation with reference instruments, while highlighting the need 

for site-specific calibrations and correction factors. Sousan et al. (2021) evaluated 

the OPC-N3 in laboratory conditions comparing performance in environmental 

and occupational exposure, obtaining strong correlation with reference 

instrumentation, while highlighting differences between studied settings. Kaur & 

Kelly (2023) found strong correlation (R2 > 0.9) for PM10 with FEM-monitors, 

during monitoring of dust events. DeSouza et al. (2023) employed the OPC-N3 

during mobile monitoring in the urban area of Boston; after calibration with 

reference data, the proposed correction worked best for stationary measurements 

but showed limitations in correcting the data      obtained from mobile monitoring. 

Dupont et al. (2025) managed to obtain strong correlation with reference devices 
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and good estimates of dust emission fluxes employing the OPC-N3, after 

correcting for variations due to ambient conditions. Nurowska et al. (2023) 

demonstrated the application of the OPC-N3 as a tool to monitor      fog droplets. 

Schneiders et al. (2025) detailed the application of the OPC-N3 in Arctic regions, 

highlighting the significant aging and soiling of the sensor due to extreme events.  

 

 

2.3. Purple Air Flex (and integrated OPC) 

The Purple Air Flea air quality monitor (PurpleAir, Inc.) is a low-cost (~300$) 

real-time device developed for air quality assessment in indoor and outdoor 

environments. The Flex monitor was designed not strictly for scientific 

applications, but also for use by the general public. The device therefore features 

a compact design and a user-friendly interface. 

 

Figure 2.7. Purple Air Flex air quality monitor (left) and schematics of the 

device (right) 

The Purple Air Flex monitor is equipped with two separate low-cost PM 

sensors (PMS-6003, Plantower Technology), working in tandem to provide 

duplicate PM measures to the device, thereby increasing the overall accuracy. The 

PMS-6003 is a low-cost optical particle counter, capable of providing an estimate 

of number particle concentration in the range 0.3 – 10 μm over five separate size 

channels (0.3, 0.5, 1.0, 2.5, 5.0 and 10 μm), with a counting efficiency of 50% at 

0.3 μm and 98% at ≥0.5 μm. While these sensors can provide estimate of PM 

mass concentrations in the three main fractions (PM10, PM2.5 and PM1), the device 

is marketed solely as a PM2.5 monitor, as the manufacturer can guarantee a 
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reliable measure (maximum consistency error: ±10% at 100 to 500 μg/m³ and 

±10 μg/m³ at 0 to 100μg/m³, as reported by the manufacturer) only for this 

fraction. Additionally, the Flex device is equipped with a sensor (BME688, Bosch) 

for monitoring environmental parameters (pressure, temperature and relative 

humidity) and atmospheric concentration of volatile organic compounds (VOC).  

The device manages the measured environmental output both locally (via 

SD memory) and online via Wi-Fi connection. An online platform (figure 2.8), 

public and easily accessible via smart devices, allows remote access to the sensor 

data, providing a clear, real-time overview of PM concentrations and trends over 

time. This is a major advantage of the Purple Air devices, providing an excellent 

resource not only for the scientific community, but also for citizens concerned 

with air quality issues, promoting public knowledge and awareness of 

environmental topics. 

 

Figure 2.8. Online Purple Air platform for data visualization. 

The Purple Air devices are now widely studied in the scientific literature 

regarding low-cost air quality sensors and are extensively evaluated in different 

environments and settings. The U.S. South Coast Air Quality Management 

District (AQMD) has evaluated the sensor correlation with reference 

instrumentation as part of their Air Quality Sensor Performance Evaluation 

Center (AQ-SPEC) program, in both laboratory and field conditions. The Purple 
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Air Flex monitor showed strong correlation (R2 > 0.9) and precision when 

compared to FEM monitors for all PM fractions; field evaluation showed      

moderate to strong correlation for PM1 and PM2.5, while PM10 poorly correlated 

(R2 = 0.2-0.4) with reference instrumentation. Numerous studies reported a 

strong correlation for PM2.5 between the Purple Air and reference 

instrumentation, highlighting however a significant overestimation of 

concentrations and linking deviations to influence of aerosol properties and 

environmental conditions (Tryner et al., 2020; Stavroulas et al., 2020; Johnson 

et al., 2020; Heintzelman et al., 2023). Kaur & Kelly (2023) tested the PMS6003 

sensor with monodisperse dioctyl sebacate particles, highlighting a limitation in 

detecting coarser particles, which were categorized in the lowest size bin. 

Ouimette et al. (2022) demonstrated how the PMS sensor employed inside Purple 

Air devices appears to behave as an imperfect reciprocal integrating 

nephelometer rather than an OPC, deriving PM concentration from a near-

constant normalized number distribution converted from the scattering signal 

through an unknown algorithm. 

Multiple studies developed correction factors for PM2.5 Purple Air measurements, 

effectively improving the sensor agreement with reference monitors (Barkjohn et 

al., 2021; Barkjohn et al., 2022; Nilson et al., 2022). Wallace et al. (2022) 

developed a calibration factor for correcting PM2.5 estimates after comparing 182 

outdoor Purple Air monitors with 47 regulatory monitors in the U.S., showing 

good agreement after data correction. The derived correction factor (CF = 3.4) is 

now directly employed in the official Purple Air platform for data visualization 

and analysis. 

 

 

2.4. Polludrone Pro (integrated multi-sensor monitoring 

station) 

The Polludrone Pro (Oizom Instruments) is a multiparameter air quality 

monitoring system devised for environmental and industrial applications, 

capable of providing accurate, real-time measurements of various pollutants in 

the atmosphere. The device is designed for fixed and continuous monitoring over 

time, allowing for a proper evaluation of the overall air quality, as well as a 
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comprehensive assessment of environmental parameters such as noise, weather 

and radiation. While this device is not marketed as scientific-grade equipment 

designed for research, it is positioned as a mid-range tool above standard low-

cost sensors thanks to the strong support of machine learning in the process of 

correcting and calibrating environmental data. 

 

 

Figure 2.9. Outer case of the Polludrone system (left) and schematics of 

sensors' inlets (right), as reported by the manufacturer. 

The device consists in a single, compact, and corrosion-proof case enclosing a 

wide array of low-cost sensors. The Polludrone device is equipped with a standard 

optical particle counter, based on the laser scattering principle, for assessment of 

PM concentration. This provides an estimate of the mass concentration of the 

main PM fractions, namely PM10, PM2.5 and PM1. While the manufacturer does 

not      provide the actual model of the optical counter installed in the unit, the 

sensor is able to measure airborne particles from a minimum detection limit of 1 

μg/m³ up to 5000 μg/m³, with a resolution of 0.1 μg/m³. The installed OPC is 

the set to sample with a flow rate of 1 litre/minute. Additionally, the device 

provides a measurement of total suspended particles (TSP) in the atmosphere, 

outputted as PM100. The Polludrone monitoring unit features a wide array of 

NDIR, electrochemical, and semiconductor sensors for the assessment of gaseous 

pollutants, allowing a direct measure of carbon monoxide (CO), carbon dioxide 

(CO₂), nitrogen dioxide (NO₂), nitrogen monoxide (NO), ozone (O₃) and total 

volatile organic compounds (TVOC). Table 2.1 list the specifications of the 

mounted gas sensors. 
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Parameter Range Resolution 
Minimum 

detection 
Error / Drift 

Working 

Principle 

CO2 0-5000 ppm 1 ppm 20 ppm < ±5 ppm/yr NDIR 

CO 0-100 ppm 100 ppb 100 ppb < ±100 ppb/yr Electrochemical 

NO2 0-20 ppm 1 ppb 10 ppb < ±20 ppb/yr Electrochemical 

NO 0-20 ppm 1 ppb 10 ppb < ±50 ppb/yr Electrochemical 

O3 0-20 ppm 1 ppb 10 ppb < ±20 ppb/yr Electrochemical 

TVOC 0-20 ppm 1 ppb 5 ppb N.A. PID 

Table 2.1. Specifications of the gas sensors mounted on the Polludrone, as 

detailed by the manufacturer. 

To enable a comprehensive assessment of ambient conditions and complement 

air quality data, the device is designed to measure different environmental 

parameters, such as temperature, humidity, pressure, wind speed and direction, 

environmental noise, light intensity and UV radiation index.  

To ensure the best accuracy in the output data, the device goes through three 

levels of calibration procedures, in factory, laboratory and ambient conditions, 

carried out by the manufacturer. Moreover, each device is equipped with an 

innovative and proprietary suction-and-exhaust system (“Micro Active 

Sampling”, e-breathing technology) that manages air sampling to minimise the 

impact of external factors on measurement accuracy, leading to a 13% increase 

over industry standards. Furthermore, the output environmental data are readily 

accessible through the proprietary online platform (Envizom). This system allows 

for immediate and real-time data visualization and analysis, as well as the setup 

of automated operations and alerts. 

As this device is relatively new on the market, the scientific literature 

regarding its application is still limited. Some studies saw the application of the 

Polludrone device in both environmental and occupational settings, successfully 

assessing targeted pollutants concentrations (Subramaniam et al., 2023; Shankar 

et al., 2023). Gulia et al. (2020) analyzed PM10 and PM2.5 data of ten Polludrone 

unit in the city of Delhi      (India) against a calibrated PM monitor (GRIMM) and 

found a similar trend with correlation coefficient (R2) values of 0.73 and 0.85, 
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respectively. Kurtenbach et al. (2022) found the Polludrone device significantly 

overestimated PM concentrations when the relative humidity exceeded a value of 

85% and derived a potential correction factor. Overall, the Polludrone monitoring 

system is an effective tool in monitoring atmospheric pollutants; however, there 

is still need for proper in-situ calibration to effectively assess real pollutant levels.  

 

 

2.5. Milano Smart Park (integrated homemade multi-sensor 

monitoring unit) 

The Milano Smart Park air quality monitoring unit (henceforth referred to as 

MSP), is a low-cost and do-it-yourself device for air quality monitoring, 

developed by the citizen-based initiative “Associazione Parco Segantini” e.t.s. 

(APS) in the urban area of Milan, Italy. The development of the device is aimed 

at raising awareness of urban environmental protection issues, while 

disseminating knowledge on the complexity of air pollution in order to adapt 

behaviour and protect health. 

 

Figure 2.10. Milano Smart Park monitoring unit (milanosmartpark.it). 
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The device is equipped with a low-cost optical particle counter (PMS5003, 

Plantower Technology), working via the laser scattering principle, as already 

detailed in the previous sections. This sensor allows the detection of PM mass 

concentration in the range 0.3 - 10 μm, allowing the determination of three 

different size classes: PM10 (dae ≤ 10 μm), PM2.5 (dae ≤ 2.5 μm) and PM1 (dae ≤1 

μm). The MSP device also houses a multi-channel sensor (Grove – Multichannel 

Gas sensor) for measuring gaseous pollutants, based on the metal oxide 

semiconductor sensing unit MiCS-6814 (SGX Sensortech). This unit is comprised 

of three fully independent sensing elements: RED (reduction), OX (oxidation) 

and NH3 (ammonia), whose combination allows for the measurement of a wide 

range of polluting gases, like carbon monoxide (CO), nitrogen dioxide (NO2), 

ethanol (C2H6OH), hydrogen (H2), ammonia (NH3), methane (CH4), propane 

(C3H8) and isobutane (C4H10). The sensor however, as stated by the 

manufacturer, is not able to determine the exact gas concentration, only reflects 

the approximate trend in concentration within a permissible error range. 

Additionally, the monitoring unit hosts a sensor (BME680, Bosch) for monitoring 

environmental parameters (pressure, temperature and relative humidity) and 

atmospheric concentration of volatile organic compounds (VOC). The MSP 

device operates by acquiring data every 30 minutes, storing both locally (via SD 

memory) and online through Wi-Fi connection. Data acquired by every MSP unit 

is publicly available on the Milano Smart Park Website 

(https://www.milanosmartpark.it/). 

 

 

2.6. bcMeter 

The bcMeter is a small, do-it-yourself, and low-cost (< 300€ for the total bill of 

materials) black carbon monitoring device, recently released as an open-source 

tool targeted at tackling the issue of black carbon concentrations in 

environmental and industrial fields. This device is based on the same principle as 

conventional aethalometers, where an LED light source in the infrared spectrum 

(880 nm) is targeted at the attenuation (referred to as ATN) of the radiation 

through a filter membrane after particle deposition. From the data obtained, the 

sensor can extrapolate the atmospheric BC concentration, employing standard 

https://www.milanosmartpark.it/
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equations already established in the scientific community, as outlined by Ferrero 

et al. (2024). The device consists in a 3D-printed outer housing, which houses an 

LED source, the filter compartment, an airflow controller, a small 5V pump, and 

a PCB for software management, as shown in figure 2.11.  

 

Figure 2.11. Schematic of the bcMeter (left) and sensor with top case removed, 

with main components highlighted (right), as reported by Doldi et al., (2025). 

The airflow controller allows the device to work at a constant airflow, which can 

be modified by the user. The main difference between the bcMeter and traditional 

aethalometers is the management of the filter loading effect. The continuous 

accumulation of particles      on the filter membrane can lead to a change in the 

sensor’s sensitivity. As detailed by Virkkula et al. (2007), this can result in two 

main effects on the determination of BC mass concentration: as the ATN value 

increases the BC concentration is underestimated; on the other hand, scattering 

of aerosol can lead to an overestimation of BC. Traditional research-grade 

aethalometers solve this issue by sampling on two different spots at different flow 

rates, correcting for the filter loading effect via specific algorithms. Due to 

technical constraints and cost-effectiveness, the bcMeter is limited to sampling 

on a single spot. For the same reason, while standard aethalometers are usually 

equipped with a self-advancing filter tape, the bcMeter can allocate a single filter 

at a time that needs to be manually changed once the ATN threshold is reached.  
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2.7. Nanoscan SMPS Model 3910 

The Nanoscan SMPS (Scanning Mobility Particle Sizer) model 3910 (TSI 

Instruments Ltd.) is a portable instrument aimed at measuring atmospheric 

nanoparticles concentration (as particles/cm3) and size distribution, mainly 

designed to for air quality assessment in indoor/outdoor environments and 

workplace exposure monitoring. The Nanoscan SMPS consists of two main units 

for particle monitoring: a patented Radial Differential Mobility Analyzer 

(RDMA), allowing for particle size classification, and a Condensation Particle 

Counter (CPC), an optical detector for nanoparticle counting. The device operates 

in a dimensional range from 10 up to 420 nm, in 13 size channels. The Nanoscan 

SMPS is able to detect nanoparticle      concentrations from 100 to a maximum of 

106 particles/cm3. While the time resolution for particle concentration is 1 second, 

size distribution on atmospheric nanoparticles is outputted at a maximum 

resolution of 1 minute. 

 

 

 

Figure 2.12. The Nanoscan SMPS model 3910, TSI. 

The detection of particles is carried out by the instrument in four main 

components: a cyclon, the patented unipolar charger, the patented compact 

Radial Differential Mobility Analyzer (RDMA) and a condensation particle 

counter (CPC), as detailed in figure 2.13. After sampling, larger particles are 

removed by the cyclone with a cutoff diameter of 550 nm. Then an inlet 

conditioner removes large particles with multiple charges per particle, as these 
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can result in an inaccurate measure. Afterwards, the sampled particles are moved 

through a unipolar charger and collide      with a stream of unipolar ions. This 

collision improves the mixing of the sampled particles ensuring      that most of 

them      reach a consistent charge state within the time spent inside the mixing 

chamber. Then the flow of charged particles passes through the compact Radial 

Differential Mobility Analyzer (RDMA). This component consists of an upper 

ground plate and a lower negative voltage plate, generating an electric field. 

Particles subjected to this electric field and to a drag force from an opposite 

airflow show different electrical mobility (equated using Stokes' law) allowing for 

size classification (figure 2.14). The size-classified aerosol exits through a 

monodisperse outlet and are directed to an internal Condensation Particle 

Counter (CPC), where the particles are increased in size by condensation of a 

supersaturated vapor (isopropyl alcohol, IPA), allowing detection by a laser 

detector.  

 

Figure 2.13. Schematics and main components of the Nanoscan SMPS. Source: 

TSI. 



47 
 

 

Figure 2.14. Schematics and working principle of the patented Radial 

Differential Mobility Analyzer. Source: TSI. 

As detailed by Tritscher et al. (2013), the Nanoscan SMPS proved to be a reliable 

tool for assessing nanoparticle concentrations and size distribution, showing 

good correlation with reference SMPS systems and concentration linearity up to 

106 particles/cm3 with reference CPCs. Given its compact size, portability and 

easiness-of-use, the device can be an ideal solution for environmental 

applications in contexts where the use of bigger and not battery supplied 

reference instrumentation is impractical. 

 

 

2.8. Aerosol Dosimeter Partector-2 

The Partector-2 (naneos particle solutions gmbh) is a small, hand-held aerosol 

dosimeter specifically designed for the assessment of personal exposure to 

airborne nanoparticles in occupational environments and ambient air. The device 

allows for real-time measurements (1 second time resolution) of nanoparticle 

number concentration up to 106 particles/cm3, in the range from 10 – 300 nm. 

Additionally, the Partector-2 is able to measure the average particle diameter and 

total surface area of sampled particles, as well as the lung deposited surface area 

(LDSA). LDSA is a crucial indicator of nanoparticle exposure at lung level, 

quantifying the total surface area of inhaled particles able to reach the alveolar 

region. As nanoparticles are thus able to diffuse into the bloodstream, and 

therefore causing adverse effects even to extrapulmonary systems, as described 

in chapter 1, LDSA emerges as a key parameter for safeguarding human health. 

The Partector-2 is set to detect LDSA in the range 0 – 1.2∙104 μm2/cm3. 
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Figure 2.15. Partector-2 device. 

The air inlet, located at the top of the instrument, is regulated by an internal 

pump that sets a constant flow rate of approximately 0.5 litre/minute. 

Additionally, the device is equipped with integrated sensors for measuring 

environmental parameters such as relative humidity, pressure, and internal 

temperature, essential for ensuring performance within the recommended 

operational limits (0-40 °C, 10-90% RH). The Partector-2 is a device that offers 

an innovative method for particle counting. The working principle of the 

Partector-2 is similar to that of conventional diffusion chargers (DC), already 

widely used in the development of aerosol measuring instrumentation, with the 

main difference being the absence of a particle filter to capture particles and 

measure the deposited current. The Partector devices apply a novel technique 

based on induced currents (figure 2.16), as detailed by Fierz et al. (2014) and Fierz 

et al. (2015). 
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Figure 2.16. Scheme of an induced current detector, as described by Fierz et al. 

(2015). 

In the Partector-2, a grounded Faraday cage (that prevents any electric field lines 

from escaping) replaces the particle filter stage. Then, the device measures the 

current flowing to or from the cage as time derivative of the charge (dQ/dt). In 

order to maintain a detectable signal, as a constant charge in the cage cannot be 

measured this way, the charge must undergo temporal variation. Thus, the 

measurement is obtained by pulsing the unipolar charger (frequency of 0.5 Hz), 

which enables an oscillating signal to be detected at the electrometer. The 

amplitude of the obtained signal is proportional to the charge transferred to the 

aerosol. The applied method is also more robust than traditional DC, reducing 

the zero-offset drifting over time or due to changes in the environmental 

conditions, removing the need for warm-up time or zeroing procedures. 

 

 

2.9. AC32M - Chemiluminescent Nitrogen Oxides Analyzer 

The AC32M (Environnement S.A.) analyzer is designed to monitor low nitrogen 

oxides (NO2 and NO) concentrations (in the range 0 – 50 ppm) in ambient air. 

The device operates according to the principle of chemiluminescence, measuring 

radiation emitted by nitrogen monoxide (NO) in the presence of high 

concentrations of ozone molecules with strong oxidizing capacity. Outdoor air is 

sampled by means of an external pump through a Teflon tube (d = 6 mm) 

associated with a dust filter to prevent atmospheric particles from entering the 

system. The sampled air is directed inside three main units necessary for the 
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measurement: the pre-reaction chamber, the reaction chamber, and a converter. 

The converter consists of a thermally isolated molybdenum oven, with a 

controlled temperature equal to 340°C. An enclosure containing a 

photomultiplier, the radiation detector, is adjacent to the reaction chamber 

separated by an optical filter. 

 

Figure 2.17. AC32M analyzer 

Chemiluminescence is obtained through oxidation of nitrogen monoxide 

(NO) by ozone (O3): 

𝑁𝑂 +  𝑂3 → 𝑁𝑂2
∗ +  𝑂2 (15)  

The excited NO2* molecules produced can then return to the fundamental 

electronic state by emitting radiation with wavelength in the range 600-1200 nm: 

𝑁𝑂2
∗ →  𝑁𝑂2 + ℎ𝜐 (16)  

Part of the energy can be lost by quenching, the interaction with other molecules 

present in the sampled air. As this can influence the accuracy of the measurement, 

this phenomenon is prevented by reducing the pressure inside the reaction 

chamber thus lowering the quenching probability. To remove interferences due 

to hydrocarbons, an optical filter removes radiation with a wavelength greater 

than 610 nm. Finally, a photomultiplier detects and converts the signal into the 

concentration output. As nitrogen dioxide (NO2) cannot be measured this way, it 

must be reduced to NO by a molybdenum oven: 

2𝑁𝑂2 + 𝑀𝑜 → 2𝑁𝑂 + 𝑂2 (17)  
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The measuring procedure is thus comprised of three mains steps, referred to as 

reference cycle, NO cycle and NOX cycle. During the reference cycle, the sampled 

air is directed into a pre-reaction chamber, where the photomultiplier acquires a 

signal without chemiluminescence, considered as zero reference. Afterwards, the 

sample is directed into the measurement chamber, where it undergoes the 

reactions described in equations 15 and 16 (NO cycle). Ozone in the measurement 

chamber is generated by a discharge ozone generator. Finally, the acquired signal 

is proportional to the number of NO molecules in the air sample. Finally, the 

sample goes through the molybdenum oven, where all NO2 is reduced to NO (eq. 

17); then, it goes through a second cycle of oxidation by ozone (NOX cycle). During 

this final cycle, the measured signal is proportional to the total number of NO and 

NO2 in the sample.  

 

 

Figure 2.18. Schematics of the main component in the AC32M analyzer and 

main detection cycles. Source Environnement S.A. 

 



52 
 

3. MUSA Open-air laboratory: low-cost sensors as 

a tool for air quality monitoring during urban 

regeneration activities  

3.1. Introduction 

As already extensively detailed in chapter 1, air pollution poses a significant risk 

to human health, to the entire ecosystem and environment, as well as to materials 

of anthropogenic origin. These impacts are obviously more severe in areas where 

human impact is greater. These environments include urban areas, which are 

characterized by higher population density and the presence of major sources of 

emissions, such as road traffic, industrial processes, biomass burning and 

agricultural production. As over 90% of the global population lives in areas with 

air pollutant concentrations higher than suggested guidelines (WHO, 2021), this 

poses a major health risk. Thus, air pollution control has become increasingly 

crucial in most urban areas aiming to safeguard the health and well-being of 

citizens. To tackle this issue, most cities are now employing a comprehensive 

approach in the design of urban spaces which focuses not only on environmental 

concerns, but also on addressing social and economic inequalities. For this 

reason, the principle of urban regeneration is now one of the main drivers of 

development in most cities, facing urbanization as an opportunity to drive 

sustainability and citizen-based decisions (Opoku & Akotia, 2020). Atmospheric 

pollutant control has therefore become one of the key aspects of urban 

regeneration projects, aiming to improve public health and mitigate climate 

change effects. To achieve this, large-scale monitoring of pollutants at high 

temporal resolutions is required. An emerging trend is this application to see the 

rise of smart and low-cost technologies that can provide real-time air quality data, 

enabling a rapid response and swift implementation of adaptive strategies 

(Nazari, 2025). While traditional instrumentation employed in air quality 

monitoring often limits spatial and temporal resolution of data due to the high 

cost required, low-cost sensors are proving to be a valuable asset for 

complementing conventional measurements, increasing real-time data coverage 

across the territory and thus promoting the implementation of effective control 

strategies (Kumar et al., 2015).  
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In the urban area of Milan, this concept was introduced by the MUSA 

(Multilayered Urban Sustainability Action) ecosystem, in an effort to bring 

together universities, research institutions and public and private entities 

towards a replicable model aimed at sustainability and citizen’s well-being. 

Acting through one of its main branches (Spoke 1 – Urban), the ecosystem 

conducted a major urban regeneration effort at the University of Milano-Bicocca, 

renewing the architectural context of the university science campus of Piazza 

della Scienza. While the urban redevelopment of the area brought better living 

spaces and green areas for the community, technological innovations and energy 

savings, the newly renewed square acted also as a fertile ground for scientific 

research, involving researchers and students of diverse scientific fields in the 

decision-making process, monitoring and pursuit of new strategies for 

sustainable development. As the project demanded air quality monitoring during 

each phase of the urban regeneration effort, this work covered monitoring 

activities of both outdoor and indoor spaces involved. To effectively carry out the 

environmental monitoring of spaces, while taking into account the state of the art 

and technological innovations in the field of air quality assessment in urban 

regeneration contexts, this work employed different low-cost sensors available on 

the market for monitoring of pollutants during the pre-construction, construction 

and post-construction phases of Piazza della Scienza. These sensors, along with 

research-grade instrumentation, were employed for mobile monitoring of 

particle concentrations, such as PM mass concentration and nanoparticles 

number concentrations, during the three redevelopment phases of the square. 

The activities carried out during the work phase mainly involved removing the 

previous flooring (dry-laid mineral slabs on sand and gravel), excavation of soil 

and excess materials, laying of insulation layer, installation of new flooring, and 

planting of new green areas. To properly assess the particle emission related to 

these processes, PM and nanoparticles concentrations were monitored during the 

entire construction process, allowing for the quantification of the whole 

construction site impact on air quality. The post-work phase involved monitoring 

particle concentrations after completion of the work, following the inauguration 

of the square. The renovated spaces mainly saw an increase in green space, with 

the addition of flower beds and trees; in addition, the entire walkable surface was 
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modified with the new paving and walkable areas. PM and nanoparticles 

concentrations were assessed through the same methodology and experimental 

setup applied for the pre-construction and construction phases. This allowed a 

comprehensive evaluation of the overall impact of the urban regeneration plan 

enacted in Piazza della Scienza in terms of particle emission. 

Finally, as the MUSA ecosystem envisioned a long-term monitoring of air 

quality in the square towards students’ and workers’ well-being, low-cost sensors 

were installed in fixed positions throughout the outdoor spaces. A 

multiparametric unit (OIZOM Polludrone) for monitoring of PM and gaseous 

pollutants, and four low-cost PM sensors (Purple Air Flex) were installed in the 

four corners of the square, ensuring continuous and permanent monitoring of 

pollutants in the environment, while also serving as a source of air quality 

information and awareness among users of university spaces. To ensure greater 

data accuracy, the deployed sensors were evaluated against reference data, 

assessing their overall performance, highlighting their limitations and computing 

a correction algorithm. 

This chapter will focus on detailing each part of the monitoring activities 

conducted under the MUSA urban regeneration plan in Piazza della Scienza. To 

achieve a more accurate measurement of PM concentrations, the low-cost OPC-

N3 (Alphasense) sensors were first corrected by applying density-based 

correction factors, derived by calculating apparent density values based on 

experimental data from comparison with the reference OPC Grimm. 

Furthermore, an environmental analysis of the urban regeneration work on the 

square will be carried out by first estimating the impact in terms of particle 

emissions resulting from the construction site and working activities, and then 

evaluating the entire urban regeneration project, assessing how the interventions 

carried out may affect the air quality of the square. The final section of this 

chapter will focus on the first evaluation of data acquired from the recently 

installed sensors in fixed positions in the renovated outdoor environments of 

Piazza della Scienza. 
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3.2. Materials and methods 

3.2.1. Mobile monitoring 

To evaluate the entire urban regeneration project for Piazza della Scienza 

proposed by the MUSA ecosystem in terms of air quality, three sampling 

campaigns were carried out: one campaign prior to the start of construction 

(hereinafter referred to as the pre-construction phase), which served as a 

baseline following data analysis; one campaign during construction (referred to 

as the construction phase); and finally a monitoring campaign carried out at the 

end of the project and after the official inauguration of the square to the public 

(referred to as post-construction phase). A fixed route (adapting to construction 

site closures as far as possible), common to each campaign, was established 

selecting eleven sampling locations throughout the outdoor and indoor 

environments of the university science campus of Piazza della Scienza (figure 

3.1). Four outdoor points were selected near the access ramps to the underground 

parking lots of each building (U1, U2, U3, and U4), one for each corner of the 

square. Four indoor points were selected in the classroom corridors on the 

basement floor of each building. An additional indoor sampling location was 

selected in the central corridor that connects all four main buildings that presents 

mixed characteristics of both indoor and outdoor environments. Finally, the 

Atmospheric Chemistry laboratory (Piazza della Scienza, Building U1, third floor) 

acted as the starting and end point of each measurement. 
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Figure 3.1. Map of the Bicocca campus in Piazza della Scienza and related 

sampling points. Outdoor environments in red, indoor environments in blue, 

in green the atmospheric chemistry laboratory, reference point (start and end) 

for each measurement. 

The square’s air quality was evaluated in terms of particle concentration, 

monitoring particulate matter (PM) mass concentrations as well as nanoparticles 

number concentration. Monitoring was carried out by combining portable 

scientific-grade sensors and low-cost sensors. PM mass concentration was 

determined by employing an optical particle counter, specifically an 

Environmental Dust Monitor (GRIMM), coupled with its low-cost counterpart 

comprising four OPC-N3 (Alphasense) devices. The selection of these 

instruments was driven by the necessity to obtain an estimate of the mass of PM 

in the three primary fractions (PM10, PM2.5, PM1) as well as their size distribution. 

Nanoparticles concentrations and size distribution were acquired through the 

employment of a Nanoscan SMPS (TSI), coupled with the portable Partector-2 

(Naneos). The detailed technical specifications of each instrument used are 

extensively described in Chapter 2. All instruments were mounted on a cart for 

easier movement between the sampling locations (figure 3.2), sampling for five 

minutes in each location. A single measurement consisted in monitoring each of 
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the indoor and outdoor environments one at a time moving through a fixed route. 

Each single measurement was conducted between one and two times a day at 

fixed times, at 12:00 and 15:00. The time slots were selected to ensure the least 

amount of external influence due to the presence of large numbers of students in 

the areas studied, which could have affected the results. 

 

Figure 3.2. Instrument setup for air quality monitoring on the campus. 

The sampling campaign for the pre-construction phase was conducted during the 

month of May 2023 and consisted of 16 sampling rounds. As previously 

mentioned, data collection during pre-construction was mainly aimed at 

identifying the environmental conditions prior to the urban regeneration effort, 

to act as a baseline for subsequent analysis. The sampling campaign for the 

construction phase was conducted from the month of July 2023, start of 

construction works in the square, until December 2023, for a total of 12 sampling 

rounds. The selection of sampling timeframes for the construction phase was 

subjected to certain technical and practical requirements: on the one hand, 

monitoring was subject to the time and space constraints imposed by the 

construction site, where access was limited for safety reasons; on the other hand, 

the progress of the work on the square was heterogeneous, with different types of 

interventions overlapping at different points in Piazza della Scienza. For this 

reason, this work features an overall evaluation of the construction site, not 
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referring to individual operations as it was not possible to match the data 

collected to the individual activities carried out by the workers. The sampling 

campaign for the post-construction phase was conducted from July 2025 up until 

October 2025, for a total of 13 sampling rounds. Pollutant monitoring at this 

phase was carried out once all work on the square had been completed and the 

spaces had been opened to the public, in order to obtain a representative 

measurement of the renovated environments. 

 

3.2.2. Fixed monitoring 

Following completion of the construction work on Piazza della Scienza, air 

quality monitoring continued through the installation of sensors in fixed 

positions within the regenerated spaces of the square. The permanent installation 

of these instruments took place in February 2025, at the end of the scheduled 

construction work on the square and following the official inauguration and 

opening. Four Purple Air Flex monitors, one for each corner of the square, were 

installed in front of the entrance to the four buildings facing the square (figure 

3.3). The sensors were mounted on poles at a height of approximately 4 meters 

above the ground, in order to ensure a good estimate of the concentrations in the 

square while also protecting the devices from external interferences. The installed 

Purple Air monitors allow this way a continuous and real-time evaluation of PM 

concentration in the square, with publicly available data through the Purple Air 

Real-Time Interactive map (https://map.purpleair.com/air-quality-standards-

us-epa-

aqi?opt=%2F1%2Flp%2Fa10%2Fp604800%2FcC0#17.17/45.513469/9.211707), 

ensuring that air quality data is easily accessible to the public. In one of the four 

corners of the square (in front of building U1), the multiparametric monitoring 

unit Polludrone (OIZOM) was also installed. This device allows continuous 

monitoring of PM concentrations, as well as an assessment of gaseous pollutants 

concentrations (CO, CO₂, NO₂, NO, O₃ and TVOC). Moreover, this air quality 

monitoring unit is equipped with sensors to monitor environmental parameters 

(temperature, humidity, pressure, wind speed and direction, environmental 

noise, light intensity and UV radiation index), which are essential for 

https://map.purpleair.com/air-quality-standards-us-epa-aqi?opt=%2F1%2Flp%2Fa10%2Fp604800%2FcC0#17.17/45.513469/9.211707
https://map.purpleair.com/air-quality-standards-us-epa-aqi?opt=%2F1%2Flp%2Fa10%2Fp604800%2FcC0#17.17/45.513469/9.211707
https://map.purpleair.com/air-quality-standards-us-epa-aqi?opt=%2F1%2Flp%2Fa10%2Fp604800%2FcC0#17.17/45.513469/9.211707
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contextualizing air quality data obtained in the correct environmental setting. A 

more in-depth description of these devices is reported in Chapter 2 of this work. 

 

Figure 3.3. Layout of the renovated environments of Piazza della Scienza, with 

position of the installed sensors. In purple the four Purple Air devices, in 

orange the OIZOM Polludrone air quality monitoring unit. 

 

3.3. Results 

As previously stated, the monitoring activities carried out during the urban 

regeneration project for Piazza della Scienza, planned by the MUSA ecosystem, 

focused on the use of low-cost and smart air quality sensors. The instruments 

employed, the PMx monitor OPC-N3 and the Partector-2 (Naneos), were 

therefore an integral part of the monitoring activities. The sensors were utilized 

in all monitoring phases, coupled with reference sensors to allow for data 

comparison, ultimately leading to the assessment of the impact of the urban 

regeneration project of the square. 
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3.3.1. Performance analysis and calibration of low-cost and smart 

devices 

The scientific literature, as reported in chapter 2 of this dissertation, concerning 

the low-cost OPC-N3 (Alphasense) and, in general, all low-cost devices employed 

in air quality research, agrees that this class of sensor provides less accuracy than 

reference and research-grade instrumentation, highlighting the need for site-

specific comparison and calibration prior to any monitoring activity. During the 

monitoring of the Piazza della Scienza redevelopment project, the assessment of 

the impact of the construction site in terms of air quality was preceded by a 

comprehensive analysis of the performance of the instruments used and the 

derivation of specific correction factors. In this case, the calibration phase was 

not carried out prior to monitoring the activities in the square, but rather after all 

the data collection had been completed as the reference OPC Grimm 1.107 was 

concomitantly running. Low-cost, smart, and portable instruments were used 

alongside their scientific counterparts during all monitoring phases (pre-

construction, construction and post-construction), thus allowing for a field 

comparison under very different environmental conditions and particle emission 

sources. Data obtained from the OPC-N3 during the first two phases of 

redevelopment (figure 3.4), namely pre-construction and construction, averaged 

for each of the sampling locations selected, highlighted how the device 

consistently underestimated PM concentrations.  
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Figure 3.4. PMx concentrations in the three main fractions (PM1, PM2.5 and 

PM10) for the OPC-N3 (reported as average of the four employed devices) and 

the OPC Grimm. Data is reported as average for each sampling location, 

divided for each phase of work on the square. 

Table 3.1 reports the slope and coefficient of determination (R2) values obtained 

after linear correlation fit between OPC Grimm and OPC-N3 (as average of the 

four sensors deployed) data, averaged for each of the sampling locations. Low 

slope values (0.23 – 0.81) for all three PMx fractions confirms how the OPC-N3 

strongly underestimated PM concentrations throughout all monitoring, 

particularly in the finer fractions. The R2 coefficients obtained through linear 

correlation fit, however, show strong correlation between the low-cost device and 

the reference OPC Grimm. 
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Table 3.1. Coefficient of determination (R2) and slope of linear correlation fit 

between OPC-N3 and OPC Grimm, reported for the pre-costruction (left) and 

the construction (right) phases. 

As one of the main causes of this underestimation in PM concentration could be 

traced to the constant density (1.65 g/cm3) the OPC-N3 applies to each size bin, 

a density-based correction factor was derived from experimental data. A new 

apparent density value was then calculated for the three main fractions (<1 μm, 

1-2.5 μm, 2.5-10 μm) and introduced in the PMx calculation algorithm, replacing 

the constant value applied by the manufacturer (table 3.2). Moreover, the 

apparent density also accounts for the truncation effect typical of each OPC. 

 

Table 3.2. First derived apparent densities for the OPC-N3 from experimental 

data, compared to the constant value employed by Alphasense. 

While this first derived apparent density proved to be particularly effective in 

correcting data collected during the pre-construction phase (May 2023) and for 

the first part of the construction phase (Jul-Oct 2023), the correction was 

inadequate for data obtained during the month of December 2023, where the 

corrected PM values still deviated significantly from the reference OPC Grimm. 

By analyzing the PM concentrations obtained during the construction phase via 
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linear correlation fit between OPC-N3 and OPC Grimm, there is a clear difference 

in data distribution between the period between July and October 2023 and the 

month of December 2023, as reported in figure 3.5. 

 

Figure 3.5. Linear correlation fit for OPC-N3 and OPC Grimm during the 

construction phase. 

The observed difference can be traced to the marked differences in ambient 

conditions and construction-related emissions that characterized the month of 

December. During this period, characterized by typical winter weather conditions 

(such as lower mixing layer height, high atmospheric pressure and low 

temperatures), an intensification of construction site activities was also observed, 

with the simultaneous presence of depaving activities and handling of building 

material and soil, which led to an increase in particle emissions, especially in the 

coarse fraction leading to an airborne PMx with complete different chemical and 

physical features compared with the typical Milan urban PMx. Comparing the 

numeric (figure 3.6) and volumetric (figure 3.7) size distributions of both OPC-

N3 and OPC Grimm for data obtained from May to October (pre-construction 

and first part of the construction phase) and for the month of December, two 

important factors can be highlighted regarding the overall performance of the 

low-cost sensor in assessing atmospheric particles. First, the size range of the 

OPC-N3s denotes a clear cut off at a minimum diameter of 0.35 μm, while the 

OPC Grimm cuts at a particle diameter of 0.25 μm. Additionally, the OPC Grimm 
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compensates for this cut-off by employing a higher apparent density for lower 

size bins, while the OPC-N3 applies a constant density factor to all channels. This 

can strongly affect the number concentration (significantly impacting the 

accumulation mode) but result in a minor loss when converted to mass 

concentrations, as smaller particles contribute less to the overall mass. 

Additionally, a marked discrepancy between the size distribution of the two 

devices can be observed in the range between 0.5 and 10 μm. This difference is 

particularly marked in the volumetric distribution (up to a factor of 10) which, as 

a proxy for mass distribution, accounts for the heavy mass loss in OPC-N3 

measurements. These two factors therefore highlight two important technical 

limitations of the OPC-N3 in accurately detecting atmospheric PM 

concentrations, especially in the case of coarse particle emissions, such as those 

observed during the intensification of construction works on Piazza della 

Scienza. 

 

 

Figure 3.6. Number size distributions of OPC-N3 and OPC Grimm for the two 

periods under analysis. 
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Figure 3.7. Volume size distributions of OPC-N3 and OPC Grimm for the two 

periods under analysis. 

In order to obtain greater accuracy and, consequently, a more precise assessment 

of the impact of the urban regeneration project, and to resolve the 

underestimation observed for December 2023, new density-based correction 

factors were derived. To take into account all factors affecting PM concentrations 

and the type of construction work on the square, new apparent densities were 

calculated, specific to each phase of the project (Table 3.3).  

 

Table 3.3. New derived apparent densities applied to the OPC-N3 for data 

correction, for each different construction phase. 

The new derived apparent densities were computed in the PM calculation 

algorithm used by the OPC-N3 to obtain corrected PM concentrations for all 

construction phases. Figure 3.8 to 3.11 report average PM concentrations (as PM1, 

PM2.5 and PM10 fractions) for all construction phases considered. OPC-N3 data is 

reported before and after the correction, to allow for direct comparison with the 

OPC Grimm.  
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Figure 3.8. Average PM concentrations in the three main PM fractions for the 

pre-construction phase. 
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Figure 3.9. Average PM concentrations in the three main PM fractions for the 

construction phase (from July to October). 
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Figure 3.10. Average PM concentrations in the three main PM fractions for the 

construction phase (for the month of December). 
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Figure 3.11. Average PM concentrations in the three main PM fractions for the 

post-construction phase. 
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Table 3.4. Coefficient of determination (R2) and slope of linear correlation fit 

between the OPC-N3 and OPC Grimm, reported before and after the proposed 

correction. 

As reported in table 3.4, the corrected PM concentrations for the OPC-N3 showed 

strong correlation with the OPC Grimm (R2 > 0.9) for data collected during the 

pre-construction and the construction phases. Data correlation for the post-

construction phase showed only minor improvements after the correction, with 

good correlation (R2 > 0.7) for the finer fractions (PM1 and PM2.5), while PM10 

proved to be only moderately correlated with reference OPC after the 

implementation of the new apparent densities (R2 = 0.5). Moreover, the applied 

corrections proved to be capable of effectively correcting the underestimation of 
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PM concentrations detected by the OPC-N3 for the entirety of the pre-

construction and the construction phases (slope ~ 1). For the post-construction 

phase, the applied correction factor able to adequately correct the 

underestimation for PM1 and PM2.5 fractions (slope ~ 0.9) yet showed limitations 

in effectively correcting the underestimation for the coarse fraction (PM10), 

showing only a slight improvement compared to the uncorrected data (slope = 

0.5). The reason for this limitation in the proposed correction factor can be traced 

back to a lack of reference data considered in the derivation of the correction 

algorithm during the post-construction phase as, due to technical limitations, 

during this phase the Grimm OPC could only be employed in two monitoring 

days. Given the strong correlation with the OPC Grimm obtained as a result of 

the calibration process, the OPC-N3 data corrected through the new apparent 

densities were then employed in assessing the impact on air quality of the entire 

urban regeneration project for Piazza della Scienza. 

The emission of particles in the nanometric fraction was evaluated through 

the application of the portable Partector-2 (Naneos), coupled with research-grade 

particle counter Nanoscan SMPS model 3910 (TSI). Figures 3.12 to 3.14 report 

average particle number concentration (PNC) in the nanometric fraction for the 

three phases of the urban redevelopment of the square, as reported by the 

employed sensors. The Partector-2 was able to correctly estimate nanoparticle 

concentrations throughout the entire monitoring, showing strong correlation (R2 

> 0.96) with the Nanoscan SMPS and a linear fit slope value ranging from 0.8-1 

during all three phases. The highest deviation from the reference Nanoscan SMPS 

was observed during the construction phase, where the Partector-2 showed a 

slight underestimation of particle number concentrations, with a slope of linear 

fit of 0.85. This is in line with other studies involving the Partector device. Asbach 

et al. (2024) evaluated the Partector-2 Pro against a reference mobility particle 

size spectrometer (MPSS) at an urban background site in Mülheim-Styrum 

(Germany), showing strong agreement with the MPSS with a slope of the linear 

fit of 0.998 and a regression coefficient of R2=0.996. Todea et al. (2017) tested 

the Partector with generated polydisperse aerosols against a reference ultrafine 

condensation particle counter (UCPC), showing an overall comparability of 

± 50% for particle number concentration, and highlighting how particles with a 
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diameter particles > 400 nm can drastically influence the measurement results. 

Bezantakos et al. (2024) proved how the accuracy of the Partector remains in the 

range ±30% reported by the manufacturer even when tested at reduced pressure 

and temperature conditions that are typical of higher altitudes. In this study, the 

Partector-2 showed a higher uncertainty (confidence interval at 95% confidence 

level) in the averages of some of the selected sampling locations. This is mainly 

due to the difference in time resolution between the two instruments: the 

Nanoscan SMPS operates at a maximum time resolution of 1 minute, while the 

Partector-2 is capable of measuring at a frequency of 1 second. This allows the 

Partector-2 to more optimally detect short-lived emission events. Given the 

positive results achieved with Partector-2, the device was employed in the 

subsequent impact assessment analysis of the Piazza della Scienza regeneration 

project. 

 

 

Figure 3.12. Particle number concentration (PCN) in the nanometric fraction 

reported for the Partector-2 (Naneos) and the Nanoscan SMPS (TSI) as 

average for each sampling location for the pre-construction phase (left). On 

the right linear correlation fits between the two devices. 



73 
 

 

Figure 3.13. Particle number concentration (PCN) in the nanometric fraction 

reported for the Partector-2 (Naneos) and the Nanoscan SMPS (TSI) as 

average for each sampling location for the construction phase (left). On the 

right linear correlation fit between the two devices 

 

Figure 3.14. Particle number concentration (PCN) in the nanometric fraction 

reported for the Partector-2 (Naneos) and the Nanoscan SMPS (TSI) as 

average for each sampling location for the post-construction phase (left). On 

the right linear correlation fit between the two devices. 

 

3.3.2. Impact of the construction phase on air quality 

For a comprehensive assessment of the entire urban regeneration project for 

Piazza della Scienza, the impact on air quality was evaluated in terms of particle 

emissions as PM mass concentration and number concentration in the 

nanometric fraction. Two different impact assessments will be discussed in this 

work. The first assessment will focus solely on the construction phase, calculating 
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the particle emissions resulting from the working activities conducted during the 

urban redevelopment of the square. A second assessment will concern the entire 

Piazza della Scienza renovation project carried out by the MUSA ecosystem, 

evaluating the effectiveness of the technological and architectural changes in 

terms of air quality, by comparing particle concentrations in the pre-construction 

phase and post-construction phase. 

During the construction phase, a series of activities and works were carried out 

on the square, as envisaged by the MUSA ecosystem, to renovate the architectural 

context and offer new green spaces and gathering places. These activities first 

involved removing the old paving covering the square (figure 3.15), mainly 

mineral flooring laid on sand and gravel, and replacing it with new paving 

consisting of Luserna stone blocks surrounded by granite frames. This phase was 

characterized by heavy handling of materials such as stone, sand, and gravel, 

resulting in significant dust release into the air. A second important phase in the 

work involved the installation of insulating material on the square surface, 

through the use of open flames (figure 3.16). Soil excavation and movement, for 

the removal of the previous flower beds in favor of the creation of new and more 

extensive spaces dedicated to the green coverage of the square, saw the 

resuspension of coarse material into the atmosphere. Another significant source 

of particles throughout the construction phase was the process of removing and 

transporting excavated materials, including stone, sand, gravel, and soil, utilizing 

heavy-duty vehicles (figure 3.17). 
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Figure 3.15. Overview of part of the square during the depaving work. 

 

Figure 3.16. Overview of part of the square during the positioning of the 

insulating material. 
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Figure 3.17. Overview of part of the square during the removal of materials, 

where dust resuspension becomes clearly visible. 

In order to estimate the overall impact on PM concentrations, both indoors 

and outdoors, data from low-cost sensors OPC-N3 was utilised, previously 

corrected through the density-based correction factors described in section 3.3.1. 

To evaluate the impact on PNC in the nanometric fraction, data from the 

Partector-2 was employed. To address seasonal variability in particle 

concentrations that could otherwise heavily influence the results, the obtained 

data was first normalized on data from the reference monitoring station of the 

regional environmental protection agency (ARPA, Agenzia regionale per la 

protezione ambientale) of Milano Pascal. While not directly collocated with 

Piazza della Scienza, the Milano Pascal reference station provides PM 

concentrations representative of an urban background site comparable to the 

area under examination, thus ensuring an accurate comparison. PM data form 

the ARPA Milano Pascal reference station from the pre-construction and 

construction phases allowed to determine expected concentrations for the OPC-

N3 in the construction phase, providing an estimated concentration value based 

on an ideal scenario without any work being carried out in the square. As ARPA 

reference data could only be obtained for PM2.5 and PM10 fractions, PM2.5 

reference data was employed in the impact assessment for PM1 and PNC in the 

nanometric fraction. The derived concentrations allowed an estimate of the 

impact, in terms of particle concentration, of the construction site in its entirety 

(figure 3.18). Confidence interval (at 95% confidence level) is reported to quantify 
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the uncertainty in the calculation. The calculated impact for the entire 

construction phase for PM mass concentrations was 11.1 ± 23.8 μg/m3 for PM1, 

33.6 ± 53.0 μg/m3 for PM2.5 and 82.1 ± 79.4 μg/m3 for PM10. For PNC in the 

nanometric fraction, the calculated impact was -3318.3 ± 3825.6 cm-3. Overall, 

PM concentrations showed a positive impact throughout the construction phase; 

however, the reported values for PM1 and PM2.5 showed uncertainty (as 

confidence interval at 95% confidence level) higher than the actual increase in 

concentration derived. Thus, it is not possible to claim the construction site had 

a statistically significant positive impact on the square air quality for these 

fractions. The same considerations can be drawn for the PNC in the nanometric 

fraction, where a general negative impact is observed for the entire construction 

phase, although statistically the assumption that the actual variation is null 

cannot be excluded, as the confidence interval associated with this estimate is 

wide and includes the zero value. For PM10, however, the reported positive impact 

is statistically significant. This highlights how the construction site of the urban 

regeneration plan carried out in Piazza della Scienza impacted the monitored 

environments with significant particle emission particularly in the coarse 

fraction. The calculated impact on the PM10 fraction show an increase higher than 

both EU issued limit values and WHO Air Quality Guidelines, resulting in a 

potential health risk increase. 
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Figure 3.18. Calculated impact on outdoor environments of Piazza della 

Scienza linked to the construction activities. 

The analysis of construction site impact on indoor environments followed 

the same methodology applied for the outdoor case study. However, particulate 

matter in indoor environments is not independent of the external context but can 

be influenced by three main factors: any existing internal source, the 

resuspension of deposited particles and, crucially, infiltration of outdoor air. To 

provide an estimate of the expected indoor concentrations, a linear equation is 

widely applied in the scientific literature (Hänninen et al., 2004; Hoek et al., 

2008; Sangiorgi et al., 2013): 

𝐶𝑖𝑛 = 𝐹𝐼𝑁𝐹 ∙  𝐶𝑜𝑢𝑡 + 𝐶𝑖𝑔 

where Cin and Cout are, respectively, the indoor and outdoor particle 

concentrations; FINF is the infiltration factor and Cig is the concentration of indoor 

generated particles. From this relationship, FINF and Cig can be respectively 

derived as the slope and the intercept of a linear regression fit between outdoor 

and indoor concentrations. For the university environments of Piazza della 

Scienza examined in this work, FINF and Cig values were derived from a linear 

correlation fit of OPC Grimm data for both the pre-construction and the 

construction phase. The obtained values were then applied to outdoor reference 

data from ARPA Milano Pascal to derive estimates of indoor reference 
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concentrations, then employed in the impact calculation as described for the 

outdoor evaluation. The calculated impact (figure 3.19) on indoor environments 

for the entire construction phase for PM mass concentrations was 0.3 ± 6.9 μg/m3 

for PM1, 3.9 ± 12.6 μg/m3 for PM2.5 and 2.3 ± 29.2 μg/m3 for PM10. For PNC in 

the nanometric fraction, the calculated impact was -8056.3 ± 2418.4 cm-3. 

Overall, indoor PM concentrations showed a minor positive impact throughout 

the construction phase, however statistically the assumption that the actual 

variation is null cannot be excluded, as the confidence interval associated with 

this estimate includes the zero value. Conversely, PNC in the nanometric fraction 

showed a substantial and statistically significant decrease for indoor 

environments. This result is consistent with effective dilution and reduction of 

external contributions on indoor air, achieved by the university's ventilation and 

filtration system in place for indoor environments. We should also speculate that, 

as the coarse fraction increases, nanoparticles can more easily coagulate on bigger 

particles, resulting in an overall decrease in PNC. Overall, a general positive 

impact in terms of particle emissions has been observed for outdoor 

environments monitored during the construction phase, specifically for the 

coarser fraction. In contrast, in indoor environments the infiltration of particles 

from the outdoor was minimal and was largely offset by the ventilation, air 

conditioning, and air recirculation systems present in the indoor environments 

of the university campus of Piazza della Scienza. 
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Figure 3.19. Calculated impact on indoor environments of Piazza della Scienza 

linked to the construction activities. 

 

3.3.3. Overall impact of the urban regeneration project of Piazza della 

Scienza on air quality 

In order to carry out a comprehensive assessment of the air quality of the entire 

urban regeneration project carried out in Piazza della Scienza, the context of the 

square was evaluated following the completion of the works and activities 

envisaged by the MUSA ecosystem. The project saw a 40% increase in green 

coverage, soil de-impermeabilization to manage rainwater and mitigate extreme 

weather events, and depaving, reducing mineral flooring in favor of a new surface 

consisting of Luserna stone blocks surrounded by granite frames. The impact on 

air quality was therefore quantified by monitoring particle concentrations during 

the post-construction phase, compared with data obtained during the pre-

construction phase. To keep the results consistent, the same methodology and 

calculation applied and described in chapter 3.3.2 for the construction phase were 

employed. The calculated impact on outdoor environments in the post-

construction phase for PM mass concentrations was -5.2 ± 5.5 μg/m3 for PM1, -

5.6 ± 6.4 μg/m3 for PM2.5 and -5.9 ± 8.6 μg/m3 for PM10. For PNC in the 

nanometric fraction, the calculated impact was 5640.1 ± 4588.5 cm-3 (figure 
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3.20). PM concentrations during the final phase of the project showed overall a 

negative impact, with a decrease in concentrations through all three fractions 

compared to the pre-construction phase. Analogous to the case study of the 

construction phase, the reported confidence interval (at 95% confidence level) for 

all three PMx fractions is higher than the actual decrease in concentration. Thus, 

statistically the assumption that the actual variation is null cannot be excluded, 

as the confidence interval associated with this estimate includes the zero value. 

To further assess the square outdoor air quality, the impact on PMx emissions in 

the post-construction phase was calculated with the same methodology 

employing data from the Polludrone (OIZOM) monitoring unit, installed in a 

fixed position on the square (U1 corner) following the completion of the 

redevelopment works. The impact calculation derived from the Polludrone data 

(figure 3.21) showed comparable results to the OPC-N3 calculation, resulting in -

4.1 ± 4.2 μg/m3 for PM1, -5.1 ± 4.7 μg/m3 for PM2.5 and -5.0 ± 7.6 μg/m3 for PM10. 

In contrast to the calculation made using OPC-N3 data, in this case a significant 

decrease in PM2.5 was observed. Overall, while a decreasing trend in 

concentration can be observed for all PM fractions in the post-construction 

phase, no definitive conclusions can be drawn regarding a statistically significant 

decrease in PM concentrations. Conversely, for PNC in the nanometric fraction a 

statistically significant increase in concentrations compared to the pre-

construction phase was observed. A possible explanation for this result could 

reside in increased emissions of biogenic volatile organic compounds (VOCs) 

following the higher vegetation cover of the square envisioned by the MUSA 

ecosystem, resulting in the formation of secondary organic aerosols (SOA) from 

nucleation and condensation processes in the atmosphere. Plants are among the 

main sources of biogenic volatile organic compounds (bVOC), accounting for over 

90% of total emissions (Guenther, 1995). These compounds can lead to the 

formation of SOA in the atmosphere, following reaction with oxidising chemical 

species such as O3, OH radicals and NO3 radicals (Joutsensaari et al., 2005; 

Holopainen et al., 2017). This process is one of the most significant for the 

formation of aerosols in the atmosphere, with a greater impact during the 

summer season (Wu et al., 2020). This may partially explain the increase in 

nanoparticle concentrations observed during the post-construction phase, as this 
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fraction of particulate matter is specifically linked to the formation of secondary 

aerosols from nucleation and coagulation processes. Furthermore, the 

coincidence of post-construction monitoring with the summer season may have 

played a key role in amplifying this effect. 

 

Figure 3.20. Calculated impact on outdoor environments of Piazza della 

Scienza linked to the entire urban regeneration process enacted by the MUSA 

ecosystem. 
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Figure 3.21. Calculated impact, employing Polludrone (Oizom) PM data, on 

outdoor environments of Piazza della Scienza linked to the entire urban 

regeneration process enacted by the MUSA ecosystem. 

For indoor environments, the calculated impact in the post-construction phase 

for PM mass concentrations was -1.3 ± 1.4 μg/m3 for PM1, -0.8 ± 2.0 μg/m3 for 

PM2.5 and -2.5 ± 8.7 μg/m3 for PM10. For PNC in the nanometric fraction, the 

calculated impact was -286.9 ± 1227.3 cm-3 (figure 3.22). A decreasing trend is 

observed for both particulate matter, in line with what is reported for outdoor 

environments, and for PNC in the nanometric fraction, in contrast to the 

corresponding outdoor case. Nevertheless, even in this instance, the confidence 

intervals (at 95% confidence level) obtained do not allow the observed decrease 

to be considered statistically significant, and therefore the possibility of negligible 

impact on concentrations in the square cannot be ruled out. 
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Figure 3.22. Calculated impact on indoor environments of Piazza della Scienza 

linked to the entire urban regeneration process enacted by the MUSA 

ecosystem. 

 

3.3.4. Evaluation of low-cost fixed sensors – a look into the future of 

Piazza della Scienza 

At the end of the urban regeneration project carried out in Piazza della Scienza, 

the MUSA ecosystem envisaged the transformation of the new spaces in the 

square into a fully-fledged scientific hub dedicated to research and dissemination. 

The final phase of the project therefore saw the creation of the MUSA Open-air 

Laboratory, with the spaces in Piazza della Scienza becoming a testing ground for 

the study and monitoring of numerous environmental parameters. Thanks to the 

installation of multiple sensors (four Purple Air Flex, one Polludrone OIZOM air 

monitoring unit), continuous, real-time monitoring of atmospheric pollutants is 

carried out in the outdoor environments of Piazza della Scienza, enabling a 

constant flow of data aimed at atmospheric research and an excellent tool for 

disseminating and raising awareness of environmental issues among university 

students and citizens. After installation (in January 2025) and the first months of 

data acquisition, the sensors’ performance was evaluated against reference data 

obtained from the reference monitoring station of ARPA Pascal. Given the 
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technical impossibility of conducting a calibration campaign with reference 

instruments in the square during the first months of monitoring, the ARPA data 

provide a valid comparison for an initial assessment of the installed sensors. 

As detailed beforehand, the Polludrone (OIZOM) multiparametric 

monitoring unit allows for continuative monitoring of PM and gaseous 

pollutants. Analysis of the data obtained from the first month of monitoring after 

installation showed that the pollutant data returned by the Polludrone unit 

showed no correlation with the ARPA data for most pollutants, as reported in 

Table 3.5. 

 PM2.5 PM10 NO NO2 O3 

Slope 0.037 0.073 1.038 0.544 0.454 

R2 0.001 0.001 0.198 0.569 0.120 

Figure 3.5. Coefficient of determination (R2) and slope of linear correlation fit 

between the Polludrone (Oizom) monitoring unit and reference data from the 

ARPA monitoring station of Milan Pascal 

 The observed discrepancy in data was mainly due to Oizom's proprietary 

correction algorithm. In fact, the Polludrone device is equipped with a machine 

learning algorithm based on factory calibration data provided by the 

manufacturer, which corrects the pollutant data returned based on 

environmental conditions, most notably air temperature. After an initial testing 

phase, we found that the Polludrone control unit installed in Piazza della Scienza 

was still calibrated according to the environmental conditions of the 

manufacturing region (Ahmedabad, India). Updating these parameters to the 

actual data for the square resulted in an instant improvement in the 

environmental data obtained by the control unit. The following analysis will 

provide data acquired after the detailed correction. Overall, the Polludrone 

follows the reference concentration trend over time reasonably closely, for both 

PM2.5 and PM10 fractions (figure 3.23 and 3.24). Polludrone data showed good 

correlation with reference concentrations, with coefficients of determination 

equal to R2 = 0.74 for PM10 and R2 = 0.71 for PM2.5 (figure 3.25). A slight 

overestimation in PM concentrations can be observed for the Polludrone data, 

more marked for the PM10 fraction, highlighted by the slope of linear fit derived 
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(s = 1.59 for PM10 and s = 1.11 for PM2.5). A first explanation of this overestimation 

can be explained by the influence of relative humidity (RH) on the light scattering 

sensors, influencing the PM measurements. As highlighted in figure 3.23 and 

3.24, the majority of the observed PM overestimation by the Polludrone unit 

occurs during episodes with relative humidity > 80%. However, this effect is 

limited to a few isolated episodes and does not extend to the entire monitoring 

period, possibly indicating a dependence on the variability of the chemical 

composition and hygroscopic properties of the particulate matter in the square at 

a given time. Moreover, the machine learning correction algorithm employed by 

Oizom is able to compensate to some extent for changes in ambient relative 

humidity and temperature. 

 

Figure 3.23. PM10 concentration trend over time as daily averages for the 

Polludrone and reference ARPA data. The orange dashed line represents 

relative humidity levels measured by the Polludrone in the square. 
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Figure 3.24. PM2.5 concentration trend over time as daily averages for the 

Polludrone and reference ARPA data. The orange dashed line represents 

relative humidity levels measured by the Polludrone in the square. 

 

Figure 3.25. Linear correlation fit for PM10 (left) and PM2.5 (right) data, 

between reference ARPA and Polludrone concentrations. 

Ozone concentrations reported by the Polludrone unit followed closely the overall 

trend in concentrations reported by the reference ARPA Pascal monitoring 

station (figure 3.26). Moreover, the Polludrone showed strong correlation with 

reference data. While a linear fit showed strong correlation with reference data 



88 
 

(R2 = 0.90), a quadratic relationship proved to be the best fit (figure 3.27) with 

an improved determination coefficient of R2 = 0.92.  

 

Figure 3.26. Ozone concentration trend over time as daily averages for the 

Polludrone and reference ARPA data. 

 

 

Figure 3.27. Linear correlation fit for ozone data, between reference ARPA and 

Polludrone concentrations. 

Nitrogen dioxide (NO2) concentrations for the Polludrone device followed the 

overall trend in concentrations reported by ARPA for most of the evaluated time 
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frame. However, the device showed a marked overestimation of reference NO2 

concentrations during the summer months, from May to the end of September. 

As shown in figure 3.28, this overestimation is more prominent in relation to 

ambient temperature levels, with a larger deviation at temperatures above 15°C, 

typical of the warmer months. While ARPA reference data show a typical trend 

for NO2 in urban environments, with higher values in the colder months linked 

to increased emissions from motor vehicle traffic, domestic heating and a 

shallower planetary boundary layer, the data obtained from the Polludrone 

monitoring station show a constant trend over the months, seemingly unaffected 

by seasonality. Furthermore, Piazza della Scienza is located in an area of Milan 

characterised by concentrations of pollutants typical of an urban background, 

comparable to the ARPA Milano Pascal reference station, and not in the 

immediate vicinity of areas with high traffic density that could be linked to a 

significant increase in NO2 values as observed. This trend translates into poor 

correlation between the device and reference data, with a R2 value for linear fit of 

R2 = 0.2 (figure 3.29). These first results suggest a possible limitation of the 

correction algorithm employed by Oizom, unable to correctly compensate for 

variations in temperature and actual environmental conditions for NO2 

measurements. 

 

Figure 3.28. Nitrogen dioxide (NO2) concentration trend over time as daily 

averages for the Polludrone and reference ARPA data. The orange dashed line 

represents relative humidity levels measured by the Polludrone in the square. 
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Figure 3.29. Linear correlation fit for nitrogen dioxide data, between reference 

ARPA and Polludrone concentrations. 

The Polludrone proved to be unable to accurately estimate nitrogen monoxide 

(NO) concentrations, showing a consistent discrepancy with reference NO data. 

While NO concentrations obtained from the reference ARPA monitoring stations 

exhibit typical seasonality found in urban areas, with peak concentrations during 

the colder seasons and lower values during the hotter months, nitrogen monoxide 

trend outputted by the Polludrone follows an almost opposite trend, with an 

increase during the summer months (figure 3.30). Moreover, NO concentrations 

reported by the Polludrone appear to consistently follow the temperature trend 

over time reported by the device. This could suggest how the output of NO data 

is more dependent on the temperature value measured by the instrument itself 

than on the actual signal detected by the sensor in the proprietary algorithm 

employed by Oizom. Given these limitations, the Polludrone NO concentration 

during this first monitoring period shows no correlation with reference ARPA 

data, as reported in figure 3.31. These initial data obtained for the Polludrone air 

quality monitoring unit have highlighted some technical limitations of the device 

and the machine learning algorithm employed for continuous in-site calibration. 

While the device has performed reasonably well in monitoring PM and ozone, 

there are clear limitations in accurate detection of nitrogen oxides (NOX) 

concentrations. Currently, given the results obtained, the Polludrone stands out 

as a valuable tool for monitoring pollutants as well as environmental and 
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meteorological conditions, although it still demonstrates the need for continuous 

control and calibration interventions on a seasonal or monthly basis. 

 

Figure 3.30. Nitrogen monoxide (NO) concentration trend over time as daily 

averages for the Polludrone and reference ARPA data. The orange dashed line 

represents relative humidity levels measured by the Polludrone in the square. 

 

 

Figure 3.31. Linear correlation fit for nitrogen monoxide data, between 

reference ARPA and Polludrone concentrations. 

The installation of four Purple Air Flex devices in the four corners of Piazza della 

Scienza (referred to as U1, U2, U3 and U4) following the completion of urban 

regeneration activities has enabled real-time, continuous and evenly distributed 

sampling of atmospheric particulate matter across the square. This configuration 
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allows for more accurate evaluation of PM concentrations and detection of any 

emissions events in specific locations. As each Purple Air Flex device is equipped 

with two separate PMS low-cost sensors for better data accuracy, in the following 

evaluation data from each of the deployed PA devices is reported a single value 

obtained as average of the two composed sensors. 

An intercomparison between the four deployed Purple Air conducted over a 

period of seven months showed excellent agreement and repeatability of 

measurement between the devices for all three PM fraction (PM1, PM2.5 and 

PM10), as observed in figure 3.32. The only differences are represented by very 

high concentration peaks, detected by a single instrument located in the square. 

Given the short duration of these increases, these peaks can be linked to 

individual sources or processes occurring in the respective corners. The square is 

in fact a place frequented by university students and workers, as well as by a wide 

variety of activities. Furthermore, the sensors are positioned in places where 

students frequently meet and gather, thus exposing them to emissions such as 

cigarette smoke, and relatively near the underground parking exits and 

entrances, thus exposing them to potential vehicle emissions. 

 

Figure 3.32. Particulate matter (as PM2.5 fraction) concentration trend over 

time as daily averages for the four Purple Air Flex devices installed on the 

square. Each devices is named after the relative corner of the square where it 

was installed. 
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Purple Air PM concentrations were then evaluated against reference data from 

the reference ARPA monitoring station of Milano Pascal.  Given the high 

precision in PM measurement observed between the four deployed PA devices, 

the following evaluation will be conducted considering the average of the four 

sensors as a single value representing the square. PM concentrations obtained 

from the PA devices in the square followed closely the overall trend in 

concentration reported by ARPA reference data, for both PM2.5 and PM10 

fractions, as shown in figure 3.33 and 3.34. However, PA data clearly 

overestimates PM concentrations in both fractions, as highlighted by the slope of 

linear fit equal to s = 1.78 for PM2.5 and s = 1.42 for PM10 (figure 3.35). Observing 

the trend over time in relation to the relative humidity levels measured in the 

square, it appears how the overestimation reported by the PA sensors is more 

pronounced during days with high relative humidity. Overall, the PA sensors 

correlate well with reference ARPA data, with coefficients of determination equal 

to R2 = 0.66 for PM10 and R2 = 0.66 for PM2.5. 
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Figure 3.33. PM10 concentration trend over time as daily averages for the 

Purple Air (as average of four devices) and reference ARPA data. The orange 

dashed line represents relative humidity levels measured by the Polludrone in 

the square. 
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Figure 3.34. PM2.5 concentration trend over time as daily averages for the 

Purple Air (as average of four devices) and reference ARPA data. The orange 

dashed line represents relative humidity levels measured by the Polludrone in 

the square. 

 

Figure 3.35. Linear correlation fit for PM2.5 (left) and PM10 (right) data, 

between reference ARPA and Purple Air (as average of four devices) 

concentrations 

For an initial correction of PM data, the corrective algorithm C.F. = 3.4 proposed 

by Wallace et al. (2022) and implemented directly in the online interface of the 

Purple Air sensors was applied to the raw PM data. The correction factor 
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significantly improved the overall correlation with reference ARPA data for both 

PM2.5 and PM10, with a R2 coefficient for linear fit equal to R2 = 0.93 and R2 = 

0.82 respectively. For the PM2.5 fraction the applied correction only slightly 

improved the overestimation, with a slope of linear fit of s = 1.72. For the PM10 

fraction, while the linear regression fit for corrected PM concentrations showed 

improved data correlation, a quadratic correlation appeared to be the best fit, 

with a R2 coefficient of R2 = 0.87. Moreover, for PM10 the correction actually 

significantly increased the overestimation, with a slope of linear fit of s = 5.2. This 

behaviour observed for the coarser fraction reflects what has been reported by the 

manufacturer itself and by previous laboratory and field comparisons (as 

reported by the AQMD), whereby these instruments are unable to accurately 

detect PM10 concentrations. The manufacturer Purple Air itself defines the PA 

Flex sensor as a particle monitor suitable for monitoring PM2.5, defining PM10 

measurements as unreliable. Nevertheless, this initial analysis shows that the 

Purple Air sensors perform comparably to reference data for both PM2.5 and PM10 

fractions, despite a moderate correlation. After implementing the proposed 

correction factor C.F. = 3.4, the corrected PM2.5 data showed excellent correlation 

with reference PM concentrations, proving to be a useful tool to improve data 

accuracy in field monitoring. However, given the moderate overestimation still 

present after data correction, a site-specific correction factor could further 

improve PA data.  

 

Figure 3.36. Linear correlation fit for PM2.5 (left) and PM10 (right) data, 

between reference ARPA and Purple Air (as average of four devices) 

concentrations after the application of the CF = 3.4 correction factor. 
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Figure 3.37. PM2.5 (left) and PM10 (right) concentration trend over time as 

daily averages for the Purple Air (as average of four devices) and reference 

ARPA data. 

 

3.4. Discussion 

As urban regeneration becomes one of the main drivers of growth in modern 

cities, there is an ever-increasing need for a constant flow of data to facilitate 

decision-making, steer towards sustainability in all its forms, while protecting 

citizens' health and well-being. As low-cost sensors are proving to be a valuable 

tool for complementing environmental monitoring, it is even more necessary to 

carry out precise assessment, calibration and deployment activities in an 

increasing number of environments and conditions. In the urban area of Milan, 

the MUSA ecosystem has pioneered this kind of initiative through the urban 

regeneration project of Piazza della Scienza, combining scientific research with 

the needs of the city and its citizens. Air quality monitoring during the 

redevelopment project on the square carried out two main activities involving the 

application of low-cost sensors: assessing the impact of the project activities on 

the air quality in the square, monitoring particle emissions and quantifying the 

overall impact of the construction phase as well as for the entire regeneration 

project; the installation and analysis of sensors for continuous, real-time 

monitoring of atmospheric pollutants on the square, with the aim of guiding 

scientific research and fostering interest and awareness of environmental issues 

among students and citizens. 
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The application, against reference instrumentation, of the low-cost and 

portable sensors (OPC-N3, Alphasense; Partector-2, Naneos) in monitoring the 

progress of the square's regeneration work in its three main phases (pre-

construction, construction and post-construction) highlighted the strengths and 

limitation of this new type of instrumentation, which is becoming an increasingly 

important focal point in the field of air quality. The Partector-2 device showed 

great correlation and comparability with the reference monitor (Nanoscan SMPS, 

TSI) employed, proving to be a great asset for monitoring nanoparticles 

concentrations with high time resolution. The low-cost OPC-N3 showed excellent 

correlation with the reference optical particle counter (Environmental Dust 

Monitor, Grimm), although a severe underestimation of PM concentrations has 

been reported. Obtaining site-specific correction factors from the comparison 

with the reference data from the OPC Grimm, based on the computation of new 

apparent densities to replace the constant value used by the low-cost instrument, 

led to a significant improvement in the data returned by the sensor during all 

three construction phases of the urban regeneration plan in Piazza della Scienza.  

After calibration, the low-cost sensor dataset was employed in the assessment of 

the urban regeneration project impact on air quality. Firstly, the impact of the 

construction works required to renew the university's spaces was assessed. This 

work mainly involved removing the old flooring and laying new materials, moving 

soil to plant new green areas, and de-sealing the soil to improve rainwater 

drainage. The calculated impact for the entire construction phase for PM mass 

concentrations was 11.1 ± 23.8 μg/m3 for PM1, 33.6 ± 53.0 μg/m3 for PM2.5 and 

82.1 ± 79.4 μg/m3 for PM10. For PNC in the nanometric fraction, the calculated 

impact was -3318.3 ± 3825.6 cm-3. While PM concentrations showed an increase 

in all three fractions, only for PM10 the increase was statistically significant. 

Nanometric PNC showed a general decrease during this phase, although a net 

zero impact cannot be excluded given the high uncertainty (CI at 95% confidence 

level) in the calculation. For indoor environments, the calculated impact for the 

entire construction phase for PM mass concentrations was 0.3 ± 6.9 μg/m3 for 

PM1, 3.9 ± 12.6 μg/m3 for PM2.5 and 2.3 ± 29.2 μg/m3 for PM10. For PNC in the 

nanometric fraction, the calculated impact was -8056.3 ± 2418.4 cm-3. Similar to 

the outdoor case, the increase observed for PM is not statistically significant. For 
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PNC, on the other hand, there is a significant decrease in concentrations, mainly 

attributable to the air circulation and air conditioning system present in the 

university campus environments, effectively capable of removing finer particles. 

The second impact assessment was conducted during the post-construction 

phase, after all renovation work on the square had been completed and following 

its reopening to the public. This allowed for an assessment of the urban 

regeneration project and the innovations proposed by the MUSA ecosystem 

within the square as a whole. During the post-construction phase the derived 

impact on PM mass concentrations was -5.2 ± 5.5 μg/m3 for PM1, -5.6 ± 6.4 μg/m3 

for PM2.5 and -5.9 ± 8.6 μg/m3 for PM10. For PNC in the nanometric fraction, the 

calculated impact was 5640.1 ± 4588.5 cm-3. All three PM fractions showed a 

decrease in concentration after work completion; however, the uncertainty in the 

calculation precludes the ability to assert with statistical significance that the 

decrease is not zero. This result is predictable, as the measures taken to renovate 

the square are unlikely to have a significant impact on air quality and particle 

emissions, usually dominated by the local urban background concentrations. For 

PNC in the nanometric fraction, however, a statistically significant increase in 

concentration was observed. While this trend is detrimental to the overall air 

quality of the square, the result is consistent with some of the modification of the 

square environment: in fact, this positive impact could be explained by increased 

emissions of biogenic volatile organic compounds (VOCs) following the higher 

vegetation cover of the square, resulting in the formation of secondary organic 

aerosols (SOA) from nucleation and condensation processes in the atmosphere. 

For indoor environments, the calculated impact in the post-construction phase 

for PM mass concentrations was -1.3 ± 1.4 μg/m3 for PM1, -0.8 ± 2.0 μg/m3 for 

PM2.5 and -2.5 ± 8.7 μg/m3 for PM10. For PNC in the nanometric fraction, the 

calculated impact was -286.9 ± 1227.3 cm-3. Overall, the calculated impact on 

indoor environments showed a decreasing trend for all fractions monitored, 

albeit not being statistically significant. This result was expected, as the work 

mainly involved outdoor environments. To summarize, the construction work 

conducted on the square mainly resulted in an increase of PM concentrations in 

the coarse fraction, as expected given the nature of the type of work conducted. 

The overall assessment of the impact of the entire urban regeneration project in 
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Piazza della Scienza planned by the MUSA ecosystem showed a general 

downward trend in PM concentrations, suggesting that the measures taken have 

had a positive effect, although in general this decrease was not statistically 

significant enough to quantify this result with certainty. The positive impact 

observed in the increase in nanoparticles linked to the presence of greater green 

coverage in the square is, however, significant.  

The second part of the project involved the installation of low-cost sensors 

(Purple Air Flex; Polludrone, Oizom) in fixed locations to facilitate continuous 

monitoring of pollutants. This initiative has the dual objective of promoting 

scientific research with a continuous flow of data on pollutant concentrations in 

the square, as well as promoting the dissemination of environmental issues 

related to pollution and involving students and citizens. The initial data analysed 

showed good agreement with particulate matter data from the ARPA Pascal 

reference station for both devices. For the Purple Air devices, the application of 

the correction factor (C.F. = 3.4) proposed in the scientific literature for outdoor 

monitoring greatly improved the sensors’ correlation for the PM2.5 fraction. 

Throughout the entire months of monitoring considered, both devices showed a 

general overestimation of PM concentrations. This result suggests the need to 

derive specific corrective factors for the environments of Piazza della Scienza and 

will be the main focus of future activities and studies conducted in the square. 

Regarding gaseous pollutants concentrations, the Oizom Polludrone proved to be 

effective in detecting O3 concentrations throughout all the considered months; 

the device, however, showed some technical limitations in correctly assessing 

NOX concentrations, mainly linked to the inability of the proprietary machine 

learning algorithm in managing changes in seasonality and environmental 

conditions. However, the future of Piazza della Scienza presents itself as an 

excellent field for air quality research, where the continuous supply of pollutant 

data will enable ongoing evaluation of the instruments and improvement of 

performance, as well as providing a space dedicated to dissemination. 
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4. Evaluation of the low-cost aethalometer 

bcMeter at an urban background site 

Aiming to transform the city into a laboratory for sustainable urban innovation, 

the MUSA ecosystem envisioned the application of innovative technology for 

environmental monitoring. In this context the bcMeter, a low-cost device for 

environmental monitoring of black carbon, has become increasingly popular in 

recent years. As part of this work was conducted one of the first environmental 

monitoring campaigns employing the bcMeter, assessing its performance and 

accuracy in detecting black carbon (BC) concentrations against a reference 

aethalometer. The data obtained from this campaign and reported below are 

extensively detailed in the scientific paper by Doldi et al. (2025). 

 

4.1. Introduction 

As already detailed in chapter 1, Black Carbon (BC) is a major component of fine 

particulate. BC is usually directly emitted in the atmosphere as a result of 

incomplete combustion processes involving fossil fuels, biofuels, and biomass 

(Elomaa et al., 2024). The scientific literature extensively reports the detrimental 

effect of black carbon exposure on human health, climate and anthropogenic 

materials. Given its nature and size, BC can easily enter the respiratory tract, 

diffuse into the bloodstream, thus leading to negative health effects (Janssen et 

al., 2011; Segersson et al., 2017), increasing the risk of cardiovascular and 

pulmonary diseases, damaging vital organs, as well as an increase in cancer 

incidence (Caubel et al., 2018; Lequy et al., 2021). BC is also well known to alter 

the atmospheric radiative balance, by absorbing radiation in a broad spectral 

range, from ultraviolet (UV) to infrared (IR) wavelengths, and by functioning as 

cloud condensation nuclei, thereby modifying the properties and longevity of 

clouds (Chung et al., 2002; Zhang et al., 2011). Additionally, BC may also cause 

changes to the radiation balance on snow and ice-covered surfaces, leading to a 

positive feedback effect (Zhang et al., 2011; Rypdal et al., 2009). However, 

currently no specific regulation is in place to address the measurement and 

monitoring of atmospheric black carbon. Nevertheless, it has assumed an 

increasingly prominent role in the World Health Organization's guidelines 
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(Elomaa et al., 2024). While recently the revised EU Air Quality Directive (EU, 

2024) has addressed BC measurements, specific thresholds for atmospheric BC 

concentrations must still be issued. Within the European Union, the 

environmental monitoring of BC concentrations is governed by the EN 

16909:2017 standard (CEN, 2017), which establishes reference methods for the 

measurement of Elemental Carbon (EC) and Organic Carbon (OC) on filters, 

while the Aerosol, Clouds and Trace Gases Research Infrastructure (ACTRIS, 

2024) recommends standard procedures and instrument specifications for BC 

monitoring in aerosol observatories.  

Usually, black carbon is measured by means of offline filter-based instruments, 

or by employing optical detectors (Hagler et al., 2011), measuring the attenuation 

of a laser source at a specific infrared wavelength of 880nm though a filter 

(Hansen et al., 1984). Although these devices are able to measure BC 

concentration with high accuracy, the high cost and complexity of field 

deployment often limit spatial and temporal availability of black carbon 

measurements. This often restricts BC data availability to a restricted number of 

reference monitoring sites across the territory. In light of the recent WHO 

guidelines, which explicitly advocate for systematic measurements in urban areas 

to mitigate the ambiguity surrounding spatial and temporal variability of BC 

(WHO, 2021), the integration of low-cost sensors with conventional research-

grade instruments holds considerable promise. This approach is poised to 

establish more intricate BC measurement networks, thereby substantially 

enhancing the spatial and temporal resolution of data acquisition. In this context 

fits the bcMeter, an innovative and small BC monitoring device, recently released 

open source and aimed at environmental and industrial monitoring and 

community use. The device functions on the same physical principle as a 

traditional aethalometer, namely the measurement of the attenuation of infrared 

light (IR, 880 mm) after absorption of BC on a filter. Thanks to its affordability 

(< 300€ for total bill of materials) and ease of assembly and use, the bcMeter is 

designed to enhance spatial coverage of BC measurements, whilst also fostering 

community engagement through citizen science initiatives. The present study 

evaluated the performance of two bcMeter sensors over a five-month period at an 

urban background site against a research-grade aethalometer. The employment 
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of the new low-cost sensor in this context enabled the highlighting of both its 

merits and shortcomings, whilst evaluating its accuracy in comparison to a 

research-grade aethalometer. 

 

4.2. Materials and methods 

In Chapter 2 re extensively detailed the technical characteristics and measuring 

principle of the bcMeter. This chapter will define the experimental methodology 

applied to conduct the monitoring campaign for the evaluation and calibration of 

the bcMeter.  

This work saw the employment of two identical bcMeter (revision 3.3). It 

should be noted that the bcMeter is regularly updated with new software and 

hardware revisions by the developer, thus the revision employed in this study 

may not correspond to the most recent version of the device. Two bcMeter were 

installed from 17/05/2024 to 30/09/2024 in a monitoring container operated by 

the Institut für Umwelt & Energie, Technik & Analytik e. V. (IUTA) located at an 

urban background site in Mülheim-Styrum, Germany, (51.453459° N, 6.86505° 

E) (Asbach et al., 2024, Asbach et al., 2020). BC concentrations were compared 

to reference data (as hourly averages) obtained from an AE33 aethalometer 

(Magee Scientific) from a co-located container (hereinafter referred to as STYR) 

operated by LANUK (State Office for Nature, Environment and Climate North 

Rhine-Westphalia). As the bcMeter operates employing single wavelength, in this 

work reference aethalometer data was taken into account considering only 

absorption at 880 nm. Relative humidity (RH) values were obtained from a 

LANUK reference station LANUK located in Essen, Germany (name LAB1, 

coordinates 51.406846°N 6.965589°E), as the STYR monitoring station does not 

provide data relating to environmental and meteorological parameters. Both 

bcMeter devices were equipped with the standard filter employed in the AE33 

aethalometer (M8060, filter scattering factor 1.39), and were set to sample at a 

flow rate of 0.25 l/min and a 5-minute time resolution, which was averaged to 1 

hour resolution after data collection in order to allow direct comparison with data 

obtained from the LANUK station.  
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Figure 4.1. Location of the LANUV containers in Mülheim-Styrum and Essen 

(Doldi et al., 2025). 

 

4.3. Results 

During the campaign, data coverage was approximately 75% for both bcMeters. 

Both devices experienced a substantial loss of data, primarily attributable to 

software and firmware issues, which consequently resulted in disruptions to the 

sampling process. Furthermore, the inlet tube of bcMeter1 detached on two 

occasions during the course of the entire campaign, resulting in the sampling of 

air inside the container rather than that of the outdoors for a brief period. As these 

data are not indicative of the comparison, they were disregarded for both sensors 

as, during this period, the sampling line was open, and sampling involved mixed 

indoor/outdoor aerosol. Additionally, data exhibiting a negative ATN value, 

usually observed directly after each filter change, was discarded before data 

analysis as it can be a direct consequence of an instrumental bias. The percentage 

of negative ATN values observed relative to the total data collected was 8.3% for 

bcMeter1 and 11% for bcMeter2. From 19/09/2024 to 30/09/2024, bcMeter1 

exhibited an abnormally high ATN value (ATN > 400) following a forced 

shutdown. While this value indicated a fully loaded filter, the actual filter was 

found to be only partially loaded with BC. Consequently, this data sample was 

identified as an outlier and was subsequently excluded from the analysis. 

Following the process of data cleansing, the percentage of valid data analysed was 

found to be 48.5% for bcMeter1 and 55.8% for bcMeter2. Table 4.1 summarizes 

the slope and coefficient of determination (R2) values of linear correlation fit 
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obtained for both bcMeters against the AE33 aethalometer at different time 

averages. As shown in Figure 4.2, hourly averages of BC concentrations obtained 

for both bcMeters exhibit significant variability and cannot directly be employed 

in evaluating the sensor's performance. This is primarily attributable to the high 

instrumental noise of the implemented sensor, which has resulted in a substantial 

number of negative spikes in BC concentration. The linear correlation fit for both 

bcMeter and the reference LANUK AE33 aethalometer (figure 4.3) highlights 

how there is practically no correlation between the devices (R2 = 0.22-0.28). 

 

Table 4.1. Slope value and coefficient of determination (R2) for each bcMeter 

vs. the reference AE33 for different data averages (Doldi et al., 2025). 

 

Figure 4.2. BC concentration over time as 1-hour averages for AE33 (black), 

bcMeter1 (red) and bcMeter2 (blue). Dashed and dotted lines indicate manual 

filter change procedures (Doldi et al., 2025). 
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Figure 4.3. Linear fit for BC concentration (1-hour averages) for bcMeter1 

(left) and bcMeter2 (right) vs. AE33 from LANUV with linear correlation fit 

(Doldi et al., 2025). 

A reduction in the time resolution to 12-hour averages resulted in an overall 

improvement in data correlation for both bcMeter sensors when compared with 

the reference AE33. It was observed how both sensors demonstrated a 

comparable trend in BC concentration to that of the reference aethalometer. The 

reduction of instrumental noise in the BC concentration has brought to light a 

significant issue for the bcMeter: despite both sensors being identical, they have 

been found to perform rather differently. Specifically, bcMeter1 displayed 

increased data scattering, leading to a lower correlation (R2 = 0.49) with the 

LANUK data compared to bcMeter 2 (R2 = 0.69). Given that the two sensors were 

operated under identical setup and environmental conditions, the observed 

difference may be attributable to issues experienced throughout the campaign. 

Such issues included interruptions due to filter overloading and both software 

and firmware issues, as well as airflow fluctuations resulting from leakages in the 

3D-printed case. The available data was insufficient to provide a comprehensive 

understanding of the precise factors contributing to the observed discrepancy 

between the two sensors. Daily (24-hour) averages revealed how both bcMeters 

displayed the same BC concentration trend as the reference AE33 aethalometer 

over time (see figure 4.4). Although the data from bcMeter1 is more scattered (R² 

= 0.49), the data from bcMeter2 correlated reasonably well with the reference 

sensor (R² = 0.79). A robust regression was conducted on daily averages for 

bcMeter1 to improve data dispersion. We removed the outliers identified by the 

model from the dataset, which resulted in an improved linear correlation fit (R2 
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= 0.77) between the sensor and the reference AE33 (Figure 4.5). This provided 

comparable values as bcMeter2. It's important to note that while the outlier 

removal improved the data quality for bcMeter1, it also resulted in further data 

loss. 

 

Figure 4.4. BC concentration over time as 24-hour averages for AE33 (black), 

bcMeter1 (red) and bcMeter2 (blue). Dashed and dotted lines indicate manual 

filter change procedures (Doldi et al., 2025). 

 

Figure 4.5. Scatter plot of BC concentration (daily averages) for bcMeter1 with 

outliers removed via robust regression (left) and bcMeter2 (right) vs. AE33 

from LANUV with linear correlation fit (Doldi et al., 2025). 

A consistent underestimation was observed for both bcMeters the entire 

monitoring campaign conducted. A possible reason for this underestimation 

could be explained by an inadequate airflow during sampling. In fact, even 
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though the air flow for both bcMeter was set to 0.25 L/min and the internal 

measurement reported an average of 0.2498 ± 0.0034 L/min (bcMeter1) and 

0.2413 ± 0.0262 L/min (bcMeter2) (Figure 4.6), at the start of the monitoring 

period the effective flow measured at the inlet using an external flow meter was 

around half the reported value (0.12 L/min) for both sensors. As BC 

concentration and total airflow exhibit a linear relationship in the BC calculation 

algorithm employed by the bcMeter, the discrepancy highlighted between actual 

and reported airflow could account for the observed underestimation. There are 

two main contributing factors to the reported difference in airflow: first, the 

presence of air leaks in the 3D-printed case could lead to a loss in total airflow; 

moreover, an incorrectly calibrated flow controller could affect the airflow 

measure. For each sensor, a correction factor was calculated as the ratio of the 

average reported airflow (as measured during the entire monitoring campaign) 

to the externally measured flow (monitored with an externa flow meter and 

approximated to a fixed value of 0.125 L/min). Integrating the derived correction 

factors (1.9982 and 1.9301 for bcMeter1 and bcMeter2, respectively) in the BC 

calculation algorithm effectively corrected the underestimation reported for 

bcMeter2(slope of linear fit of s = 1.02), as shown in figure 4.8. Before outlier 

removal, the airflow correction applied to bcMeter1 could not account for all 

observed underestimation (slope of linear fit of s = 0.8). However, after data 

cleaning, the correction factor was effective in correcting most of the 

underestimation (slope of linear fit of s = 0.94). Results from this work suggest 

the bcMeter performance is heavily affected by fluctuations in BC concentrations 

that, as of now, cannot be linked to a specific cause. In order to account for the 

observed variability in the BC data, BC concentration obtained from the bcMeter 

was correlated to relative humidity (RH) readings recorded at the reference 

LANUK monitoring station located in Essen (LAB1). No significant correlation 

was identified, indicating that the observed variations in RH do not appear to 

have a substantial impact on the BC measurements acquired in this study. 

Furthermore, in order to investigate the potential effect of filter loading on black 

carbon concentrations, the measured BC was plotted against the attenuation 

(ATN) value reported by the sensor. The analysis revealed no significant 
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correlation between the data, thereby excluding filter loading as a potential cause 

of the substantial variations observed. 

 

Figure 4.6. Reported airflow (1-hour averages) by bcMeter1 (red) and 

bcMeter2 (blue). Dashed line indicates the airflow value set at the instrument 

interface (Doldi et al., 2025). 

 

Figure 4.7. BC concentration corrected for the airflow as 24-hour averages for 

bcMeter1 (red) and bcMeter2 (blue), and BC concentration for the AE33 

(black) obtained from the LANUV station in Mülheim-Styrum (STYR). Dashed 

and dotted lines indicate manual filter change procedures (Doldi et al., 2025). 



110 
 

 

Figure 4.8.  Scatter plot of BC concentration (daily averages) for bcMeter1 

(left) and bcMeter2 (right) corrected for the airflow bias vs. AE33 from 

LANUV with linear correlation fit (Doldi et al., 2025). 

 

4.4. Discussion 

This study constituted on of the first application of the low-cost BC monitoring 

device bcMeter, assessing its performance in environmental monitoring in 

comparison with a standard reference aethalometer (AE33, Magee Scientific). In 

light of the growing focus of air quality monitoring in recent years, this device 

aims to provide an affordable solution for the measurement of black carbon in 

both environmental and industrial application. Thanks to its affordability, ease 

of assembly and user-friendly design, the bcMeter could foster significant 

community engagement and serve as a complementary resource for air quality 

research. During the five-month BC monitoring campaign conducted at an urban 

background location in Mülheim-Styrum, Germany, the effectiveness of the BC 

meter in assessing environmental BC concentrations was demonstrated. In 

summary, the two sensors exhibited a congruent trend in BC concentration over 

time, aligning with the reference AE33 aethalometer operated by the LANUV 

station in 24-hours averages. The two sensors employed in this study exhibited 

different performance levels. The bcMeter2 sensor demonstrated a strong 

correlation (R2 = 0.78 for 24-hours averages) with the reference data, while the 

bcMeter1 sensor exhibited significant data dispersion, albeit being operated 

under identical conditions. Employing a robust regression for outlier removal led 
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to the reduction of data dispersion for bcMeter1, ensuring comparable correlation 

(R2 = 0.77 for 24-hour averages) with the reference AE33 as obtained for 

bcMeter2. Additionally, it was found that an increase in temporal resolution (to 

12-hour and 1-hour averages) resulted in a significant amplification of the impact 

of instrumental noise, leading to highly scattered BC concentrations that could 

not be meaningfully analysed. This study revealed a consistent underestimation 

of BC concentrations by both sensors. This discrepancy was attributed to a 

disparity between the actual airflow measured at the inlet though an external 

flowmeter and the value reported by the internal flow controller. The observed 

discrepancy could be attributed to a number of factors. Firstly, the airflow 

controller mounted on the device may have been improperly calibrated, requiring 

a specific correction. Moreover, leakage resulting from the 3D-printed outer case 

likely led to a reduction in the total airflow at the inlet. Furthermore, the 

manufacturer recently reported an issue with the design of the outer case of the 

bcMeter, as some devices were released with a softer air seal, which could result 

in a loss in airtightness over time. To address the underestimation found in this 

work, a correction factor was obtained as the ratio of the average reported flow to 

the externally measured value. The proposed correction was effective in 

correcting data for one of the sensors (bcMeter2), successfully addressing the 

underestimation (with a slope of linear fit of s = 1.02 for 24-hour averages, after 

correction). For bcMeter1, the proposed correction factor successfully 

compensated the found underestimation (resulting slope of 0.94 for 24-hour 

averages) after outlier removal. Overall, the bcMeter achieved comparable results 

to a reference aethalometer (AE33, Magee Scientific) for daily averages. 

Nevertheless, the sensor exhibited several technical limitations that affected the 

whole campaign, resulting in frequent interruptions to the measurements. Some 

of the outages experienced could be explained as results of software and firmware 

issues, while defects in the structure of the outer 3D-printed case may have 

resulted in air leakages. These leakages, along with pump malfunctions and an 

inaccurate calibration of the internal flow sensor. Furthermore, the manufacturer 

reports that the sensor is highly sensitive to changes in temperature and light, 

which can cause signal distortion and data fluctuations. It should be noted that 

the version of the bcMeter (revision 3.3) employed in this study is currently an 
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outdated version, as the bcMeter is regularly improved and updated by the 

manufacturer at both software and hardware levels. Recent revisions have 

already addressed some of the hardware and software issues reported in this 

work, per the manufacturer. Considering the substantial data dispersion at higher 

time resolutions, the bcMeter version (revision 3.3) evaluated in this study 

proved to be inadequate for short-term environmental monitoring of BC. 

Nevertheless, the sensor emerges as a promising option for future monitoring 

networks daily 824-hours) data resolution is sufficient. To summarize, the results 

of this study suggest how the bcMeter is a promising tool for monitoring 

atmospheric BC concentrations with a wide spatial resolution and at low cost. In 

consideration of the sensor's capabilities, the bcMeter has the potential to 

facilitate applications in a range of indoor and outdoor settings where the 

accessibility of BC concentration data remains limited. Still, there are several 

shortcomings in the design and components of the sensor, especially with regard 

to airflow control, air leakage from the 3D-printed housing, and inter-sensor 

variability. Overcoming these issues is essential for the bcMeter to become a more 

reliable BC monitoring tool with adequate data coverage. 

  



113 
 

5. Low-cost sensors for Cultural Heritage 

Preservation: The Case of the “Grande Brera” 

Museum Complex in Milan 

5.1. Introduction 

As described in detail in Chapter 1 of this work, atmospheric pollutants can 

negatively impact, among many others, materials of anthropogenic origin. Of 

particular note are materials concerning our cultural heritage, encompassing 

historic buildings, sculptures, paintings and frescoes, as well as works that have 

exerted any artistic or cultural influence on the annals of world history. 

Preserving this heritage is therefore essential to avert incalculable losses. This 

preservation process primarily involves protecting heritage assets from 

atmospheric agents and pollutants, always present in the atmosphere and 

consequently incessantly in contact with the works. However, in the field of 

cultural heritage conservation, predicting the impact of air pollution on materials 

is a complex task due to the high variability of atmospheric contaminants, which 

behave differently depending on the materials involved. As an example, wood and 

bricks, commonly used as building materials, react differently than marble 

statues or canvas paintings (Morabito et al., 2012). Most cultural heritage sites 

and artworks are usually located in urban or heavily anthropized areas, thus 

directly affected by high concentrations of atmospheric agents and pollutants 

(Sablier & Garrigues, 2014). In addition, most cultural heritage artifacts are 

located within indoor environments, such as museums, libraries, or historic 

buildings. This further influences the variability of atmospheric contaminants, as 

each indoor environment has specific characteristics and is highly subject to a 

number of environmental and architectural factors. While outdoor environments 

are extensively studied and regulated by specific legislation on atmospheric 

pollutants, scientific research on indoor environments is still limited and has only 

gained prominence in recent years. Recently, the UNI 11976:2025 standard 

defined specific guidelines for assessing indoor air quality (IAQ). This legislation 

defined key parameters to be monitored in sensitive environments, including 

atmospheric particulate matter (PM2.5, PM10), CO2 and volatile organic 

compounds (VOCs), defined standardised monitoring protocols, i.e. the need for 



114 
 

seasonal monitoring to assess differences between summer and winter periods, 

and promoted the integration of and continuously monitored ventilation systems 

regulated according to actual environmental conditions. However, the purpose of 

this legislation is aimed at human health protection and increasing energy 

efficiency in buildings, with no specific recommendations for the preservation of 

cultural heritage. The protection of these environments is therefore still subject 

to decisions based on the specific conditions and needs of each environment.  

Indoor monitoring within cultural heritage environments is often limited by 

certain features of traditional instruments employed for pollutant monitoring, 

which are often difficult to operate, bulky and loud. Furthermore, the need to 

monitor multiple, vastly different environments makes monitoring through 

traditional research-grade devices time-consuming and cost-intensive. This often 

results in a limited spatial and temporal resolution in the measurements, 

frequently failing to correctly detect fluctuation in pollutants concentrations over 

time and short-lived emission peaks (He et al., 2004). For this reason, the 

implementation of low-cost sensors for monitoring atmospheric pollutants is 

becoming increasingly popular in indoor environments. This type of sensor 

provides much greater spatial and temporal coverage than traditional 

instruments, at the expense of lower accuracy and precision in the measurements. 

Nevertheless, with proper testing and calibration targeted at specific 

environments, these devices could prove highly effective in complementing air 

quality measures alongside traditional instruments and methodologies. 

This project involved monitoring of atmospheric pollutants in various 

cultural heritage indoor environments, combining traditional research-grade 

instruments with low-cost devices, ensuring greater coverage of data as well as a 

technical evaluation of the low-cost sensors implemented. During this project, 

exploratory monitoring campaigns were carried out within the “Grande Brera” 

museum complex in the city of Milan (Italy), which includes the Brera Art Gallery 

(Pinacoteca di Brera), Palazzo Citterio. In particular, the Pinacoteca di Brera and 

Palazzo Citterio environments have not been subjected to any type of 

environmental monitoring of atmospheric pollutants or ambient parameters to 

this date. This project therefore aims first and foremost to provide an initial 

assessment of the environments in which works of cultural significance are 
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displayed, monitoring particle concentrations, both as a mass fraction of 

atmospheric particulate matter (PM) and as a numerical concentration, with 

particular attention to the nanometric fraction. In addition, black carbon (BC) 

concentrations were monitored employing the low-cost bcMeter sensor, already 

described in Chapter 4. BC, which is highly relevant in the field of cultural 

heritage preservation, is mainly emitted by incomplete combustion processes and 

is therefore an excellent tracer of outdoor emissions and a good indicator of any 

infiltration of pollutants from outdoor air. Through these preliminary exploratory 

campaigns, it was possible to identify the most critical areas, as well as possible 

sources of emissions, and assess the influence of visitors within the selected 

environments. In addition, the initial data will allow for precise tuning of the 

ventilation and air conditioning systems present within the environments, in 

order to ensure the best preservation of displayed works. 

 

5.2. Materials and methods 

The monitoring campaigns carried out at the Pinacoteca di Brera and Palazzo 

Citterio followed the same experimental design. During April and May 2025, a 

total of six exploratory campaigns were carried out for each of the selected 

environments. Each sampling was carried out in three repetitions, to ensure 

statistical variability, for each selecting one day open to visitors and one day when 

the museums were closed, with only staff and workers allowed inside. The 

distinction in the monitoring process enabled the quantification of the impact of 

visitors on the designated environments. The selected museum environments 

were monitored in terms of atmospheric particles, measuring the mass 

concentration as PM fraction (PM10, PM2.5 and PM1) and the particle number 

concentration (PNC) in the nanometric fraction, as well as the respective size 

distributions. Sampling was conducted following two separate methodologies: a 

mobile sampling, employing portable research-grade sensors, and fixed 

monitoring deploying low-cost devices in selected environments of interest. 

Mobile monitoring was carried out with portable reference sensors following the 

standard museum visiting itinerary, sampling in each room for a total time 

ranging from 5 to 15 minutes. PM concentrations and relative size distribution in 
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the range 0.25-32 µm were monitored by means of the optical particle counter 

Environmental Dust Monitor model 1.107 (GRIMM Aerosol Technik GmbH), 

hereinafter referred to as OPC Grimm. PNC in the nanometric fraction and 

relative size distribution in the range 10-420 nm were monitored employing a 

Nanoscan SMPS model 3910 (TSI); this sensor was coupled with the portable and 

smart sensor Partector-2 (Naneos) to monitor nanometric PNC with high 

temporal resolution (1 sec). Technical specifications for these sensors are detailed 

in Chapter 2 of this paper. All sensors were mounted on a moving platform to 

allow easy movement between sampling locations (figure 5.1). 

 

Figure 5.1. Employed sensors for the Pinacoteca di Brera and Palazzo Citterio 

campaigns, mounted on a moving platform to allow fast switching between 

sampling locations. 

Mobile sampling in the Pinacoteca di Brera’s environments was conducted over 

28 sampling locations, selected between exhibition rooms containing paintings 

and sculptures, areas undergoing renovation or art restoration, the museum bar 

and a location on the outdoor terrace of the art gallery, to provide an outdoor 

reference point. The selected points and the itinerary followed during each 

sampling are highlighted on the art gallery map in Figure 5.2. For Palazzo 

Citterio’s environments, a total of 19 sampling locations were selected. The 

chosen locations include exhibition rooms, the ticket office on the ground floor 

and an outside area as an outdoor reference point. Selected points and the 
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followed itinerary are highlighted on the art gallery map in Figure 5.3. Mobile 

sampling of selected environments was then coupled with monitoring of 

pollutants at fixed locations selected in specific areas of interest within the 

respective museums, employing low-cost devices. PM concentrations and relative 

size distributions in the range 0.35-40 µm were monitored by means of four low-

cost optical particle counters OPC-N3 (Alphasense). Additionally, BC 

concentrations were measured with two low-cost aethalometers bcMeter. The 

technical specifications for these sensors are outlined in Chapter 2 of this work. 

As regards the Brera Art Gallery, the four points of interest selected were: the 

museum cafeteria (Caffè Fernanda), a place characterised by a large number of 

visitors on opening days, typical catering activities, an opening to the outside 

leading to a direct exchange of air, and the presence of works of artistic interest 

in the environment itself; room 7, where Andrea Mantegna's famous painting 

“Cristo Morto” is displayed; room 24, where three of the gallery's most famous 

works are on display (“Sposalizio della Vergine” by Raffaello Sanzio, “Pala 

Montefeltro” by Piero della Francesca and “Cristo alla colonna” by Donato 

Bramante); , where Francesco Hayez's famous painting “Il bacio” is displayed. 

The selected exhibition rooms are among those with the greatest artistic and 

cultural interest and, as a result, are subject to a higher average flow of visitors. 

OPC-N3 sensors were installed in each of the selected rooms, while the two 

bcMeters were installed in the cafeteria and in room 24. Concerning Palazzo 

Citterio, the four sampling points of interest selected were: the ticket office near 

the entrance, a point with a high influx of visitors, a direct opening to the outside 

and the presence of carpeted flooring; room 40, one of the museum's main 

exhibition rooms, which houses Pellizza da Volpedo's painting “Fiumana”; areas 

A and C2, sections of the museum located on the second floor and dedicated to 

more modern exhibitions. The fixed sampling locations were chosen both for 

monitoring purposes and due to technical necessities agreed upon with the 

museum management. OPC-N3 sensors were installed in each of the selected 

environments, while the two bcMeters were installed in room 40 and area C2. 
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Figure 5.2. Detailed map of the Pinacoteca di Brera art gallery. The red 

arrows show the followed monitoring itinerary. Green dots indicate sampling 

position for mobile monitoring in each selected environment, while azure stars 

indicate the selected positions of installed low-cost devices. 

 

Figure 5.3. Detailed map of the Palazzo Citterio art gallery, for the first (left) 

and second floor (right). The red arrows show the followed monitoring 

itinerary. Green dots indicate sampling position for mobile monitoring in each 
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selected environment, while azure stars indicate the selected positions of 

installed low-cost devices. 

 

5.3. Results 

5.3.1. Air quality assessment of the selected museum’s environments  

The mobile monitoring carried out in the museum indoor environments at the 

Pinacoteca di Brera and Palazzo Citterio provided an initial assessment of the 

environments in terms of air quality, highlighting the spaces more exposed to 

atmospheric pollutants, while identifying the main sources of emissions within 

the monitored environments. Figures 5.4 and 5.5 report average PM and 

nanoparticle concentrations over all monitoring activities conducted in the 

gallery. Average PM concentrations were generally lower than the outdoor 

reference location for most of the monitored exhibition rooms. For Room 1A, 

located directly after the entrance and ticket office and before the actual 

exhibition halls, an average PM10 concentration of 176.9 ± 9.6 µg/m3 was 

reported. The measured value was linked to maintenance and construction work 

carried out during the same period in the area directly opposite the room, which 

led to a marked emission of particles, especially in the coarse phase. The emission 

of particles resulting from these activities also affected adjacent rooms (rooms 2, 

3, 4, and 5), although to a lesser extent due to the glass door that effectively 

isolates the gallery entrance from the exhibition spaces. As expected, the museum 

cafeteria (Caffè Fernanda) showed comparable values to outdoor concentrations, 

as this environment is subjected to significant air exchange with the outside due 

to the presence of automatic doors opening onto outdoor areas. The same 

conclusions can be drawn for PNCs in the nanometric range, with a significant 

impact observed due to maintenance work in front of room 1A. Regarding PNCs 

in the nanometric faction (figure 5.5), similar considerations can be drawn, with 

a strong particle emission observed due to maintenance work in the area facing 

room 1A and an average concentration comparable to the values outdoor values 

detected in the museum cafeteria, while concentrations measured in most 

exhibition rooms were significantly lower than reported outdoor concentrations. 

By decoupling the measurements taken on opening and closing days, an average 
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increase in concentrations was observed in the gallery's exhibition rooms when 

the museum was open to the public. The observed increase is mainly attributable 

to sources closely linked to the presence of visitors, such as dust resuspension and 

transport of pollutants from outside. 

 

Figure 5.4. PM concentrations for each monitored environment at the 

Pinacoteca di Brera, as average of both opening and closing days. PM 

concentrations are reported as PM1, PM2.5-1 and PM10-2.5 to better represent size 

fractions. 
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Figure 5.5. Particle number concentration (PNC) in the nanometric fraction 

measured by the Partector-2 (naneos) device for each monitored environment 

at the Pinacoteca di Brera, as average of both opening and closing days. 

Figures 5.6 and 5.7 report average PM and nanoparticle concentrations over all 

monitoring activities conducted at Palazzo Citterio. The assessment of the 

environments of Palazzo Citterio highlighted the museum ticket office, located on 

the ground floor, as one of the most critical environments in terms of particle 

concentrations. An average PM10 concentration of 54.2 ± 11.5 µg/m3 was reported 

for all measurements conducted in the museum. This environment is 

characterised by a significant air exchange with the outdoors and the presence of 

carpeted flooring, which facilitates the resuspension of deposited coarse 

particulate matter. In addition, during public opening days, the ticket office sees 

a constant flow of visitors, which exacerbates the existing effects and introduces 

additional sources of particles. Other noteworthy environments are represented 

by rooms 40 and 49, both characterised by carpeted floors, again contributing to 

the resuspension of deposited particulate matter. In general, however, with the 

exception of the ticket office, the PM concentrations detected in the exhibition 

rooms were not deemed critical, as average values were consistently below the 

threshold limit concentration for PM10 of 30 µg/m3, selected by the museum 

management as an alert threshold for the preservation of the cultural heritage 

housed in the museum. Reported PNC in the nanometric fractions for all the 

environments monitored were significantly lower than the outdoor reported 
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value, with the exception of room 1A, where due to maintenance and restoration 

works conducted resulted in an average PNC of 1.9 × 104 ± 428.7 particles/cm3. 

 

Figure 5.6. PM concentrations for each monitored environment at Palazzo 

Citterio, as average of both opening and closing days. PM concentrations are 

reported as PM1, PM2.5-1 and PM10-2.5 to better represent size fractions. 

 

Figure 5.7. Particle number concentration (PNC) in the nanometric fraction 

measured by the Partector-2 (naneos) device for each monitored environment 

at Palazzo Citterio, as average of both opening and closing days. 
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5.3.2. Application of low-cost sensors for air quality control 

The installation of low-cost sensors at fixed positions in selected environments 

throughout the studied museums has resulted in two major advantages during 

monitoring: primarily, thanks to their compact size, minimal noise impact and 

ease of installation, the sensors employed had a minimal impact on visitors, 

allowing for continuous operation even during public opening hours without any 

repercussions; secondly, continuous monitoring provided a complete picture of 

PM concentration trends over time in the rooms assessed, covering the period 

from closing days to public opening, while also allowing concentrations during 

the night to be assessed, which can act as a background value for the entire 

measurement. Figure 5.8 reports PM concentrations (as 1-hour averages) 

measured by one of the employed OPC-N3 (Alphasense), installed in Room 24 of 

the Pinacoteca di Brera. As mentioned above, this room is one of the most 

crowded during opening hours due to the valuable artworks it houses (“Sposalizio 

della Vergine” by Raffaello Sanzio, “Pala Montefeltro” by Piero della Francesca 

and “Cristo alla colonna” by Donato Bramante). During the closing day, 

represented by the leftmost portion of the plot, extremely low concentrations 

were recorded, up to approximately 2 µg/m3 for PM10, and comparable to the 

reported night-time concentrations, which reached a constant value throughout 

the entire period of approximately 0.2 µg/m3. 

 

Figure 5.8. PM (PM1, PM2.5 and PM10) concentration trend over time reported 

by the low-cost OPC-N3 installed in Room 24 at the Pinacoteca di Brera. The 

blue highlighted section refers to closing hours, as per the museum's schedule. 

The deployment of OPC-N3 sensors also enabled the evaluation of the 

dimensional distribution of particulate matter in the examined rooms. Figure 5.9 

reports numeric and volumetric size distributions, divided according to the 
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museum's opening hours (closed to the public, open to visitors and overnight 

closure). Size distributions reported for Room 24 (in figure 5.9 as average size 

distributions over all conducted monitoring days) highlight a clear trend: for the 

finer fraction (< 1 µm), the size channels showed comparable concentrations; in 

the coarse phase (< 10 µm), however, a greater discrepancy was observed between 

the three phases analysed, with a distribution for night-time closures generally 

lower than during visitor opening hours, while the size distributions for days 

without visitors was intermediate between the two limit cases. The same overall 

trend can be observed for both numeric and volumetric size distributions.  

 

Figure 5.9. Reported number (left) and volume (right) size distributions for the 

OPC-N3 sensor installed in Room 24 at the Pinacoteca di Brera. 

Figure 5.10 reports PM concentrations (as 1-hour averages) trend over time 

measured by one of the employed OPC-N3 (Alphasense), installed in the ticket 

office of Palazzo Citterio. This particular case highlights two significant emission 

events (> 250 µg/m3 for PM10; > 50 µg/m3 for PM2.5) that occurred within the 

environment under examination. This particular case highlights two significant 

emission events that occurred within the environment under examination during 

closing hours, mainly related to maintenance and cleaning activities. This 

observation is confirmed by the numerical and volumetric size distributions 

reported for the ticket office (figure 5.11) which, despite being reported as an 

average of all measurements taken, are influenced by these emission events. In 

fact, in contrast to the case study reported above for the Pinacoteca di Brera, a 

distribution with generally higher concentrations up to approximately 15 μm is 

observed for the closing day compared to visiting hours. The results reported in 
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this analysis are representative of individual case studies obtained from 

sampling, but the low-cost OPC-N3 devices installed in specific environments 

allowed to obtain comparable information on PM concentrations and size 

distributions throughout all measurement campaigns carried out at the 

Pinacoteca di Brera and Palazzo Citterio. Thanks to the deployment of these 

sensors, it was possible to identify long- and short-term emission events which, 

in some cases, could not be detected by standard mobile sampling, often limited 

by technical and organisational constraints. This highlights the importance of 

continuous monitoring with high temporal resolution in cultural heritage 

environments, where, despite low average concentrations, individual marked 

emission events can lead to an increased degradation and damage risk; therefore, 

low-cost sensors can also be useful to implement best practices to adopt, during 

closing hours, to mitigate the impact of each activity other than the one related to 

the visitors. 

 

Figure 5.10. PM (PM1, PM2.5 and PM10) concentration trend over time reported 

by the low-cost OPC-N3 installed in the ticket office at Palazzzo Citterio. The 

blue highlighted section refers to closing hours, as per the museum's schedule. 
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Figure 5.11. Reported number (left) and volume (right) size distributions for 

the OPC-N3 sensor installed in the ticket office at Palazzo Citterio. 

5.3.3. OPC-N3 evaluation 

To properly assess the overall performance of the low-cost OPC-N3 sensors 

deployed, each device was evaluated against reference data derived from the OPC 

Grimm employed in the mobile sampling. To ensure a valid comparison, given 

the different methodology applied for the two instruments, OPC-N3 data was 

considered for the comparison only during timeframes when the OPC Grimm, 

employed in the mobile monitoring, was sampling in the same rooms as each 

specific low-cost sensor. Figures 5.12 and 5.13 report average PM10 

concentrations for the selected environments in each museum. It is clear how, for 

most of the analysed environments, OPC-N3 sensors appear to underestimate 

particulate concentrations, especially in the coarse fraction, compared to the 

reference values from the OPC Grimm. This trend is even more pronounced in 

environments with high PM concentrations. 
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Figure 5.12. Average PM10 concentrations for the monitored environments at 

Pinacoteca di Brera during opening (left) and closing (right) days. OPC-N3 

data was averaged considering only the timeframes when the OPC Grimm 

was sampling in the same room. 

 

Figure 5.13. Average PM10 concentrations for the monitored environments at 

Palazzo Citterio during opening (left) and closing (right) days. OPC-N3 data 

was averaged considering only the timeframes when the OPC Grimm was 

sampling in the same room. 

Analysing the numeric and volumetric size distribution (figures 5.14 and 5.15) 

derived for both the OPC-N3 and the OPC Grimm, two key factors have been 

identified as the underlying causes of the observed underestimation, consistent 

with the findings reported in Chapter 3 in the analysis of the OPC-N3 sensor. The 

cut-off at a minimum diameter of 0.35 µm in the OPC-N3 can affect the number 

concentration in the accumulation mode, although resulting in a minor loss when 

converted to mass concentrations. Similar to what was observed in the OPC-N3 

analysis reported in Chapter 3, a discrepancy is observed in the size distributions 

between the OPC-N3 and OPC Grimm, particularly marked in the volumetric 
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distribution (up to a factor of 10), that could explain the observed 

underestimation in terms PM mass concentration. While figures 5.14 and 5.15 

illustrate the numeric and volumetric distributions for two specific case studies 

(Room 40 during closing days for Palazzo Citterio; Room 24 during visiting hours 

for Pinacoteca di Brera), selected to highlight the aforementioned observations, 

the same behaviour was consistently reported for the other environments 

analysed. This confirms what was previously concluded about the performance of 

the low-cost OPC-N3 sensor, highlighting its technical limitations in accurately 

detecting PM concentrations.  

 

Figure 5.14. Numeric (left) and volumetric (right) size distribution reported by 

the OPC Grimm and the OPC-N3 for Room 40 (during closing hours) at 

Palazzo Citterio. 

 

Figure 5.15. Numeric (left) and volumetric (right) size distribution reported by 

the OPC Grimm and the OPC-N3 for Room 24 (during visiting hours) at 

Pinacoteca di Brera. 
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To correct for the underestimation observed in the measurements, apparent 

density factors were calculated by means of a linear fit between the OPC-N3 and 

OPC Grimm data (as PM1, PM2.5-1 and PM10-2.5) collected in each environment, 

analogous to the approach adopted in the OPC-N3 application conducted in 

Piazza della Scienza, as described in Chapter 3. However, given the high 

variability between indoor environments, the different sources of particles, and 

the conditions of each sampling carried out, apparent densities with widely 

diverging values were derived, as reported in tables 5.1 and 5.2. In addition, given 

the comparison method employed in the analysis, with the OPC Grimm dedicated 

to mobile sampling, the comparison with the OPC-N3 installed in the indoor 

spaces was limited to restricted time intervals, not allowing sufficient data 

collection for an accurate calculation of the correction factors. This result 

suggests the need to derive specific corrective factors for each type of 

environment evaluated, highlighting the difficulty of defining a single parameter 

given the significant variability of conditions of indoor environments. 

 

Table 5.1. Derived apparent density factor for the OPC-N3 for the monitored 

environments at the Pinacoteca di Brera. 
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Table 5.2. Derived apparent density factor for the OPC-N3 for the monitored 

environments at Palazzo Citterio. 

 

5.3.4. Black carbon assessment through the low-cost bcMeter 

Alongside PM monitoring conducted by employing the low-cost OPC-N3, the low-

cost aethalometer bcMeter was installed in two selected environments in both 

museums. Black carbon, despite being mainly emitted by combustion processes 

and often a marker of motor vehicle traffic, is of great importance when assessing 

indoor air quality as, being a pollutant produced by predominantly outdoor 

sources, it allows the assessment of the infiltration of outdoor air into the 

environments examined. The deployment of the bcMeter devices in the 

environments examined allowed two outcomes: first, it was possible to obtain a 

qualitative measurement of BC concentrations inside the selected museums, 

comparing them with concentrations reported by outdoor reference stations; 

secondly, this campaign served as a testing ground for the first application of 

bcMeter devices in indoor monitoring, allowing an evaluation of the overall 

performance and accuracy in monitoring BC and their main technical limitations 

to be identified. To allow a first comparison of BC, reference concentrations were 

obtained from the reference monitoring stations of ARPA Lombardia, specifically 
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for Milano Senato and Milano Marche stations. However, some limitations 

encountered during this initial analysis should be addressed: the selected ARPA 

reference station is located in an area of Milan characterized by heavy traffic 

flows, while the museums analysed in this study are located within the restricted 

traffic zone in the city center of Milan (“Area C”); for this reason, the comparison 

conducted with the bcMeters cannot be used for a precise evaluation and 

calibration of the devices. However, the choice of this reference station was 

constrained by the reference data availability for the period selected for 

monitoring. Thus, the comparison was only carried out for three of the six 

samples taken (including both the closing and opening day), specifically for the 

first monitoring conducted at the Pinacoteca di Brera and for the first and third 

monitoring conducted at Palazzo Citterio. Figures 5.16 to 5.18 report average BC 

concentrations (as 1-hour averages) for both bcMeter installed at both the 

Pinacoteca di Brera and Palazzo Citterio, and the reference concentrations from 

the ARPA Marche monitoring station. Overall, BC concentration trends over time 

reported by the two bcMeter show significant fluctuations in the data, with 

consequent negative values that often influence the measurement. BC data 

outputted by both bcMeter does not follow the overall trend reported by the 

reference ARPA data in any way and appears highly scattered, showing no 

correlation with the reference concentrations (R2 of linear fit < 0.2). However, 

the observed results reflect expected outcomes, due to some key limitations: first 

of all, the monitoring activity was limited in time and not continuous, which 

greatly reduced the number of valid data obtained. As reported in Chapter 4 of 

this work and extensively detailed by Doldi et al., (2025), the bcMeter has proven 

to be effective in monitoring BC in ambient air at 24-hours’ time resolutions. By 

increasing the time resolution of the measurement, the data obtained from the 

bcMeter tend to be highly dispersed, analogously to what was observed during 

this analysis. In addition, the lack of reference instruments employed directly 

alongside the bcMeters, and comparison with reference data from the ARPA 

reference station located in a profoundly different urban area, heavily influenced 

the evaluation of the low-cost sensors. Due to significant instrumental 

limitations, the bcMeter proved inadequate for accurate BC monitoring of the 

museum environments under examination, requiring prolonged sampling over 



132 
 

time and a direct comparison with collocated scientific-grade instrumentation for 

a more accurate evaluation and calibration. 

 

Figure 5.16. Black Carbon (BC) concentrations (as 1-hour averages) for the 

referenca station of ARPA Marche, and the bcMeter installed at the Pinacoteca 

di Brera, relative to the first leg of monitoring conducted. 

 

Figure 5.17. Black Carbon (BC) concentrations (as 1-hour averages) for the 

referenca station of ARPA Marche, and the bcMeter installed at Palazzo 

Citterio, relative to the first leg of monitoring conducted. 
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Figure 5.18. Black Carbon (BC) concentrations (as 1-hour averages) for the 

referenca station of ARPA Marche, and the bcMeter installed at Palazzo 

Citterio, relative to the third leg of monitoring conducted. 

 

5.4. Discussion 

Air pollution is one of the main risk factors for the deterioration and damage of 

cultural heritage. The interaction of surfaces with specific pollutants can lead to 

physical deterioration of surfaces, corrosion processes, and soiling, which can 

cause permanent damage. For this reason, preventive conservation plays a 

fundamental role in safeguarding cultural heritage. Monitoring pollutants 

becomes a crucial step in environments designed to house works of cultural 

significance, especially indoors, allowing pollution levels to be quantified, 

possible sources to be identified, and decisions to be made regarding the proper 

preservation of artworks. In this work, two explorative monitoring campaigns 

were conducted in two cultural heritage indoors sites comprised by the museum 

complex of “Grande Brera” in the city of Milan (Italy), specifically targeted at the 

Pinacoteca di Brera, one of one of the most important art galleries of the city, and 

Palazzo Citterio, an historic building now functioning as art exhibition. Through 

a mobile monitoring setup, employing research-grade portable devices, the 

museum environments under examination were assessed in terms of particle 

emissions (as both PM mass concentrations and PNC in the nanometric fraction), 

identifying the environments most at risk and potential sources of emissions. For 

both monitored environments, the spaces most subjected to high particle 

concentrations were those with direct air exchange with the outside, such as the 
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ticket office (Palazzo Citterio) and the cafeteria (Pinacoteca di Brera). In the 

exhibition rooms, the concentrations detected during the sampling were low, 

consistently below the limit of 30 µg/m3 for PM10 defined as the alarm threshold 

by the museum management. Rooms with carpeted flooring, which facilitate the 

resuspension of deposited particulate matter, showed the highest average PM 

concentration especially on days when the museum was open to the public and 

therefore characterized by a greater influx of visitors. Additionally, maintenance 

and restoration works conducted in the monitored environments proved to be the 

most critical processes linked to particle emission, significantly affecting both PM 

mass concentration (average PM10 concentration of 176.9 ± 9.6 µg/m3 measured 

for room 1A at the Pinacoteca di Brera) and PNC in the nanometric fraction 

(average PNC of 1.9 × 104 ± 428.7 particles/cm3, room 1A at the Pinacoteca di 

Brera), thus posing the highest risk of exposure for the artworks housed in the 

museums.  

In parallel, this project proved to be an excellent testing ground for 

implementing low-cost sensors for monitoring of pollutants in indoor cultural 

heritage environments. Four OPC-N3 optical particle counters (Alphasense) and 

two bcMeter were deployed in specific selected environments. The low-cost OPC-

N3 device proved to be an effective tool for monitoring PM, ensuring real-time 

and continuous measurement of PM concentrations and relative size 

distributions in selected environments, compensating for some disadvantages of 

the applied mobile sampling such as low temporal and spatial resolution of 

measurements. The deployment of these type sensors, allowed to identify long- 

and short-term emission events not detected by standard mobile sampling, while 

also enabling a comprehensive evaluation of changes in particle size distribution 

during different opening hours and overnight. When compared with the data 

obtained through mobile monitoring for the Grimm OPC, an overall 

underestimation in PM concentrations was observed for OPC-N3. Consistent 

with the findings reported in Chapter 3 following the application of the same 

instrument in the MUSA project, this underestimation is attributable to a 

technical limitation of the sensor, unable to precisely detect particles in all its 

dimensional channels, showing a significant discrepancy in volumetric 

distributions compared to the reference, as well as truncation in the lower size 
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bins. The proposed corrective approach, which involves recalculating the PM 

following the application of apparent densities obtained on the basis of 

experimental comparison with reference data, was not practical, given the 

significant variability between the indoor environments monitored and the 

specific conditions present during the various sampling operations carried out, 

which led to widely differing apparent density values for each individual rooms 

assessed. This result highlights the need for site-specific correction factors to be 

derived for each indoor environment evaluated, taking into account the high 

variability of conditions in each specific setting. Moreover, the limited reference 

data pool resulted from the employment of the OPC Grimm in a mobile sampling, 

further limiting the validity of the data collected and the feasibility of the density-

based correction approach. The application of the low-cost BC monitoring device 

bcMeter showed great limitations, as the device proved inadequate for indoor 

monitoring. The sensor evaluations, however, presented some limitations that 

will be addressed in future applications: first, the presented comparison was 

limited employed reference data from a non-collocated ARPA monitoring station, 

located in an area approximately 2.5 km away from the evaluated museum 

environments and with profoundly different characteristics in terms of 

atmospheric pollutants. In addition, the monitoring conducted in this study was 

carried out over a limited time frame, which did not allow for the collection of a 

sufficiently representative amount of data to evaluate the bcMeter device. In fact, 

in agreement with previous studies, this instrument showed too high data at time 

resolutions higher than 24 hours, limiting its usage to case studies where a daily 

average estimate is required. Nevertheless, the employed low-cost sensors proved 

to be useful tools in indoor air quality assessment, complementing standard 

instrumentation, granting higher temporal and spatial resolution of data. Given 

their compact size, negligible noise impact, and cost-effectiveness, these sensors 

proved to be a viable solution for monitoring indoor environments where 

application of traditional sensing equipment is often limited, as demonstrated in 

the present study aimed at cultural heritage preservation. 
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6. Low-cost sensors application in citizen-science 

initiatives 

Given the advantages low-cost sensors exhibit overall, as extensively detailed in 

this dissertation, mainly their cost-effectiveness and ease of use, a recent shift in 

the paradigm of air quality research has been observed towards the involvement 

of the general public in air quality monitoring activities through citizen-science 

initiatives. This approach to air pollution research not only allows for better data 

dissemination, fostering greater public awareness on environmental issues, but 

can become a helpful tool for significantly increasing data collection and 

coverage. This chapter will focus on the testing and designing of new low-cost and 

homemade devices for air quality monitoring and their first applications in 

citizen-science activities.  

 

6.1. Evaluation of a low-cost homemade integrated monitoring 

unit 

 In the context of the F.AIR (Fragile AIR - Unfair Health. Assessing Access to 

Healthy Environments from Schools to Communities) project, aimed at ensuring 

healthy environments in terms of air quality for citizens, with a particular focus 

on school environments and safeguarding the health of children and young 

adults, initial testing and calibration were conducted employing the Milano 

Smart Park (from now on referred to as MSP) integrated homemade multi-sensor 

monitoring unit against reference instrumentation. As detailed in Chapter 2 of 

this dissertation, this device was developed by the citizen-based initiative 

“Associazione Parco Segantini” in the urban area of Milan (Italy), in an effort to 

spread awareness on air quality and air pollution control in the city. Three low-

cost devices, monitoring both PM concentrations as well as gaseous pollutants, 

particularly nitrogen oxides (NOX), were deployed at the monitoring site of the 

atmospheric chemistry research group of the university of Milano-Bicocca (U9 

building, University of Milano-Bicocca) alongside a reference gravimetric 

sampler (HYDRA Dual Sampler) and a reference NOX analyzer (AC32M, 
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Chemiluminescent Nitrogen Oxides Analyzer). Data was collected over a period 

of approximately one month, between April and May 2025. 

PM data highlighted how the MSP devices (as 24-hours averages, to allow 

direct comparison with the gravimetric sampler) were able to moderately follow 

the overall PM concentration trend reported by the gravimetric measurements. 

As reported in figure 6.1, MSP PM2.5 concentrations showed a marked 

overestimation in the data (slope of linear fit of s = 1.38), while PM10 

concentrations showed a fluctuating trend, overestimating reference 

concentration in some specific days, while reporting an overall underestimation 

of data (slope of linear fit of s = 0.83). Data correlation was evaluated for the 

average of the three MSP devices employed through a linear fit, highlighting 

moderate correlation between the two datasets, with a reported coefficient of 

determination (R2) value of R2 = 0.45 for PM2.5 and R2 = 0.35 for PM10. 

 

Figure 6.1. PM2.5 (left) and PM10 (right) concentration trend over time for the 

MSP devices (as average of the three devices employed over a 24-hours’ time 

period) and the reference gravimetric measurements. 

To account for the observed overestimation, which can be traced to an effect of 

high relative humidity (RH) episodes affecting the optical measurement, a 

correction factor already employed by the Associazione Parco Segantini was 

applied to the raw PM data. This correction factor employs RH readings and two 

experimentally derived constant parameters, in order to minimize the influence 

of high relative humidity on the PM measure. The following equation reports the 

employed correction equation: 
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𝑃𝑀𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝑃𝑀𝑟𝑎𝑤 ∙ (1 + (
𝑅𝐻

𝐾2
)

−
𝑅𝐻
𝐾1

 

Where PMraw represents PM data directly outputted from the MSP devices; RH is 

the ambient relative humidity; K1 and K2 are the experimentally derived constant 

factor, which in this specific study were equivalent to K1 = 20 e K2 = 200, based 

on previous testing already carried out by Associazione Parco Segantini. 

Corrected PM data showed overall improvement for the PM2.5 fraction showing 

strong correlation with reference gravimetric data, with a R2 of linear fit equal to 

0.87. The correction proved effective in correcting the overall overestimation, 

although corrected PM concentrations reported a slight overestimation of 

reference PM concentrations, with a slope of linear fit of s = 0.80, after correction. 

For the PM10 fraction the correction equation applied proved to be mostly 

ineffective in correcting MSP concentration, with only a minor improvement in 

data correlation (R2 = 0.37). However, this result was mostly expected, as the low-

cost sensors integrated in the device (PMS5003, Plantower Technology) is 

capable of effectively monitoring concentrations for the PM2.5 fraction but has 

significant limitations in measuring the coarser fraction, as extensively detailed 

in the scientific literature regarding this type of sensor (Kaur & Kelly, 2023; 

Caseiro et al., 2024). A comparable result was detailed in Chapter 3 regarding the 

employment of the Purple Air devices, mounting a similar Plantower sensor 

(PMS6003), where the correction factor applied actually worsened the 

overestimation observed. 
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Figure 6.2. PM2.5 (left) and PM10 (right) concentration trend over time for the 

MSP devices (as average of the three devices employed over a 24-hours’ time 

period) after data correction, and the reference gravimetric measurements. 

Nitrogen oxides (NOX) concentrations reported by the MSP devices were 

evaluated during the same time frame against a reference NOX analyser (AC32M). 

Figure 6.3 reports average (24-hours) NOX concentrations for the three MSP 

devices and the reference NOX analyzer. To ensure a further comparison, NOX 

data from the reference ARPA monitoring station of Milano Pascal are reported. 

All three MSP devices reported different trends in NOX concentrations and show 

an almost opposite trend compared to the reference analyser and the 

concentrations obtained by the ARPA monitoring station. This resulted in no 

correlation between the deployed devices (R2 < 0.1, for two of the deployed MSP 

devices, referred to as MSP2 and MSP3 in figure 6.3). The best correlation was 

reported by the MSP1 device (R2 = 0.43); however, this specific device showed a 

strong offset in NOX concentrations, reporting values in the range 400-1200 

µg/m3.  

Overall, the MSP devices showed good performance in detecting PM2.5 

concentrations, reporting strong correlation after correcting for relative 

humidity. PM10 concentrations reported worse overall results, with moderate 

correlation, and could not be effectively corrected with the proposed algorithm. 

Nevertheless, given the overall cost and technical specifications, the MSP 

integrated homemade multi-sensor monitoring unit proved to be an effective tool 

for PM environmental monitoring. Regarding NOX concentrations however, the 

device highlighted the technical limitations of the mounted gas sensor (MiCS-

6814, SGX Sensortech) in accurately assess ambient concentration, reporting low 

replicability between identical devices, marked offsets in reported 

concentrations, and no overall correlation with reference data. To further 

evaluate the NOX sensor employed in the MSP devices, laboratory calibration in 

an exposure chamber at controlled gas concentrations and conditions will be 

employed. 
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Figure 6.3. NOX concentrations (as 24-hours averages) reported for the three 

MSP devices, the reference AC32M analyzer and the reference monitoring 

station of ARPA Pascal. MSP1 data (in red) in scaled in the secondary y axis 

for better data visualization. 

 

6.2. 6.2. RESPIRO – low-cost portable device for citizen-science 

and personal exposure assessment 

As part of the MUSA ecosystem, with the participation of the Rome Advanced 

District (ROAD) and XearPro srl, a low-cost portable sensor has been recently 

developed by the POLARIS (Centro di ricerca Salute e Sontenibilità Ambientale) 

research group of the University of Milano-Bicocca, aimed at real-time air quality 

monitoring and personal exposure assessment. The developed sensor (officially 

named RESPIRO - Real Time Environmental Sensing for Personal Intelligent 

Risk Optimization) was designed as a tool for citizen science, enabling the direct 

involvement of citizens in the data collection process. The device was equipped 

with a low-cost PMS9103m (Plantower) sensor, allowing monitoring of 

atmospheric particulate matter (PM1, PM2.5, PM10). Additionally, the device was 

equipped with two sensors to monitor CO and CO2 concentrations, as well as 

environmental parameters (T, RH and pressure). In order to facilitate use, 
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simplify the user interface and obtain continuous GPS positioning, the device can 

be coupled with a downloadable smartphone application. 

 

Figure 6.4. Overview of the low-cost RESPIRO device developed. 

This device has multiple objectives: to involve the public in the measurement 

process, providing information on issues related to air quality and their effect on 

human health, and to provide a significant amount of data on personal exposure 

to atmospheric pollutants in different indoor and outdoor environments. To carry 

out an initial assessment of the performance of the developed device and 

highlight the initial critical issues from a hardware and software perspective, a 

pilot monitoring campaign was carried out, in which over forty devices were 

assigned to students and university staff of the university of Milano-Bicocca, on 

a voluntary basis, tasked with carrying out indoor/outdoor routes within the 

Bicocca district through pre-determined routes (figure 6.5). Figures 6.5 and 6.6 

reports averaged concentrations measured by the RESPIRO devices employed 

during the pilot campaign. Figure 6.5 reports data obtained during colder days of 

the winter season, while figure 6.6 show average concentrations detected during 

days with atmospheric instability, highlighting how the RESPIRO devices were 

able to detect PMx concentration variations related to different atmospheric 

conditions. This preliminary campaign was instrumental in highlighting the main 

hardware and software issues of the RESPIRO device, pointing towards an 

improvement of overall sensor performance and response. In the future, the 

device accuracy in monitoring PMx concentration will be evaluated against 

reference instrumentation in both laboratory and environmental conditions, to 

ensure the best quality in the collected data. Future applications will also see the 

deployment of the sensors in school projects, involving children and young adults 
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in the data collection process, fostering air pollution awareness. Furthermore, the 

RESPIRO device will undergo precise testing and calibration in both laboratory 

and field conditions. 

 

Figure 6.4. Map of the selected routes for the pilot monitoring campaign 

employing the RESPIRO devices. 

 

Figure 6.5. Map of the first route with average PM10 concentration for each 

sampling location obtained deploying the RESPIRO devices during the pilot 

campaign. 
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Figure 6.6. Map of the second route with average PM10 concentration for each 

sampling location obtained deploying the RESPIRO devices during the pilot 

campaign. 
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7. Conclusions 

Air pollution has been recently linked to about 7 million deaths per year (WHO, 

2024), and its negative effects encompassing our lives are now thoroughly 

detailed in scientific literature. For this reason, topics related to air quality are 

becoming increasingly prominent not only in the scientific community, but also 

at the legislative level and within public opinion. Air pollution’s role in the role of 

pollution in the onset of respiratory, cardiovascular and neurological morbidity, 

damage to the reproductive system and cancer has now been extensively 

documented, especially considering the airborne particle fraction (Pope & 

Dockery, 2006; Bentayeb et al. 2013; Kyung & Jeong, 2020; Sahu et al., 2014). 

However, while the effect on health is among the most worrying given its 

implications, air pollution exerts constant pressure on our entire living 

environment. Depending on their chemical and physical properties, atmospheric 

pollutants can exert a forcing effect on the climate, altering the Earth's radiation 

budget (Bellouin et al., 2020; Mohnen et al., 1993; Feldman et al., 2015). In 

addition, air pollutants can interact across the entire ecosystem, with adverse 

effects on fauna, vegetation, and soil (Singh & Verma, 2023; Zuhara & Isaifan, 

2018; Fuhrer et al., 2016). Atmospheric pollutants directly affect anthropogenic 

materials, from damage and soiling of civil structures (Rao et al., 2014) and 

cultural heritage sites (Vidović et al., 2022) to effects on electronic equipment and 

printed circuits (Gini et al., 2023; Ferrero et al., 2013), overall resulting in a 

tangible economic and cultural loss. To effectively manage air pollution and limit 

its impacts, general legislation and guidelines (EU Directive 2024/2881; WHO, 

2021) were issued specifying threshold values for specific pollutants aimed at 

human health protection, and establishing unified monitoring methodologies. At 

the present time, environmental monitoring of atmospheric pollutants is 

achieved through certified reference monitoring stations, on a regional and 

international scale, and through the employment of scientific-grade reference 

instrumentation. However, given the excessive economic cost, difficulty of 

employment, and need for constant maintenance to ensure great accuracy, 

traditional air quality monitoring often offers inadequate spatial and temporal 

data coverage, unable to provide sufficient information on emission sources and 

hotspots (Kumar et al., 2015). For this reason, in recent years, both the market 
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and scientific research have seen the rise of low-cost technologies for monitoring 

of pollutants. This innovative type of sensor has emerged as a tool that can 

complement traditional monitoring through significantly reduced costs and ease 

of use, allowing for its widespread application and ensuring greater spatial and 

temporal coverage in the data. Nevertheless, this inevitably results in reduced 

accuracy and precision of measurements, requiring extensive testing and 

calibration in different environmental conditions and settings. In this context, 

this work focuses primarily on the application, testing and analysis of innovative 

low-cost, smart, and portable instrumentation for air quality monitoring, as 

powerful tools that can aid the scientific community, as well as the public, 

towards a more comprehensive understanding of the air we breathe. Multiple 

low-cost devices were employed in a wide array of environments, from 

environmental applications in urban and suburban settings, to indoor spaces, 

conducting specific testing and in-site calibration to properly evaluate these 

sensors in different conditions.  

The first part of this work saw the employment of low-cost sensors as tools 

for air quality assessment during urban regeneration activities conducted in the 

science campus of the university of Milano-Bicocca as part of the MUSA 

(Multilayered Urban Sustainability Action) ecosystem, a project born in the 

urban area of Milan as a joint effort between universities, research institutions 

and public and private entities aimed at the establishment of a replicable model 

aimed at sustainability and citizen’s well-being. Acting through one of its main 

branches (Spoke 1 – Urban), the ecosystem conducted a major urban 

regeneration effort at the University of Milano-Bicocca, renewing the 

architectural context of the university science campus of Piazza della Scienza. The 

application, against reference instrumentation, of the low-cost and portable 

sensors (OPC-N3, Alphasense; Partector-2, Naneos) in monitoring the progress 

of the square's regeneration work in its three main phases (pre-construction, 

construction and post-construction) highlighted the strengths and limitation of 

this new type of instrumentation, mainly the need for proper calibration. The 

Partector-2 device showed great correlation and comparability with the reference 

monitor (Nanoscan SMPS, TSI) employed, proving to be a great asset for 

monitoring nanoparticles concentrations with high time resolution. The low-cost 
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OPC-N3 showed excellent correlation with the reference optical particle counter 

(Environmental Dust Monitor, Grimm), although showing a severe 

underestimation of PM concentrations. Deriving site-specific correction factors 

from the comparison with the reference data from the OPC Grimm, based on the 

computation of new apparent densities (4.17-10.73 g/cm3 for PM1; 1.44-5.47 

g/cm3 for PM2.5-1; 1.67-5.79 g/cm3 for PM10-2.5) to replace the constant value used 

by the low-cost instrument, led to a significant improvement in the data returned 

by the sensor during all three construction phases of the urban regeneration plan 

in Piazza della Scienza. After calibration, the low-cost sensors data played a 

fundamental part in the assessment of the urban regeneration project impact on 

air quality. Through close monitoring in the three main phases of the urban 

regeneration project, it was assessed, in terms of particle emissions, the impact 

of both the construction activities (mainly aimed at depaving, installation of new 

flooring, and increasing green coverage), and the entire urban regeneration 

project carried out in Piazza della Scienza. The calculated impact for the entire 

construction phase for PM mass concentrations was 11.1 ± 23.8 µg/m3 for PM1, 

33.6 ± 53.0 µg/m3 for PM2.5 and 82.1 ± 79.4 µg/m3 for PM10. For PNC in the 

nanometric fraction, the calculated impact was -3318.3 ± 3825.6 cm-3. For indoor 

environments, the calculated impact for the entire construction phase for PM 

mass concentrations was 0.3 ± 6.9 µg/m3 for PM1, 3.9 ± 12.6 µg/m3 for PM2.5 

and 2.3 ± 29.2 µg/m3 for PM10. For PNC in the nanometric fraction, the 

calculated impact was -8056.3 ± 2418.4 cm-3. While PM concentrations showed 

an increase in all three fractions, only for PM10 the increase was statistically 

significant. As expected, given the nature of the type of activities conducted, 

construction work on the square mainly resulted in an increase of PM 

concentrations in the coarse fraction. During the post-construction phase the 

derived impact on PM mass concentrations was -5.2 ± 5.5 µg/m3 for PM1, -5.6 ± 

6.4 µg/m3 for PM2.5 and -5.9 ± 8.6 µg/m3 for PM10. For PNC in the nanometric 

fraction, the calculated impact was 5640.1 ± 4588.5 cm-3. For indoor 

environments, the calculated impact in the post-construction phase for PM mass 

concentrations was -1.3 ± 1.4 µg/m3 for PM1, -0.8 ± 2.0 µg/m3 for PM2.5 and -2.5 

± 8.7 µg/m3 for PM10. For PNC in the nanometric fraction, the calculated impact 

was -286.9 ± 1227.3 cm-3. The overall assessment of the impact of the entire urban 
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regeneration project in Piazza della Scienza planned by the MUSA ecosystem 

showed a general decreasing trend in PM concentrations, suggesting how the 

measures envisioned by the MUSA ecosystem had a positive effect, although in 

general this decrease was not statistically significant enough to quantify this 

result with certainty. The positive impact observed in the increase in 

nanoparticles linked to the presence of greater green coverage in the square was, 

however, significant and was traced back to an increase in the vegetation cover, 

thus biogenic VOCs emission, with subsequent formation of secondary organic 

aerosols (SOA) via nucleation and coagulation processes. Upon completion of the 

urban regeneration effort, additional low-cost sensors (Purple Air Flex; 

Polludrone, Oizom) were installed in fixed locations throughout the square to 

facilitate continuous monitoring of pollutants. This step is aimed at fostering 

scientific research with a continuous flow of data on pollutant concentrations in 

the square, as well as promoting the dissemination of environmental issues 

related to pollution and involving students and citizens. 

A second part of this work focused on of the first application of the recently 

developed low-cost BC monitoring device bcMeter, assessing its performance in 

environmental monitoring in comparison with a standard reference aethalometer 

(AE33, Magee Scientific) over a five-month period at an urban background 

location in Mülheim-Styrum, Germany. The bcMeter proved to be an effective 

tool for monitoring ambient BC concentrations in 24-hour averages, showing 

good correlation with the reference AE33 aethalometer (R2 > 0.7 for both devices, 

after outlier removal). However, at higher time resolution the reported BC data 

was highly scattered, with no meaningful interpretation. This study also revealed 

a consistent underestimation of BC concentrations by both sensors. This 

discrepancy was attributed to a disparity between the actual airflow measured at 

the inlet though an external flowmeter and the value reported by the internal flow 

controller. A correction factor was thus derived, effectively correcting and 

addressing the underestimation for both sensors (slope of linear fit of s = 1.02 

and s = 0.94 for 24-hour averages, after correction). Overall, the bcMeter 

achieved comparable results to a reference aethalometer (AE33, Magee 

Scientific) for daily averages. Nevertheless, the sensor exhibited several technical 

limitations that affected the whole campaign, resulting in frequent interruptions 
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to the measurements. Some of the outages experienced could be explained as 

results of software and firmware issues, while defects in the structure of the outer 

3D-printed case may have resulted in air leakages. Taking this into consideration, 

the bcMeter has the potential to facilitate applications in a range of indoor and 

outdoor settings where the accessibility of BC concentration data remains 

limited. 

The same low-cost described were then employed in two explorative 

monitoring campaigns were conducted in two cultural heritage indoors sites 

comprised by the museum complex of “Grande Brera” in the city of Milan (Italy), 

specifically targeted at the Pinacoteca di Brera, one of one of the most important 

art galleries of the city, and Palazzo Citterio, an historic building now functioning 

as art exhibition. Through a mobile monitoring setup, employing research-grade 

portable devices, the museum environments under examination were assessed in 

terms of particle emissions (as both PM mass concentrations and PNC in the 

nanometric fraction), identifying the environments most at risk and potential 

sources of emissions. In parallel, four OPC-N3 optical particle counters 

(Alphasense) and two bcMeter were deployed in specific selected environments 

throughout the museums. The low-cost OPC-N3 device proved to be an effective 

tool for monitoring PM, ensuring real-time and continuous measurement of PM 

concentrations and relative size distributions in selected environments, 

compensating for some disadvantages of the applied mobile sampling such as low 

temporal and spatial resolution of measurements. The deployment of these type 

sensors, allowed to identify long- and short-term emission events not detected by 

standard mobile sampling, while also enabling a comprehensive evaluation of 

changes in particle size distribution during different opening hours and 

overnight.  Consistently with the findings reported during the sensor testing 

under the MUSA project, the OPC-N3 underestimated PM concentrations when 

compared to reference OPC Grimm data. This finding was linked to a technical 

limitation of the sensor, showing a significant discrepancy in volumetric 

distributions compared to the reference, as well as truncation in the lower size 

bins. The proposed corrective approach, which involved PM recalculation 

following the application of apparent densities obtained on the basis of 

experimental comparison with reference data, was not practical, given the 
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significant variability between the indoor environments monitored and the 

specific conditions present during the various sampling operations carried out, 

which led to widely differing apparent density values for each individual rooms 

assessed. This result thus highlights the need for site-specific correction factors 

to be derived for each indoor environment evaluated, taking into account the high 

variability of conditions in each specific setting. The application of the low-cost 

BC monitoring device bcMeter showed great limitations, as the device proved 

inadequate for indoor monitoring, showing no correlation with reference data 

(R2 < 0.2). As the methodology applied for this evaluation however presented 

some limitations, further indoor testing should be conducted to properly evaluate 

the sensor accuracy in such environments. Overall, given their compact size, 

negligible noise impact, and cost-effectiveness, these sensors proved to be a viable 

solution for monitoring indoor environments where application of traditional 

sensing equipment is often limited, as demonstrated in the present study aimed 

at cultural heritage preservation. 

In general, through the studies conducted, we explored a wide range of 

settings and applications for the employment of low-cost sensors in air quality 

research. A common thread among all low-cost sensors is the need for precise 

calibration of data in the field, in order to provide accuracy comparable to 

reference instruments. However, as detailed, in order to obtain the best results, 

the calibration process must be tailored to the specific environment and 

conditions of use, given the high variability of environments (both indoor and 

outdoor), emission sources, and potential interferences. As low-cost sensors 

become increasingly popular on the market and continuous technological 

innovations bring more innovation in air quality monitoring, these steps are 

increasingly essential in ensuring accurate results that can effectively protect our 

world.    
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