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ABSTRACT 

In the present thesis, six experimental campaigns were carried out to better understand 

the influence of the lifestyle in the exposure to airborne particles and to estimate the 

typical received daily dose of different populations. Moreover, a risk assessment based 

on an Excess Lung Cancer Risk (ELCR) model was performed taking into account two 

crucial environments: school environments and street canyons. In addition, an 

evaluation of the effectiveness of some possible solution to reduce the ELCR was 

performed taking into account two solution: (i) personal protectors (facemasks) for 

outdoor environments, and (ii) air purifiers and ventilation strategies for indoor 

environments. 

The daily dose in terms of particle surface area received by citizens living in five 

cities in Western countries (Barcelona, Cassino, Guilford, Lund and Brisbane), 

characterized by different lifestyle, culture and climate, was evaluated and compared.  

Non-smoking volunteers performing non-industrial jobs were considered in the study. 

Particle concentration data allowed obtaining the exposure of the “typical citizen” for 

each city. Such data were combined in a Monte Carlo method with the time activity 

pattern data characteristics of each population and inhalation rates to obtain the most 

probable daily dose in terms of particle surface area as a function of the population 

gender, age, and nationality. Indoor Air Quality (IAQ), and in particular cooking and 

eating activities, was recognized as the main influencing factor in terms of exposure 

(and thus dose) of the population: then confirming that lifestyle (e.g. time spent in 

cooking activities) strongly affect the daily dose of the population. 

Looking at outdoor environments/activities, one of the most influencing 

microenvironments/activity to airborne particle exposure is "transport". To better 

understand this environment Vehicular Indoor Air Quality (VIAQ) was investigated 

inside 14 diesel/non-diesel taxi pairs operating simultaneously and under normal 

working condition over six weekday hours (10:00-16:00) in the city of Barcelona. 
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Parameters measured included PM10 mass and chemistry, particle number 

concentration (PNC) and size, lung deposited surface area (LDSA), black carbon (BC), 

CO2, CO, and a range of volatile organic compounds (VOCs).  Keeping the windows 

open or close has shown the dominant influence of the air exchange rates on VIAQ. 

Median values of PNC and LDSA were reduced to around 104 #/cm3 and <20 µm2/cm3 

respectively under closed conditions, but more than doubled with windows open and 

sometimes approached 105 #cm-3 and 240 µm2/cm3. 

In urban areas, the coexistence of nanoparticle sources and particular street-building 

configurations can lead to very high particle exposure levels. An innovative approach 

for the evaluation of lung cancer incidence in street canyons due to exposure to traffic-

generated particles was proposed. To this end, the literature-available values of 

particulate matter, PAHs and heavy metals emitted from different type of vehicles 

were used to calculate the ELCR at the tailpipe. The estimated ELCR was then used 

as input data in a numerical CFD (Computational Fluid Dynamics) model that solves 

the mass, momentum, turbulence and species transport equations, in order to evaluate 

the cancer risk in every point of interest inside the street canyon. Thus, the influence 

of wind speed and street canyon geometry (H/W, the height of the building, H and 

width of the street, W) on the ELCR at street level was evaluated by means of a CFD 

simulation. It was found that the ELCR calculated on the leeward and windward sides 

of the street canyon at a breathable height of 1.5 m, for people exposed 15 minutes per 

day for 20 years, is equal to 1.5×10-5 and 4.8×10-6, respectively, for wind speed of 1 

m/s and H/W equal to 1. The ELCR at street level results higher on the leeward side 

for aspect ratios equal to 1 and 3, while for aspect ratio equal to 2 it is higher on the 

windward side. In addition, the simulations showed that with the increasing of wind 

speed the ELCR becomes lower everywhere in the street canyon, due to the increased 

in dispersion. 

Moving the attention on the indoor environments, schools may be classified as a 

critical microenvironment in terms of IAQ due to the proximity to outdoor particle 

sources and the frequent lack of proper ventilation and filtering systems. Moreover, 

the population exposed in schools (i.e. children) represents a susceptible population 

due to their age. Measurements in terms of PNC, LDSA, and PM fraction 
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concentrations were measured inside and outside schools in Barcelona (Spain) and 

Cassino (Italy). Simultaneously, PM samples were collected and chemically analyzed 

to obtain mass fractions of carcinogenic compounds. School time airborne particle 

doses received by students in classrooms were evaluated as well as their ELCR due to 

a five-year primary school period. Median surface area dose received by students 

during school time in Barcelona and Cassino resulted equal to 110 mm2 and 303 mm2, 

respectively. The risk related to the five-year primary school period was estimated 

about 2.9×10-5 and 1.4×10-4 for students of Barcelona and Cassino, respectively.  

Different solutions were taken into account to reduce personal as well as collective 

exposure to airborne particles. An individual protective measure against particle 

pollution may be represented by face masks. A custom experimental set-up was 

developed in order to measure the effectiveness of nine different respirators under real 

environmental conditions in terms of particle mass concentration below 2.5 microns 

(PM2.5), PNC, LDSA and BC. Facemask performances were assessed in a typical 

traffic affected urban background environment in the city of Barcelona under three 

different simulated breathing rates to investigate the influence of flow rate. Results 

showed a median face mask effectiveness for PM2.5 equal to 48% in a range of 14-

96%, 19% in a range of 6% - 61% for BC, 19% in a range of 4% - 63% for PNC and 

22% in a range of 5% - 65% for LDSA. 

A collective and indoor-adaptable solution to reduce exposure to airborne particles 

could be represented by air purifiers and ventilation strategies. To evaluate the effect 

of different ventilation methods (natural ventilation, manual airing) and the use of air 

purifiers in reducing the indoor concentrations of different airborne particles and 

gaseous pollutants in indoor environments an experimental campaign was performed. 

The samplings were carried out in two naturally-ventilated school gyms in Barcelona 

(Spain) of different volumes and different distance to major urban roads. Indoor and 

outdoor measurements of PNC, BC and PM1-10 concentrations were performed as well 

as indoor measurements of CO2 and NO2 concentrations. The study revealed that the 

use of air purifier with windows kept closed (natural ventilation) can lead to a 

significant reduction in terms of indoor-to-outdoor concentration ratios. In the smaller 

gym (air changes per hour of the purifiers, ACH, equal to 9.2 h-1) the I/O ratios were 
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reduced by 93% and 95% in terms of particle number and PM1-10, respectively; 

whereas in the larger school gym (ACH=1.7 h-1) the corresponding reductions were 

70% and 84%. For manual airing scenarios, the effect of the air purifiers on outdoor-

generated sub-micron particles is reduced; in particular, for low ACH values (i.e. 

ACH=1.7 h-1), the reduction is quite negligible (6%). 
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1 INTRODUCTION 

1.1 Air quality  

Human beings need a regular and continuous supply of air, and every day human adult 

breathes: 

- In rest condition around 13 l/min; 

- During moderate activity around 29 l/min; 

- During high-intensity activity around 53 l/min. 

Therefore, given its obvious importance to human existence, it is imperative that air 

remains unpolluted [1]. This requires the control of the environmental air quality and 

where necessary, the enforcement of emission limitations for air pollutants. Since the 

antiquity, humans started to recognize some correlation between poor air quality and 

human disease, but only in the twenty century, the adverse health effect of air pollution 

entered the world consciousness. This problem started to be present in the public 

opinion in 1930 when emissions of sulfur dioxide (SO2) mixed with dense fog in the 

Meuse Valley in Belgium lead to 60 people died [2]. Another episode where people 

have been could notice the relation between air pollution and human health was in 

London, in 1952, wherefrom December to February 12000 people died after exposure 

to dense smog containing SO2 and smoke particulate [3]. The first major regulatory 

effort aimed at both studying and setting limits on emission and air pollution was in 

America in 1970 with the Clean Air Act (CAA). On this occasion, the CAA defined 

the National Ambient Air Quality Standards that set limits on six primary pollutants 

found in the air: Carbon Monoxide “CO”, Lead “Pb”, Nitrogen Dioxide “NO2”, Ozone 

“O3”, Sulfur Dioxide “SO2” and Particulate Matter “PM” [4].  

Inhalation and consequent absorption of airborne particles and chemicals may have 

direct consequences for human health. Nevertheless, adverse health effect can also be 

indirectly influenced by the deposition of air pollutants in environmental media and 
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uptake by plants and animals. This lead to entering the food chain or being present in 

drinking water of the chemicals and thereby constituting additional sources of human 

exposure. Recognizing the need for humans to unpolluted air the WHO published the 

first "air quality guidelines for Europe" in 1987 [5]. To this reason in recent decades, 

major efforts have been made to reduce air pollution, declined significantly the 

emission of the main air pollutants. For example, the reduction of SO2  was about 50% 

in the period 1980-1995 [6, 7], and this reduction is reflected by declining 

concentrations in ambient air in urban areas. Instead of the trend concentration of 

others pollutants, as PM or NO2, less clear and it is envisaged that these pollutants still 

constitute a risk to human health [8, 9]. 

1.2  Human exposure to particulate matter  

People can be exposed to a high concentration of airborne particles both in indoors and 

outdoors. Many studies highlighted the link between inhalation (and consequent 

deposition) of airborne particles in human respiratory tracts and health effects, such as 

respiratory diseases and inflammation [10, 11], cardiovascular diseases [12], diabetes 

[13], higher systolic blood pressure and pulse pressure [14], and decreased cognitive 

function in older men [15]. Moreover, the International Agency for Research on 

Cancer (IARC) has recently classified the particular matter (PM) as carcinogenic to 

humans (group 1) on the basis of the evidence presented by studies that showed a 

significant correlation between lung cancer and the exposure to PM [16, 17].  

PM is a complex mixture of small solid particles and liquid droplets that are suspended 

in the air and vary in size, shape, surface area, chemical composition, solubility and 

origin. Particles with aerodynamic diameter <2.5µm are often considered more 

harmful than larger-sized particles because it can penetrate in the deeper parts of 

human’s respiratory track like bronchi and Alveoli [18]. Main contributors to PM in 

urban areas are mainly emissions from combustion processes, industries and power 

generation plants, but also by atmospheric photochemical reactions and conversion 

processes [19]. Ultrafine particles (UFPs) are defined as those having diameters <0.1 

µm. Typically, a higher concentration of UFPs is recorded close to the emission 

sources [20] and can decrease rapidly as the distance from the emission source 
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increases [21-24]. Their ability to penetrate in the deepest areas of the human 

respiratory tract can cause various adverse effects, possibly release in the bloodstream 

toxic and potentially carcinogenic substances [25, 26]. Particle Number Concentration 

(PNC) and Surface Area (SA) have been identified as more appropriate metrics for 

UFP-related health effects [27-29] and the biological response may be more related to 

the SA of the particle deposited in the lungs than the other metrics [30, 31]. Another 

component of fine particles is Black Carbon (BC): a primary PM component that is 

emitted from incomplete combustion as small sphere in a range size from 1 to 50 nm, 

and aggregates to particles of larger size, from 0.1 to 1µm [32]. BC can be considered 

a better indicator of harmful particulate substance caused by combustion sources than 

PM10 and PM2.5 [33]. A number of studies indicated that traffic-related policy 

measures should  focus on the reduction of BC concentration [33-35]. In a moderately 

polluted urban area, BC concentration values are in the range of a few µg·m-3, while 

in a heavily polluted area can reach up to tens of µg·m-3 under unfavorable 

meteorological conditions. Many studies have revealed a link between exposure to BC 

and increasing adverse health effects in cardiovascular diseases such as cardiac and 

ventricular arrhythmias, lowered heart rate variability, changes in blood pressure and 

increase of cardiovascular mortality [36-39] or negative effects on the respiratory 

system [40]. In addition, recent studies on spatial and temporal evolution of BC 

concentration in urban areas,  report the significance of BC contribution in UFPs 

concentrations [35, 41-43], but also that in high insolation urban areas nucleation of 

secondary particles highly influence the PNC [44]. The harmful potential of airborne 

particles stems from their ability to penetrate, and deposit in the deepest areas of 

human respiratory tract, causing irritation, inflammation, and possibly translocate to 

the blood system, carrying with them carcinogenic and toxic compounds [45], and 

depositing in secondary organs [46] including brain tissues [15]. Even though the 

scientific community has not reached a definitive conclusion whether morphology, 

size or chemical composition of the particles are the key factor in affecting human 

health, the focus of scientific studies has shifted from super-micron particles (whose 

contribution is expressed in terms of mass concentrations of particles smaller than 10 

and 2.5 μm, i.e. PM10 and PM2.5) [47, 48] to sub-micron (PM1) and UFP whose 
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contribution is better related to PNC [49, 50] and SA concentration [29] than mass 

concentration. In fact, numerous toxicity-based studies have shown that surface area 

is a more appropriate metric for UFP-related health effects [27, 51] and that the 

biological response depends more on the SA of the particles deposited in the lungs 

than on other exposure metrics [30, 31]. This could be due to their large surface area 

and the related high probability to carry and transmit toxic compounds [52, 53]. In 

order to evaluate the health effect of the exposure to airborne particles, a dose-response 

relationship is needed [54]. To this purpose the daily dose of airborne particles 

received by people, along with the toxicity of such particles, is a key parameter to be 

evaluated and provided to medical experts [27, 55, 56]. Moreover, the airborne particle 

daily dose is the main input data for a human health risk model [57]. Airborne particle 

doses received by population can be evaluated based on exposure measurements. 

Nonetheless, even though the scientific community is moving from particle mass-

based to PNC and SA-based metrics, the current legislation is still limited to outdoor 

concentration of PM10 and PM2.5; further, such measurements are limited to a number 

of fixed outdoor sampling points (FSPs) located in specific regions of interest in the 

urban area [58, 59]. The number of FSP is a function of the population density, without 

links to climate nor the community lifestyle, and therefore is not properly representing 

the actual exposure of citizens to PM [60]. Moreover, PM10 and PM2.5 measurements 

at FSPs cannot be considered proxies for exposure to sub-micron and UFP since they 

present different dynamics (e.g. dilution, deposition) and sources (e.g. sub-micron 

particles are mainly generated by combustion processes whereas super-micron 

particles are mostly emitted by mechanical processes, [23, 24, 61, 62]).  

Traffic is considered one of the main source of air pollutants in cities, and with 

urban inhabitants already accounting for a majority of the total global population 

(https://data.worldbank.org/indicator/SP.URB.TOTL.IN.ZS, UN Population 

Division) the effects of breathing vehicular gas and particle emissions have grown to 

become one of our most challenging environmental health problems (e.g. [63, 64]. 

Traffic-related air pollutants (TRAPs) source from both exhaust and non-exhaust (such 

as brakes and tyre wear [65]) emissions and their distribution is typically highly 

variable in time and space (e.g; [61, 62]. There are consequently notable differences 
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in the exposure of individual city commuters to TRAPs during their travel through the 

city. For the traveler outdoors the most important of these factors is proximity to the 

sources of traffic emissions, whereas for the commuter inside a road vehicle exposure 

to TRAPs will depend primarily on air exchange rates (e.g. [66-68]). In Moreno, et al. 

[69] authors compared pollutant exposure when travelling by different public transport 

options (bus, tram, subway) in Barcelona to improve the understanding of how real-

time air pollutant concentrations regularly inhaled by urban commuters vary 

depending on how they choose to travel. 

Commonly, one of the most critical urban configurations in the cities in which the air 

quality get worse is the so-called street canyon, which is a typical urban configuration 

of a street flanked by buildings on both sides. In a street canyon, air exchange provided 

by natural ventilation may become weak with consequent formation of high particle 

concentration zones. For these reasons, urban microenvironments may increase human 

exposure to high particle concentrations, and significantly contribute to the increase of 

the daily dose[70] likely leading to pulmonary and cardiovascular diseases, as well as 

to lung cancer cases[71-73]. 

There are several studies in scientific literature addressing the evaluation of air quality 

in urban street canyons by means of numerical simulations and dedicated experimental 

campaigns. Numerical simulations of pollutant dispersion inside street canyons of 

different typologies were carried out by Kikumoto and Ooka [74] and Hertwig, et al. 

[75], finding that the canyon geometry strongly influence the ventilation efficiency 

and then the pollutant dispersion. Similar results were found in Scungio, et al. [76], 

where the fluid flow patterns and the dispersion of UFPs inside street canyons of 

different aspect ratios (H/W, height of building, H and width of the street, W) with 

different turbulence modelling techniques were calculated[76, 77]. 

Mediterranean cities are recognized to be densely populated and trafficked 

suffering from higher levels of PM2.5 than those of Northern Europe [78, 79]. Thus, 

citizens in these cities live generally close to main roads and are exposed to high 

exhaust and non-exhaust vehicle emissions. Such high density of urbanization also 

causes short distance from schools to major roads leading to non-negligible near-road 

pollution exposure at schools of children as evidenced by the international UPTECH 
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(Ultrafine Particle from Traffic Emission on Children Health; [80] and BREATHE 

(BRain dEvelopment and Air polluTion ultrafine particles in scHool childrEn; [81-83] 

projects. Indeed, children are the most vulnerable population in terms of air pollution 

exposure [84, 85] due to their higher inhalation rates resulting in larger specific doses 

than adults [86-89]. Therefore the long exposure time in schools (children spend from 

175 to 220 days and from 5 to 8 hours at school [90] could significantly affect the 

overall dose received by students attending schools located near highly-trafficked 

urban roads. Indeed, high indoor particle concentrations may result from the 

significant outdoor-to-indoor infiltration of sub-micron particles (with indoor/outdoor 

ratios roughly varying in the 0.6-0.9 range), which depends on the levels of outdoor 

pollutants, physical barriers of the building, type of ventilation and particle physic-

chemical properties and size [66, 91-103]. 

Since schools represent a crucial environment in terms of air quality assessment a 

number of studies have been carried out by the scientific community to measure and 

evaluate the Indoor Air Quality (IAQ) in schools [104, 105]. For many years, most of 

these papers proposed a simplified evaluation of the IAQ just considering the CO2 

concentrations and thermal comfort as main parameters; nonetheless their negative 

effects can be merely restricted to students’ vigilance and cognitive performances 

[106-109]. Moreover, European standards, providing guidelines on ventilation rates, 

still adopt the CO2 concentration as main design parameter [110] since it is 

unanimously considered as a good proxy of the IAQ [111, 112]. This approach is not 

adequate from a scientific point of view since the CO2 behavior (i.e. sources, 

dynamics, removal) cannot be considered representative of all the different pollutants 

typically present in schools [113, 114]. Indeed, the IAQ in schools is influenced by 

several pollutants, including both gaseous species and airborne particles. Some of the 

gaseous pollutants are indoor-generated (e.g. radon, VOCs), thus, their behavior can 

be roughly treated as the CO2 one; whereas, other gases are outdoor-generated as they 

are typically related to vehicular traffic (e.g. NO2) then penetrating the building 

envelope on the basis of the airtightness and ventilation system of the buildings [91]. 

Particularly in the context of urban areas of developed countries, the different metrics 

of the airborne particles affect the school air quality in different manners: super-micron 
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particles (better described in terms of PM10, i.e. mass concentration of particles smaller 

than 10 µm) can be treated as an indoor-generated pollutant due to the high emission 

indoor (e.g. resuspension phenomena), whereas sub-micron particles (better described 

in terms of PNC and BC concentrations) may be mostly driven by outdoor-generated 

pollutants as they represent the aerosol metrics characteristics of secondary 

atmospheric PM formation and tailpipe traffic emissions [113-115]. These pollutants, 

unlike CO2, can cause serious health effects such as respiratory and cardiovascular 

problems as well as lung cancer [11, 31, 116-120], thus, their concentration should be 

monitored and reduced. As an example, outdoor-generated pollutants may results in 

high concentration in schools when they are located near to highly trafficked roads 

[83, 121] due to the high outdoor-to-indoor penetration. Such high exposures can lead 

to not negligible sub-micron particle doses received by the children in schools and, 

consequently, to risks and effects higher than acceptable levels [105]. 

The penetration of outdoor-generated pollutants is strongly affected by the ventilation 

system adopted in the schools. Indeed, schools worldwide are typically naturally-

ventilated buildings, thus, on the basis of the perceived indoor air quality, people 

working in classrooms adopt random airing strategies that easily reduce the indoor-

generated pollutants but lead to simultaneous increase of the outdoor-generated ones 

[115]. In order to guarantee a simultaneous reduction of all the pollutants (both 

produced indoors and outdoors) ventilation retrofit should be adopted by installing 

mechanical ventilation systems able, at the same time, to increase the air exchange rate 

of environment and to filter the fresh air [122]. Nonetheless, ventilation retrofit 

represents an expensive solution, therefore, it should be supported (on national basis) 

by the regulatory authorities through policies and incentives: to date, such incentives 

mainly supported energy saving solutions (e.g. renewable energy, building insulation), 

whereas the improvement of the air quality was less frequently adopted [123]. 

A possible easy-to-use solution to reduce pollutant concentrations in indoor 

environments is adopting air purifiers, i.e. systems made up of fans (or pumps) pulling 

the indoor air through a series of filters that remove airborne particles and gases and 

then circulating the purified air back into the indoor environment [124-130]. Air 

purifier can work according to different operating principles and present different 
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filtration methods, nonetheless, those characterized by the highest performances (able 

to trap sub-micron particles and UFP) include high-efficiency particulate air (HEPA) 

filters which permanently remove airborne particles from the sucked air. Several 

household appliance producers recently launched on the market their own air purifiers 

characterized by different filtration systems, flow rates, control strategies (e.g. remote 

control, sensor-based control, etc.), geometry, size, design. The producers typically 

characterize the effectiveness of their own purifiers through in-house tests carried out 

in ad-hoc test-chambers then providing rough indication regarding the maximum 

suggested floor area/volume of the micro-environment where the air purifier can be 

used. Even if the recommendations provided by the producers result approximate and 

inhomogeneous (for example the air purifier flow rate values spanning from about 1.5-

fold to >10-fold the room volume to be purified), represent a key information since, to 

date, no standards are available to choose the characteristics of the air purifier to be 

installed as a function of the indoor micro-environment. 

In order to reduce the level of urban air pollution, a common strategy is to 

encourage public to use sustainable public transport and also active transport such as 

cycling or walking. However, cyclists and pedestrians may be exposed to higher 

concentrations of air pollutants due to their proximity to vehicle emissions. Moreover, 

cyclists exhibit higher breathing rate (cyclist ≈40 L·min-1) compared to car drivers 

(≈12 L·min-1) or bus passengers (≈13 L·min-1) [131], other study found a mean 

(standard deviation) value of real-word breathing rate for cyclist equal to 59.1(13.7) 

L·min-1 and 46.2 (10.6) L·min-1 for man and woman respectively [132]. For this reason, 

the use of personal Respiratory Protectors (RP) is becoming more and more common 

in recent years. Respiratory protectors as face masks can be summarized in two macro 

categories, for occupational settings (professional face masks) and for non-

occupational settings (commercial face masks). In many countries, in occupational 

settings, people have to use RP in order to safeguard their health. In addition, these 

professional facemasks have to meet national and international standards (e.g. EN 

149:2001, EN 140:1998 in Europe). The use of RP in non-occupational setting is not 

supported by legal enforcement, so commercial face masks do not have to respect such 
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standards as professional ones but they reflect market laws following trends of fashion 

rather than human health. 



 

 

 

2 OBJECTIVES 

The aims of this thesis are to evaluate the influence of the lifestyle on the exposure to 

ultrafine particles (by means a “direct exposure assessment approach”) and the 

estimation of daily doses in terms of particles SA received by people, taking into 

account different characteristics of the populations; as gender, age and origin. 

Moreover, based on the data of received dose and data on chemical characterization a 

risk assessment as a consequence of the exposure to airborne particles was obtained 

by means an excess lung cancer risk (ELCR) model for two crucial environments (i) 

school environment for children that are attending 5-years primary school, and (ii) in 

a common urban configuration usually called street canyons. Both environments 

represent a critical and crucial environment for different reasons; (i) school 

environments, as said above, for their vulnerable population (the children), and (ii) 

transport environments for their high concentrations of airborne particles which people 

could be exposed. In addition, an evaluation of the efficiency of some possible 

solutions to reduce the ELCR by means reducing the received dose of the people were 

taken into account. The solutions taken into account are (i) a personal protection by 

means personal RPs as facemasks, usually used in outdoor environments, and (ii) a 

collective protection by means air purifiers and/or ventilation strategies, usually 

applied in indoor environments. 

To achieve the above-mentioned objectives, six experimental campaigns have been 

developed and performed in which the following aspects have been investigated and 

evaluated: 

− The evaluation of the influence of the lifestyle in airborne exposure, 

characterizing and comparing the sub-micron particle daily dose, in terms of 

surface area received by the population living in five different cities in western 

countries; 
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− The evaluation of the air quality inside vehicles (VIAQ) mostly used to move 

through the city, taking into account parameter as BC, PM, PNC, LDSA, CO, 

CO2 and VOCs; 

− Estimation of the lung cancer risk of people exposed to traffic-generated 

particles inside street canyon; 

− Evaluation of IAQ and estimation of ELCR in different primary schools 

located in two European cities, Barcelona and Cassino; 

− Evaluation of airborne particle exposure reduction by means personal RPs as 

facemasks in outdoor environments and ventilation strategies including air 

purifiers in indoor one.



 

 

 

3 THE INFLUENCE OF LIFESTYLE ON 

AIRBORNE PARTICLE SURFACE AREA 

DOSES RECEIVED BY DIFFERENT 

WESTERN POPULATIONS 

 A better representativeness of the overall human exposure to sub-micron and ultrafine 

particles can be obtained through personal monitoring able to quantify the exposure in 

indoor micro-environments too. Such an approach is very demanding from a technical-

economic point of view since a large sample (in terms of people involved in the 

experiments) is needed to represent the exposure of an entire population: indeed, the 

different lifestyles of the people result in exposures to different pollutant sources, in 

many different microenvironments (both outdoor and indoor), where they live, spend 

time or pass through during the day [133-135]. Thus, exposure data are essential to 

evaluate the dose of airborne particles received by population, but information on the 

type of activity is also needed to estimate the inhalation and consequent deposition of 

particles in the different regions of the lungs [136], as well as time activity pattern data 

(i.e. time spent in each microenvironments). As an example, in previous studies [137] 

the tracheobronchial and alveolar doses received by Italian and Australian populations 

were estimated on the basis of an “indirect exposure assessment approach”, i.e. 

characterizing the exposure to airborne particles through fixed monitors (not personal 

monitoring) placed in each microenvironments where people reside during the typical 

day [138], and evaluating the deposition fraction of such particles as a function of their 

size through the deposition model proposed by the International Commission on 

Radiological Protection [136]. That study demonstrated a significant difference 

between the two populations in terms of daily dose, highlighting the effect of both 

lifestyle and air quality of the local microenvironments. 
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Previous studies opened up the question about the main parameters affecting the 

airborne particle doses received by the populations. They also pointed out to the need 

for further efforts to fill the gap in knowledge about the effect of lifestyle (e.g. culture) 

and geographical location (e.g. climate, outdoor concentration) in this respect. 

To this end, the aim of the present study is to characterize and compare the sub-micron 

particle daily dose, in terms of surface area, received by population living in five 

different cities in Western countries: Barcelona (Spain), Cassino (Italy), Guilford 

(United Kingdom), Lund (Sweden) and Brisbane (Australia). These cities/populations 

were selected in order to highlight the possible effect of local pollution concentration 

and population lifestyles; indeed, some of these cities were previously characterized 

in term of background particle concentrations. The study was limited to non-smoking 

population (smoking population should be analyzed separately due to the large dose 

they typically receive, [139]) and non-industrial working environments. 

The study was performed with a “direct exposure assessment approach” measuring the 

exposure to airborne particle concentrations through personal “portable” monitors 

capable of measuring the exposure at a personal scale [133, 140]. To this end, several 

volunteers were selected amongst the five populations to perform personal monitoring 

and obtain the exposure representative of the population living therein. Exposure data 

were combined in a Monte Carlo method along with statistics on time activity patterns 

of the citizens to obtain the statistically most probable dose received by such five 

populations. 

3.1 Methodology 

3.1.1 Study area  

Measurements were carried out in Barcelona (Spain), Cassino (Italy), Guilford (United 

Kingdom), Lund (Sweden) and Brisbane (Australia). Barcelona (inhabitants: 1.6 

million; city area: 101 km2), located on the northeast coast of the Iberian Peninsula 

(41°23′N 2°11′E), is characterized by a subtropical-Mediterranean climate with warm 

summers and mild winters. Climate and position contribute to typical low airborne 

particle concentrations [69, 141] in spite of its numerous pollutant sources, e.g. 

industrial activities, road transport lines, and high vehicle density (5800 cars/km2). 
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Cassino (inhabitants: 36000; city area: 83 km²) is located in Central Italy (41°29′30″N 

13°50′00″E) in the Liri Valley. Climate and topography of the area contribute to 

frequent temperature inversion phenomena in winter resulting in high pollutant 

concentrations [60, 133]. Lund (inhabitants: 82000; city area: 26 km²) is situated in the 

southern part of Sweden (55°42′14″N 13°11′42″E) 15 km north from the coast of 

Baltic sea. Oceanic climate and typically low pollutant concentrations characterize the 

city [141, 142]. Guildford (inhabitants: 137000) is located in the Surrey County, 43 

km southwest of London (51°14′N 0°34′W) and about 50 km north of the ocean 

(English Channel). The climate is classified as oceanic, and the pollutant 

concentrations in Surrey County area are generally low [141, 143]. Brisbane 

(inhabitants: 2.3 million; city area: 15826 km²), located 20 km west of the east coast 

of Australia (27°28′03.54″S 153°01′39.59″E), is the capital of the Australian State of 

Queensland. Its climate, classified as humid subtropical, and among other factors, the 

spread of the city and its low population density contribute to low pollutant 

concentrations in the city [137, 144]. In Table 1 information on meteoclimatic 

parameters during the experimental campaigns, obtained by the Meteorological Data 

Archives of the US National Weather Service's National Centers for Environmental 

Prediction (http://ready.arl.noaa.gov/archives.php), is reported for the five cities 

investigated. From the inspection of the data it can be concluded that a higher reduction 

of the exposure in outdoor environments (due to both ventilation and rain) is expected 

in Lund and Brisbane when compared to Cassino and Barcelona. 

  

http://ready.arl.noaa.gov/archives.php
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Table 1 Data of the main meteoclimatic parameters during the experimental campaigns for the five 

cities investigated, as reported by the US National Weather Service's National Centers for 

Environmental Prediction. Temperature, relative humidity, and wind speed data are reported as median 

values. 

City Barcelona 
(Spain) 

Cassino 
(Italy) 

Guilford 
(UK) 

Lund 
(Sweden) 

Brisbane 
(Australia) 

Measurement period Oct-Dec 
2015 

Apr-June 
2016 

Aug-Nov 
2016 

Sept-Dec 
2016 

Jun-Aug 
2016 

Meteoclimatic 
parameters  

Temperature (°C) 18 17 17 10 27 

Relative Humidity (%) 73 74 81 78 79 

Wind speed (m/s) 7 8 7 18 8 

Rainfall depth (mm) 127 111 83 272 284 

Number of rainy days (-) 17 25 49 44 27 

 

Information on climate and location of the cities investigated is of importance since 

they do affect the outdoor particle concentration levels and the resulting contribution 

to the population daily dose. Still, a great contribution to the daily dose is expected to 

be due to indoor microenvironments where significant particle sources [145-147] and 

low building ventilation [92, 115, 148] contribute to high exposures and doses in 

people living/residing therein [70]. 

3.1.2 Study design 

In order to estimate the daily dose of sub-micron airborne particles, expressed in terms 

of particle surface area received by the populations living in the five cities under 

investigation, the following procedure was applied: 

a) identification of the typical time activity pattern characteristic to citizens living in 

each of the five cities, 

b) measurements of the concentrations of Lung Deposited particle Surface Area 

(LDSA) to which citizens are exposed in different microenvironments, 

c) estimation of the daily dose received by the typical population living in the five 

cities through a Monte Carlo method capable of combining both time activity 

pattern and exposure data. 

Once again, it was a direct method, which was applied here to evaluate the dose 

received by population, by performing measurements at a personal scale (“direct 

exposure assessment approach”). 
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3.1.2.1 Time activity pattern of the population 

The typical time activity patterns characteristic to citizens living in the five cities were 

obtain from national human activity pattern surveys performed by National Statistics 

Institutes and/or research studies taking into account people living both in urban areas 

and country sites [149-154]. 

3.1.2.2 Measurement of the exposure to particle surface area concentration 

In order to evaluate the most probable value of SA dose received by the populations 

considered in the present study, LDSA concentration levels (sum of alveolar- and 

tracheobronchial-deposited contributions) were measured during different 

experimental campaigns performed in the five cities, through personal monitors. 

The exposure to airborne particles in each microenvironment of the five cities was 

obtained by performing mobile measurements of particle number concentrations 

(PNC), average particle sizes and LDSA concentrations through direct measurements 

carried out with hand-held diffusion charger particle counters (a NanoTracer Philips 

and a DiscMini Testo). Exposure characterization was carried out in different periods 

summarized in Table 1: from October to December 2015 in Barcelona, from April to 

June 2016 in Cassino, from June to August 2016 in Brisbane, from August to 

November 2016 in Guilford, and from September to December 2016 in Lund.  

The authors point out that, since a 1-year experimental campaign for each site would 

have been not workable for practical reasons, roughly three-four months for each site 

were considered: in particular, a period of the year representative of the average 

exposure was chosen for each site then avoiding extreme/critical meteorological 

situations likely leading to reduced ventilation of indoor environments or temperature 

inversion phenomena in outdoors. In order to obtain a significant amount of data for 

each microenvironment, 75 non-smoking volunteers (15 for each city) were selected. 

The volunteers, both males and females aged from 25 to 55 years old, lived and worked 

(non-industrial jobs) in the urban area of the city. 15 volunteers for each city were 

considered in order to have an adequate representativeness of the exposure level in 

each microenvironment/activity. As an example, different measurements in similar 

microenvironments allow to include effects of cooking practices (such as the type of 
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food, cooking and stove [155-158]) and transport microenvironment (different 

transport modes, i.e. metro, train, car [69, 159]) on the exposure levels. Personal, belt-

mounted particle counters were worn by the volunteers for 3 days, then each volunteer 

performed continuous measurements for 3 days. When volunteers were at home/office 

(e.g. working, studying, sleeping, etc.) the instrument was left on a close desk. 

Moreover, the volunteers were asked to fill an activity diary to take note about place, 

time, and kind of activity in order to relate the particle exposure values to the activity 

and to the specific microenvironments. 

On the basis of PNC and average particle size (Dp) measured through the Nanotracer 

(and corrected by calibration factors, please see “Instrumentation and quality 

assurance” section), the alveolar- and tracheobronchial-deposited particle SA 

concentration (SAlv and STB, respectively) were calculated by means of the semi-

empirical correlation (1) for a reference worker (dosimetry model developed by the 

International Commission on Radiological Protection [136]) then allowing to 

determine the overall LDSA concentration:  

𝑳𝑫𝑺𝑨 = 𝑺𝑨𝒍𝒗 + 𝑺𝑻𝑩 = (𝟒. 𝟕 ∙ 𝟏𝟎−𝟓 + 𝟎. 𝟗𝟓 ∙ 𝟏𝟎−𝟓) ∙ 𝑷𝑵𝑪 ∙ 𝑫𝒑                                (1) 

As regards DiscMini measurements, the lung deposited surface area concentrations 

provided by the instrument was used since the accuracy of the DiscMini was 

recognized to be better for the lung deposited surface area than for PNC [160]. 

In order to obtain a statistical analysis of the concentration levels for each 

microenvironment a preliminary normality test (Shapiro-Wilk test) was performed to 

check the statistical distribution of data. Since the data did not meet a Gaussian 

distribution, a non-parametric test and a further post-hoc test (Kruskal-Wallis test; 

[161]) was considered in the analysis; further details are reported in Rizza, et al. [60]. 

3.1.2.3 Daily dose of the population 

Doses of submicron particles were calculated on the basis of the data concerning the 

typical exposure to lung deposited particle surface area concentrations and time 

activity patterns. In particular, the total surface area dose (δSA) for each population was 

obtained as reported in Buonanno, et al. [137]: 

𝜹𝑺𝑨 = ∑ { 𝑰𝑹𝒂𝒄𝒕𝒊𝒗𝒊𝒕𝒚 ∙ 𝑳𝑫𝑺𝑨 ∙  𝑻𝒋}
𝒏
𝒋=𝟏                                                                                         (2) 
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where IRactivity (m3 h-1) is the inhalation rate (which depends on age and activity [137]), 

and Tj is time spent on each activity (as a function of the age and gender) reported in 

the abovementioned statistical surveys for each population (please see “Time activity 

pattern of the population” section). The authors point out that the information on time 

activity patterns obtained from the activity diary were not used to calculate the dose 

since they were specific of the volunteers under investigation. Once again, time 

activity diary was just used to relate the particle exposure values to the 

microenvironments. The activities performed by the population, obtained on the basis 

of the typical time activity patterns, were grouped in seven main microenvironments 

as reported in Table 2 [137]. 

Table 2 Classification of the activities performed by the citizens in seven main microenvironments. 

Microenvironment Activities 
Transportation Trip and use of time not specified, round-trip to work 

Working Non-industrial workplaces, Profitable work, Main and secondary job, 
Working-connected activities, Studying, School, Institute or 
University, Voluntary job and meetings, Voluntary work in an 
organization 

Eating Eating and drinking (including home and restaurant) 

Cooking Cooking 

Outdoor day Gardening and animal care, Construction and restoration, Sport and 
outdoor activities, Physical workout, Productive exercise, Sports-
connected activities 

Indoor day Personal care, Other personal care, Studying not specified, Studying 
in the free time, Activities for home and family not specified, 
Housework, Clothes care and folding, Purchasing goods and services, 
Home maintenance, Baby care, Helping adult family members, 
Helping other family members, Active Activities, Social Activities and 
entertainment, Social life, Entertainment and culture, Inactivity, 
Hobbies and computer science, Art and hobbies, Computing, 
Playing, Media, Reading, Watching TV, DVD or videos, Listening to 
the radio or recording 

Indoor evening and night Sleeping 

 

Data of particle concentrations and time activity pattern were combined through a 

Monte Carlo method to obtain the probability distribution function of the daily dose 

of each population then allowing to recognize the most probable daily dose. To this 

end, mean and standard deviation values of time spent in each activity were used for 

Italian, Spanish, Swedish and Australian people, whereas minimum and maximum 

values were considered for U.K. people (such range is due to the fact that both Irish 
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and English time activity patterns were available). Moreover, since the of particle SA 

exposure data were not Gaussian, probability distribution function was calculated from 

the measured data, considering 10 equally-spaced concentration ranges. Finally, fixed 

values of inhalation rate, specific of each activity were applied [137]). 

In order to compare the dose in different microenvironments, the dose intensity ratio, 

i.e. the ratio between the daily dose fraction and the daily time fraction characteristics 

of each activity, was also evaluated [133]. 

3.1.2.4 Instrumentation and quality assurance 

PNC and average particle sizes were measured trough two diffusion charger particle 

counters: 

i) an Aerasense NanoTracer XP (Oxility, partner of Royal Philips Electronics), which 

measures PNC and the average particle size in the range 10-300 nm, with 

10 seconds sampling time when used in “Advanced Mode”. The NanoTracer was 

used in the experimental analyses performed in Barcelona, Lund and Brisbane. 

ii) a DiscMini (Testo) measuring PNC and the average particle size in the range 10-

700 nm with 1 second sampling time. The DiscMini was used in the experimental 

analyses performed in Cassino and Guilford. 

The operating principles of these instruments is based on the diffusion charging 

technique. In particular, the sampled aerosol is charged in a positive unipolar diffusion 

charger imparting an average known charge on the particles, that is approximately 

proportional to the particle diameter of the aerosol. The number of charges, and thus 

the number of particles, is then detected by an electrometer [162-164]. Since over 99% 

of total PNC in urban environments are contributed by the particles below 300 nm in 

diameter [165, 166], both instruments were able to measure total PNC despite their 

different upper sampling cut-off point for particle diameters. 

3.1.2.5 Instrument intercomparison 

The devices were calibrated before and after the experimental campaigns. To this end, 

both a CPC (model 3775, TSI Inc.) and SMPS system (model 3936, TSI Inc.) were 

used to compare the NanoTracer and DiscMini in terms of number concentration and 

particle size, respectively. The SMPS consisted of an Electrostatic Classifier (model 
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3080, TSI Inc.), a Differential Mobility Analyzer (model DMA3081, TSI Inc.) and a 

CPC 3775. The SMPS 3936 was used, with aerosol/sheath flow ratio of 0.3/3.0 L min-

1, thus measuring particle number distributions in the range 14-700 nm. Calibrations 

were performed at the European Accredited Laboratory of Industrial Measurements 

(LaMI) of the University of Cassino and Southern Lazio (Italy) located in a 150 m3 

room, with an ordinary mechanical ventilation system guaranteeing constant thermo-

hygrometric conditions (20±2 °C and 50±5% RH). Moreover, the DiscMini was also 

compared in terms of LDSA concentrations to the SMPS through the methodology 

reported in [167]. Comparisons were performed for two different aerosols: aged indoor 

aerosol and fresh emitted aerosol produced by incense burning. Tests were performed 

during 2 h co-located measurements of the diffusion charger monitor (Nanotracer or 

DiscMini), CPC 3775 and SMPS 3936. To this end CPC sampling time was 1-s, while 

SMPS scans were 135-s. SMPS measurements were corrected for multiple charge and 

diffusion losses. The average correction factors in terms of PNC, obtained by 

averaging the two aerosols investigated before and after the experimental campaign, 

were applied as correction factors for the entire campaigns: correction factors equal to 

1.08 and 1.03 in terms of PNC were estimated for NanoTracer and DiscMini, 

respectively, whereas a correction of 0.98 in terms of LDSA concentration was applied 

for DiscMini. Moreover, the CPC and SMPS were also calibrated in the European 

Accredited Laboratory at the University of Cassino and Southern Lazio by comparison 

with a TSI 3068B Aerosol Electrometer, using NaCl particles generated through a 

Submicrometer Aerosol Generator (TSI 3940) [168]. 

3.2 Results 

3.2.1 Time activity pattern 

In Table 3 data on time activity patterns of the populations under investigation, 

obtained from the national statistics institutes and/or research studies, as a function of 

the age, are reported. The data clearly demonstrate that, whatever the population and 

the gender, people spend the largest time fraction in indoors: from 88% for the Swedish 

population to 95% for Australian population. Cooking and eating, recognized as the 

most significant activities in terms of exposure [169], present jointly a contribution 
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ranging from 13% to 26%. On average, the Swedish people spent less time than other 

population in cooking and eating activities, whereas Spanish citizens devote the 

highest time fraction to these activities. Apart from the Swedish population, the 

contribution of cooking and eating activities increases as a function of age. Cooking 

activities by themselves account for a maximum contribution equal to 6% with higher 

exposure time values for females than males. A further microenvironment recognized 

as critical in terms of people exposure [77, 170] is the transport, however the exposure 

time in such microenvironments is limited, since its daily time contribution range from 

<1% (Australian citizens older than 65) to about 6% (for Spanish people younger than 

65). Whatever the age, the Australian population spends a smaller fraction of time in 

the transport microenvironment. Further, in general, the time spent in transport 

decreases as the age increases for all the populations under investigation. Sleeping and 

resting activities, as expected, account for a third of the day: in particular, time fraction 

averaged across all the age groups, ranges from roughly 30% (Italian and Australian) 

to roughly 37% (Spanish, UK and Swedish). ‘Other indoor day’ activities, averaged 

across all the age groups, account for about 30% of the time, except for the Australian 

population, which spends 45% of their day in such activities. Finally, ‘other outdoor’ 

activities, averaged across all the age groups, engage for about 4-8% of the day. 
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Table 3 Time activity pattern data (daily time spent, in minutes, for each main microenvironment) of 

the typical population investigated, as function of age and gender, as obtained from the national 

statistics institutes and/or research studies. Time activity data are reported as mean ± standard 

deviation for Italian, Spanish, Swedish and Australian people, whereas minimum and maximum values 

were considered for U.K. people. 

 

Barcelona 

(Spain)  

Cassino 

(Italy) 

Guilford 

(UK) 

Lund 

(Sweden) 

Brisbane 

(Australia) 

Microenvironment 
Female 

19-40  

Male 

19-40  

Female 

19-40  

Male 

19-40  

Female 

19-40  

Male 

19-40  

Female 

19-40  

Male 

19-40  

Female 

19-40  

Male 

19-40  

Sleeping 523±43 527±47  436 ±36  433±38  504-543 497-523 544±69  532±53  403±16  434±12  

Indoor Day 437±153 372±129  429±150  411±143  444-583 391-446 385±284  356±259  729±81  572±57  

Outdoor Day 37±14 68±29  79±30  84±36  35-46 64-76 106±111  101±88  42±23  45±23  

Transport 81±2  94±2  68±2  70±1  55-91 72-97 60±63  59±51  14±0  28±1  

Working 187±50  256±76  310±82  340±101  72-204 73-267 229±185  290±127  130±7  264±9  

Eating 110±3  116±3  64±1  67±2  73-143 76 262 81±37  76±26  72±3  72±2  

Cooking 61±21  3±1  47±16  35±10  34-46 12-20 33±20  25±13  46±2  20±1  

Microenvironment 
Female 

41-64 

Male 

41-64 

Female 

41-64 

Male 

41-64 

Female 

41-64 

Male 

41-64 

Female 

41-64 

Male 

41-64 

Female 

41-64 

Male 

41-64 

Sleeping 501±39  505±44  446±35  456±40  510-533 503-518   528±64  513±42  409±21  436±13  

Indoor Day 467±133  402±126  480±137  434±136  487-616 407-479  402±226  378±215  677±86  558±52  

Outdoor Day 51±21  82±36  76±31  83±37  37-45 60-75 97±100  93±76  56±25  57±25  

Transport 75±5  88±8  55±4  62±5  50-84 67-95 51±46  53±38  13±0  24±1  

Working 131±50  199±74  226±87  275±103  72-162 73-245 232±167  292±114  129±8  244±8  

Eating 117±7  122±11  67±4  74±6  81-86 87-205 88±38  82±21  90±5  91±3  

Cooking 95±26  38±9  87±24  49±11  54-58 27-35 39±20  27±11  64±4  26±1  

Microenvironment 
Female 

>65 

Male 

>65 

Female 

>65 

Male 

>65 

Female 

>65 

Male 

>65 

Female 

>65 

Male 

>65 

Female 

>65 

Male 

>65 

Sleeping 548±45  585±55  493±40  477±44  532-559 551-573 560±47  550±47  456±27  488±22  

Indoor Day 540±122  507±128  612±138  531±134  636-676 540 571 494±230  483±230  717±97  664±76  

Outdoor Day 71±23  106±44  71±23  114±47  54-56 81-88 146±85  137±85  74±30  98±35  

Transport 26±0  42±3  59±1  57±4  28-40 47-76 54±48  67±48  0±0  4±0  

Working 41±28  26±10  27±18  116±47  58-75 30-62 8±58  49±58  3±2  19±12  

Eating 113±2  126±11  78±1  81±7  19-32 85-102  119±25  122±25  113±7  119±6  

Cooking 97±26  45±13  96±26  59±17  54-54 34-36  58±11  30±11  78±5  49±2  

 

3.2.2 Concentration levels of sub-micron particles in the investigated cities 

In Figure 1 and Table 4 statistics of the levels of sub-micron particles in terms of 

particle number concentration, lung-deposited surface area concentration and average 

particle size are reported as a function of the microenvironment, age, gender and 

population nationality under investigation. 
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Data clearly show that the maximum concentrations of sub-micron particles, which the 

residents of the five populations/cities are exposed, are related to cooking and eating 

microenvironments. As regards to cooking activities, Cassino and Guilford display the 

statistically highest concentration levels: PNC/LDSA median concentrations measured 

in the two cities were equal to 5.14×105 particles cm-3/856 µm2 cm-3 and 4.36×105 

particles cm-3/1362 µm2 cm-3, respectively. The lowest concentration range was 

measured in Lund (Sweden) where the median level is equal to 4.46×104 particles cm-

3/94.3 µm2 cm-3. Similar results are for eating activities: citizens living in Cassino and 

Guilford are exposed to the highest concentrations (median values of 

2.28×105 particles cm-3/559 µm2 cm-3 and 6.01×104 particles cm-3/185 µm2 cm-3, 

respectively). Other indoor day activities cannot be considered negligible in terms of 

people exposure too: indeed, apart from Lund, whose citizens are exposed to median 

concentrations lower than 1×103 particles cm-3, the median concentration in such a 

microenvironment is higher than 1×104 part. cm-3/10 µm2 cm-3 for all the cities 

investigated. Generally, sleeping activities shown the lowest concentrations since no 

indoor sources were typically used during the night, therefore the indoor 

concentrations in this microenvironments are mainly affected by outdoor 

concentration levels, with the exception of Cassino whose citizens during the night 

were exposed to concentration levels statistically larger than outdoor day ones: this 

aspect is worthy of further investigation and could be related to the high concentrations 

due to the previous cooking activities (slow decay of concentration). Transport and 

outdoor, considered as the main microenvironments in terms of people exposures show 

concentration much lower than cooking and eating activities. Indeed, the highest 

concentration level for transport microenvironments was measured in Barcelona 

(2.79×104 part. cm-3/112 µm2 cm-3) maybe due to the high vehicle density in the city 

and the presence of exposure hot-spots [69]: here the exposure to transport and eating 

activities resulted statistically not different. Also, working microenvironments, were 

characterized by lower exposures: median values lower than 1×104 part. cm-3 were 

measured for all the cities except for Barcelona, whose population is exposed to some 

median PNC of 1.42×104 part. cm-3. We hypothesize that lower concentrations in 

indoor environments in Lund, also recognized in previous papers [142, 171], can be 
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the result of widespread use of mechanical ventilation systems, likely reducing the 

impact of the main indoor particle sources (e.g. cooking activities) through an 

increased air exchange rate and the simultaneous low outdoor concentration (built-up 

environment effect). 

 

 

Figure 1 Box plot of particles number concentrations in the investigated cities as a function of the 

microenvironments. 
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Table 4 Median values of particle number concentration, particle average size and lung deposited 

surface area dose calculated for the populations under investigation as a function of the 

microenvironment. 

  

Sleeping 
Indoor 

Day 
Outdoor 

Day 
Transport Working Eating Cooking 

Barcelona 
(Spain)  

PNC 
(part cm-3) 

6.60×103 1.51×104 9.32×103 2.79×104 1.42×104 2.54×104 5.32×104 

Dp 
(nm) 

50 48 59 65 49 45 42 

Salv+TB 
(µm2 cm-3) 

17.0 41.0 30.5 112 38.7 63.3 126 

Cassino 
(Italy) 

PNC 
 (part cm-

3) 
1.24×104 1.04×104 5.13×103 1.02×104 5.72×103 2.28×105 5.14×105 

Dp 
(nm) 

61 62 110 88.3 97.0 63.6 31.5 

Salv+TB 
(µm2 cm-3) 

43.9 34.9 31.6 52.9 29.6 570 873 

Guilford 
(UK) 

PNC 
 (part cm-

3) 
3.76×103 3.09×104 1.29×104 1.42×104 6.05×103 6.01×104 4.36×105 

Dp 
(nm) 

82 54 63 56 85 73 61 

Salv+TB 
(µm2 cm-3) 

15.4 94.4 44.7 43.3 25.5 189 1390 

Sweden 
(Lund) 

PNC 
 (part cm-

3) 
7.74×102 8.58×102 2.88×103 3.13×103 1.48×103 1.43×104 4.46×104 

Dp 
(nm) 

72 62 47 55 58 33 41 

Salv+TB 
(µm2 cm-3) 

3.16 3.26 7.87 9.82 4.73 27.5 94.3 

Australia 
(Brisbane) 

PNC 
 (part cm-

3) 
4.94×103 1.36×104 1.51×104 1.88×104 9.70×103 4.89×104 1.16×105 

Dp 
(nm) 

59 43 38 40 54 77 44 

Salv+TB 
(µm2 cm-3) 

13.5 31.4 31.4 44.9 26.8 212 258 

 

3.2.3 Total daily dose received by population 

In Table 5 the most probable values of particle surface area doses  received by the 

populations of the cities investigated, as obtained from the Monte Carlo simulation, 

combining (i) particle concentration data (summarized in the “Concentration levels of 

sub-micron particles in the investigated cities” section, whose related probability 

distribution function were evaluated), (ii) time activity patterns of the typical 
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population, and (iii) inhalation rates characteristics of the age and activity. In 

particular, in Table 5 the particle surface area doses were reported as a function of 

population age, gender and nationality as well as of the seven main 

microenvironments. Moreover, the percentage contributions to the daily dose and dose 

intensity ratios (mm2 min-1) for each microenvironment are also reported. 

The total dose received by Lund citizens is, by far, the lowest amongst the populations 

investigated, with values ranging from about 90 mm2, for people aged up to 40 years 

old, to about 130 mm2, for people older than 65. The main contribution to such dose 

values is due to the cooking and ‘indoor day’ activity, nonetheless the exposure in such 

microenvironments is significantly lower than that experienced by other populations 

investigated; in fact, the dose intensity ratios are the lowest amongst the cities under 

analysis whatever the age, gender or microenvironment. This cannot be related to the 

time activity patterns but likely to the presence of the abovementioned mechanical 

ventilation systems, typically used in homes which can reduce the impact of indoor 

sources, in particular cooking activities. 

The highest doses amongst the populations under investigation are received by the 

Italian and UK populations. Cassino and Guilford citizens receive particle surface area 

dose ranging from 1000 to 1900 mm2 and from 1000 to 1500 mm2, respectively. These 

values represent very high concentrations when compared to the those in Lund (by an 

order of magnitude): such differences can be ascribed to the low concentrations 

measured both in outdoor and indoor microenvironments in Lund. Cooking, in 

particular for females, represents the main activity in terms of dose received by 

population living in Cassino, with dose intensity ratios up to 14. ‘Indoor day’ and 

eating activities account for about 20-25% of the total dose. Similar doses were 

received in Guilford, with a more pronounced contribution of the ‘indoor day’ 

activities, compared to eating. 

The total daily dose received by the Barcelona and Brisbane was lower than by the 

Cassino and Guilford residents: most probable daily doses range between about 600 

and 800 mm2. The main contribution to such doses was once again the ‘indoor day’ 

activities (300-400 mm2) whereas the contribution of cooking and eating activities was 

lower than that measured in Cassino and Guilford: in fact, the corresponding dose 
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intensity ratios were lower than 5. In Barcelona, a significant dose contribution was 

due, in particular for people aged <65, to the transport microenvironments (about 

20%), which could be related to the higher abovementioned concentration levels. 

Apart from this, once again, the effect of outdoor day, transport and workplace 

environments can be considered very limited. 

Summarizing, the total daily dose of the population is not highly affected by the 

outdoor air quality: even if the exposure in outdoor and transport microenvironments 

may differ amongst the cities, the contribution of such microenvironments to the 

overall daily dose is generally negligible for all the populations investigated. On the 

contrary, the lifestyle, in terms of both lifestyle and age, is a main parameter affecting 

the daily dose of the population: e.g. the time spent in indoor activities (including 

eating and cooking) leads to significant contribution to the daily dose received by 

populations. In fact, for all the populations under investigation, mainly females 

(cultural/lifestyle aspect) are involved in cooking activities, thus receiving higher 

doses than males. The effect of the lifestyle can also be recognized when doses 

received by different age groups are considered (age effect): in general, older people 

spend more time indoors than younger ones, therefore receiving, on average, higher 

daily doses. Nonetheless, the results shown here demonstrate that paying more 

attention to air quality indoors is likely to significantly reduce the dose received by 

populations: the presence of mechanical ventilation systems typically used indoors in 

Lund reduce the exposure and the corresponding dose received during the indoor 

activities. 

We would like to highlight that the total daily doses for Italian and Australian 

populations were estimated in a previous study, by an indirect exposure assessment: 

doses values equal to about 2000 mm2 and 450 mm2 were estimated for Southern 

Italian and Australian populations, respectively [137]. The results of that studies are 

likely comparable to the results of the present study. In fact, since the same activity 

patterns were considered in the two studies, the difference in dose values calculated 

with the two approaches can be just ascribed to the exposure assessment approach 

itself: the indirect approach can be performed utilizing instrumentation of better 

accuracy, but they cannot provide the exposure at a personal scale.  
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Table 5 Dose, dose intensity and contribution to the daily dose as function of the population, age, gender 

(female/male, F/M) and microenvironment. Data represent the most probable values as obtained from 

the Monte Carlo simulation. 

  
 age 

Sleeping 

(F/M) 

Indoor 

Day 

(F/M) 

Outdoor 

Day 

(F/M) 

Transport 

(F/M) 

Working 

(F/M) 

Eating 

(F/M) 

Cooking 

(F/M) 

Total daily 

Dose 

(F/M) 

Barcelona 

(Spain) 

Dose, δAlv+TB 

(mm2) 

19-40 57/57 313/265 19/34 99/115 54/73 55/57 68/4 664/606 

41-64 62/64 361/314 28/45 95/112 40/62 65/69 113/45 763/711 

>65 67/73 411/391 38/57 34/53 12/8 60/71 114/54 736/707 

Dose intensity 

ratio 

(mm2 min-1) 

19-40 0.11/0.11 0.72/0.71 0.5/0.5 1.22/1.21 0.29/0.28 0.5/0.49 1.1/1.09  

41-64 0.12/0.13 0.97/0.78 0.41/0.55 1/1.27 0.16/0.31 0.56/0.57 2.96/1.18  

>65 0.12/0.12 0.76/0.77 0.54/0.54 1.28/1.26 0.28/0.3 0.53/0.56 1.17/1.18  

Contribution 

to the daily 

dose (%) 

19-40 9/9 47/44 3/6 15/19 8/12 8/9 10/1  

41-64 8/9 47/44 4/6 12/ 16 5/9 9/10 15/6  

>65 9/10 56/55 5/8 5/7 2/1 8/10 16/8  

Cassino 

(Italy) 

Dose, δAlv+TB 

(mm2) 

19-40 118/114 247/230 38/39 38/38 77/83 273/274 323/237 1114/1015 

41-64 144/138 307/262 41/42 32/34 65/74 317/327 694/371 1600/1249 

>65 168/143 406/312 41/58 39/31 8/31 401/351 809/436 1873/1361 

Dose intensity 

ratio 

(mm2 min-1) 

19-40 0.27/0.26 0.57/0.56 0.48/0.47 0.55/0.54 0.25/0.24 4.21/4.09 6.88/6.78  

41-64 0.33/0.3 0.75/0.6 0.49/0.51 0.46/0.54 0.19/0.27 4.73/4.37 14.17/7.56  

>65 0.34/0.3 0.66/0.59 0.57/0.5 0.65/0.54 0.31/0.27 5.08/4.33 8.43/7.38  

Contribution 

to the daily 

dose (%) 

19-40 11/11 22 /23 3/4 3/4 7/8 25 /27 29/23  

41-64 9/11 19/21 3/3 2/ 3 4/6 20/ 26 43/30  

>65 9/10 22/23 2/4 2/2 <1/2 21/26 43/32  

Guilford 

(UK) 

Dose, δAlv+TB 

(mm2) 

19-40 63/61 590/455 28/47 32/38 27/32 156/259 487/191 1384/1083 

41-64 62/60 615/477 28/45 29/35 23/30 97/210 668/364 1521/1221 

>65 57/72 598/638 31/61 15/29 5/10 81/123 558/450 1346/1382 

Dose intensity 

ratio 

(mm2 min-1) 

19-40 0.12/0.12 1.15/1.09 0.68/0.67 0.44/0.44 0.2/0.19 1.44/1.52 11.94/11.79  

41-64 0.12/0.12 1.47/1.08 0.4/0.66 0.34/0.43 0.13/0.19 0.57/1.44 21.1/11.49  

>65 0.11/0.13 0.91/1.15 0.56/0.71 0.43/0.46 0.08/0.21 3.15/1.32 10.29/12.75  

Contribution 

to the daily 

dose (%) 

19-40 5/6 43/42 2/4 2 /3 2/3 11 /24 35/18  

41-64 4/5 40/39 2/4 2/ 3 2/ 2 6/17 44/30  

>65 4/5 44/46 2/ 4 1/ 2 <1/1 6 /9 41/33  

Sweden 

(Lund) 

Dose, δAlv+TB 

(mm2) 

19-40 10/10 21/20 14/13 6/5 9/11 12/11 24/19 96/87 

41-64 11/11 24/22 14/12 5/5 9/12 14/12 31/22 108/96 

>65 12/12 29/28 19/18 5/6 0/2 16/17 51/25 132/109 

Dose intensity 

ratio 

(mm2 min-1) 

19-40 0.02/0.02 0.06/0.05 0.13/0.12 0.09/0.09 0.04/0.04 0.15/0.14 0.72/0.74  

41-64 0.02/0.02 0.07/0.06 0.13/0.13 0.08/0.09 0.03/0.04 0.19/0.15 1.15/0.82  

>65 0.02/0.02 0.06/0.06 0.13/0.13 0.09/0.09 0.05/0.05 0.14/0.14 0.88/0.83  

Contribution 

to the daily 

dose (%) 

19-40 10/11 22/22 14/14 6/6 9/12 13/12 25/21  

41-64 10/11 22/23 13/13 4/5 9/12 13/13 29/23  

>65 9/11 22/26 14/16 4/6 <1/2 12/16 39/23  

Brisbane 

(Australia) 

Dose, δAlv+TB 

(mm2) 

19-40 32/38 318/271 17/20 6/12 38/86 100/108 93/34 604/570 

41-64 38/45 331/294 25/28 6/11 42/89 140/154 114/50 696/671 

>65 43/52 352/366 33/50 0/2 1/6 177/209 140/97 745/782 

Dose intensity 

ratio 

(mm2 min-1) 

19-40 0.08/0.09 0.44/0.47 0.4/0.44 0.42/0.44 0.29/0.32 1.38/1.5 2.02/1.72  

41-64 0.09/0.1 0.58/0.53 0.56/0.49 0.21/0.48 0.16/0.37 1.94/1.69 4.4/1.91  

>65 0.09/0.11 0.49/0.55 0.45/0.51 0/0.51 0.27/0.31 1.56/1.76 1.79/1.98  

Contribution 

to the daily 

dose (%) 

19-40 5/7 53/48 3/3 1/2 6/15 16/ 19 15/6  

41-64 6 /7 48/44 4/4 1/ 2 6/13 20/ 23 16/7  

>65 6/7 47/47 4/6 <1/<1 <1/1 24/27 19/12  

 

 



 

 

 

4 VEHICLE INTERIOR AIR QUALITY 

CONDITIONS WHEN TRAVELLING BY 

TAXI 

In this experimental campaign we turn our attention to variations in air quality 

experienced when travelling across Barcelona by taxi, a key transport mode used in 

the city and one that has been described as “bridging the gap between private and other 

public transport” [172].  

The published literature on vehicular interior air quality (VIAQ) has already 

demonstrated that car commuters can be exposed to significantly enhanced levels of 

inhalable particles (PM10, PM2.5 and PM1: particles in suspension with diameter less 

than 10, 2.5 and 1 μm respectively) and gases (CO, CO2, NO2, VOCs) (e.g. [68, 173-

177]). Taxi drivers offer a special case in that they are chronically exposed to Traffic-

Related Air Pollutants (TRAPs) as an occupational hazard, and this transport mode is 

additionally interesting in that current taxi fleets utilise various fuel options that 

include both hybrid and electric vehicles, which generate different patterns of pollutant 

emissions. While most city taxi fleets are still dominated by traditional gasoline- or 

diesel-powered engines, this is changing rapidly. In 2017 for example already one third 

of the 10,523 taxis operating in the city of Barcelona use alternative fuels, with the 

fleet composition being 67% diesel, 26% hybrid, 6% liquefied gas (LPG, mainly 

propane and butane), 0.4% compressed natural gas (CNG, methane and ethane) and 

0.3% electric. Our study of VIAQ inside taxis included all these vehicle types and 

involved simultaneous collection (tracked by GPS) of air quality data on inhalable 

particle mass, number, and chemistry, as well as gaseous contaminants (CO, CO2 and 

VOCs). The data recorded everyday VIAQ conditions breathed by taxi drivers and 

passengers during 6-hours of a working day (10.00-16.00) and involved the co-
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operation of taxi drivers who consented to collect the equipment in the morning and 

carry it in the car with them as they went about their business. 

4.1 Methodology 

The study was carried out in the metropolitan area of Barcelona with the collaboration 

of the Barcelona Metropolitan Taxi Institute (IMET) which gave permission and 

helped with the logistics of organising the sampling campaign that lasted from 4th-31st 

of October 2017 (weekdays only). On each day two taxis carried an identical set of 

measuring equipment, one vehicle always being diesel, and the other non-diesel 

(hybrid, LPG, CNG or electric). The equipment was carried all together, usually in the 

boot (trunk) kept with roof open to the taxi interior. Both taxis started their journey 

together at the IDAEA-CSIC institute at 10.00 am avoiding the height of the rush hour 

(although the city is by then extremely busy), and returned the equipment to the same 

location six hours later after working normally in the city. Note was taken of mileages 

covered plus any special variables such as the use of air conditioning, air fresheners, 

and whether the windows were open or closed. The range of taxi models and engine 

types that participated in the study are listed in Table 6. 
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Table 6 List of vehicles that participated in the Barcelona Taxi Air Quality Monitoring Campaign. For 

hybrid, CNG and electric the same taxi was used for repeated experiments. 

Model (number vehicles) Km on odometer 
Year of 

purchase 
Fuel type 

Euro 

stage 

Skoda Octavia (8) 

690,000 

575,000 

780,000 

650,000 

560,000 

550,000 

256,000 

255,000 

2006 

2009 

2010 

2010 

2010 

2010 

2010 

2014 

Diesel 

E4 

E5 

E5 

E6 

Seat Toledo (2) 
300,000 

150,00 

2014 

2016 
Diesel 

E5 

E6 

Seat Altea (5) 

737,000 

572,000 

614,000 

575,000 

542,000 

2010 

2010 

2011 

2011 

2011 

Diesel 
E5 

E6 

Toyota Prius (4) 387,000 2012 
Hybrid 

(petrol) 
E6 

Citroen C-Elysée (4) 
165,000 

153,000 

2016 (1) 

2016 (3) 
LPG E5 

Volkswagen Caddy (3) 47,000 2017 CNG E6 

Nissan Evalia (4) 160,000 2014 Electric E6 

 

Air quality measurements were registered every 10 seconds with the following 

equipments:  

− Personal Environmental Monitor (PEM) to collect PM10 with a flow rate of 10 

L/min on previously weighed 63 mm quartz microfiber filters, this allowing 

both measurement of average PM concentration and also a full chemical 

analysis of the particles being breathed. 

− Mini-aethalometer (Magee Scientific) to measure black carbon (BC) (only in 

the diesel taxis). 
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− DiSCmini (Matter Aerosol AG, Wohlen AG, Swiss) to monitor particle 

number concentrations (PNC, expressed in # /cm3) and size mode in the size 

range of 10-700 nm, as well as lung deposited surface area (LDSA μm2/cm3).  

− IAQ-track (Model 7545, TSI) to analyse levels of CO2, CO, temperature and 

humidity. 

− Low-volume VOC detectors for later analysis using gas chromatography. 

− GPS to monitor the routes taken by each taxi during the working day. 

Given that the data were collected over a period of 4 weeks, they were deseasonalised 

to remove temporal fluctuations when comparing the levels of pollutants between the 

taxis. This was done with reference to the “Palau Reial” Urban Background station 

(termed UB-PR), where the same pollutants were monitored throughout the sampling 

period [83]. This station is located in the garden of the IDAEA-CSIC building 

(41°23′14″ N, 02°06′56″E, 78 m.a.s.l) and is exposed to road traffic emissions from 

the Diagonal Avenue (200 m away), one of the largest thoroughfares in Barcelona 

(100,000 cars/day). The adjusted concentration (Ci
j)k
⁎ of the ith pollutant for the kth day 

at the taxi jth was calculated as shown in Eq. (3): 

(𝑪𝒊
𝒋
)𝒌

∗ = (𝑪𝒊
𝒋
)𝒌/ [(𝑪𝒊

𝑷𝑹)𝒌/(𝑪𝒊
𝑷𝑹)]                                                                               (3) 

where (𝐶𝑖
𝑗
)k  is the concentration measured at the taxi, (𝐶𝑖

𝑃𝑅)𝑘 and (𝐶𝑖
𝑃𝑅̅̅ ̅̅ ̅) are the 6h 

average corresponding to day kth and campaign averages at UB-PR, respectively.  

A total of 30 PM10 gravimetric samples collected using the PEM were chemically 

analysed using ICP-AES and ICP-MS for major and trace elements respectively. After 

sampling, filters were dried for 24 h at room temperature, (20–25°C and 25% 

humidity), before being chemically analysed. SiO2 and CO3
2− were indirectly 

determined on the basis of empirical factors (Al x 1.89=Al2O3, 3 x Al2O3=SiO2 and 

(1.5 x Ca)+(2.5 x Mg)=CO3
2−, see Querol et al., 2001). A portion of each filter was 

digested in acidic environment (5 ml HF, 2.5 ml HNO3, 2.5 ml HClO4) for the 

determination of major and trace elements. A sub-sample measuring 1.5 cm2 was taken 

from each filter to allow the determination of Organic Carbon (OC) and Elemental 

Carbon (EC) content by thermo-optical transmission using a Sunset Laboratory OCEC 

Analyzer. Blank filters were used for every stock purchased for sampling (one blank 
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filter for each 12-filter stock). A few milligrams of the NIST 1633b reference material 

were added to blank filters to check the precision of the data obtained. Regarding the 

precision of the analyses, most of the elements showed an analytical error <10%, 

except for P and K which had a 15% error. 

Volatile organic compounds (VOC) in air samples were collected using stainless steel 

cartridges (89 mm length x 6.4 mm O.D. x 5 mm I.D, Markes International Ltd., 

Llantrisant, UK) custom packed with three successive sections of activated graphitized 

BC adsorbents, 150 mg Carbotrap C 20-40 mesh, 150 mg of Carbotrap 20-40 mesh 

and 150 mg of Carbotrap X 40-60 mesh (Supelco, Sigma-Aldrich, St. Louis, USA). 

The cartridges were pre-conditioned at 320°C with helium (5N quality) flow at 100 

mL/min for 2 hours and conditioned before each sampling at 335°C with same helium 

flow for 30 min. The clean cartridges were capped with ¼ inch brass long-term storage 

caps with ¼ PTFE ferrules and storage in free-VOC ambient until its use. For active 

sampling the cartridges were coupled to a low-flow pump through a single air inlet 

port of Pocket Pump Air (SKC Ltd., Blandford Forum, UK) with constant flow 

compensation at 20 mL/min for 6 hours. The pump was calibrated before and after 

each air intake with the Defender 510-L primary flow calibrator (Bios Drycal, NJ, 

USA). The VOC trapped in the cartridges were analyzed by the thermal desorption 

equipment Ultra 50:50 Multi-tube Auto-sampler/Thermal Desorber Unity Series 2 

(Markes International Ltd, Llantrisant, UK) coupled to a gas chromatograph with mass 

spectrometry detector. External calibration method was used for quantification of 

target VOC using multi-point reference stock solutions at different concentration in 

the range of 0.25 and 200 μg/mL in methanol from different commercial solutions: 

FIA Paraffin Standard (Accustandard Inc., New Haven, USA), Special Mix 6 

compounds (CPAchem Ltd., Bulgaria), 8260B Calibration Mix #1 (Restek 

Corporation, Bellefonte, USA) and Cannabis Terpenes Standard #1 (Restek 

Corporation, Bellefonte, USA). 1 µL reference stock solution was injected onto clean 

cartridge through the injector port of Calibration Solution Loading Ring (CSLR, 

Markes International Ltd, Llantrisant, UK) using a standard syringe and purged for 3 

min with helium (5N quality) at 50 mL/min to remove the solvent. Carbon disulfide, 

ethyl methacrylate, iodomethane, methyl acrylate, 2-nitropropane, methylene chloride, 
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acetonitrile, 2-chloroethanol, (-)-alpha-bisabolol, linalool and geraniol from 

commercial solution could not be determined. Calibration for most these targets 

showed excellent linearity (R2 ≥ 0.99). Clean cartridges were spiked at low different 

concentration levels to determine the limit of detection, ranged 0.03 to 1.5 ng/cartridge.  

For the PM10 source apportionment, the Positive Matrix Factorization (PMF, Paatero 

and Tapper [178]) model was run by means of the EPA PMF v5 software. The input 

data uncertainty estimates were based on the approach of Amato, et al. [179] and 

provided a criterion to separate the 22 species which retain a significant signal from 

the remaining ones with higher noise. This criterion is based on the signal-to-noise S/N 

ratio defined by Paatero and Hopke [180]. As an additional criterion, we used the 

percentage of data above detection limit. The combination of both criteria permitted 

to select for the PMF analysis 21 strong species and 1 weak species (Cr). Given the 

low number (30) of PM10 samples obtained in the taxis, the PMF was run to an 

extended matrix where we added 90 additional ambient air PM samples collected at 

the urban background monitoring site “Palau Reial” (41°23′14″ N, 02°06′56″E, 78 

m.a.s.l). This data assembling showed the most satisfactory results for factor profiles 

since it allowed exploring a larger area of the N-dimensional source contributions 

space. The data matrix was uncensored, i.e. negative, zero and below detection limit 

(BDL) values were included as such in the analyses to avoid a bias in the results 

Paaetro [181]. Given that samplings in different taxi engine types were performed in 

different days, resolved source contributions were deseasonalized using simultaneous 

data from the continuously running “Palau Reial” monitoring station, following the 

method of Rivas, et al. [83]. 

4.2 Results 

4.2.1 Physical measurements  

Concentration ranges and median values for pollutant concentrations are presented in 

Table 7 and demonstrate considerable variation in VIAQ. Diesel and LPG vehicle 

interiors registered highest median values of PM10 (75-81 µg/m3), OC (26 µg/m3), and 

EC (9-11 µg/m3). Diesel cars also recorded the highest median levels of CO (2.1 ppm) 

and LDSA (104 μm2/cm3) and largest sizes (46 nm) of UFP, but registered lower 



CHAPTER 4.    Vehicle interior air quality conditions when travelling 

by taxi 

50 

 

concentrations of particle numbers (median PNC <33000 #/cm3) than hybrid, natural 

gas or LPG car interiors (39-46000 #/cm3). In contrast, electric and hybrid operated 

taxis recorded the lowest interior PM10 values (50 µg/m3). The interiors of electric 

powered taxis driven with closed windows showed the lowest median values in EC 

(4.6 µg/m3), number of UFP (PNC= 10614 #/cm3), LDSA (12 μm2/cm3), and CO (0.1 

ppm). The CO2 data demonstrate clearly that concentrations of this gas are is strongly 

influenced by whether windows are open for much of the day (<570 ppm) or kept 

closed (>1700 ppm): the electric taxi used in the study for example was driven all day 

with closed windows, producing median CO2 values of 2395 ppm. A closer look at the 

data is presented below, focusing on individual 6-hour journeys and daily pairings, and 

emphasising the effects on VIAQ of driving with windows open or closed.  

Table 7 Median (MD), maximum (max) and minimum (min) values for selected parameters measured 

at different fuel-type taxis. n: number of taxis. LPG: liquid petroleum gas, CNG: compressed natural 

gas. 

 n PM10   (µg/m3) OC   (µg/m3) EC   (µg/m3) BC   (µg/m3) 

  MD max min MD max min MD max min MD max min 

Diesel 14 75.2 106.3 41.8 25.6 40.3 10.8 9.4 28.2 3.2 6.5 17.2 2.22 

Hybrid 4 49.6 61.2 43.8 18.6 21.0 14.9 7.4 10.9 5.5    

LPG 4 81.0 94.6 64.5 26.3 32.0 18.1 10.5 13.3 4.2    

CNG 3 51.0 54.2 47.8 15.0 15.18 15.0 8.3 9.4 7.3    

Electric 4 49.8 75.4 35.0 21.7 40.8 12.4 4.6 7.3 2.5    

 

 Number (#/cm3) Size    (nm) LDSA (μm2/cm3) CO     (ppm) CO2   (ppm) 

 MD max min MD max min MD max min MD max min MD max min 

Diesel 32138 88257 7938 46 59 31 104 233 45 2.1 3.7 1.2 418 2052 364 

Hybrid 48436 58153 31900 34 36 33 55 66 29 1.2 1.4 0.7 398 529 346 

LPG 38614 65778 7017 38 46 35 53 91 17 1.5 2.4 1.1 410 2139 361 

CNG 45701 46208 45194 32 33 31 46 47 45 1.0 1.1 0.8 391 424 358 

Electric 10614 13214 7329 34 40 34 12 13 12 0.1 0.5 0.1 2395 3478 1724 

Opening windows during road travel allows direct entry of outside traffic contaminants 

into the vehicle, whereas a closed system will encourage the build-up of internally-
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generated pollutants. This contrast between interior and exterior contaminants is 

demonstrated by Figure 2 which compares particle number concentrations (PNC: in 

the size range of 10-700 nm) with levels of carbon dioxide. Taxis circulating with 

windows closed recorded low PNC values across a limited range (7-13000 #cm-3), 

whereas those driving in the city with windows open showed median interior PNC 

levels always above 20000 #cm-3 and in extreme cases exceeding 80000 #cm-3. 

Conversely, open-window taxis record VIAQ ambient CO2 concentrations similar to 

outdoor levels of around 400 ppm, whereas when the taxi interior becomes a closed 

system CO2 concentration rise substantially, depending on the number of passengers 

being carried. The highest median CO2 value recorded in the study (3478 ppm) was 

measured in a closed electric car, with peaks occasionally exceeding 4500 ppm during 

the 6-hour monitoring period. 
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Figure 2 Median values of particle numbers (PNC, in blue, expressed in #/cm3 in the size range of 10-

700 nm) measured inside taxis compared to CO2 concentrations (in red) for conditions of either open 

(CO2 = 330-440 ppm) or closed (CO2 1700-3500 ppm) windows over 6-hour daytime period. Lowest 

values of N, and highest values of CO2, were recorded when windows were closed. The number on the 

horizontal axis refers to the date in October 2017 (all dry days without precipitation), and the letter 

refers to the fuel type (D = diesel; E = electric; H = hybrid; LPG = liquid petroleum gas; NG = natural 

gas). Five taxis (9D, 10D, 23D, 27D, 20H: not shown on this figure) recorded CO2 values between 450-

600 ppm due to windows being opened occasionally, and in one taxi (31D) the CO2 equipment 

malfunctioned. The inset shows an example of how PNC and black carbon peaks can be positively 

correlated (diesel taxi 9th October with windows open), as demonstrated in previous publications (e.g. 

Krecl, et al. [182]). 

Further comparison between VIAQ in taxis with windows open and closed is provided 

by the box plot on Figure 3. The pattern of higher PNC with a much greater 

concentration range in open window vehicles is also shown by both PM10 and LDSA 

values. The results for both PNC and LDSA are strikingly lower in the closed taxi 

interiors, and contrast with median particle size values which show little variation 

irrespective of whether windows are open or closed (around 40 nm).   
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Figure 3 Box plot comparing VIAQ parameters particle number, lung deposited surface area (LDSA), 

PM10 mass, and particle size inside taxis with windows open and closed (median values over 6-hour 

daytime period). The coloured box defines the interquartile range, and the median is represented by the 

horizontal line separating the two colours. Particulate number, LDSA and mass levels are lower and 

less variable in the protected environment of a taxi interior with closed windows. 

Ambient concentrations of carbon monoxide measured inside the taxis during this 

study were low, although there was considerable variation, with median values ranging 

between 0.1-3.7 ppm. Figure 4 plots CO levels against kilometer age (thousands of 

km driven) and tax models employed in the study. It is apparent from the figure that, 

with one exception (4LPG), the highest interior CO values (>2 ppm) were reached in 

diesel vehicles, irrespective of whether the windows are open or closed. Of the 

different models used in this study the highest CO levels (2.5 ppm or above) were 

measured in Skoda Octavia taxis that had over 500000 km on the odometer. In contrast, 

median concentrations of CO inside the hybrid taxi used in the study (a Toyota Prius) 

remained below 1.5 ppm despite the car having nearly 400000 km on the odometer. 

The lowest CO concentrations measured in the study (0-0.5ppm) were recorded inside 

an electric powered Nissan Evalia (160000 km), this comparing with median CO levels 

of 2.2 ppm inside a Skoda Octavia (650000 km) even though both taxis were driven 

with windows closed and a/c on. 
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Figure 4 Median 6-hour daytime values of carbon monoxide levels in taxi interiors with windows open 

(CO2 = 330-570 ppm) and closed (CO2 1700-3500 ppm). Higher levels of CO are mostly associated 

with diesel taxis (pink shading), notably the high-km Skoda Octavia. Lowest CO levels were recorded 

in electric-powered taxis driving with windows closed. Note the difference between closed-window 

diesel and electric vehicles. The number on the horizontal axis refers to the date in October 2017, and 

the letter refers to the fuel type (D = diesel (pink background); E = electric; H = hybrid; LPG = liquid 

petroleum gas; NG = natural gas). All diesel cars were different (this being the most common taxi type 

in Barcelona), whereas for other fuel types the same car was used more than once except in the case of 

LPG where two different vehicles were used. 

With regard to ultrafine particle size measured in the taxi interior, as previously 

mentioned Table 7 demonstrates that those vehicles using diesel fuel registered larger 

median particle sizes than in the non-diesel vehicles. This difference is recorded in 

every daily pairing, irrespective of whether the non-diesel partner taxi was LPG, NG, 

hybrid or electric (Figure 5). Diesel interior median UFP sizes ranged from 31-59 nm 

(median 46 nm) as compared to 31-46 nm (median 34 nm) for non-diesels. 

The GPS-Route data obtained during this study confirm the highly polluted nature of 

the Barcelona city centre road system, especially the grid plan area known as 

L’Eixample (the Enlargement) built to the west and north of the mainly pedestrianized 

medieval core. Taxis circulating with open windows through L’Eixample consistently 

show poor VIAQ (Figure 6a-b). The routes illustrated by Figure 6a and Figure 6b 
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for example compare concentrations of UFP numbers and black carbon (BC) breathed 

inside a Skoda Octavia diesel taxi with 700000 km on the odometer during a 6-hour 

daytime period mostly confined within L’Eixample and the equally congested central 

tourist route from Via Laetana to the sea front. The comparison not only graphically 

demonstrates the poor air quality (PNC >75000 #cm-3; BC > 12 µm2/m3 for much of 

the time) but also reaffirms the positive correlation between PNC and BC in the VIAQ 

of diesel taxis (Figure 2). In contrast Figure 6c and Figure 6d compare ultrafine 

particle numbers inside electric and diesel taxis driving with windows closed. Under 

these conditions the interior concentration of UFP is kept low (usually PNC<25000 

#cm-3 and for most of the time driving in the city centre, especially inside the electric 

vehicle, PNC<10000 #cm-3). 

 

 

 

Figure 5 Median ultrafine particle sizes (nm) inside taxi pairings over 6-hour daytime working period. 

Diesel taxi VIAQ consistently shows larger median particle sizes than other engine types. 
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Figure 6 Examples of pollutant concentrations inside taxis driving through the Barcelona area during 

the 6-hour daytime monitoring period (10.00-16.00). The route taken by the open-window diesel taxi 

on 18th October was restricted to the city centre, especially the traffic-choked grid-plan L’Eixample 

area, and records generally very high levels of both UFP number (N: 6a) and black carbon (BC: 6b). 

In contrast the two taxis represented in Figures 6c and 6d drove with windows closed and A/C on, 

spending much of the time in the city centre but also making excursions out of the city to the southwest 

and the northeast. Levels of UFP numbers inside the closed taxis remained very low except when the 

windows were opened briefly (see text for discussion). 

The routes driven by the electric and diesel taxis recorded in Figure 6c and Figure 6d 

include journeys away from the city centre, both to the airport (southwest of the city) 

and to the Besòs River estuary on the northeast side of the city, as well as use of the 

urban ring road system. Excursions such as those out to the airport involve motorway 

driving conditions, usually at higher speeds that favour the infiltration of outside 

contaminants even into cars driving with windows closed so that interior N rises above 

10000 #cm-3. Thus both closed taxis 24E (Figure 6c) and 5D (Figure 6d) recorded 

lowest interior particulate levels when driving slowly in the city centre, but 

demonstrated increasing entry of external pollutants into the car when driven out to 
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the airport. A comparison between the VIAQ of these two taxis (24E and 6D) further 

reveals that whereas the driver of the electric taxi 24E ensured that windows were kept 

closed (with 6-hour median CO2 levels consequently rising to 3478 ppm), this was not 

the case for taxi 5D which recorded two VIAQ pollution events (Figure 7). One of 

these was in the airport area and resulted in PNC rising to a peak around 200000 #cm-

3, whereas the other occurred when driving along the extremely congested and canyon-

like enclosed Gran Via 6-lane urban motorway leading northeast out of the city, when 

PNC levels suddenly spiked to 1000000 #cm-3 (Figure 6d and Figure 7). Note also 

on Figure 7 how peaks in PNC are accompanied by troughs in particle size. 

 

 

Figure 7 Comparison of median UFP number (PNC) and particle size (nm) during the 6-hour 

monitoring period inside taxi 5D (Figure 6d). Generally low levels of PNC (<10000 #/cm3) were 

maintained during the day by keeping windows closed, with the notable exception of two pollution 

events in the airport area and when driving along the congested Gran Via, when PNC rise rapidly and 

particle size decreased. 

4.2.2 Chemical measurements  

Chemical data from the PM10 filter samples collected from vehicle interiors during the 

Barcelona taxi experiment are listed in Table 8. Average values for all taxis (28 

samples) are accompanied by two subgroups selected to compare (1) taxis with open 

windows all day (as recorded by the driver and confirmed by median interior CO2 

levels below 450 ppm: 8 diesel and 8 non-diesel); (2) taxis with windows closed all or 
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most of the day (as recorded by the driver and confirmed by median CO2 levels 

between 1700-3500 ppm: 1 diesel, 1 LPG; 4 electric). Levels of PM10 inside the taxis 

were on average around 3 times higher (67 µg/m3) than urban background (22 µg/m3), 

although once again there was considerable variation (35-106 µg/m3). Elemental and 

organic carbon were the particle types most notably enriched inside all taxis, especially 

EC in vehicles with open windows, these registering concentrations >x10 urban 

background (Table 8). Interior levels of EC in open-window taxis (9-11 µg/m3) were 

also notably higher than those with closed windows (3-5 µg/m3), presumably reflecting 

the ingress of vehicle exhaust fumes from outside. In contrast, concentrations of OC 

in the closed electric vehicle were only slightly lower than those in openly ventilated 

diesel taxis (Table 8), implicating the greater influence of indoor sources, as will be 

discussed below. 
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Table 8 Average values for chemical analysis of PM10 sampled from taxi interiors. In addition to all 

taxis (28 analyses) there are 5 subgroups depending on whether windows were kept open or closed, and 

on how the vehicle was powered. 

 
ALL 

TAXIS 
OPEN WINDOWS (CO2< 

450ppm) 
CLOSED WINDOWS  URBAN  

BACKGROUN
D 

µg/m
3 

(No.=28) Diesel (8) Non Diesel (8) 
Diesel 

(1) 
LPG 
(1) 

Electric 
(4) 

PM10 66.9 72.3 62.5 53.7 64.5 52.5 21.9 

OC 21.7 25.6 20.8 14.6 18.1 24.2 2.5 

EC 9.4 11.1 9.2 3.2 4.2 4.7 0.9 

Al2O3 0.8 0.8 0.7 0.8 0.9 0.5 0.4 

Ca 1.5 1.5 1.7 2.0 2.1 1.6 0.5 

Fe 1.7 1.5 1.8 2.1 2.9 2.2 0.5 

K 0.2 0.2 0.2 0.3 0.1 0.3 0.2 

Na 0.5 0.5 0.8 0.7 1.1 0.7 0.6 

Mg 0.1 0.1 0.3 0.3 0.3 0.2 0.1 

P 0.1 0.1 0.1 0.1 0.2 0.1 <0.1 

ng/m
3 

       

Ti 23.6 28.6 27.9 23.6 8.3 16.1 14.4 

Cr 14.7 16.3 15.3 <dl <dl <dl 4.8 

Cu   90.0 88.8 106.5 40.7 90.0 53.5 17.9 

Zn   63.7 59.2 79.3 58.9 69.4 36.9 25.3 

Sr   4.1 4.5 5.5 3.1 4.7 1.5 2.2 

Y    1.9 2.0 1.7 <dl <dl <dl 0.1 

Zr   49.67 56.6 63.5 69.2 57.2 31.2 8.8 

Nb 0.7 0.6 1.4 <dl <dl <dl 0.1 

Sn  14.8 18.6 19.5 11.3 14.2 5.5 3.9 

Sb 5.8 6.5 8.6 1.2 5.4 2.4 2.0 

Hf 2.4 2.5 3.0 2.8 2.7 1.4 0.4 

Pb  4.3 5.1 5.6 1.1 1.3 1.8 3.2 

Th  0.3 0.3 0.3 <dl <dl <dl 0.1 

U   1.0 1.0 0.8 <dl <dl <dl 0.1 

 

The relative enrichment in urban air of carbonaceous particles and a range of traffic-

emission-related trace metals such as Cu, Sn and Sb is demonstrated by the histograms 

on Figure 8 which compares the taxi interior PM chemistry with that from the 

Barcelona outdoor urban background and a remote air monitoring site at Montsec in 

the Pyrenean Mountains 150 km NW from Barcelona. These metals, already 

noticeably enriched in background urban air, rise to concentrations commonly 

exceeding PM10Cu 100 µg/m3, PM10Sn 15 µg/m3, PM10Sb 8 µg/m3 within the taxi 
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interiors. Another metal showing notable enrichment is Zr, accompanied by other 

similarly enriched high field strength elements (HFSE) such as Hf, Nb, Y and U. 

 

 

Figure 8 Comparisons between the chemistry of PM10 measured inside taxis with data from the 

Barcelona urban background air monitoring site in Palau Reial, and from the European Monitoring 

and Evaluation Programme (EMEP) remote site at Montsec in the Catalan Pyrenees 150 km northwest 

of Barcelona (https://www.idaea.csic.es/egar/montsec/). 

 

Figure 9 Average mass contributions (in µg/m3 and %) of aerosol sources in the interior of the taxis 

determined by PMF. 

With regard to the source apportionment results, we identified six main sources of 

PM10 inside the taxis (Figure 9). The sum of the source contributions explained on 

average 66% of PM10 mass with the unexplained mass attributed mainly to a 

combination of ammonium nitrate particles and humidity. The six sources were 

labelled as vehicle wear, vehicle exhaust, industrial (mainly metallurgy), sea salt, 

mineral and regional (ammonium sulphate). On average the main impacting source 

was vehicle exhaust (31%, 20 µg/m3), which resulted about twice the contribution 

from vehicle wear (14%, 9 µg/m3) (Figure 9 and Figure 10). This result is interpreted 
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as reflecting a relatively higher presence of submicron particles inside the taxi rather 

than super-micron particles. The third source by importance (excluding ammonium 

nitrate) was the regional source (10%, 6 µg/m3), followed by industrial (5%, 3 µg/m3), 

mineral and sea salt (both 3%, 2 µg/m3). Given that about 80% of NOx emissions in 

the city have been calculated as due to road traffic (Querol et al., 2012), the total impact 

of traffic as a source for air pollutants breathed by taxi drivers and their passengers is 

estimated to be around 72%.  
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Figure 10 Chemical profiles of the aerosol sources resolved by PMF. 
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With regard to the analysis of Volatile Organic Compounds (VOCs) sampled in the 

taxi interiors, out of a total of 99 VOCs investigated 47 were detected and quantified 

(concentrations > 0.02 µg/m3; Table 9). These compounds included nine C5-C10 

alkanes and four C5 alkenes (45-47% of total), thirteen C6-C10 aromatic hydrocarbons 

(37-52%), eleven monoterpenes (0.7-15%), seven C1-C6 organochlorines (1-1.7%), 

two C4 ethers and one C5 ester (0.2-1.8%). In addition several compounds, such as 4-

methyl-1-pentene naphthalene, isobutanol, 1,1,1-trichloroethane, 1,4-dioxane, 

dibromochloromethane, chlorobenzene, bromoform, -terpinene, were found in some 

taxi vehicles but at the limit of detection. The VOCs not detected in the investigation 

were bromochloromethane, bromodichloromethane, dibromomethane, 1,1-

dichloroethane, 1,2-dibromoethane, 1,1,2-trichloroethane, 1,1,1,2-tetrachloroethane, 

1,1,2,2-tetrachloroethane, pentachloroethane, 1,1-dichloroethene, trans-1,2-

dichloroethene, cis-1,2-dichloroethene, 1,2-dichloropropane, 1,3-dichloropropane, 3-

chloropropene, 2,2-dichloropropane, 1,2,3-trichloropropane, 1,2-dibromo-3-

chloropropane, 1,1-dichloropropene, trans-1,3-dichloropropene, cis-1,3-

dichloropropene, trans-1,4-dichloro-2-butene, cis-1,4-dichloro-2-butene, 2-chloro-

1,3-butadiene, hexachlorobutadiene 1,3-dichlorobenzene, 1,2-dichlorobenzene, 1,2,4-

trichlorobenzene, 1,2,3-trichlorobenzene, bromobenzene, 2-chlorotoluene, 4-

chlorotoluene, tert-butylbenzene, nitrobenzene, (-)-isopulegol, -caryophyllene, -

humulene, cis-nerolidol, trans-nerolidol, (-)-guaiol, ethyl methacrylate, 

methacrylonitrile and propionitrile.  
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Table 9 Concentrations of VOCs inside the studied taxi cars. LPG: liquefied petroleum gas; CNG: 

compressed natural gas. ND: not detected value. LOD: limit of detection 

 Concentration inside taxi (µg/m3) 

Group/Compound LP

G 

Dies

el 

Hyb

rid 

Elec

tric 

CN

G Alkanes/Alkenes      
n-Pentane 21 20 18 17 28 

n-Heptane 5.9 4.9 2.9 6.0 7.5 

n-Hexane 5.0 4.8 3.8 5.6 5.4 

n-Octane 3.1 2.6 2.1 2.3 3.4 

n-Decane 5.1 0.75 0.6 1.0 1.7 

2-Methylbutane (i-pentane) 53 50 47 43 60 

2,3-Dimethylpentane 2.2 2.0 1.6 2.3 2.4 

Isooctane 0.32 0.74 0.46 2.2 1.3 

Cyclohexane 2.2 2.1 1.6 2.6 3.2 

Isoprene 11 4.1 2.0 31 5.7 

1-Pentene 1.2 1.1 0.81 0.97 1.5 

cis-Pentene 1.2 1.0 0.85 1.0 1.7 

trans-2-Pentene 3.5 2.9 2.2 2.9 5.1 

Total 115 97 84 118 127 
Aromatics      

Benzene 8.6 6.8 6.8 5.3 10 

Toluene 51 39 37 40 56 

Ethylbenzene 10 8.0 6.5 7.1 11 

m-Xylene 26 20 17 18 26 

p-Xylene 9.9 7.8 6.5 6.8 11 

o-Xylene 13 10 8.5 8.6 13 

1,2,4-Trimethylbenzene 11 8.7 6.4 7.7 10 

1,3,5-Trimethylbenzene 2.3 1.8 1.4 1.7 2.2 

n-Propylbenzene 1.1 0.92 0.72 0.88 1.2 

Styrene 1.0 0.67 0.80 0.50 1.0 

Isopropylbenzene 0.40 0.33 0.26 0.29 0.43 

n-Butylbenzene 0.29 0.22 0.18 ND 0.27 

sec-Butylbenzene 0.09 0.07 0.08 ND 0.09 

Total 135 104 92 97 142 
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Monoterpenes      

d-Limonene 4.5 0.80 0.86 30 4.4 

Camphene 0.62 ND ND 0.10 0.04 

-Pinene 0.43 0.21 0.26 1.8 0.56 

(-)--Pinene/-Myrcene 0.45 0.09 0.14 1.8 0.19 

p-Cymene 0.58 0.25 0.23 0.64 0.37 

-Terpinene 0.28 ND ND 0.44 0.06 

-Ocimene 0.38 0.06 0.11 1.21 0.07 

-Ocimene 0.18 0.03 0.05 0.61 0.03 

-Terpinene 0.14 ND ND 1.31 0.10 

3-Carene 0.12 0.05 0.06 0.25 0.09 

Total 7.7 1.5 1.7 38 6 
Organochlorines      

Tetrachloroethylene 0.78 0.83 0.95 0.54 2.3 

1,2,2-Trichlorotrifluoroethane 0.70 0.71 0.73 0.65 0.79 

Carbon Tetrachloride 0.57 0.59 0.60 0.58 0.61 

Chloroform 0.37 0.18 0.39 0.11 0.33 

1,2-Dichloroethane 0.21 0.23 0.23 0.52 0.24 

Trichloroethylene 0.10 <LO

D 

0.13 0.09 0.22 

1,4-Dichlorbenzene ND 0.06 ND ND 0.14 

Total 2.7 2.6 3 2.5 4.6 
Others      

Methyl methacrylate 0.21 0.17 0.31 0.53 0.48 

Tetrahydrofuran 0.17 0.19 0.20 0.29 0.49 

Diethyl ether 0.06 0.12 0.13 3.9 0.06 

Total 0.44 0.48 0.64 4.7 1 

 

 

The most abundant compound of the alkane/alkene group was 2-methylbutane (43-60 

µg/m3) followed by n-pentane (17-28 µg/m3) in all taxi models, whereas in the 

aromatic hydrocarbon group toluene was the most abundant compound (37-56 µg/m3). 

All three of these VOCs are well documented as products of hydrocarbon fuel 

emissions. Other abundant VOCs were m-xylene, o-xylene, 1,2,4-trimethylbenzene, 

ethylbenzene, p-xylene, benzene, and 1,3,5-trimethylbenzene, all of which are also 

products of hydrocarbon fuel emissions (e.g. [183-186]). Several of these compounds 

are also known to be emitted by off-gassing of interior vehicle components (e.g. 

Brodzik, et al. [187]). The dominance of aliphatic and aromatic hydrocarbons 

conforms to what is known from other studies of VOCs inside passenger cars (Faber 

and Brodzik [188]). 
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Figure 11 Histograms ranking the relative abundances of VOCs measured inside taxis. 

 

The concentrations of benzene found in the taxi vehicles of the present study, 5.3-10 

µg/m3, were lower than those found in taxis of Guangzhou, 34 µg/m3 [189] and those 

found in the inner atmospheres of patrol cars from North Carolina, 13 µg/m3 [190]. 

The concentrations of toluene in the taxis of the present study, 37-56 µg/m3, were 

lower than those found in the taxis of Guangzhou, 110 µg/m3 [189] and similar to those 

found in the patrol cars of North Carolina, 39 µg/m3 [190]. The taxis of Guangzhou 

also have higher concentrations of ethylbenzene, 20 µg/m3, than those observed in the 

taxis of the present study, 6.5-11 µg/m3. However, the concentrations of xylenes, m/p-

xylenes and o-xylene in Guangzhou, 20 µg/m3 and 17 µg/m3, respectively, are similar 

to those of the present study, 23-37 µg/m3 and 8.5-13 µg/m3, respectively. In contrast, 

a study of VIAQ in Hong Kong taxis fuelled by LPG recorded much lower levels of 

aromatic hydrocarbons [191]. 

Normality testing of the concentration of these compounds inside each taxi under 

different fuel-engine models using the Shapiro-Wilk test showed non-normal 

distribution (p < 0.001). The Kruskal-Wallis test for non-parametric ANOVA 

indicated that the indoor taxi VOC concentrations of the different powered models 

were not significantly different for the compounds related with fuel emissions (p = 

0.322). High correlations between the concentrations of alkanes/alkenes and aromatics 
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in the air of each taxi model were observed showing a predominance of the same 

emission sources. 

Four of the five taxis used to sample VOCs were driven with windows open and 

therefore exposed to traffic pollutants infiltrating from outside. The only taxi driven 

with windows closed was the electric vehicle which recorded the lowest concentrations 

of n-pentane, 2-methybutane (both strongly associated with hydrocarbon fuel 

emissions) but the highest concentrations of isoprene and most monoterpenes. In 

particular, isoprene recorded concentrations of 31 µg/m3 in the electric vehicle 

whereas in the others it ranged between 2 and 11 µg/m3. A similar difference was 

observed for all monoterpenes (except camphene) which were found in higher 

concentration in the electric vehicle, e.g. δ-limonene, 30 µg/m3, whereas in the 

atmospheres of the other cars it ranged between 0.8 and 4.5 µg/m3 (Table 9). An 

obvious cause for this difference is the use of an air freshener in this vehicle. The high 

concentration of diethyl ether in the electric taxi model is probably also due to the use 

of the air freshener under closed window conditions.  

Another factor proven to influence the VOC content of car interior air is the age of the 

vehicle [192, 193]. The youngest vehicle used in this study was that powered by natural 

gas (1-year old; <50000km on the odometer). The sample analysed from this vehicle 

showed the highest overall concentrations of alkanes/alkenes, aromatics, and 

organochlorines (Table 9), which we attribute to an extra VOC contribution by 

continued in-cabin degassing from a relatively young vehicle. 

4.3 Discussion  

The results summarised above offer insight into the controls on VIAQ inside a taxi 

driven through a busy city. They confirm the importance of air exchange rates (AER), 

the dominant influence of which has been noted by other publications dealing with 

VIAQ (e.g. [177, 194, 195]). The concentration of UFP provides a sensitive indicator 

of AER inside a road vehicle, rapidly responding to variations in ventilation, traffic 

conditions, car speed, and cabin pressure which together influence particle infiltration 

from outside (e.g. [67, 196]). Our data indicate that in taxis driven with windows and 

air circulation systems closed to outside air, the UFP number concentration can be 
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expected to be limited to relatively small variations above and below median values of 

10000 #cm-3 during the working day. In contrast, driving the vehicle through the city 

with windows open exposes the occupants to substantial and highly erratic increases 

in UFP numbers, with median values ranging from 20-90000 #cm-3, and with transient 

peak concentrations at times exceeding one million #cm-3.  

Most of the UFP infiltrating the taxi cabin from outdoors will derive from the burning 

of hydrocarbon fuels, a process that produces nucleation mode particles that most 

commonly lie in the size range 10-20 nm. The rapid transformation of these fresh 

emissions to coarser accumulation mode particles by processes such as coagulation, 

especially in the confined microenvironment of a vehicle interior where dilution 

effects are impeded, is reflected by median UFP size values of 30-60 nm in our data. 

Our observation that median UFP size is always larger (usually by 10-15 nm) inside 

diesel vehicles as compared to taxis powered by other fuel systems suggests the 

influence of self-pollution inside the diesel cars, given the fact that PM emitted from 

diesel engines lie in a broader size range (20-130 nm) than those from gasoline engines 

(20-60 nm) (Morawska, et al. [197] and references therein). This suggestion is 

reinforced by data on black carbon (BC) concentrations measured in a taxi pair (diesel 

v. hybrid: this was only done on one day). The results from this pair recorded almost 

twice as much BC inside the diesel vehicle (16 October, diesel BC 17 µg/m3/CO2 433 

ppm v. hybrid BC 9 µg/m3/CO2 435 ppm) even though both were driven around the 

city with open windows and with the equipment placed in the open boot (trunk). 

Similarly, in all cases where CO was measured simultaneously in taxi pairs, 

concentrations of this gas were higher in the diesel (average 2.1 ppm) as opposed to 

the non-diesel (0.1-1.5 ppm) vehicle, again indicating a component of self-pollution. 

Median concentrations of LDSA measured in our study were highly variable (12-233 

µg2/cm3), although once again diesel vehicles recorded generally higher levels than in 

non-diesel taxis (with two exceptions, in LPG taxis, which were similar to their diesel 

pair). All median values >100 µg2/cm3 were recorded only in diesel vehicles whereas, 

at the other extreme, LDSA values in the closed electric vehicle lay in the range 12-13 

µg2/cm3. Lung deposited surface area values (for particles in the size range 20-400 nm) 

are likely to be a better predictor for pulmonary inflammation than number 
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concentration and, especially, PM mass [198, 199]. Our data confirm how LDSA 

concentrations present inside the cabin of a road vehicle are very sensitive to influxes 

of traffic pollutants from outside (see also Geiss, et al. [200]). In the transient peak 

example described previously (taxi 5D, Figure 6d and Figure 7), for example, the 

dramatic increase in UFP numbers from 10491 #cm-3 to 973696 #cm-3 was matched 

by a rise in LDSA over the same 3-minute period from 132 µg2/cm3 to 1052 µg2/cm3, 

whilst simultaneously median particle size dropped from 54 nm to 11 nm in response 

to the entry of fresh traffic emissions. 

Most studies of inhalable particle mass inside road vehicles have reported on 

concentrations of PM2.5 rather than PM10, placing emphasis on the dominant numbers 

of fine and ultrafine exhaust-generated particles in traffic emissions (e.g. [174, 201, 

202]). In contrast we chose to measure PM10 on the basis of the fact that a large 

percentage of inhalable traffic-related particles derive from non-exhaust sources and 

are therefore abundantly present in the PM2.5-10 size fraction. It has been shown for 

example that although particles emitted from brake wear range down to nanometric 

sizes [203], they commonly measure 2-6 µm and can contribute over 50% to the mass 

of traffic-related PM10 [204, 205]. Our data demonstrate that PM10 concentrations 

inside Barcelona taxis were variable but averaged 67 µg/m3, which is more than treble 

the urban background for the same period (Table 8). Much of this difference in PM 

mass is attributable to increased levels of organic and elemental carbon, both of which 

are around x10 urban background inside taxi driven with windows open (Table 8) and 

source from both exhaust and non-exhaust traffic emissions. Our source apportionment 

data indicate the main impacting source of PM10 measured inside the taxis was vehicle 

exhaust (31%), with about half this value apportioned to vehicle wear (14%) (Figure 

9 and Figure 10). 

The enrichment by a factor of x3 to x7 shown by a range of trace metals (Cr, Cu, Sn, 

Sb) in taxi interior air as compared to urban background is attributed mainly to the 

presence of particles abraded from brakes. The metalliferous nature of brake particles 

(which also contribute OC to traffic-contaminated air) has been well documented, with 

Cu and Sb being perhaps the most quoted classic markers of this source [205, 206]. To 

this list however we would add an “HSFE group” comprising mainly Zr and the 
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associated High Field Strength Elements of Hf, Nb, Y and U. The likely origin for 

these HFSE enrichment anomalies in traffic-contaminated air is their concentration in 

the mineral zircon (ZrSiO4) used as an abrasive in road vehicle brakes. Such abrasive 

minerals can comprise up to 10% of the brake lining and are employed to increase 

friction and limit the build-up of transfer films [205, 207]. 

The unusual trace metal signature of brake-particle contaminated aerosol loadings 

breathed at roadsides and inside vehicles is graphically displayed in the ternary plot of 

Figure 12 and introduced in a previous publication [69]. This triangular diagram uses 

Mn, Ti and Sbx10 to contrast the composition of particles produced by frictional 

movement of steel wheels and rails (subway), silicate-rich crustal (or “geological”) 

particles (walking and street works), and those produced by Sb-rich brake emissions 

and breathed inside buses. Plotting our taxi data on this diagram demonstrates a clear 

affinity for the brake-contaminated apex, moving progressively away from a more 

crustal signature. For comparison the composition of Barcelona urban background for 

October 2018 is also plotted (blue star). 

Our VIAQ data on VOCs inside taxi vehicles reveal a mix of compounds which 

reflects the complexity of traffic-related organic carbon emissions. The observation 

that the C4-C5 alkanes 2-methylbutane and n-pentane together comprise over half of 

the VOCs measured implicates the strong presence of light-hydrocarbon fuel 

emissions (gasoline, natural gas) [208, 209]. Given the fact that purely gasoline 

vehicles were not used in our study we can assume that most of these alkanes are 

infiltrating the taxi from outside, although note the content of n-pentane recorded 

inside the compressed natural gas vehicle (28 µg/m3) was 7-11 µg/m3 higher than all 

other vehicle types, suggesting an additional component of self-pollution. Over half 

the cars currently driven in Barcelona have diesel engines, so it is likely that many of 

the VOCs measured derive from diesel combustion. Separating diesel from gasoline 

emissions however is not simple as they share several species and fuels vary in 

composition, although it is likely that compounds such as m-xylene, trimethylbenzene 

and toluene derive at least in part from diesel engines [185]. Another complicating 

factor involves the well-documented effect of VOC off-gassing from interior 

materials, an influence that is most obvious in newer cars [184, 187, 192, 210]. This 
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may explain why the youngest car (1-year old and with the lowest km: Volkswagen 

Caddy CNG) recorded the highest concentrations of a majority of alkane/alkene and 

aromatic compounds (Table 9). Finally, the influence on VIAQ of introducing VOC-

emitters such as air-fresheners can be dramatic. Our case of δ-limonene reaching 

median values of 30 µg/m3 inside a closed electric taxi provides a good example, 

although it is eclipsed by the study of Fedoruk and Kerger [211] who recorded nearly 

600 µg/m3 of 2-butoxyethanol released by a deodoriser inside a used Ford Taurus. 

 

 

Figure 12 Ternary plot comparing PM10 measured inside Barcelona taxis with the compositions of 

PM2.5 collected from bus, subway and outdoor roadside microenvironments (see Moreno et al., 2015). 

The relative enrichment in Sb is attributed to brake particle emissions. The blue star marks the 

composition of Barcelona urban background during the October 2018 VIAQ taxi measurement 

campaign. 

Another result of operating taxis under closed ventilation conditions will be a rise in 

CO2 concentrations. The maximum CO2 level recorded in our study was 4600 ppm, 

reached inside a closed electric vehicle (24E). The taxi began work that day recording 

interior CO2 concentrations of 400ppm, this rising to 3000 ppm in 45 minutes and 

staying above this level for over 4 hours before a sudden drop (over 3 minutes) to 

2000ppm when the car was ventilated. This brief ventilation episode was accompanied 
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by a jump in N from 10000 to 20000 #cm-3 and in LDSA from 10 to 20 µg2/cm-3, 

before closed conditions were re-established and CO2 rose again. The rapidity (less 

than 1 hour to reach several thousand ppm) with which CO2 concentrations can climb 

inside a taxi is a cause for concern. Although CO2 is listed as a toxic contaminant 

workplace exposure to which should be kept below a 8-hour time-weighted average of 

5000 ppm, various studies have demonstrated that concentrations lower than this, and 

certainly within the range of the example given above, can have a detectable effect on 

both mental performance and physical condition [212, 213]. A recent exercise in 

modelling CO2 accumulation inside vehicles has emphasised the sagacity of 

ventilating the vehicle when CO2 levels reach 2500 ppm, a threshold considered to be 

“consistently linked to detrimental cognitive effects” [175]. In the Barcelona electric 

taxi example described above this threshold of 2500 ppm CO2 was exceeded for 4.5 

hours of the 6-hour monitoring period. 

Taxi drivers work at the coalface of modern transport-related urban air pollution. 

During their working day they are continuously exposed to enhanced mass and number 

concentrations of particles derived from vehicle exhaust and non-exhaust sources. Yet 

there seems to be only limited awareness of the risks associated with breathing poor 

quality air, as demonstrated by the fact that a majority of the taxi drivers in our study 

chose to drive through the busy city with open windows, thus unwittingly breathing 

UFP concentrations that, during extreme transient peaks, can exceed one million 

#/cm3. A recent survey of taxi drivers in New York reflected this lack of awareness 

with 74% of respondents claiming they were not very worried about being exposed to 

air pollution while driving [214]. Presumably this situation applies not just to the 

hazard of pollutants infiltrating from outside but also to the problem of contaminants 

such as CO2 that are generated within the taxi interior and need to be briefly but 

regularly ventilated, preferably in relatively clean air outside conditions. The taxi 

driver community would clearly benefit from awareness initiatives designed to help 

them better understand the value of good practice regarding VIAQ, and thus encourage 

them to take measures to reduce air pollutant exposure to themselves and their 

passengers. 



 

 

 

5 LUNG CANCER RISK ASSESSMENT DUE 

TO TRAFFIC-GENERATED PARTICLES 

EXPOSURE IN URBAN STREET CANYONS: 

A NUMERICAL MODELLING APPROACH 

In this experimental campaign, an innovative approach for the evaluation of the lung 

cancer risk of people exposed to traffic-generated particles inside street canyons was 

proposed. In particular, a modified risk-assessment model was used to estimate the 

Excess Lifetime Cancer Risk (ELCR, extra risk of develop cancer in a population of 

individuals, for a specific lifetime exposure and dose-response data) contribution of 

both ultrafine and coarse particles from light duty and heavy duty vehicles in urban 

area through the risk model developed by Sze-To, et al. [57] which was recently 

applied in estimating the lung cancer risk for the Italian population [215], and smokers 

[139], and for people living nearby an incinerator plant [216]. The proposed approach 

consists in the evaluation of the ELCR in emission from the tailpipe of vehicles 

applying the above-mentioned risk assessment model, using data of PAHs, heavy 

metals (As, Cd, Ni) and PCDD/Fs, available in literature. The calculated ELCR at the 

tailpipe is then used as input data in a numerical CFD (Computational Fluid Dynamics) 

scheme, based on the Spalart-Allmaras turbulence model and already used in previous 

work [76] in order to evaluate the lung cancer risk in every point of interest inside the 

street canyon, and analyse the influence of wind speed and canyon geometry on the 

ELCR at street level. Simulating the dispersion of the ELCR allows to consider the 

dispersion of both particles and relative toxicity, which represent a novel aspect of the 

proposed approach. 
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5.1  MATERIALS AND METHODS 

5.1.1 ELCR model implementation 

The risk model adopted in the present paper, originally developed by Sze-To, et al. 

[57], allows to estimate the lung cancer risk due to the exposure to the IARC Group 1 

(carcinogenic to humans) agents deposited on inhalable airborne particles. The model 

accounts for the contribution of both ultrafine particles (UFPs) and super-micron 

particles. The contribution of UFPs is relative to the particle surface area, introducing 

a coefficient (cf) to correlate the particle surface area-based cancer potency of the 

pollutant to the mass-based cancer potency of the pollutant itself (see Sze-To et al.[57] 

for major details). The equation for the risk characterization, for each pollutant, is: 

𝑬𝑳𝑪𝑹𝒊 =
𝑺𝑭𝒊

𝑩𝑾

𝒎𝒊

𝑷𝑴𝟏𝟎
(𝒄𝒇 ∙ 𝜹𝑺 + 𝜹𝑷𝑴𝟏𝟎)                             (4) 

Where, for each i-th pollutant, ELCRi is the excess lifetime cancer risk, SFi is the 

inhalation slope factor, representing the increase of the risk of getting cancer 

associated with exposure to the specific dose of a chemical every day for a lifetime, 

and then it is used as the relationship between dose and response, BW is the body 

weight of the exposed individual (assumed as 70 kg), mi is the mass concentration of 

the pollutant present on the PM10 mass (mg/m3), δS (nm2) and δPM10 (mg) are the 

particle surface area (S) and mass (PM10) deposited doses. The conversion coefficient 

cf, that correlates the particle surface area-based cancer potency of the pollutant to the 

mass-based cancer potency of the pollutant itself, has the value of 6.60×10-13 mg/nm2, 

experimentally obtained by Sze-To, et al. [57]. It is assumed by these authors that the 

cf coefficient depends on physical characteristics rather than the chemical composition 

of the particles, and then we adopted the original value of the coefficient since the 

particle size distributions considered in this study are similar to those used in the 

original paper of Sze-To et al. The SF for the IARC Group 1 carcinogenic chemicals 

used in the risk assessment model were obtained from the Office of Environmental 

Health Hazard Assessment[217], and are reported in Table 10. Further details about 

the ELCR model can be found in some recent papers of the authors[139, 215, 216]. 
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Table 10 Inhalation cancer slope factor (SF) for the considered IARC Group 1 carcinogenic 

compounds, as provided by Office of Environmental Health Hazard Assessment.[217] 

IARC Group 1 agent SF (kg d/mg) 

Benzo[α]pyrene (B[α]p) 3.85×100 

Arsenic (As) 1.51×101 

Cadmium (Cd) 6.30×100 

Nickel (Ni) 9.10×10-1 

PCDD/F 1.16×105 

 

Data on pollutant mass concentrations (Group 1 carcinogenic chemicals) and PM10 

concentrations at the tailpipe were obtained from the inventory guidebook of 

European Environmental Agency [218]. In particular, the emission factors of all the 

considered Group 1 carcinogenic chemicals are summarized in Table 11. 

 

Table 11. Emission factors of the considered emitted pollutants (literature data[218]). 

Pollutant agent LDV (g/km) HDV (g/km) 

Benzo[α]pyrene (B[α]p) 1.10×10-6 9.00×10-7 

Arsenic (As) 5.89×10-7 2.63×10-6 

Cadmium (Cd) 8.96×10-7 3.13×10-6 

Nickel (Ni) 2.63×10-6 1.02×10-5 

PCDD/F 1.16×10-11 2.17×10-4 

PM10 3.74×10-2 2.83×10-1 

Surface area dose (δS), considered as the sum of the tracheobronchial and alveolar 

depositions, was evaluated on the basis of an indirect exposure assessment 

approach[219] using the following equation: 



CHAPTER 5.                Lung cancer risk assessment due to traffic-generated particles 

exposure in urban street canyons: a numerical modelling approach 

76 

 

𝜹𝑺 = 𝑰𝑹𝒂𝒄𝒕𝒊𝒗𝒊𝒕𝒚 ∙ 𝝉 ∙ ∫ [𝝋𝑨𝒍𝒗+𝑻𝒃(𝑰𝑹𝒂𝒄𝒕𝒊𝒗𝒊𝒕𝒚, 𝑫𝒑)
𝒅𝑺

𝒅𝑫𝒑
𝒅𝑫𝒑] (5) 

where S stands for particle surface area concentration, IRactivity is the inhalation rate of 

the exposed population depending on their activity, φAl and φTb are the alveolar and 

tracheobronchial fractional deposition depending on inhalation rate and particle 

diameter (Dp), dS(Dp)/dDp is the particle surface area distribution, and τ is the exposure 

time. In the present paper, an exposure time of 15 minutes per day was considered, as 

Buonanno, et al. [70] found that this is a time typically spent outdoors in urban areas 

for Italian population. An additional exposure time of 24 hours per day, representative 

of an extreme scenario, was taken into account for comparison.  

Particle deposition fractions and inhalation rates were adapted from the 

International Commission on Radiological Protection [220]: in particular, fractional 

depositions in alveolar and tracheobronchial regions of the respiratory tract for 

subjects in light activity (average values amongst male and female normally breathing 

from the nose) were considered. The surface area was calculated on the basis of the 

available number distribution assuming spherical shape of the particles. PM10 dose was 

not considered because its contribution to the ELCR total value is orders of magnitude 

lower than that of UFPs[139, 216]. In the light of this, the δPM10, in equations (4) and 

(5) was ignored, as already done in recent papers of the authors[139, 215, 221]. It 

should be pointed out, anyway, that PM10, causes other health concerns such as 

inflammatory effects or asthma[222]. 

5.1.2 Literature survey for particle size distributions 

In order to correctly account for the contribution of the particle surface area to the 

ELCR, the physical characteristics of the particles emitted from the different 

typologies of vehicles should be carefully assessed. One of the biggest issue, in this 

regard, is relative to the wide variation of the size distribution and concentration of the 

emitted particles with the different real-life riding conditions (urban, extra-urban, 

idling, acceleration, deceleration etc.). There are also a lot of discrepancies between 

particle characteristics measurement for on-road or dynamometer tests as well as for 

measurements at the tailpipe or in a constant volume sampler (CSV). In addition, the 
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particle characteristics are different for the different engine technologies and after-

treatment equipment installed on the vehicles. Summarizing, the available literature is 

characterized by inhomogeneous data since there are a lot of vehicles tested (with 

different engine technologies), measurements techniques (on road or at dynamometer, 

at the tailpipe or in CSV), and data presentation (emission factors or concentrations). 

In the light of that, for the evaluation of the ELCR in street canyons (urban area) with 

the proposed methodology, the data for particle physical characteristics should be 

selected on the basis of two main aspects. The first one is relative to the need of 

consider only measurements made on the basis of vehicle urban cycles (limited 

velocity and frequent stops) and the second is relative to the choice of measurements 

made in CSV in order to account for the thermodynamic transformation of the freshly 

emitted particles, since the numerical model adopted for the present simulations does 

not account for these phenomena. In addition, in order to reproduce plausible emission 

scenarios, different kind of vehicles should be taken into account (light duty and heavy 

duty, diesel or gasoline fueled etc.). 

In Table 12, the particle physical characteristics are reported for the different 

typologies of vehicles considered (light duty and heavy duty, diesel and gasoline 

vehicles), together with the main vehicle/engine characteristics. All the reported data 

are relative to measurements made on chassis dynamometer, reproducing urban riding 

cycles, and sampling in CSVs. The authors point out that the choice of particle size 

distribution can be different if the model adopted for the simulations account for 

thermodynamic transformation (i.e. measurements made directly at the tailpipe).  
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Table 12. Particle physical characteristics emitted from the different typologies of vehicles considered 

(LDV: light duty vehicles, HDV: heavy duty vehicles), together with the main vehicle/engine 

characteristics (DPF: diesel particulate filter, EGR: exhaust gas recirculation, DOC: diesel oxidation 

catalyst, CDPF: catalyzed diesel particulate filter). 

Vehicle type PNC  

(#cm-3) 

Modes 

(nm) 

Standard Aftertreatment 

equipment 

Reference 

LDV - gasoline 4.3×104 11/52 EU 6 3-way catalyst Louis, et al. [223] 

LDV - diesel 6.4×105 16/81 EU 4 DPF + EGR Jung, et al. [224] 

HDV – diesel 

(bus) 

4.8×103 11/60 China-III DOC + CDPF Lou et al. [225] 

 

 

5.1.3 ELCR calculation at the fleet-tailpipe 

On the basis of (a) emission factor data reported in Table 11 and (b) particle physical 

characteristics for each vehicle typology of Table 12, the ELCR at the tailpipe for 

HDV, LDV diesel and LDV gasoline was evaluated on the basis of equation (4). Then, 

the final ELCR value was evaluated as weighted average of the considered fleet (5% 

HDV and 95% LDV[226], 60% of which gasoline and 40% diesel[227]). In particular, 

the mi/PM10 and SFi/BW ratios in equation (4) were obtained, for each compound, on 

the basis of the values reported in Table 10 and Table 11 and considering a body 

weight mean value of 70 kg. The surface area dose (δS) was calculated by means of 

equation (5) considering the surface area distribution calculated from the particle 

number distributions reported in Table 12 for each vehicle typology.  

5.1.4 CFD model details 

The evaluation of the ELCR at street level in urban environment may be obtained by 

simulating the fluid flow evolution inside the street canyon. To this end, in the present 

work the commercial software Comsol Multiphysics® was used to solve the standard 

Spalart-Allmaras turbulence model and the conservation equation for species, as 

already done in previous papers of the authors[23, 76, 77, 216]. In these papers, the 



CHAPTER 5.                Lung cancer risk assessment due to traffic-generated particles 

exposure in urban street canyons: a numerical modelling approach 

79 

 

model here adopted was validated against experimental data, showing good accuracy 

in reproducing particle dispersion. 

The Group 1 substances are supposed to be deposited on the particle surface and their 

amount is directly related to the particle mass through the term (mi/PM10) of equation 

(4). The ELCR value is then directly related to the particle concentration; simulating 

the “dispersion” of ELCR (which is function of particle emission at the tailpipe) 

corresponds to the dispersion of particles in the street canyon for the evaluation of the 

ELCR in every point of interest of the domain, without calculating the dispersion of 

each pollutant and then the corresponding ELCR value in these points. In the present 

model, the dispersion of the particles was evaluated using an Eulerian approach, 

solving the following mass conservation equation with a K-closure method[228]: 

 

𝝏𝒄

𝝏𝒕
+ 𝑼 ∙ 𝛁𝒄 = (𝑫 + 𝝂𝑻)𝛁𝟐𝒄     (6) 

where c is the concentration and  is the eddy viscosity, which is added to the 

molecular diffusion coefficient D in order to take into account the turbulent diffusion 

of the particles. UFPs were modelled as a gas phase, imposing their diameter by 

defining a corresponding diffusion coefficient as reported by Baron and Willeke [229]. 

The relation between diffusion coefficient and particle diameter is: 

𝑫 =
𝒌𝑻𝑪𝑪

𝟑𝝅𝜼𝒅𝒑
 (7) 

where D is the diffusion coefficient, k is the Boltzmann constant (1.38×10-23 N m/K), 

CC is the Cunningham slip correction factor[230], η is the air viscosity and dp the 

particle diameter. Even if heated surfaces within the street canyon can affect the air 

motion, and then the ELCR, thermal effects on particle diffusion were not taken into 

account for simplicity, even considering that for wind speed greater than 2 m/s 

turbulent transport and convection are predominant[231, 232], [232]. 

5.1.5 Computational domain and boundary conditions 

The calculated value of the ELCR at the tailpipe, was used as input parameter in the 

above described CFD model in order to evaluate lung cancer risk in every point of 

interest inside the street canyon. In Figure 13 the computational domain and the 
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boundary conditions employed are reported. Since a two-dimensional domain was 

considered for the simulations, it is assumed that the street canyon has an infinite 

length in the street direction. With this assumption a point source (square with side 

length equal to 0.1 m, at 0.1 m from ground approximating the vehicle exhaust pipe 

size), was used to simulate the dispersion of particles emitted by a single tailpipe 

having an emission calculated as weighted average of the fleet, as described above. A 

uniform velocity profile was imposed at the inlet section of the computational domain, 

while zero pressure condition, symmetry condition and zero velocity condition were 

imposed at the domain exit, domain top, and on the walls, respectively. The air 

physical properties were taken at 25 °C and atmospheric pressure. 

 

Figure 13 Computational domain and boundary conditions used for the numerical simulations. 

ELCR was numerically obtained using different street canyon geometries and 

approaching wind speeds, in order to assess the influence of that parameters on the 

ELCR inside the canyon. 

5.1.6 Parametric analysis 

In order to evaluate the influential parameters on ELCR in urban environment, a 

parametric analysis was proposed, varying the street canyon geometry and the wind 

speed. The reference simulation condition is relative to an approaching wind velocity 

of 1 m/s and aspect ratio H/W equal to 1 (with height of building from street level H, 

and width of the street, W equal to 14 m). The background value of the ELCR was set 
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to zero for all the cases in order to evaluate only the effect of the vehicle emissions. 

Starting from the reference simulation case, two additional aspect ratios (H/W=2 and 

H/W=3) and two additional wind speeds (3 m/s and 5 m/s) were evaluated. 

5.2 Results and discussions 

The value of the ELCR at the tailpipe, calculated with the above described model, was 

found equal to 2.1×10-2, which means 2 100 new lung cancer cases over a population 

of 100 000, hypothetically breathing directly at the tailpipe 24 hours per day for 70 

years. In Table 13 the SF of the mixture (SFm, calculated as 
1 10

n
i

m i

i

m
SF SF

PM=

=   ), 

and the contributions of the five pollutants to such SFm were reported. SFm values 

resulted one order of magnitude larger than those typical of cooking-generated 

particulate matters, estimated by Sze-To, et al. [57] on the basis of the data reported in 

He, et al. [233], whereas they resulted 1 – 2 orders of magnitude smaller to the SFm 

evaluated for particles emitted from incinerator plants[216]. The main contribution to 

the SFm was due to the metals: As (39 – 53%), Ni (11 – 12%) and Cd (25 – 26%), 

whereas a smaller contribution can be addressed to B[α]P and PCDD/F. The authors 

point out that the values reported in Table 13 were only used to evaluate the 

contribution of each compound on the SFm, (and then on the ELCR) and not for the 

calculation of the ELCR itself.  
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Table 13. Mass fractions of emitted carcinogenic compounds on PM10 (expressed as mg/mg) and 

corresponding SF of the mixture (SFm). Data of SF for each compound obtained from 

Office of Environmental Health Hazard Assessment [217]. 

 SFm mi/PM10 (mg/mg) Contribution 

to SFm (%) 

B[α]P 

6.01×10-4 – 2.63×10-4 

2.94×10-5 – 3.18×10-5 5 – 19 

As 1.57×10-5 – 9.29×10-6 39 – 53 

Cd 2.40×10-5 – 1.11×10-5 25 – 26 

Ni 7.03×10-5 – 3.60×10-5 11 – 12 

PCDD/F 3.10×10-10 – 7.67×10-11 3 – 6 

 

In Figure 14 the airflow fields and the corresponding ELCR distribution, calculated 

imposing the obtained value of ELCR at the tailpipe as input boundary condition, are 

reported for each aspect ratio of the street canyon, for a wind speed of 1 m s-1, 

considering people exposed to traffic emissions 24 hours per day for 70 years. As can 

be seen, the air flow fields are different for the different aspect ratios analysed. For 

H/W=1, one main clockwise-rotating vortex was observed, while for H/W=2, two 

counter-rotating vortices are visible: the one below rotating counter clockwise and the 

one at the top rotating clockwise, in accordance with the free-stream wind direction. 

For the H/W=3 configuration, three vortices are generated in the street canyon, as 

depicted in Figure 14 (c). The same flow configurations were observed also in other 

similar street canyon simulations of Scungio, et al. [77], and Scungio, et al. [76]. The 

corresponding ELCR distribution fields (reported at the right of each flow field in 

Figure 14) are strictly related to the flow patterns. In particular, higher ELCR values 

can be observed at the bottom of each H/W configuration, since the interaction 

between the fluid flow inside the canyon with the free-stream wind is weaker at the 

base of the street canyon, as found in Scungio, et al. [77]. With the increasing of the 
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H/W ratio, this interaction becomes even more weaker at the bottom of the street 

canyon and then, as a consequence, the dispersion of pollutants emitted is limited in 

this point, leading to the increase of the ELCR value, that becomes maximum at the 

bottom of the H/W=3 street canyon configuration. In addition, looking at Figure 14, 

since the variable direction of rotation of the vortex at the base of each H/W 

configuration (once clockwise and once counter-clockwise), the distribution of the 

ELCR varies. In particular, referring at the bottom of the street canyon, where people 

spend most of the time, higher ELCR values are observed on the leeward side for 

W/H=1 and W/H=3 (bottom vortex rotating clockwise), and on the windward side for 

H/W=2 (bottom vortex rotating counter-clockwise). 

 

Figure 14 Airflow fields and corresponding ELCR distribution for H/W=1 (a), H/W=2 (b) and H/W=3 

(c), for a wind speed of 1 m/s, considering people exposed to traffic emissions 24 hours per day for 70 

years. 

In Figure 15 the ELCR calculated at a breathable height of 1.5 m on the leeward and 

windward sides of the street canyon is reported as a function of wind speed and aspect 

ratio H/W. In particular, on the top panel of Figure 15, the ELCR is showed as function 

of the wind speed (1, 3 and 5 m/s) for the three analysed aspect ratios (1, 2 and 3), 

while on the bottom panel of Figure 15 the ELCR is showed as function of the H/W 

ratio for the different wind speeds. The top panel of Figure 15 confirms what stated 

above: the ELCR value at 1.5 m from the ground is higher on the leeward side for 

aspect ratios equal to 1 and 3, while for aspect ratio equal to 2 the ELCR is higher on 

the windward side, for all the three wind speeds analysed. As a general behaviour, with 
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the increasing of wind speed the ELCR becomes lower everywhere in the street 

canyon, due to the strengthened interaction between the free-stream flow and the flow 

inside the canyon. In addition, the effect of wind speed is more pronounced for wind 

speeds between 1 and 3 m/s than between 3 and 5 m/s, and this behaviour is more 

visible on the leeward side, for H/W=1 and 3, and on the windward side for H/W=2. 

As can be observed from the bottom panel of Figure 15, the ELCR value at 1.5 m 

tends to increase with the increasing of the aspect ratio, with a different trend on the 

leeward and windward side of the street canyon: on the leeward side the ELCR tends 

to increase more than on the windward side, with the increasing of the aspect ratio, for 

all the three wind speeds analysed. 

 

Figure 15 ELCR calculated at a breathable height of 1.5 m from the street level on the leeward and 

windward sides of the street canyon as a function of wind speed (top panel) and aspect ratio H/W 

(bottom panel). People exposed 24 hours per day for 70 years. 

In Table 14 and Table 15 the calculated ELCR values are reported in details for all 

the aspect ratios and wind speeds considered, at a breathable height of 1.5 m, on the 

leeward and windward sides of the street canyon. The ELCR for the reference 

configuration are reported in bold. In particular, Table 14 reports ELCR values for 

people ideally living 24 hours per day in the street canyon for 70 years, while Table 

15 reports ELCR values for a more realistic scenario of people spending 15 minutes 
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per day in the street canyon for 20 years. It should be stressed that the ELCR values 

reported in the tables are representative of the extra risk to develop cancer (new lung 

cancer cases) due to the exposure of pollution from urban traffic only, without 

considering the background pollution eventually present in the street canyon. 

 

Table 14 ELCR values calculated on the leeward and windward sides of the street canyon at a 

breathable height of 1.5 m, for people exposed 24 hours per day for 70 years. Reference simulation case 

in bold. 

 H/W=1 H/W=2 H/W=3 

v (m/s) Leeward Windward Leeward Windward Leeward Windward 

1 5.0×10-3 1.6×10-3 6.7×10-3 1.5×10-2 5.2×10-2 1.9×10-2 

3 1.8×10-3 6.5×10-4 2.7×10-3 6.1×10-3 1.7×10-2 7.9×10-3 

5 1.1×10-3 4.1×10-4 1.7×10-3 3.8×10-3 1.2×10-2 5.3×10-3 

 

Table 15. ELCR values calculated on the leeward and windward sides of the street canyon at a 

breathable height of 1.5 m, for people exposed 15 minutes per day for 20 years. Reference simulation 

case in bold. 

 H/W=1 H/W=2 H/W=3 

v (m/s) Leeward Windward Leeward Windward Leeward Windward 

1 1.5×10-5 4.8×10-6 2.0×10-5 4.6×10-5 1.5×10-4 5.6×10-5 

3 5.3×10-6 1.9×10-6 8.0×10-6 1.8×10-5 5.2×10-5 2.4×10-5 

5 3.2×10-6 1.2×10-6 5.1×10-6 1.1×10-5 3.5×10-5 1.6×10-5 

 

As can be seen from Table 14, which reports an extreme scenario representative of 

worst possible condition, the maximum ELCR value found under the assumptions 

made in the methodology section, is equal to 5.2×10-2 on the leeward side of the 

H/W=3 street canyon configuration, with a wind speed of 1 m/s. This ELCR value 

means that on a population of 100 000 individuals, there will be 5 200 new lung cancer 

cases, according to the proposed model. In the same extreme scenario, the lower ELCR 
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value of 4.1×10-4 is relative to the windward side of the H/W=1 configuration, with 

wind speed of 5 m/s, meaning that 41 people will develop cancer over a population of 

100 000. The reference configuration (H/W=1, wind speed of 1 m/s) presents ELCR 

values between 1.6×10-3 and 5.0×10-3 on the windward and leeward sides, respectively 

(160 and 500 new lung cancer cases over 100 000 peoples, respectively). For the 

scenario of people spending 15 minutes per day in the street canyon for 20 years,  

Table 15 reports lower ELCR values, as expected. Again, the worst condition is 

observable on the leeward side of the H/W=3 configuration, with wind speed of 1 m/s 

(ELCR equal to 1.5×10-4 – 15 new lung cancer cases over 100 000 peoples), while the 

lower ELCR is relative to the windward side of the H/W=1 street canyon, with 5 m/s 

of wind speed (1.2×10-6 – 0.12 new lung cancer cases over 100 000 peoples). The 

reference configuration (H/W=1, wind speed of 1 m/s) presents ELCR values between 

4.8×10-6 and 1.5×10-5 on the windward and leeward sides, respectively (0.48 and 1.5 

new lung cancer cases over 100 000 peoples, respectively).  

As a comparison with the data reported in the present paper in Table 15 by applying 

the same risk model, Scungio, et al. [216] found ELCR values between 0.017 – 

0.07×10-5 considering different scenarios of people living nearby a waste incineration 

plant in central-southern Italy exposed only to the particles emitted from the stack of 

the incinerator itself (without considering the background pollution), for the entire 

lifetime of the plant, supposed to be 20 years. Moreover, for typical Italian smokers 

the ELCR was found to be between 2 – 6×10-1 [139], considering typical smoking 

patterns, which is a value 3 – 4 orders of magnitude higher than that found in the 

present paper. In addition, the risk calculated in this work for the scenario depicted in 

Table 14 results comparable to the ELCR target limit of 1×10-5 reported by WHO 

[234], and can be considered “safe” if compared to the EPA target risk range of 10-6 – 

10-4 since, as EPA reports, ‘‘even risks slightly greater than 1×10-4 may be considered 

adequately protective” under specific conditions[235].



 

 

 

6 PARTICLE-RELATED EXPOSURE, DOSE 

AND LUNG CANCER RISK OF PRIMARY 

SCHOOL CHILDREN IN TWO EUROPEAN 

COUNTRIES 

A number of papers were published by the scientific community in terms of indoor 

concentration of PM10 and PM2.5 at schools [96, 236-239], in particular, PM10 

concentrations were found to exceed most of the time the WHO Air quality guidelines 

[240-243]. On the contrary, the scientific bibliography reporting the exposure to 

ultrafine particles (UFP) in schools is still scarce [104, 244, 245] [94, 246-252]. In 

particular, a lack of knowledge on (i) air-quality-based studies able to evaluate the 

actual exposure of children at schools [239, 242], (ii) corresponding airborne particle 

doses received by children [121, 199], (iii) correlation between children exposure to 

airborne particles and adverse health effects, (iv) evaluation of the lung cancer risk and 

the related effect of each particle-bounded carcinogenic compound was recognized. 

To this purpose, the present study was conceived to provide results on children 

exposure to the different particle metrics (including the potentially promising metric 

of particle surface area) and to particle-bounded carcinogenic compounds in two 

European cities. Moreover, the daily dose in terms of lung deposited surface area 

(LDSA) received by children in classrooms was assessed as well as the estimate of the 

corresponding excess lung cancer risk associated with both surface area and particle 

mass doses. 
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6.1 Materials and methods 

6.1.1 Study area and monitoring sites  

 The study was performed in two different Mediterranean cities, Barcelona (Spain) and 

Cassino (Italy). Barcelona is located on the northeast coast of Spain (41°23′N 2°11′E) 

between Mediterranean Sea and the Pyrenees mountains. It has a population of 1.6 

million inhabitants and density vehicles of 5800 cars km-2 (data available at 

www.bcn.cat, Department de Estadistica, Ajuntament de Barcelona). Cassino is 

located in Central Italy (41°29′30″N 13°50′00″E), its population is equal to 39000 

inhabitants and its vehicle density is roughly equal to 300 cars km-2 (data available at 

www.aci.it). Both these cities were characterized in terms of particle number 

concentration (PNC) in previous papers. Higher levels of airborne particles (both in 

terms of number and mass concentrations) were generally detected in Cassino likely 

due to the frequent temperature inversion phenomena in colder seasons [60, 133, 141, 

253, 254]. 

The experimental analyses involved 39 primary schools in Barcelona covering roughly 

the cold and warm seasons (two experimental campaigns: from January 27th to June 

22nd, 2012 and from September 14th, 2012 to February 22nd, 2013; [83]) and 3 schools 

in Cassino during wintertime (January, February and December 2011). All the schools 

under investigation were naturally ventilated buildings equipped with radiator heating 

systems (thus the typical air exchange rate is roughly equal to 0.1-0.2 h-1 as recognized 

by Stabile, et al. [91]). Measurements were performed simultaneously at different 

spatial scales: i) in classrooms (during school-time) to measure indoor air quality; ii) 

at school playgrounds as a proxy for outdoor air quality; iii) at background reference 

stations to measure the urban background concentrations of the two cities. In particular 

the background stations were located a) in the garden of the Instituto de Diagnóstico 

Ambiental y Estudios del Agua - CSIC (IDAEA-CISC) building in “Palau Reial” of 

Barcelona and b) on the rooftop of the University of Cassino and Southern Lazio for 

Cassino. 

Indoor instruments were positioned on a shelf at a height between 0.7 to 1.5 m above 

the floor level to represent the height of pupils’ breathing zone. In order to avoid direct 
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exposure to chalk or blackboard emissions, the instruments were placed next to the 

wall, opposite from the blackboard, and away from the windows. 

Particle number concentration, lung-deposited surface area (i.e. sum of particle surface 

area concentrations deposited in the alveolar and tracheobronchial regions of the 

lungs) and PM mass concentrations were monitored both in classrooms and school 

playgrounds. Similarly, PM samples were collected at school playgrounds of all the 

schools and in the classrooms in the 39 schools in Barcelona (no PM samples were 

collected in the three Italian schools). PM samples were then analysed to obtain the 

mass concentrations of Arsenic (As), Cadmium (Cd) and Nickel (Ni) and Polycyclic 

Aromatic Hydrocarbons (PAH), expressed as a Benzo-a-Pyrene (BaP). 

6.1.2 Experimental apparatus and methodology 

6.1.2.1 Experimental analysis in Barcelona 

The following instruments were used in the experimental campaign performed in 

Barcelona (Table 16): 

- 2 diffusion charger particle counters (DiscMini, Matter Aerosol AG), which 

are compact hand-held particle counters based on diffusion charging technique 

able to measure particle number concentration, average particle size, and lung-

deposited surface area concentrations (sum of alveolar- and tracheobronchial-

deposited particle surface area concentration, i.e. SAlv and STB, respectively) in 

the 10-700 nm particle size range with 1-s sampling time [162, 163, 255]; 

- 2 hand-held laser photometers DustTrak™ DRX Aerosol Monitors (Model 

8534, TSI Incorporated) to measure PM1, PM2.5, and PM10 on the basis of the 

light scattering technique with 1-s sampling time; 

The DustTrak photometers were calibrated, in terms of PM2.5, by comparison with the 

gravimetric method (which represents the reference method for particle mass 

concentration measurements [59, 256-258]) at the beginning of experimental 

campaigns. Similarly, the DiscMinis were compared and corrected by correlation to a 

DiSCmini of reference to minimize any measurement differences (prior and post each 

sampling campaign). Further details on the instrument calibration and data quality 
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assurance regarding the experimental campaign performed in Barcelona are reported 

in our previous paper [255]. 

39 schools in Barcelona were monitored during the school-time (from 9:00 to 17:00). 

The measurements were performed for four days on each of the sampling campaigns 

(from Monday morning to Friday morning). 

Indoor and outdoor PM1, PM2.5, and PM10 concentrations were monitored in the 39 

schools of Barcelona through two DustTrak photometers. Simultaneous school-time 

PM2.5 samplings for post-hoc chemical analyses were performed daily in indoor and 

outdoor through the gravimetric technique (high-volume sampler MCV CAV-A/mb 

with a specific nozzle for PM2.5). In particular, Pallflex quartz fibre filters (PALL 2500 

QAT-UP 150 mm) were used to collected PM2.5 samples; consequently, such samples 

underwent a complete chemical characterization on the basis of the methodology and 

data processing described by [259]. 

Indoor and outdoor school-time PNC, Dp, and LDSA concentrations were measured 

by the two DiscMinis in the 39 schools of Barcelona. 

Simultaneous measurements of particle number concentrations at urban background 

were performed through the water-based condensation particle counter CPC 3785 TSI 

(minimum detectable particle equal to 5 nm). 

6.1.2.2 Experimental analysis in Cassino 

The following instruments were used in the experimental campaign performed in 

Cassino (Table 16): 

− a butanol-based Condensation Particle Counters (CPC 3775, TSI Inc.) to 

monitor total particle number concentration down to 4 nm with 1-s sampling 

time; 

− a Scanning Mobility Particle Sizer (SMPS 3936, TSI Inc.), made of a further 

CPC 3775 and an Electrostatic Classifier (EC 3080 TSI), to measure particle 

number distributions in the range of 15-700 nm with a 64-channel per decade 

size resolution and used with a 180-s time resolution in the present 

experimental analysis; 
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− a water-based condensation particle counter CPC 3785 TSI able to measure the 

total particle number concentration down to 5 nm in particle diameter with 1-s 

sampling time; 

− a sampler Zambelli 6000 Plus to collect PM10 through the gravimetric method 

[260] at a fixed flow rate of 2.3 m3 h-1 . 

Three schools were monitored in Cassino during the school-time (08.30 am to 01.30 

pm for two schools and 08.30 am to 04.30 pm for another one); each school was 

monitored for two weeks. 

Outdoor school-time PM10 samples were collected daily through the gravimetric 

method (gravimetric sampler Zambelli 6000 plus). Such samples underwent a 

chemical characterization through the nuclear not-destructive technique Instrumental 

Neutron Activation Analysis (INAA) for the inorganic composition analysis (more 

details are reported in [121, 261, 262]), whereas the organic composition was 

performed through the gas chromatography–mass spectrometry methodology already 

applied and described in [263] and [264]. No PM samples in indoors were collected. 

School-time particle number concentrations and distributions in outdoor were 

measured through the SMPS 3936, whereas school-time indoor particle number 

concentrations were measured through the CPC 3775. On the basis of the outdoor 

particle number distribution data, surface area distributions were estimated 

considering spherical particles. Thus, alveolar- and tracheobronchial-deposited surface 

area concentrations in outdoor were evaluated on the basis of the dosimetry model 

developed by the [136] considering the fractional deposition for children (normal nose 

breathers) performing sitting activities. In indoor the same procedure to estimate the 

lung-deposited surface area concentrations was adopted: in particular, since no sub-

micron particle indoor sources were present in the investigated classroom [91, 114, 

115, 147, 265-267], the same particle number distribution measured in outdoor was 

applied and normalized to the indoor particle number concentration measured through 

the CPC placed in the classrooms. The authors highlight that this approach could be 

considered a limitation of the study since the particle penetration is size-dependent 

and, thus, the indoor particle size distributions could be slightly modified. 

Measurements of particle number concentrations at the background site were 
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performed through a condensation particle counter CPC 3775 TSI. The CPCs and the 

SMPS were also calibrated in the European Accredited Laboratory at the University 

of Cassino and Southern Lazio by comparison with a TSI 3068B Aerosol Electrometer, 

using NaCl particles generated through a Submicrometer Aerosol Generator (TSI 

3940): details on the experimental analysis and calibration procedures are reported in 

[104, 121]. 

Table 16 Scheme of the instrumentation used at the different sampling sites during the experimental 

campaigns performed in Barcelona and Cassino. 

City Particle metrics 
Sampling sites 

School Indoor School Outdoor 
Urban 

background 

Barcelona 

Number concentration 
DiscMini (Matter 

Aerosol) 

DiscMini (Matter 

Aerosol) 
CPC 3785 TSI 

Lung-deposited 

surface area 

concentration 

DiscMini (Matter 

Aerosol) 

DiscMini (Matter 

Aerosol) 
- 

Online PM1, PM2.5, 

PM10 
DustTrak™ DRX 

8533 

DustTrak™ DRX 

8533 

Grimm model 

180 

Gravimetric PM2.5 

high-volume 

sampler MCV 

CAV-A/mb (30 

m3 h-1) 

high-volume 

sampler MCV 

CAV-A/mb (30 

m3 h-1) 

high-volume 

sampler MCV 

CAV-A/mb (30 

m3 h-1) 

Cassino 

Number concentration CPC 3775 TSI SMPS 3936 TSI CPC 3775 TSI 

Gravimetric PM10 - 

Sampler 

Zambelli 6000 

(2.3 m3 h-1) 

- 

 

6.1.3 Data post-processing 

In order to obtain particle number, PM10 and chemical compound concentrations 

representative of the whole school year (then not limited to the sampling periods) the 

annual weighted average for each pollutant was evaluated. To this end a seasonal 

adjustment of the daily values measured at school was conducted on the basis of the 

approach applied by [83] and [268]. In particular, a back-extrapolation in time was 

performed considering the annual trend of such pollutants continuously measured at 

fixed sampling sites. As an example, long-term pollutant levels at school in Barcelona, 

both in indoor and outdoor, were obtained by “deseasonalization” of the one-week data 

measured at school on the basis of annual trend of the pollutant concentrations 

measured at the urban monitoring stations (placed in Eixampl, Gracia-SantGervasi and 
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Placa Universitat). In particular, data measured at schools were multiplied by the ratio 

between the average concentration measured on that day at the three fixed air quality 

urban background monitoring stations and the annual average background value of 

such pollutant at urban background. The same procedure was applied for Cassino, here 

the deseasonalization was performed on the basis of the abovementioned particle 

concentrations measured at the background site, whereas PM10 and chemical 

compound background values were obtained from the regional Agency for 

Environmental Protection (ARPA Lazio, available at arpalazio.net). 

6.1.4 Evaluation of the daily dose and excess lifetime cancer risk received 

by students 

Particle surface area doses received in the tracheobronchial and alveolar regions of the 

lungs by pupils attending lessons indoors in a typical school day (here considered of 8 

h [269]) were calculated on the basis of the median exposure data of lung deposited 

surface area concentrations and time activity patterns. In particular, the median surface 

area dose (δAlv+TB) is expressed as the sum of alveolar and tracheobronchial 

contributions and was obtained using the lung-deposited surface area time-series 

measured through the DiSCmini in Barcelona and the estimated through the particle 

distribution measured in Cassino [137]: 

𝜹𝑨𝒍𝒗+𝑻𝑩 = 𝑰𝑹𝒂𝒄𝒕𝒊𝒗𝒊𝒕𝒚 ∙ 𝑺𝑨𝒍𝒗+𝑻𝑩 ∙ 𝑻       (8) 

where IRactivity (m3 h-1) is the inhalation rate (which depends on children age and activity, 

in this study an IR of 0.42 m3 h-1 was considered as characteristics of pupils aged 6-10 

years performing a sedentary activity, i.e. studying), T is the time spent on the activity 

(the school-time, in this case 8 h), SAlv+TB is the sum of alveolar- and tracheobronchial-

deposited particle surface area concentrations (SAlv and STB, respectively). The authors 

point out that the calculation of the dose and risk received by the children was 

performed considering the break periods as they were spent in the classrooms. 

To evaluate the pupil’s median excess lifetime cancer risk (ELCR) for the 5-year 

primary school period (please note that primary school period for Spanish children is 

6 years but here the first 5 years were considered to perform a proper comparison with 

Italian schools), the risk assessment model carried out by [57] was used. This model 

considers the lung cancer effect due to both sub-micron particles, expressed in terms 
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of median particle surface area dose (δAlv+TB, nm2 day-1), and super-micron particles, 

expressed as median PM10 dose (δPM10, mg day-1). In fact, a coefficient (named cf) to 

correlate the particle surface area-based cancer potency of the chemical to the mass-

based cancer potency of the chemical was evaluated by Sze-To, et al. [57] as equal to 

6.60×10-13 mg nm2. The median particle surface area dose (δAlv+TB) is calculated as 

reported in eq. (8), whereas the median PM10 dose (δPM10) was evaluated by 

multiplying the median PM10 concentration during school-time by the typical particle 

deposition fraction for super-micron particles (here a deposition fraction equal to 0.2 

was considered), by the IR (0.42 m3 h-1), and by the exposure time T. The overall 

excess lifetime cancer risk due to the i pollutant and for 5 years of exposure was 

expressed as [270]: 

𝑬𝑳𝑪𝑹𝟓 𝒚𝒆𝒂𝒓𝒔 = ∑ [∑
𝑺𝑭𝒊

𝑩𝑾𝒚
∙ (

𝒎𝒊_𝒐𝒖𝒕

𝑷𝑴𝒐𝒖𝒕
∙ 𝒄𝒇 ∙ 𝜹𝑨𝒍𝒗+𝑻𝑩 +

𝒎𝒊_𝒊𝒏

𝑷𝑴𝒊𝒏
𝜹𝑷𝑴𝟏𝟎

)𝟓
𝒚=𝟏 ]𝒊 ∙

𝑺𝑻

𝟕𝟎
  (9) 

where: 

- SFi (kg d mg-1) is the inhalation cancer slope factor used to describe the cancer 

potency of the i-th pollutant and obtained from the Office of Environmental 

Health Hazard Assessment [271] equal to 1.51×101, 6.30×100, 9.10×10-1 and 

3.90×100 kg d mg-1 for As, Cd, Ni and BaP, respectively; 

- BWy is the body weight of the y-th year for 6-10 aged pupils obtained from 

Zoppi, et al. [272] as function of the students’ gender and in the range 22-33 

kg and 21-34 kg for male and female, respectively (please note that different 

weights were used since median ELCR values for males and females were 

calculated separately); 

- mi/PM is the median mass concentration of each pollutant condensed on PM2.5 

(in Barcelona) or PM10 (in Cassino); 

- ST is the ratio between the school days and total days of the year (in this case 

roughly 200/365). 

The term SFi×mi/PM is known as slope factor of the mixture of the n carcinogenic 

pollutants on PM and will be hereinafter reported as SFm. Since no major indoor 

sources of sub-micron particles were present in the classrooms, the resulting 

concentrations of number and surface area metrics measured in indoors for naturally 
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ventilated buildings were mostly due to the abovementioned penetration from outdoors 

[113]. Therefore, the chemical composition of sub-micron particles in indoor is the 

same of the outdoor ones. Thus, to evaluate the toxicity of sub-micron particles inhaled 

in schools the same chemical composition of the outdoor ones was adopted: to this end 

the particle surface area dose received in indoor was multiplied by the outdoor mass 

fraction of chemical compounds (mi_out/PMout). On the contrary, super-micron particles 

in indoors (mostly contributing to PM metrics) are generated by indoor sources too 

(e.g. chalk emission, resuspension of dust carried inside from outdoors), thus the 

chemical composition (and then the toxicity) of indoor PM is different from the 

outdoor one [83, 91, 100, 114, 115, 147, 265, 273]. For this reason, the PM10 dose 

received in indoor was multiplied by the indoor mass fraction of chemical compounds 

(mi_in/PMin). 

The authors point out that, since most of the indoor PM sources are related to 

mechanical processes (e.g. resuspension) their contribution is more related to coarse 

particle range (PM2.5-10) than the PM2.5 fraction [273]. Nonetheless, the chemical 

analyses for schools in Barcelona were performed on PM2.5 samples, then not 

including the PM2.5-10 fraction: this could lead to a possible underestimation of the 

indoor-generated PM toxicity. However, the possible underestimation of the ELCR 

value is expected to be negligible since such indoor mass fractions are multiplied by 

the PM10 dose contribution which is generally unimportant with respect to the surface 

area dose contribution [169, 270]. Similarly, as regard the Cassino case-study, the 

contribution of the PM10 dose was neglected since no indoor PM data were available 

and the contribution of the surface area dose solely was considered in ELCR evaluation 

for students in Cassino. Nonetheless, as hereinafter reported, the underestimation of 

the ELCR when the PM10 dose contribution is not included was considered negligible. 
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6.2 Results and discussion  

6.2.1 Exposure in schools  

In Figure 16 statistics of the particle concentrations measured inside and outside the 

39 schools investigated in Barcelona are reported. In particular, data of the different 

airborne particle metrics are shown: particle number, lung-deposited surface area 

(expressed as the sum of alveolar and tracheobronchial contributions, SAlv+TB), and PM 

fraction (PM1, PM2.5, and PM10) concentrations [274]. 

Median particle number concentrations measured outdoor ranged roughly between 

1×104 to 4×104 # cm-3 (median value of 1.96×104 #cm-3): such variability was mainly 

due to the location of the schools; indeed, higher values were detected in schools 

flanking densely-trafficked main streets of the city. Particle number concentrations at 

outdoor school sites were higher than the simultaneous median concentration at the 

urban background station (1.32×104 #cm-3). Major details concerning the effect of the 

school localization on measured outdoor concentrations are reported in [83]. As 

expected, indoor concentrations resulted lower than outdoor ones (median value of 

1.35×104 #cm-3) with a median outdoor-to-indoor penetration ratio (Nin/Nout) equal to 

0.7 which is within the typical values reported for naturally ventilated buildings [91, 

94, 115, 265, 275, 276]. Such lower indoor concentrations are due to the lack of sub-

micron particle sources in classrooms, therefore indoor concentrations are mostly due 

to the outdoor-to-indoor penetration of particles produced in urban area. 

A similar behavior was recognized in terms of lung-deposited surface area 

concentrations (Figure 16b), with median values equal to 41.2 and 33.7 μm2 cm-3 

measured outdoors and indoors, respectively. Both number and lung-deposited surface 

area metrics are governed by sub-micron particle dynamics, and this is the reason why 

analogous statistics were measured for the two metrics. 

As regard the schools investigated in Cassino, median outdoor and indoor 

concentrations in terms of PNC /LDSA resulted equal to 1.96×104 #cm-3/111 μm2 cm-

3 and 1.60×104 #cm-3/90 μm2 cm-3, respectively, with a resulting median Nin/Nout ratio 

similar to that measured in Barcelona (0.8). The higher concentrations measured in 

Cassino agree with the data reported in previous papers [60, 133]. 
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From the statistics of indoor and outdoor PM1, PM2.5, and PM10 concentrations of the 

39 schools in Barcelona (Figure 16c) the different behavior of super-micron particles, 

with respect to the sub-micron, was highlighted. Median values of indoor and outdoor 

PM10 concentrations were equal to 60.7 µg/m3 and 50.1 µg/m3, respectively. Indoor 

concentrations were higher than outdoor ones due to the presence of indoor sources of 

super-micron particles (e.g. chalk and particle resuspension due to students’ 

movements [83, 273, 277]. This is not a novel aspect, since, differently from sub-

micron particles, PM10 data in schools from several studies reported indoor-to-outdoor 

PM10 ratios (here equal to 1.2) larger than one [115, 278-280]. As an example [115] 

showed that, differently from gases produced in indoors (e.g. CO2), the sudden mass-

based particle emissions in classrooms cannot be easily diluted even when longer 

airing periods are adopted. Nonetheless, the data reported in Figure 16c revealed that 

for PM1 and PM2.5 indoor and outdoor concentrations were quite similar 

(PM1_in/PM1_out=0.9; PM2.5_in/PM2.5_out=1.0), demonstrating that the higher indoor 

PM10 concentration is due to mechanical processes mainly affecting the coarse particle 

fraction (i.e. PM2.5-10). In any case, it is interesting to note that [83] and [273] 

demonstrated that the continuous mechanical grinding of playground sand yielded to 

unusually high concentrations of mineral dust in the PM2.5 fraction. This accounted for 

extremely high levels of PM2.5 in both indoor and playgrounds, near doubling the 

typical PM2.5 urban background concentrations of Barcelona. As regards the PM10 data 

measured in outdoor in Cassino, values larger than those measured in Barcelona were 

recognized: this is in agreement with the typical high PM10 outdoor concentrations 

measured in that area [141]. 
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Figure 16 Statistics of indoor and outdoor airborne particle concentrations measured in the schools of 

Barcelona and Cassino in terms of a) number (Barcelona), b) lung-deposited surface area (Barcelona), 

and c) PM fraction concentrations (Barcelona and Cassino). Box-plots report 5th and 95th percentiles, 

1st (Q1) and 3rd (Q3) quartiles, mean and median value. 

6.2.2 Chemical characterization  

Concentrations of toxic compounds in PM sampled in outdoor and indoor school 

environments in both the cities are reported in Table 17. Data clearly show the higher 

outdoor concentrations of PAH (expressed as equivalent BaP) measured in Cassino 

(0.71 ngm-3) with respect to Barcelona (0.09 ngm-3): such higher concentrations in 

Cassino are likely due to the combustion of biomass for residential heating purpose 
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typically used during wintertime in the region [141]. Larger outdoor concentrations of 

Cd were also measured in Cassino with respect to Barcelona as it is also a tracer of 

biomass combustion processes [281]. On the contrary, higher As and Ni outdoor 

concentrations were measured in Barcelona due to the larger anthropogenic emissions 

(mainly industrial; [179, 273]). Indoor concentrations of As, Cd and Ni in Barcelona 

resulted lower than the outdoor ones, confirming the different chemical composition 

of particles present indoors. Once again, the authors highlight that such difference in 

As, Cd and Ni concentrations between indoor and outdoor sites could be 

underestimated since the chemical analysis in Barcelona was performed on PM2.5 

samples then not including the coarse particle fraction, although Amato et al. (2009) 

reported that in Barcelona most of these elements occur in the PM2.5 fraction. 

In Table 18 median values of mass fractions of carcinogenic compounds on PM 

measured at the outdoor and indoor sampling sites of the schools investigated are 

reported. As regard the schools placed in Barcelona higher mass fractions were 

measured in outdoors then resulting in a higher slope factor of the mixture with respect 

to the indoor one (SFm, Table 18). The larger contribution to the SFm both at indoor 

and outdoor sites in Barcelona is due to As (>60%) and Ni (>20%) which represent 

typical markers of the anthropogenic emissions. At outdoor sampling sites in Cassino 

the median mass fractions resulted in a larger SFm than Barcelona one. In Cassino the 

larger contribution to the SFm was linked to Cd (>50%), and a not negligible influence 

of BaP (>10%) was also recognized as an effect of the biomass combustion during the 

heating period. The SFm values for both Barcelona and Cassino resulted higher than 

those measured by Sze-To, et al. [57] for cooking-generated particulate matter but 

lower than the incinerator plant [282] and cigarette ones [139]. 

Table 17 Median As, Cd, Ni and BaP annual concentration measured at the outdoor and indoor 

sampling sites of the schools investigated. 

City and sampling location As (ngm-3) Cd (ngm-3) Ni (ngm-3) BaP (ngm-3) 

Barcelona outdoor 0.54 0.19 3.56 0.09 
Barcelona indoor 0.48 0.16 2.74 0.10 
Cassino outdoor 0.17 1.69 1.75 0.71 
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Table 18 Median mass fractions of carcinogenic compounds on PM (expressed as ppm) measured at 

the outdoor and indoor sampling sites of the schools investigated and corresponding SF of the mixture 

(SFm). Mass fractions were referred to PM2.5 and PM10 for samples collected in Barcelona and Cassino, 

respectively. 

City and 
sampling 
site 

mAs/PM 
(ppm) 

mCd/PM 
(ppm) 

mNi/PM 
(ppm) 

mBaP/PM 
(ppm) 

SFm Contribution to the 
SFm 

Barcelona 
outdoor 

10.7 3.76 71.1 1.72 2.57×10-4 
As=63%, Cd=9%, 
Ni=25%, BaP= 3% 

Barcelona 
indoor 

7.92 2.65 45.2 1.60 1.84×10-4 
As=65%, Cd=9%, 
Ni=22%, BaP= 3% 

Cassino 
outdoor 

3.22 31.5 32.5 13.2 3.08×10-4 
As=18%, Cd=54%, 
Ni=15%, BaP=12% 

 

6.2.3 Dose and risk received by students 

In Figure 17 statistics of the dose received by students in classrooms in Barcelona 

during the school-time (8 h) are reported in terms of particle surface area. As 

mentioned above, the dose values represent the sum of alveolar and tracheobronchial 

contributions (δAlv+Tb). Dose received varied in a wide range due to the wide exposure 

data variability (as an effect of school location and road traffic). In particular, the dose 

received by students in Barcelona ranged between 58.4 mm2 and 179 mm2, with a 

median value of 110 mm2, whereas in Cassino the median dose received in 8 h was 

303 mm2, i.e. almost three-fold with respect to that received in Barcelona. Such dose 

experienced in Cassino is quite high considering that no indoor sub-micron particle 

sources are in operation in such classrooms: indeed, as a comparison, this value is not 

much lower than the overall daily dose received by the population living in Barcelona 

and Cassino (roughly 600 mm2 and 1000 mm2 respectively, [283]), and still larger than 

those received in offices by people exposed to of about one hour of laser and 3D 

printing activities [145, 146]. 

In Table 19 the ELCR data for primary school students (6-10 years old) in Barcelona 

and Cassino are reported. The median overall risk due to the five-year exposure 

(ELCR5 years) for male and female students in Barcelona resulted equal to 2.88×10-5 

and 2.94×10-5, respectively. The slight difference in risk received by males and 

females is merely due to the different body weight values [272] since the same 

inhalation rates and deposition fractions were considered as obtained from the 
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International Commission on Radiological Protection [136]. Such ELCR values 

corresponding to the 5-year primary school exposure is comparable to the maximum 

tolerable ELCR, 1×10-5 according to the U.S. Environmental Protection Agency [284] 

risk assessment. Five-year median ELCR values received by primary-school students 

in Cassino resulted about one order of magnitude higher than Barcelona ones (1.35×10-

4 and 1.38×10-4 for males and females, respectively). This is due to both (a) higher 

particle toxicity (SFm higher than that measured in Barcelona, Table 18) and (b) larger 

dose (median surface area dose in Cassino almost more than three-fold compared to 

that experienced in Barcelona). The higher toxicity of the particles inhaled in Cassino 

is mainly due to the significant influence of the biomass burning phenomena in cold 

season, whereas the larger dose can be ascribed to the high concentrations measured, 

in particular, during the thermal inversion periods [60, 133]. The authors point out that 

the ELCR received during the five-year primary school period is two orders of 

magnitude lower than the lifetime risk of typical Italian population (roughly 2×10-2 

[169, 270]). ELCR data reported in Table 19 clearly confirmed the negligible 

contribution to the risk of the super-micron particles (i.e. PM2.5-10) for students in 

Barcelona (about three orders of magnitude lower than the surface area contribution). 

These data confirm that it is reasonable to consider negligible the abovementioned 

unaccounted different mass fraction due to the indoor-generated coarse particles in 

Barcelona as well as the possible underestimation of the ELCR for students in Cassino 

addressable to the lack of PM10 dose data. Concerning the contribution of the different 

chemical compounds to the risk (Table 18), the higher contribution is due to As in 

Barcelona (causing an ELCR of about 2×10-5 on 5-year basis) and Cd in Cassino 

(providing an ELCR of about 1.3×10-4 on 5-year basis).  
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Figure 17 Statistics of the total particle surface area doses received by students in classroom in 

Barcelona and Cassino during school time. Box-plots report 5th and 95th percentiles, 1st (Q1) and 3rd 

(Q3) quartiles, mean and median value of the δAlv+Tb. 

 

Table 19 Median ELCR values of the primary school students in Barcelona and Cassino for the five-

year primary school period (ELCR5 years) and contribution of the different metrics (surface area, 

SAlv+TB, and PM10). 

City Gender ELCR5 years ELCR5 years (SAlv+Tb) ELCR5 years (PM10) 

Barcelona 
male 2.88×10-5 2.88×10-5 2.69×10-8 

female 2.94×10-5 2.94×10-5 2.74×10-8 

Cassino 
male 1.35×10-4 1.35×10-4 - 

female 1.38×10-4 1.38×10-4 - 

 

 



 

 

 

7 REAL-WORLD EFFECTIVENESS OF 

COMMERCIAL FACE MASKS TO REDUCE 

PERSONAL PM EXPOSURE  

As already said commuters may be exposed to higher airborne particle concentrations 

due to their proximity to vehicle emission. Cyclists and pedestrians are among the 

categories of travellers most at risk of encountering adverse health effect related to 

high exposure to traffic pollution, due not only to the proximity of the springs but also 

to the high rate of breath. In fact, some study found a mean (standard deviation) value 

of real-word breathing rate for cyclist equal to 59.1(13.7) L·min-1 and 46.2 (10.6) 

L·min-1 for man and woman respectively [132]. To try to protect them self from the 

exposure to airborne particles people started to use personal protectors as face masks. 

Cloth face masks come with an elastic strap, which needs to be worn behind the head 

or over the ears to maintain an adequate fitting to the face, and they have a filter 

designed to reduce particle penetration into the breathing area. However, the 

effectiveness of such filters in reducing PM exposure will depend not only on the filter 

used but also on the tightness of the seal between the mask and the face of each 

individual. Therefore, two factors have to be introduced in order to describe the overall 

efficiency of respirators: 

- Total Inward Leakage (TIL), which refers to the penetration directly through 

the respective filter [285]. In this context, it has been established that 

nanoparticles in the range 4-20nm are efficiently captured by respirator filters 

[286]. 

- Fit Factor (FF), which describes the penetration as leak around the filter and 

towards the breathing zone, has been introduced to express how good the fit of 

a respirator is on the face of a given individual during a certain use. The 
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protection offered by a face respirator has been found to be depended on the 

FF [287], while the FF itself could be influenced by a number of factors such 

as the type of user´s activity [288] and facial characteristics [289]. 

Some studies assessed the effectiveness of these face masks, as an example, 

Grinshpun, et al. [290] investigated the penetration of NaCl particles through the filter 

material of an N95 and surgical face mask, or Bowen [291] using saline particles have 

tested different type of RP as a pre-shaped dust mask, bandana, surgical mask or N95 

mask. Other study by Rengasamy, et al. [292] through NIOSH method have compared 

the penetration from different household fabrics, commonly used during pandemic 

respiratory infections with N95 respirator material. Jung, et al. [293] compared masks 

and handkerchiefs generally used by people to protect them self against particulate air 

pollution from yellow sand, or Mueller, et al. [294] investigated the efficiency of 

several RP against volcano ash. None of these studies takes into account the efficiency 

of commercial face masks under a real exposure to urban outdoor aerosol neither 

looking at the effectiveness of face mask response to different metric as PM, LDSA, 

BC or PNC at the same time. In addition, they do not take into account the possible 

different response of face masks effectiveness under different breathing rates. 

The present study aims to evaluate the real-world effectiveness of nine different low-

cost face masks to reduce the level of exposure to the airborne particle in terms of 

particle mass concentration (PM2.5), Particle Number Concentration (PNC), Lung 

Deposited Surface Area (LDSA) and Black Carbon concentrations (BC). Face mask 

performances were assessed in a typically traffic-affected urban background 

environment in the city of Barcelona under three different breathing patterns in order 

to investigate the influence of flowrate in face mask effectiveness.  

7.1 Materials and Methods 

In order to evaluate the effectiveness of each face mask in reducing exposure to 

airborne particles an experimental campaign was carried out in November 2017 at the 

urban background monitoring station of Palau Reial in Barcelona (Spain). The study 

analysed nine different face masks, all commercially available in a price range of ≈1€ 

to 44€ (low cost respirators) and commonly used by cyclists and pedestrians. Two 
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dummy heads were located outdoors (at the height of 1.60 m in order to replicate the 

cyclist and pedestrian exposure) during working hours, only one of them being fitted 

with a face mask. The mouth of each dummy head was fitted with an anti-electrostatic 

inlet tube and a splitter separating air flow into 4 channels, driving isokinetically 

airborne particles to: 

− A DustTrakTM DRX aerosol monitor (Model 8533, TSI incorporated) to 

measure PM2.5, based on the light scattering with an operating stream of 3 

L·min-1;  

− A diffusion charger counter (DiscMini, Matter Aerosol AG) able to measure 

PNC (# cm-3), average particle size and Lung Deposited Surface Area 

concentration in the particle size range of 10-700 nm with an operating stream 

of 1 L·min-1;  

− A micro-aethalometer model AE51 (Magee Scientific) for BC, which register 

the rate of change in absorption of transmitted light due to continuous 

collection of aerosol deposit on a filter, with an operating stream of 0.1 L·min-

1. The filters were changed every 9 hours of sampling; 

− A dry vacuum (BECKER VT 4.8 I) pump for adjusting the remaining flow. at 

different cyclist breathing rates (32, 42 and 52 L·min-1[131, 295]), to obtain a 

simulation of different breathing scenarios. Air flows were checked after each 

test. 

In addition, we used another reference BC concentration as measured by a Multi Angle 

Absorption Photometer (MAAP, Thermo scientific) at the Palau Reial station, in the 

cases when the micro-aethalometer suffered technical issues. 

All instruments were set to one-minute time resolution, except for the DiscMini (10 

seconds). Prior to the sampling campaign, the devices were inter-compared and 

corrected by a linear regression fit in order to minimize any measuring differences 

between paired instruments. The correction factors were: PM2.5: cf=0.7557 R2=0.47, 

PNC: cf=0.6963 R2=0.79, LDSA: cf=0.6531 R2=0.88, BC cf=0.9042 R2=0.85. The 

entire set-up is shown in Figure 18. 

Both dummy heads were made by paper-mache, and they represented an adult human’s 

head. The dummy head cranial circumference is 61 cm with a size of 20x15x20 cm 
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(high x width x depth). Detailed information regarding the nine face masks studied are 

listed in Table 20. These respirators comprise a filter, that can be located in the whole 

face mask or just at a certain point (i.e. in dedicated valves). Eight of the nine face 

masks have an exhalation valve that allows air exit and obstructs air entry, the 

exception being MASK 3.   

Table 20 Face mask models, characteristics and filtration typology (based on info found on producers’ 

websites march 2018), different filter layers information was obtained in laboratory. 

MASK PRICE € CHARACTERISTICS  FILTRATION 

TYPOLOGY 

DIFFERENT FILTER 

LAYERS  

1  44 Organic cotton, 2 exhalation valves N99 filter layer, carbon 

filter 

2 

2 36 Neoprene, filter separated from the 

mask, 2 exhalation valves 

Combination filter for 

chemical and particle 

filtration 

2 

3 28 Soft-Tech Material, 2 exhalation valves   Electrostatic filter 1 

4 8 Exhalation valve Filter FFP3  3 

5 3 Exhalation valve Filter FFP1 3 

6 1 Not available  Not available  2 

7 20 Soft material, filter separated from the 

mask, 2 exhalation valves 

Active carbon filter 3 

8 27 Washable technical mesh, filter 

separated from the mask, Exhalation 

valve 

Electrostatic and active 

carbon filter, 1 valve 

3 

9 9  Fibber cloth, 2 exhalation valves Non-woven fabric filter 2 

 

Each test lasted 60 min and followed the same procedure: during the first 30 min both 

dummy heads were not wearing any mask. After 30 min from the start of the 

measurements, one of the dummy heads was fitted with a face mask, attempting the 

best possible fit for each respirator in order to avoid infiltration of air from the mask 

edges. A total of 27 tests (3 breathing rates for 9 different masks) were performed. In 

5 cases the AE51, on the dummy head without face mask, had a poor correlation with 

the one located in the other dummy head, and for these cases the values of MAAP 

(sampling in the same location) were used in the data treatment instead. Details on the 

experimental campaign are reported in Table 21.   
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Table 21 Details on experimental campaign 

Location 
Average 

Temperature (°C) 

Average 

Humidity 

(%) 

Period 
Number 

of masks 

Breathing 

Rate 

(L·min-1) 

Number 

of tests 

Duration 

of each 

test (min) 

IDAEA-CSIC 

Barcelona 
17.5 55 

November 

2017 
9 32, 42, 52 27 60 

 

  The effectiveness of each face mask was calculated as: 

𝒆𝒇𝒇𝒆𝒄𝒕𝒊𝒗𝒆𝒏𝒆𝒔𝒔 = (𝟏 −
𝑯𝑴

𝑯𝑾𝑴
) × 𝟏𝟎𝟎                                                                                (10) 

where HWM is the value measured without face mask, while HM is the value measured 

with the face mask. In order to evaluate the real-world effectiveness of commercial 

face masks to reduce personal exposure, a campaign was carried out in an environment 

with an outdoor concentration levels in a range of (maximum - minimum) 25-5 µg m-

3 for PM2.5, 3.3×104 - 3×103 # cm-3 for PNC, 73-5 µm2 cm-3 for LDSA and 4.3-0.2 µg 

m-3 for BC.  

The presented method used to evaluate the different respirators had two limitations: 

The test considers breathing only as inhalation without the exhalation part. Since 

during exhalation a positive pressure is generated, the fit of the respirator might be 

compromised and unfiltered aerosol could enter in the breathing zone, this is especially 

true for respirators without exhalation valves. Due to the above an overestimation of 

the measured efficiency might have occurred. 

The increased of the simulated breathing rate might have led to a tighter fit of the 

respirator, as the applied flow rate was increased. However, in reality intense exercise 

like cycling increase the frequency of inhalation and exhalations per time unit, as well 

as the intensity of those. Thus, in real conditions the fit of the mask might be 

compromised with intensive breathing, while high simulated breathing rates might 

lead to improved fitting and better filtration in some cases. 
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Figure 18 Scheme of measurement set-up. 

7.2 Results 

The data demonstrate that the effect of face mask application on pollutant exposure is 

immediate (Figure 19). The examples shown in Figure 19 demonstrate measurements 

made with MASK 7 (at different breathing rates), which was the best performing mask 

for every metric (PM2.5, PNC, LDSA, BC). At the beginning of each measurement, 

with both dummy heads (A and B) without masks, a similar concentration trend is 

measured by the two instruments. Once the face mask is applied to one of the dummy 

heads (A), concentrations continue to follow a similar trend but their levels are lower 

with respect to other dummy head (B). The same trend is recognisable for all metrics 

immediately after the application of the face mask. 

In Figure 20 the individual exposure reduction to airborne particles, in terms of PM2.5, 

PNC, LDSA and BC for all the face masks under investigation is shown, merging the 

data for the three ventilation rates investigated. The highest individual exposure 

reduction to airborne particles concerns PM2.5, with a median value of 43% although 

presenting a large variation between the different face masks from 14% to 96%. No 

cost-effectiveness relationship was found in this study, indicating that the price is not 
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an indicator of the mask efficiency, furthermore the cost seems to be more related to 

the esthetics of the mask than to the effectiveness. As an example, MASK 6 was not 

the mask with the lowest effectiveness but it was the cheapest and with a poor esthetic 

design. The effectiveness in terms of PNC and LDSA is equal to 19% and 22% 

(median value) respectively, and their variation is in a range of 4 to 70%. For BC the 

effectiveness of the mask is lower than LDSA, showing a 19 % median value with a 

range variation between 6% and 61%. For all metrics under investigation except for 

PM2.5, the median value is always less than 30% and also the variation between 

minimum and maximum is very large, highlighting the importance in choosing the 

most efficient mask. Despite such large variation however, the results highlight that 

there is generally a good reduction in the range of super-micron particles whereas the 

ability of the masks used in this study to reduce individual exposure is lower for sub-

micron and ultrafine particles.  

 

Figure 19 Examples of sampling in terms of: a) particle mass concentration related to mask 7 at 52 

L·min-1; b) Lung Deposited Surface Area related to mask 7 at 32 L·min-1, c) particle number 

concentration related to mask 7 at 32 L·min-1; d) black carbon concentration related to mask 7 at 32 

L·min-1.  In each example are shown both cases, with and without face mask (dummy head A and dummy 

head B). 
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Figure 20 Airborne particle reduction for the entire campaign for all face masks under investigation 

collected for different metrics express as a boxplot showing maximum, minimum and 75th, 50th and 

25th percentiles. 

In Table 22 the concentrations observed in both dummy heads for each face mask and 

breathing rates are shown. There is not a clear relationship between the change of 

breathing rate and the face mask effectiveness (Table 22). In Figure 21 are shown the 

effectiveness of face masks for the three breathing rates take into account related to 

PM2.5 that was the metric in which we found the best performance.  

 Four reduction trends are detectable overall depending which face mask is being 

evaluated: (i) effectiveness increases with breathing rates (mask 2 and 7 per PM2.5, 

mask 9 per PNC); (ii) effectiveness decreases with the increase of the breathing rate 

(masks 3,4,8 and 9 per PM2.5, masks 1,3,4 per LDSA, mask 4 per BC and PNC); (iii) 

the lowest effectiveness was found with a breathing rate of 42 L·min-1 (masks 1,5 and 

6 per PM2.5, masks 5,6 and 9 per LDSA, mask 9 per BC and masks 3,5 and 6 per PNC); 

(iv) the highest effectiveness was found with a breathing rate of 42 L·min-1 (masks 2,7 

and 8 per LDSA, mask 1 per BC and masks 1,2,7 and 8 per PNC). Such differences 

are due to the different type of construction material and the different types of filter 

used. In terms of PM2.5, the ambient concentration average range variation in which 

face masks were tested was from 5 to 25 µg· m-3, and the mask with the highest 

effectiveness in terms of PM2.5 was the MASK 7 with a value of 89%, while the lowest 
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value was found for MASK 3 equal to 35% (merging the data for the three types of 

breathing). In terms of PNC, the highest effectiveness was found for the MASK 7 as 

well as for the other metrics were always more than 80% (as average of the three 

breathing rates), while the lowest value in terms of PNC as well as for LDSA and BC 

concentration were related to the MASK 3 (for PNC =9%, LDSA =11% and BC =11%, 

values are shown as an average between the reduction values for the three breathings). 

These two masks (7 and 3) show differences in terms of material and filter: in MASK 

7 the entire surface of the face mask has a filter except in the 2 exhalation valves where 

air cannot enter but just exit; the mask adheres well to the human face due to the 

washable technical mesh material. On the other hand, MASK 3 is made of a plastic 

soft material that does not adhere so well to the dummy head, and the filter is located 

only in the 2 valves that lead the entering and the exit of the air. Moreover, MASK 3 

is the only mask under investigation without exhalation valve (details in Table 20). 

Interesting results are shown in Table 22 concerning MASK 7, which was the mask 

with the highest effectiveness for all the pollutant take into account and also for three 

breathing rates. High effectiveness of MASK 7 may be due to the combination of 

different characteristics of this mask including (i) filter quality, as shown in Figure 22 

MASK 7 has three different filter layers which have three different textures; (ii) 

presence of the filter in the entire area of the masks (except in the exhalation valves); 

(iii) good adhering to the human face thanks to the mask coating material technical 

mash. The highest effectiveness for each breathing rate is related to PM2.5 

concentrations for all the masks. 
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Table 22 Measured values (average ± standard deviation) of PM2.5 ( µg· m-3), PNC (#·cm-3), LDSA (µm2· 

c m-3) and BC (µg· m-3) collected for the 9 different masks for each breathing rate BR (L·min-1 ) for both 

situations without and with face masks and face masks effectiveness E (%). CA and CB are concentration 

range measured in dummy heads A and B respectively for the related metrics. 

PM2.5 PNC LDSA BC 

Mask  BR CA  CB E CA  CB E CA  CB E CA  CB E 

1 

32 
4.5±1.1 -  

3.3±0.6 

7.3±0.6 -  

8.5±0.6 
61 

6.3×103±3.9×103- 

2.81×103±6.3×102 

6.9×103±4.2×103- 

2.96×103±8.2×102 
5 

8±5 -  

3.72±0.9 

9.6±8.2 -  

8.5±0.6 
19 

0. 4 ± 0.2 - 

0.20 ± 0.09 

0.4±0.3 -  

0.24±0.11 
19 

42 
12±1 -  

10±0.7 

14±1 - 

14±1.4 
28 

9.4×103±6.7×103-  

7×103±1×103 

9.4×103±6.8×103-  

8.4×103±1.2×103 
16 

17±8 -  

14±1.8 

17±8 -  

16±1.8 
15 

0.6 ± 0.2 - 

0.4 ± 0.14 

0.6 ± 0.3- 

0.5±0.16 
31 

52 
5±0.6 -  

3.7±0.4 

7.3±1.5 -  

12.8±1 
71 

7.7×103±2.8×103-  

8.3×103±3.5×103 

7.9×103±3.3×103-  

8.9×103±4×103 
7 

12±3.7 -  

12±5 

12±4 -  

13±5 
5 

NA  

0.24±0.18 

NA -  

0.3±0.2 
20 

2 

32* 
13±2-  

13±2 

14±1-  

16±3 
21 

2.7×104±4×103-  

3.1×104±6.6×103 

3.3×104±5×103-  

3.2×104±9.6×103 
4 

58±8 -  

66±11 

73±9 -  

70±17 
7 

3.4 ± 1.2 - 

3.9 ± 1 

4 ± 1.4 -  

4.3±1.8 
14 

42 
11±0.5 -  

9±0.3 

13±0.4 -  

14±0.5 
37 

9×103±4×103-  

7.5×103±1.6×103 

1×104±4.4×103-  

1×104±2.2×103 
26 

20±5 -  

15±2 

22±6 -  

20±3 
25 NA NA NA 

52 
3.2±0.4 -  

2±1.3 

2.9±0.4 -  

6±2.2 
61 

7.0×103±1×104-  

5×103±1×103 

7.6×103±1×104-  

7×103±1×103 
25 

9±13 -  

7±2.6 

9±13 -  

9±3 
24 

1±0.3 -  

0.9±0.1 

3±1 -  

1.2±0.9 
31 

3 

32 
3±0.5 -  

3±0.7 

6±0.4 -  

6±0.9 
52 

3.2×103±3.6×102-  

5×103±5×103 

4.9×103±4.3×102-  

5.7×103±6.7×103 
14 

5±0.8 -  

6±5.3 

5±0.8 -  

8±7.6 
22 NA NA NA 

42 
9±0.5 -  

9±0.7 

11±0.5 -  

12±0.6 
27 

5.9×103±6×102-  

7.9×103±2.4×103 

5.3×103±6×102-  

8×103±3×103 
4 

11±1.3 -  

14±3.3 

11±1.3 -  

15±3.9 
6 

0.3 ± 0.2 – 

0.5±0.1 

0.4±0.2- 

0.6±0.3 
18 

52 
6±1 -  

5±0.6 

10±0.7 -  

7±0.3 
25 

9.6×103±2.5×103-  

8×103±3.4×103 

9×103±2.7×103-  

8.7×103±4×103 
8 

14±3 -  

12.8±4.1 

13.2±3 -  

13.4±4.4 
5 

0.23±0.17 -  

0.31±0.11 

0.24±0.20

0.33±0.24 
9 

4 

32 
3±0.5 -  

2.3±0.35 

6±0.4 -  

6±0.6 
60 

1.1×104±2 ×103-  

6×103±3×103 

1.2×104±3×103-  

7.5×103±3×103 
19 

11±4 -  

7±3 

13±6 -  

9±3 
24 

0.3 ± 0.1 – 

0.3 ± 0.1 

0.3 ± 0.1-  

0.4±0.3 
43 

42 
7.5±0.8 -  

11±6 

11±0.4 -  

15±5.4 
28 

1.5×104±4×103-  

1.6×104±3×103 

1.6×104±4×103-  

1.9×104±3.6×103 
17 

23±5 -  

25±8 

24±5 -  

29±10 
15 

0.4 ± 0.3 - 

0.9 ± 0.1 

1.± 0.3    

1 ± 0.3 
11 

52 
6±1 -  

5±0.6 

11±0.7 -  

7±0.3 
25 

9.6×103±2.5×103-  

7.9×103±3.4×103 

8.9×103±2.7×103-  

8.6×103±4×103 
8 

14±3 -  

12.8±4 

13±3 -  

13.4±4 
5 

0.2±0.1 -  

0.31±0.1 

0.2±0.2 -  

0.33±0.1 
9 

5 

32* 
2±0.3 -  

2±0 

5±0.2 -  

5±0.3 
63 

8×103±2.2×103-  

6.2×103±1.7×103 

9×103±2.5×103-  

9.3×103±2.6×103 
33 

8.9±1.7 -  

6±1.1 

8.4±1.6 -  

9±1.8 
35 

0.16 ± 0.13– 

0.18 ± 0.09 

0.15±0.2-

0.2±0.1 
13 

42 
15±3 -  

5.6±0.4 

17.7±2.4 -  

11±0.4 
48 

1.7×104±2.9 ×103-  

9.8×103±1×103 

1.7×104±3.2×103-  

1.1×104±2×103 
11 

34±7 -  

15±1 

35±7.2 -  

17±3 
11 NA NA NA 

52* 
9.5±1.2 -  

5.9±0.3 

14±1.6 -  

12±0.6 
51 

6.9×103±2.5×103-  

5×103±1.5×103 

7.5×103±1.1×103-  

7.8×103±2.5×103 
37 

15.8±2.5 -  

10±2 

16.4±2.7 -  

15±3 
33 

0.5±0.2 -  

0.6±0.17 

0.9±0.7 -   

0.64±0.16 
46 

6 

32* 
2.65±0.5-  

2±0.4 

5.7±0.5 -  

5.4±0.4 
64 

1.1×104±5.4×103-  

5.1×103±1.3×103 

1.3×104±6.7×103-  

8×103±2×103 
36 

10±4.4 -  

5±1 

12±7.3 -  

8±1.6 
42 

0.2 ± 0.12 -

0.15± 0.08 

0.2±0.3 -  

0.18±0.14 
21 

42 
12±5 -  

16±0.8 

15±4 -  

19±1.5 
14 

1.1×104±5×103-  

1.1×104±1.5×103 

1.1×104±5×103-  

1.3×104±1.7×103 
13 

20±7 -  

25±3 

22±8 -  

27±3.3 
9 NA NA NA 

52* 
4.7±0.7 -  

4±0 

9.2±0.3 -  

9.7±0.5 
32 

7.7×103±2×103-  

7×103±2×103 

7.4×103±2×103-  

9.7×103±2.9×103 
28 

12.5±2 -  

10±2 

12±2 -  

13±2.9 
26 

0.3±0.2 -  

0.2±0.08 

0.3±0.2 -  

0.3±0.1 
6 

7 

32 
4.7±1.2 -  

1.13±0.25 

9.3±0.8 -  

7.7±0.7 
86 

6.3×103±2.3×103-  

1.3×103±7.8×102 

7.1×103±2.8×103-    

7.2×103±1.3×103 
82 

11±7 -  

2±1.3 

14±8 -  

12±2 
81 

0.7± 0.2 - 

0.7± 0.2 

0.6 ± 0.3-  

0.8±0.3 
NA 

42 
11.5±7 -  

2±0.2 

7.8±1.3 -  

13±0.6 
85 

7.3×103±4.1×103-  

7.9×102±1.1×103 

7.8×103±1.2×103-  

7.5×103±1.3×103 
89 

15±8 -  

2±2 

16±2 -  

15±2 
89 NA NA NA 

52 
19±1 -  

1±0.2 

18±1 -  

25±1.3 
96 

8.9×103±1×103-  

1.7×103±1×103 

8.9×103±1×103-  

1.1×104±1.4×103 
84 

23±1.7 -  

4±2.3 

23±1.7 -  

25±2.3 
83 

1.8±0.4 -  

0.2±0.1 

1.6±0.6 -  

2±0.5 
89 

8 

32 
6.2±1 -  

4.5±2 

6.7±1 -

12.3±2 
64 

9.4×103±4.8×103-  

6×103±2×103 

8.9×103±4.5×103-  

7×103±2×103 
14 

17±7 -  

11±3 

15±6 -  

12±3 
9 

0.3 ± 0.3 - 

0.57 ± 0.2 

0.4 ± 0.3- 

0.62±0.2 
11 

42 
12.6±0.7 -  

8.8±0.5 

15±0.7 -  

14±1 
38 

1 ×104±3.7×103-  

8.4×103±3.4×103 

1 ×104±3.7×103-  

1.1×104±4×103 
22 

21±6 -  

18±6 

21±6 -  

22±6.4 
20 NA NA NA 

52 
13±0.5 -  

8.7±3.9 

15±1.1 -  

14±9.4 
36 

8.2×103±2.3×103-  

4.8×103±3.2×103 

7.6×103±1.4×103-   

5.9×103±3.9×103 
19 

19±4 -  

12±7 

18±3 -  

14±9 
19 

0.8±0.3-  

0.8±0.5 

0.8±0.6 -    

0.9±07 
11 

9 

32 
9.4±1.4 -  

7.8±1.8 

12±1.3 -  

14±2.6 
43 

2.35×104±3.2×103-  

1.94×104±2.51×103 

2.64×104±4.04×103-  

2.61×104±4.52×103 
26 

40±3 -  

25±6.0 

48±4.0 -

52±9.0 
51 

2.4 ± 1.2 – 

2.1 ± 0.2 

2.4±1.3 -  

3±0.3 
39 

42 
9.5±0.6 -  

8±0.4 

13±0.5-  

14±0.6 
42 

8.73×103±1.96×103-  

6.40×103±2.37×103 

9.35×103±2.47×103-  

9.37×103±2.52×103 
32 

17±3.0 -  

14±4 

19±4.0 -  

19±3 
28 

0.83 ± 0.5 - 

0.59 ± 0.16 

0.75±0.2-

0.74±0.1 
25 

52 
8.1±0.6 -  

8±0.6 

8±0.5 -  

13±0.9 
41 

7.45×103±1.68×103-  

6.30×103±6.1×102 

4.92×103±1.21×103-    

1.02×104±9.6×102 
36 

19±3 -  

18±2 

12±2 -  

27±1.7 
31 

0.9±0.2 -  

1±0.2 

0.9±0.2-  

1.3±0.4 
28 
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Another aspect that should be taken into account, as Gao, et al. [296] demonstrated, is 

that the variation of relative humidity (RH) can alter the efficiency of a face respirator. 

The effect of RH on the filter efficiency varies depending on the aerosols type, particles 

size, and the filter material [297]. Haghighat, et al. [298] found that the penetration of 

the filters increased with the increasing RH. Conversely, Yang and Lee [299] reported 

that RH had no effect on the filter performance. Hence, different RH variations may 

have a different effect on different face respirators. In the current study all the 

respirators were tested under similar ambient RH conditions. 

 

Figure 21 Effectiveness of face masks for the three different breathing rates for PM2.5. 

 

Figure 22 Different filter layers of MASK.  



 

 

 

8 EFFECT OF VENTILATION STRATEGIES 

AND AIR PURIFIERS ON THE CHILDREN’ 

EXPOSURE TO AIRBORNE PARTICLES 

AND GASEOUS POLLUTANTS IN SCHOOL 

GYMS 

Amongst the school environments, besides the classrooms, children spend time in 

school gyms to perform physical activities. School gyms are recognized as 

environments with high PM10 concentrations mainly due to the resuspension 

phenomena occurring during the physical activity itself [300-303]. Furthermore, no 

effective reduction strategies are typically adopted in gyms since the ventilation of 

such environments (as for classrooms) mostly relies upon natural ventilation (air 

exchange with closed windows) and manual airing via window opening. Few papers 

have recently been published on characterizing the efficiency of the air purifiers and 

their effectiveness in reducing the exposure in indoor environments [126-129]. The 

present study investigates the effect of the air purifiers as well as of the ventilation 

strategies on the children’s exposure in school gyms to different pollutants. This paper 

uses the measured data for sub-micron particles (expressed as particle number, PNC, 

and black carbon, BC, concentrations), super-micron particles (expressed as particle 

mass concentrations), NO2 and CO2 through experimental campaigns in two different 

school gyms in Barcelona, Spain. 

  



CHAPTER 8.  Effect of ventilation strategies and air purifiers on the children’ 

exposure to airborne particles and gaseous pollutants in school gyms 

115 

 

8.1 Materials and Methods 

8.1.1 Site description 

Two public primary school gyms located in the urban area of Barcelona (Spain) were 

selected to perform the experimental campaigns. The school gym A is placed on the 

Northeast side of the Montjuic hill (40 m above sea level) and it is not directly exposed 

to streets with high traffic density. The school gym B is located in the area of Vila 

Olimpica, it is quite close to the sea as well as to one of the most highly trafficked 

roads in Barcelona (about 215 m from Ronda Litoral, characterized by a daily traffic 

>100000 vehicles day-1). Both school gyms present a rectangular floor shape with 

volumes of 430 and 2400 m3 for gym A and B, respectively. Hot-water plants are 

installed in the gyms (fancoils and radiators for gym A and B, respectively) for heating 

purposes, and no ad-hoc mechanical ventilation systems were present in the gyms. Air 

ventilation only relied upon leakages of the envelope (natural ventilation) or window 

opening (manual airing). The school-time of both gyms is 08.30-17.30, during which 

they are used by different school classes for different physical activities. 

8.1.2 Methodology and experimental apparatus  

The experimental analysis was carried out in the period February-April 2015 for four 

weeks in each school gym. Measurements were performed in two monitoring sites in 

both schools: a) in the school gym, and b) at an outdoor site within the school area. 

The monitoring location inside the school gym was near one of the walls not directly 

exposed to the air purifiers (when used); whereas the outdoor site was outside the gym 

within few meters from the windows in order to properly measure indoor-to-outdoor 

(I/O) concentration ratios. At both indoor and outdoor monitoring sites, the 

instruments were placed on a desk. 

Within the four-week campaigns, four different types of tests were carried out by 

considering four different ventilation strategies (one week of measurements for each 

strategy and for each school): 

− Natural ventilation (NV), i.e. windows kept closed during the school-time 

(ventilation just due to the leakages of the envelope);  

− Manual airing (MA), i.e. windows open during the school time;  
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− Natural ventilation and air purifiers (NV+AP), i.e. windows kept closed during 

the school-time as for the NV scenario, air purifiers running during the school 

time (turned on about half an hour before the school start time and turned off 

at school end time); 

− Manual airing and air purifiers (MA+AP), i.e. windows open during the school 

time as for the MA scenario, air purifiers running during the school time 

(turned on about half an hour before the school start time and turned off at 

school end time).  

 

The following pollutants/parameters were measured: 

− Particle mass concentration of super-micron particles; in particular, the particle 

mass fraction in the 1-10 µm diameter range (PM1-10) was evaluated on the 

basis of particle number distribution measurements performed through (i) an 

optical counter (OPC 1.108, Grimm; measurement range 0.3-20 µm, 

measurement frequency 6 s) and (ii) an Aerodynamic Particles Sizer (APS 

3321, TSI Inc.; measurement range 0.5-20 µm; measurement frequency 1 s). 

The PM1-10 was estimated from the measured particle number distributions 

considering the particles as unit density spheres; 

− Particle number concentration (PNC) of sub-micron particles measured by 

means of two diffusion charger particle counters (Testo DiSCmini; 

measurement range 10-700 nm; measurement frequency 1 s); 

− Particle number size distributions through a portable scanning mobility particle 

sizer (Nanoscan SMPS 3091, TSI Inc.; measurement range 10-420 nm, 

measurement frequency 60 s);  

− Black carbon (BC) measured by means of portable aethalometers (AE51 

Magee Scientific; measurement frequency 1 s); 

− Carbon dioxide (CO2) measured by means of Non-Dispersive Infrared sensor 

(Q-TRAK indoor air quality monitor 7575, TSI Inc.; measurement range 0-

5000 ppm, measurement frequency 20 s);  
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− Nitrogen dioxide (NO2) measured through chemiluminescence analyzer 

(Thermo Scientific™; measurement range 0-20 ppm, measurement frequency 

120 s); 

In particular, the following instruments were installed at the indoor monitoring site in 

both the schools: the APS 3321, a Testo DiSCmini, the Q-TRAK 7575, the 

chemiluminescence analyzer, a portable aethalometer AE51, and the Nanoscan SMPS 

3091 (in the school gym A only); whereas the following instruments were installed at 

the outdoor monitoring site in both the schools: the OPC 1.108, a Testo DiSCmini, and 

a portable aethalometer AE51. All the data were post-processed as 10-min average 

values. 

Prior to the experimental campaigns, the devices were inter-compared by means of an 

ad-hoc experimental analysis performed in the urban area of Barcelona (at the official 

air quality station of Palau Reial, Barcelona, Spain) in order to minimize any 

measuring difference between paired instruments. Correction factors were evaluated 

through a linear regression fit: in particular, correction factors equal to 0.74 (R2=0.93), 

1.30 (R2=0.97), and 1.05 (R2=0.98) were obtained for  PM1-10 (OPC-APS), particle 

number concentrations (two DiscMinis), and BC (two aethalometers). Moreover, 

before each measurement week, a further comparison between the two DiscMinis, the 

OPC and APS, and the two aethalometers was performed in order to take into account 

for the possible on-field effects on the instruments (e.g. the specific aerosol under 

investigation) and for unexpected instrument drift. 

8.1.2.1  Air purifier characteristics and operation 

The campaigns using air purifiers (NV+AP and MA+AP tests) were performed using 

six identical devices: four air purifiers were installed in the four corners of the gyms 

and two air purifiers along the longest walls of the gym (in the middle of the walls). 

Characteristics of the air purifier used in this study at the maximum power (which is 

that used during the campaign) are: maximum flow rate of 660 m3 h-1, dimensions of 

60×73×55 cm, power of 178 W, electrical intensity of 1.1 A. Regarding filtration 

characteristics, the purifiers adopted present: i) pre-filtration with a glass microfiber 

filter class F7 for particles with a diameter <0.2 µm; ii) a filter for gaseous pollutants 
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containing a mixture of active carbon and absorbent media able to filter H2S, SO2, NO, 

NO2, HCHO, as well as hydrocarbons, chlorine and volatile organic compounds; iii) a 

glass microfiber HEPA filter H14 for sub-micron and UFP. 

The six purifiers used at the maximum power provided a total flow rate of 3960 m3 h-

1. The manufacturer suggested to adopt a ratio between the total flow rate provided by 

the purifiers and the gym volume (hereinafter reported as “Air Changes per Hour, 

ACH”) roughly equal to 1.5 h-1. This is the reason why six purifiers were adopted; 

indeed, the total flow rate of the six purifiers in the larger gym (school gym B) allowed 

to obtain an ACH=1.7 h-1. As mentioned above, the manufacturers’ suggestion 

represents mainly a rule of thumb, in fact, values >10 h-1 are elsewhere suggested. To 

this end, in order to check the behavior of the purifiers with a higher ACH value, the 

same air purifier configuration was adopted in the smaller gym (school gym A) then 

obtaining an ACH=9.2 h-1. 

In order to evaluate the effect of the air purifiers in terms of airborne particle 

concentration reduction, the total removal rate of different particle metrics for NV and 

NV+AP strategies was also evaluated. The total removal rate is due to the contributions 

of particle exfiltration (related to the air exchange rate of the gym, AER) and the 

particle deposition (evaluated by means of the particle deposition rate, k) [304, 305]. 

Such removal rate (AER+k) was evaluated measuring the exponential decay of the 

particle concentration from an initial concentration N0 to a lower concentration 

measured after a time period t: 

(𝑨𝑬𝑹 + 𝒌) = − 𝐥𝐧
𝑵(𝒕)

𝑵𝟎
∙ 𝒕                         (11) 

With this aim, tests were performed measuring as soon as the children left the room 

(N0 concentration) for about one hour. The AER+k values for NV and NV+AP 

strategies were obtained performing measurements with windows kept closed without, 

(AER+k)NV, and with air purifiers in operation, (AER+k)NV+AP, respectively. The total 

removal rate for the following metrics were evaluated: (i) total particle number 

concentration (PNC) measured through the diffusion charger, (ii) PM1-10, PM1-2.5, and 

PM2.5-10 fractions estimated from the APS measurements, and (iii) particle number 

concentration of particles smaller than 40 nm (PNC<40), between 40 nm and 130 nm 
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(PNC40-130), and larger than 130 nm (PNC>130) measured through the Nanoscan SMPS 

3091 (as mentioned above, the Nanoscan was used in the school gym A only). 

8.2 Results 

In this section data collected during the two experimental campaigns are summarized 

and discussed. Median concentrations (and 25th - 75th ranges) of PNC, BC and PM1-10 

measured during the four-week campaigns at the outdoor sites of the schools were 

equal to 1.10×104 part. cm-3 (0.90-1.41×104 part. cm-3) and 1.21×104 part. cm-3 (0.93-

1.51×104 part. cm-3), 2.3 µg m-3 (1.7 - 3.2 µg m-3) and 1.2 µg m-3 (0.8 - 1.9 µg m-3), 

15.8 µg m-3 (10.9 – 21.0 µg m-3) and 6.8 µg m-3 (4.1 – 11.6 µg m-3) for school A and 

B, respectively. The PNC values at the two outdoor sites, tested through the non-

parametric Kruskal-Wallis test (p<0.01), resulted statistically similar, whereas 

statistically higher BC and PM1-10 levels were measured at the outdoor site of the 

school B; this is likely due to the influence of the position of the school within the city: 

indeed, the school B is closer to a highly trafficked road with respect to the school A. 

Nonetheless, the study is not focused on the evaluation of the outdoor air quality in the 

city (which mostly represents a local aspect), therefore, rather than the absolute 

outdoor concentrations, the behaviour of the indoor values with respect to the outdoor 

ones will be hereinafter discussed. 

In Figure 23, by way of example, 24-h trends of PNC, BC, and PM1-10 measured on 

one day of the entire measurement week of each scenario (NV, NV+AP, MA, and 

MA+AP), both indoor (gym) and outdoor, are presented for the school gym B. 

The PNC and BC trends clearly highlight, as expected, that sub-micron particle sources 

are mostly placed outdoors: indeed, for all the scenarios investigated, the outdoor PNC 

and BC during the school gym time resulted higher than the indoor ones. Therefore, 

the indoor concentrations of such metrics characteristics of the sub-micron particles 

are just affected by the outdoor ones. Nonetheless, the different ventilation and air 

purifier scenarios affect differently the indoor levels: in particular, when the windows 

are kept closed during the school gym time (NV scenario) the indoor concentrations 

(PNC and BC) follow the outdoor ones but the concentrations are significantly lower 

than those measured at the outdoor site due to the shielding effect of the gym envelope 
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(i.e. the building airtightness and, thus, its air exchange rate). On the contrary, when 

the windows are open to obtain a manual airing of the gym (MA scenario), the indoor 

levels of sub-micron particles reach the outdoor ones due to higher air exchange rate 

[122, 306, 307]. When the air purifiers are adopted, a positive effect was recognized 

on both PNC and BC metrics. In particular, the air purifiers were extremely effective 

with windows closed (NV+AP scenario), in this case the dependence of the indoor 

PNC and BC levels upon the outdoor ones resulted almost negligible then 

demonstrating the effectiveness of the air purifiers in filtrating the sub-micron 

particles. Such effect is even more clear for the school gym A characterized by a higher 

ACH as hereinafter discussed (Table 23). Nonetheless, when the air purifiers are 

adopted with windows open (MA+AP scenario) their effect is much less important, in 

that case the high air exchange rate of the gym due to the manual airing likely favor 

the infiltration of sub-micron particles indoors: this is recognizable from the indoor 

PNC and BC trends that clearly approach to the outdoor ones but with lower indoor-

to-outdoor ratios with respect to the MA scenario as hereinafter discussed (Table 23). 

Super-micron particles were investigated through the PM1-10 metrics. The observed 

indoor PM1-10 concentrations were higher than the outdoors during all the investigated 

scenarios. This is due to the presence of indoor sources (children’s physical activities 

leading to particle resuspension) which affect the indoor PM1-10 concentrations to a 

greater extent than the outdoor ones [122, 303, 308]. The presence of the indoor source 

implies that the worst exposure scenario in terms of PM1-10 for the children is the NV 

one: the reduced air exchange rate due to the windows closed doesn’t allow a proper 

exfiltration of indoor-generated particles. Such dynamics was a little bit improved 

when the manual airing is adopted (MA scenario) then obtaining a corresponding 

indoor/outdoor (I/O) ratio smaller than the NV scenario one (Table 23). The adoption 

of the air purifiers is able to reduce such indoor over-exposure with respect to the 

outdoor PM1-10 concentrations. In particular, the most efficient strategy for such 

aerosol metrics is the adoption of the combined effect of manual airing and air purifier 

(MA+AP scenario). This is likely due to the concomitant positive effects of the 

increased air exchange rate and the recirculation/filtration guaranteed by the purifiers 

as confirmed by the data hereinafter reported (Table 23). Besides the airborne particle 
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metrics, the ventilation strategies and the adoption of air purifiers affect the gaseous 

pollutants/markers too. In Figure 24, by way of example, 24-h trends of NO2 and CO2 

measured for one day of the entire measurement week of each scenario (NV, NV+AP, 

MA, and MA+AP) at indoor monitoring site (gym), are reported for the school gym 

B. Unfortunately, no outdoor values are available for those gases. Nonetheless, the 

indoor concentrations allow to draw some qualitative conclusions. In particular, the 

CO2 levels, as expected [122], are not influenced by the presence of the purifiers, 

indeed lower indoor concentrations were measured for scenarios characterized by 

higher air exchange rates (i.e. MA and MA+AP) as typical of indoor-generated gases. 

On the contrary, the outdoor-generated gaseous pollutants, such as NO2, present lower 

indoor values for ventilation scenarios with windows closed (NV and NV+AP). For 

air purifiers able to trap NO2 too (as those considered in the present study), the 

scenarios with purifiers in operation (NV+AP and MA+AP) are able to reduce the 

indoor exposure with respect to the corresponding scenarios without purifiers (NV and 

MA, respectively).  
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Figure 23  Example of indoor (gym) and outdoor 24-h trends of total particle number concentrations 

(PNC), BC, and PM1-10 measured for one day during the one week of monitoring campaign for the 

different scenarios (NV, NV+AP, MA, and MA+AP) in the school gym B. The shaded area represents 

the school gym time. 
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Figure 24  Example of indoor (gym) 24-h trends of NO2 and CO2 measured for one day during the one 

week of monitoring campaign for the different scenarios (NV, NV+AP, MA, and MA+AP) in the school 

gym B. The shaded area represents the school gym time. 

The illustrative trends reported in Figure 23 and Figure 24 are referred to one day of 

measurements adopted to characterize each scenario in the school gym B. In order to 

quantify the effectiveness of the different scenarios, in Figure 25 and Figure 26 the 

box-plots of indoor (gym) and outdoor (if any) trends of the airborne particle and 

gaseous pollutants investigated are reported for both the school gyms. Such box-plots 

represent the statistics of school gym time period and include the entire measurement 

period for each scenario (one week). Therefore, the data reported in the box-plots allow 

to carry out more robust results with respect to the one-day descriptive trends due to 

the longer averaging period which provides a larger amount of data and reduces 

possible miscalculations caused by variations of the physical activity/number of 

children/operating hours on different days. In particular, the box-plot highlights even 

better the effectiveness of the air purifiers in reducing the sub-micron particle 

concentrations with respect to the outdoor ones; indeed, in both the school gyms, the 

PNC resulted roughly lower than 0.15×104 part. cm-3, whereas the simultaneous 

outdoor concentrations were higher than 1×104 part. cm-3. Thus, the sub-micron 

particle concentrations were reduced approximately by a factor of 10 (I/O in NV+AP) 

as hereinafter summarized in Table 23. A similar reduction was obtained in terms of 
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BC. An effect of the air purifiers was also recognized in terms of deviation of indoor 

sub-micron concentrations; indeed, during NV+AP and MA+AP scenarios, the indoor 

PNC and BC data resulted in clearly narrower box-plots with respect to the scenarios 

with no air purifiers in operation (NV and MA). As regard the super-micron particle 

concentrations (PM1-10), the box-plot confirm a reduction of indoor levels when air 

purifiers are used; nonetheless such a positive effect is lower than that reachable on 

sub-micron particles (as hereinafter detailed in Table 23) likely due to the presence of 

the indoor sources. The authors point out that they are not discussing the absolute 

concentration values which mostly represent local data, but the effect of the different 

strategies under investigation are examined in terms of indoor-to-outdoor (I/O) 

concentration ratios. Indeed, on the basis of the median values of Figure 25, the I/O 

concentration ratios were calculated and reported in Table 23. In particular, I/O 

concentration ratios are shown, for all scenarios (NV, NV+AP, MA, MA+AP) and the 

particle metrics under investigation (PNC, BC, and PM1-10.). 
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Figure 25 Box-plots of airborne particle concentration levels (PNC, BC, PM1-10) measured during the 

school gym time for the whole experimental campaign performed in the two school gyms at indoor (gym) 

and outdoor monitoring sites for the different scenarios (NV, NV+AP, MA, and MA+AP). 
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Figure 26  Box-plots of CO2 and NO2 measured during the school gym time for the whole experimental 

campaign performed in the two school gyms at indoor (gym) monitoring site for the different scenarios 

(NV, NV+AP, MA, and MA+AP). 

Figure 26 reports the indoor NO2 concentrations in school gym A and B. Despite 

simultaneous outdoor NO2 levels are not available, the box-plots seem to confirm an 

effect of the air purifier: this is obviously more evident in the scenarios with windows 

closed (NV+AP vs. NV); nonetheless, a similar trend was also recognized for manual 

airing approaches (MA+AP vs. MA). These behaviors can be recognized in both the 

school gyms; nonetheless the graph clearly show that indoor NO2 concentrations for 

MA and MA+AP scenarios are higher in the school gym B likely due to the different 

location of the school within the city: indeed, the school gym B is close to one of the 

major urban road of Barcelona.  

As regard the particle number concentration, the I/O ratios are reduced from 0.60 and 

0.40 in the NV scenario to 0.04 and 0.12 for NV+AP scenario in the school gyms A 
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and B, respectively. As expected, a larger reduction was obtained for the school gym 

A (93% vs. 70%) characterized by a greater ACH. The MA scenario implies an 

increase of I/O PNC ratios with respect to the NV ones (0.74 and 0.88 in school gyms 

A and B, respectively) because of the larger infiltration of outdoor-generated sub-

micron particles during the windows airing. When the air purifiers are used during the 

manual airing strategy (MA+AP) a reduction of the I/O PNC ratio with respect to the 

manual airing alone is recognized: the reduction is still large in the school gym B (from 

0.74 to 0.32, 57%) due to the high ACH, whereas is almost negligible (6%) in the 

school B since the ACH is comparable to the typical AER of window opened [122]. 

Similar data were measured for BC since it is an airborne particle metric characteristics 

of the traffic-related emission too [309]. 

PM1-10 I/O ratios for NV scenario resulted equal to 3.69 and 9.79 in the school gyms 

A and B, respectively. The extremely high indoor values with respect to outdoor ones 

are due to the high intensity of the physical activities performed in the gym with respect 

to the school classrooms [115]. Nonetheless, the use of air purifiers allowed an 

important reduction since the I/O ratios dropped to 0.19 and 1.53 then obtaining a 

reduction of 95% and 84% for school gyms A and B, respectively. The manual airing 

scenario also reduce the PM1-10 I/O ratios with respect to the NV one (I/O ratios of 

2.09 and 3.45 for school gyms A and B, respectively), nonetheless, such reduction is 

limited with respect NV+AP scenario. The simultaneous use of air purifier and manual 

airing (MA+AP), that could be roughly considered a first attempt to reduce indoor-

generated pollutants and filtrate the outdoor-generated ones, shows a further reduction 

of PM1-10 I/O ratios with respect to the MA ones, but the ratios are still larger than 1 

whatever the ACH value amongst those investigated. 
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Table 23 Indoor/outdoor (I/O) median concentration ratios measured for all scenarios under 

investigation (NV, NV+AP, MA, MA+AP) in terms of particle number concentration (PNC), BC, and 

PM1-10 and for both school gyms under investigation. 

airborne 

particle 

metrics 

School gym A School gym B 

NV NV+AP MA MA+AP NV NV+AP MA MA+AP 

PNC 0.60 0.04 0.74 0.32 0.40 0.12 0.88 0.83 

BC 0.84 0.15 0.95 0.37 0.74 0.18 0.79 0.74 

PM1-10 3.69 0.19 2.09 1.74 9.79 1.53 3.45 2.87 

 

The different percent reduction of the I/O ratios in the two school gyms are strictly 

related to the different ACH values adopted (9.2 h-1 and 1.7 h-1 for school gyms A and 

B, respectively), indeed, higher ACH values imply a faster gym air recirculation and 

consequent filtration. To confirm this aspect, the total removal rate for different 

airborne particle metrics were evaluated through decay tests in both the gyms as 

described in the section “Air purifier characteristics and operation”. In Table 24 the 

difference of total removal rate between NV+AP and NV scenarios 

((AER+k)NV+AP – (AER+k)NV, expressed as h-1) is reported for particle number 

concentrations (PNC, PNC<40, PNC40-130, and PNC>130) and PM fractions (PM1-10, 

PM1-2.5, and PM2.5-10). The data clearly show that for all the particle metrics the total 

removal rates are larger for the school gym A than for the B one. The removal rates 

measured for super-micron particles are quite similar within the entire 1-10 µm 

diameter range with a slightly higher decay for the coarse fraction (PM2.5-10) which is 

the one mostly influenced by resuspension phenomena. As regard the sub-micron 

particles, the removal rate of particles smaller than 130 nm is quite similar to the total 

PNC removal rate (roughly 1 h-1), whereas a slightly slower decay was observed for 

particles larger than 130 nm likely due to the typical reduced filter efficiency in that 

size range [310]. 

  



CHAPTER 8.  Effect of ventilation strategies and air purifiers on the children’ 

exposure to airborne particles and gaseous pollutants in school gyms 

129 

 

Table 24 Difference of total removal rate amongst NV+AP and NV scenarios 

((AER+k)NV+AP – (AER+k)NV, h-1) in terms of particle number (PNC, PNC<40, PNC40-130, PNC>130) and 

mass concentration (PM1-10, PM1-2.5, and PM2.5-10) for both the investigated school gyms. Values 

reported represents the differences amongst the median ((AER+k)NV+AP and ((AER+k)NV values. 

airborne particle metrics School gym A School gym B 

PNC 0.99 h-1 0.23 h-1 

PNC<40 1.02 h-1 - 

PNC40-130 1.05 h-1 - 

PNC>130 0.87 h-1 - 

PM1-10 3.62 h-1 1.19 h-1 

PM1-2.5 3.60 h-1 0.93 h-1 

PM2.5-10 3.63 h-1 1.20 h-1 

 



 

 

 

9 CONCLUSION  

In the present thesis an assessment of the influence of the lifestyle on the 

exposure to airborne particles (including ultrafine particles) throughout a “direct 

exposure assessment approach” was performed. It was also estimated the typical daily 

doses received by different populations, taking into account different characteristics of 

the populations under investigation (like gender, age and origin). Moreover, a risk 

assessment of ELCR was performed taking into account two crucial environments. 

Besides, was also evaluated the efficiency of some possible solution in reducing the 

levels of the ELCR by means a reduction of the received dose of airborne particles. 

In detail: an investigation of the daily dose in terms of particle surface area 

received by different Western populations was performed in order to show the effect 

of the age, gender, microenvironment, and nationality (lifestyle, culture, and built-up 

environment) on the overall daily dose. Airborne particle concentration data (obtained 

through measurements at a personal scale, i.e. direct exposure assessment method), 

time activity patterns (obtained from national statistics institutes) and inhalation rates, 

were combined through a Monte Carlo simulation to obtain the most probable dose 

received by populations living in Barcelona (Spain), Cassino (Italy), Guilford (UK), 

Lund (Sweden) and Brisbane (Australia). The contribution of the main 

microenvironments was also investigated.  

Data on particle concentration levels demonstrate a high exposure during cooking and 

eating activities for all the populations investigated. Nonetheless, the typical 

concentration to which people are exposed in Lund are much lower than that in other 

cities: this can be related to the widespread use of the mechanical ventilation systems 

indoor (including homes). Higher concentrations are typically measured during eating 

and cooking times in Cassino and Guilford (median value >5×104 part. cm-3) whereas 
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the median concentration values in transport and outdoor environments are generally 

considerably lower. 

Particle surface area doses received were significantly larger than 1000 mm2 for people 

living in Cassino and Guilford, about 600-800 mm2 for those residing in Barcelona 

and Brisbane, and around 100 mm2 for Lund inhabitants. The main parameter 

influencing the dose received by people is the lifestyle: the time spent in highly-

polluted microenvironments (e.g. during cooking and eating activities), which strongly 

affect the total daily dose. On the contrary, the outdoor air quality in studied cities has 

low impact on the dose received by people, due to both short exposure time and not 

significantly high concentration levels (when compared to indoor sources/exposures). 

Nonetheless, the findings of our study demonstrate that the dose received indoors 

(even when cooking and eating activities were conducted) can be remarkably reduced 

through the improvement in the overall indoor air quality by means of both local 

extractors and general mechanical ventilation systems (with up to date filtration units), 

utilization of which leads to the increase in the air exchange rates. 

One of the crucial environments that could lead to high exposure to airborne 

particles due to the high levels of concentration is transport, to this reason a study was 

performed to investigate on Vehicle Interior Air Quality (VIAQ). Data of this 

campaign reveals real air quality conditions experienced by taxi drivers and their 

passengers travelling day-to-day through a traffic-congesting city such as Barcelona, 

and reinforces the critical importance of air exchange rates to VIAQ. Both ultra-fine 

particle numbers (PNC) in the size range of 10-700 nm, and lung deposited surface 

area (LDSA) measurements offer sensitive indicators of VIAQ and the likelihood of 

negative health effects. Despite the high city centre traffic volumes, and even with a 

dominance of diesel vehicles on the road, taxis driven under closed ventilation 

conditions can suppress median levels of UFP to around PNC=10000 #cm-3 or less. 

Such levels are considerably lower than PNC values reported for UFP breathed when 

travelling by public transport (bus, metro, tram) in the same city [69]. In contrast, if 

taxi windows are left open then median PNC values will rise above 20000 and can 

approach 100000 #cm-3, with transient peak exposures capable of exceeding 

PNC=1000000 #cm-3. Similarly, median LDSA levels can rise from <20 µg2cm-3 
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under closed conditions to >200 µg2cm-3 with windows open and with transient peak 

levels exceeding 1000 µg2/cm-3. Median UFP sizes of 36 nm (non-diesel) and 46 nm 

(diesel) reflect the presence of accumulation mode particles undergoing processes such 

as coagulation within the confined and relatively undiluted microenvironment of the 

vehicle interior. Evidence for the presence of exhaust contaminants generated by the 

vehicle being driven (“self-pollution”) is implicated by higher BC and CO levels, and 

larger UFP sizes, measured inside the diesel taxi as compared to their non-diesel pair. 

Higher concentrations of CO (>2 ppm) are most commonly associated with older 

diesel taxis with >500000 km on the odometer. PM10 concentrations measured inside 

the taxis were variable but averaged 67 µgm-3, which is more than treble the urban 

background for the same period and mostly attributable to increased levels of organic 

and elemental carbon. Source apportionment calculations indicate the main source of 

PM10 measured inside the taxis was vehicle exhaust followed by non-exhaust particles 

emitted by vehicle wear. The trace metal signature of PM10 collected within the taxis 

shows significant enhancements in Cr, Cu, Sn, Sb and a “High Field Strength Element” 

group characterised by Zr accompanied by Hf, Nb, Y and U. This signature is 

attributed mainly to the presence of brake PM and, in the case of the HFSE group, to 

the abrasive mineral zircon. Volatile organic compounds measured inside the taxi are 

dominated by 2-methylbutane and n-pentane, both of which are presumably sourced 

from the combustion of light hydrocarbon fuels. Other common VOCs include toluene, 

m-xylene, o-xylene, 1,2,4-trimethylbenzene, ethylbenzene, p-xylene, benzene, and 

1,3,5-trimethylbenzene, all interpreted as exhaust emissions sourced from a mix of 

fuels. The youngest taxi (fuelled by natural gas) registered the highest content of 

alkanes and aromatics (possibly due at least in part due to off-gassing), and the VOC 

composition inside a closed electric taxi was strongly influenced by the presence of an 

air freshener. Carbon dioxide concentrations stayed at around ambient levels (400 

ppm) with taxi windows open, but quickly climbed to undesirable levels under closed 

ventilation conditions. In one example it took just 33 minutes to reach a CO2 

concentration of 2500 ppm and stayed above that level for 4.5 hours of the 6-hour 

monitoring period. 
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Taxi drivers (and their passengers) would benefit from greater awareness of the known 

hazards associated with breathing traffic pollutants. Such knowledge would encourage 

them to make intelligent use of interior ventilation to reduce both the infiltration of 

outside contaminants and the build-up of indoor-generated pollutants. 

A particular urban configuration easy to find in the city in which people could 

receive high levels of deposited dose that lead to high levels of ELCR is the street 

canyons. A novel modelling approach was proposed in order to evaluate the ELCR for 

people exposed to fine and ultrafine particles emitted by light duty and heavy-duty 

vehicles (both gasoline and diesel fuelled) in urban street canyons. To this end, the 

literature data of PAHs, heavy metals PCDD/Fs and PM10 deposited on particle 

surface, detected in emission from the vehicles, were used for the evaluation of the 

ELCR at the tailpipe. This value was then imposed in a numerical CFD model as input 

data, in order to evaluate the lung cancer risk of people living in the street canyon, at 

street level (at a height of 1.5 m), as a function of the wind speed and canyon geometry 

(aspect ratio, H/W), and considering two exposure scenarios. The ELCR calculated at 

the tailpipe was found to be equal to 2.1×10-2, meaning that for every 100000 people 

hypothetically breathing directly at the tailpipe of the vehicles 24 hours per day for 70 

years, 2 100 will develop lung cancer. On the basis of this value, imposed as input data 

in the numerical CFD model, the ELCR for people living inside the canyon was 

obtained. In particular, for an extreme scenario of people living 24 hours per day for 

70 years in the street canyon, the maximum ELCR value found equal to 5.2×10-2 (5 

200 new lung cancer cases over a population of 100000) on the leeward side of the 

H/W=3 street canyon configuration, with a wind speed of 1 m/s, according to the 

proposed model, showing the presence of an accumulation zone inside the canyon that 

significantly worsen the air quality. In the same extreme scenario, the lower ELCR 

value of 4.1×10-4 is relative to the windward side of the H/W=1 configuration, with 

wind speed of 5 m/s, meaning that 41 people will develop cancer over a population of 

100000. For a more realistic scenario of people spending 15 minutes per day in the 

street canyon for 20 years, the worst condition was observed on the leeward side of 

the H/W=3 configuration, with wind speed of 1 m/s (ELCR equal to 1.5×10-4 – 15 new 

lung cancer cases over 100000 peoples), while the lower ELCR is relative to the 
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windward side of the H/W=1 street canyon, with 5 m/s of wind speed (1.2×10-6 – 0.12 

new lung cancer cases over 100000 peoples). From the parametric analysis, it was 

found that the ELCR value at 1.5 m from the ground is higher on the leeward side for 

aspect ratios equal to 1 and 3, while for aspect ratio equal to 2 the ELCR is higher on 

the windward side, for all the three wind speeds analysed. In addition, the simulations 

showed that with the increasing of wind speed the ELCR becomes lower everywhere 

in the street canyon, due to the strengthened interaction between the free-stream flow 

and the flow inside the canyon. Finally, the risk calculated in this work (considering 

the scenario of people exposed 15 minutes per day for 20 years) results lower if 

compared to the ELCR target limit of 1×10-5 reported by WHO and can be considered 

“safe” if compared to the EPA target risk range of 10-6 – 10-4, under the assumption 

described in the proposed methodology.  

With the proposed approach, that allows to consider the dispersion of particles and 

relative toxicity, it will be possible to evaluate the effect of different sources that 

contribute to the total ELCR in urban area. Anyway a not negligible amount of 

uncertainty can be associated to the proposed methodology, and that a proper 

uncertainty budget of the ELCR model is quite complex as it depends on measurement 

uncertainties, on model uncertainty itself, and on the uncertainty of the assumptions 

made (choice of fleet and fuel spread, fractional deposition, spherical shape of the 

particles etc.). Therefore, an ad-hoc study focused on a more accurate risk and 

correlated uncertainty evaluation, together with the evaluation of different particle 

sources in urban area that contribute to the total ELCR, could likely represent a future 

development of this work. 

Moving the attention in indoor environments the school represent one of the 

most crucial environments. To better understand the levels of the indoor air quality 

where children are exposed an experimental campaign was carried out in two different 

European cities involving more than 30 schools. Exposure data to airborne particle 

metrics and carcinogenic compounds were used to evaluate the school-time dose 

received by students and the related lung cancer risk. To this end an ad-hoc model able 

to take into account the contribution of both particle surface area and mass metrics was 

adopted. 
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Number and lung-deposited surface area concentrations (characteristics of sub-micron 

particles) in classrooms resulted lower than the outdoor values due to the sub-micron 

penetration factors lower than 1 (0.7-0.8 in terms of particle number concentrations 

for the experimental campaigns here shown). Values in Cassino resulted larger than 

the Barcelona ones due to the contribution of biomass-burning emitted particles. 

Indeed, median lung-deposited surface area concentrations in classrooms resulted 

equal to 34 and 90 μm2 cm-3 in Barcelona and Cassino, respectively. On the contrary, 

PM10 concentrations in classrooms (characteristics of super-micron particles) resulted 

larger than the outdoor ones due to the typical coarse-particle generation and re-

suspension in schools. 

The cancer potency of the mixture of the different carcinogenic pollutants on PM (i.e. 

slope factor) was evaluated on the basis of the compounds mass fractions: the slope 

factor of particles collected in Cassino resulted larger than the Barcelona one likely 

due to the presence of compounds typical emitted by biomass burning heating systems. 

The median surface area dose received during school-time by students in Barcelona 

and Cassino resulted equal to 110 mm2 and 303 mm2, respectively, with larger dose 

received by students in Cassino due to the higher concentrations values. 

The lung cancer risk due to the five-year primary school period exposure to airborne 

particles in Barcelona (>2×10-5) resulted quite similar to the maximum tolerable values 

commonly accepted (1×10-5). On the contrary, the risk for students in Cassino (roughly 

1.4×10-4) is significantly higher than the limit value suggested by the EPA: this is 

likely due to the larger dose received by students and cancer potency of particles. 

In light of results found in these experimental campaigns, we can say that the 

concentrations of pollutants, as well as the time we spend in the environment or doing 

the activity, have a strong influence on personal exposure to air pollutions. A possible 

solution to reduce the exposure and consequent increase of ELCR are represented by 

(i) personal protectors as face masks, (ii) strategies ventilation, (iii) air purifiers. To 

better understand the effectiveness of these methods two experimental campaigns were 

carried out under real conditions. 

The first study involved Nine different face masks (varying in a price range of 1 

- 44€) and aims to evaluate their effectiveness to reduce exposure to PM2.5, PNC, 

LDSA and BC. Three different breathing rates were considered (32 L·min-1, 42 L·min-
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1, and 52 L·min-1) in order to cover the range of cyclist breath rates. Results show that 

effectiveness is immediate and its median value among the face masks under study 

was 48% for PM2.5 but less than 30 % for other metrics (PNC=19%, LDSA=22% and 

BC=19%). We found a rather large variability among different face masks, one of them 

clearly shown higher performances than other masks in each metrics taken into 

account. The common feature is higher effectiveness for PM2.5 than for BC, PNC and 

LDSA, possibly related to particle size distribution. The differences observed among 

different face masks are likely due to the different fit, filter material, filtration and 

technology of each mask, but no cost-effectiveness relationship was found. A 

limitation of this study is due to the different initial range of concentration in which 

were exposed the masks since the sampling was carried out under real conditions of 

outdoor exposure of airborne particles. No clear relationship between the change in 

breathing rate and effectiveness was observed. With all breathing rates, the highest 

effectiveness for each mask is related to PM2.5 concentrations, and the highest 

performance was found for all pollutants with the same mask (MASK 7).  

Given the wide range of variability of performance obtained in this study, it is clear 

that more attention must be given to the choice of commercial face masks with respect 

to their ability to reduce individual air pollutant exposure. Since the price is not a good 

indicator of the best performance, it is better to focus more in characteristics of the 

quality of the filter as a filtration typology, number of different filter layers and how 

the mask fits to the human face. 

The second study was designed and performed in two school gyms to investigate 

about the effect of different strategies, including the adoption of different ventilation 

methods and the use of air purifiers, to reduce the exposure of children in school gyms 

to airborne particles and gaseous pollutants. Different scenarios were taken into 

account: (i) natural ventilation (windows closed), (ii) natural ventilation and use of air 

purifiers, (iii) manual airing (windows open), and (iv) manual airing along with air 

purifiers in operation. The air purifiers, when used, provided an air change per hour 

(ACH) equal to 9.2 h-1 and 1.7 h-1 in the school A and B, respectively. 
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One-week indoor (in the gym) and outdoor measurements of particle number, black 

carbon, and PM1-10 concentrations were performed for each scenario along with indoor 

measurements of CO2 and NO2. 

The results of the campaign highlighted that the different airborne particle metrics are 

differently affected by the ventilation method and the use of purifiers. In particular, for 

natural ventilation scenario, which is the typical condition adopted in colder periods 

(at least in non-extremely cold countries), the concentrations of airborne particle 

metrics mostly affected by sub-micron particles (i.e. particle number and black carbon) 

are lower than the outdoor ones as they are mostly emitted by outdoor sources. On the 

contrary, super-micron particles (here evaluated in terms of PM1-10) can reach indoor-

to-outdoor ratios (I/O) extremely high due to the particle resuspension related to the 

physical activity of the children themselves (up to 9 in the smaller school). The 

adoption of air purifiers with windows closed leads to promising results, indeed, a 

significant of I/O reduction for both sub- and super-micron particles was recognized 

whatever the ACH value. In particular, the particle number and PM1-10 I/O ratios were 

reduced by 93% and 95% in the school characterized by an ACH=9.2 h-1 and by 70% 

and 84% in the school characterized by an ACH=1.7 h-1. The different reduction is due 

to the different ACH values: the higher the ACH value (9.2 vs. 1.7 h-1), the faster the 

total removal rate (e.g. 0.99 vs 0.23 h-1 in terms of particle number concentration) 

measured through ad-hoc particle decay tests performed as soon as the children left 

the gyms. The natural ventilation method and the simultaneous use of air purifiers can 

also significative reduce the indoor concentrations of NO2 penetrating from outdoors 

when such purifiers are equipped with ad-hoc NO2 filters. On the contrary, no effect 

on the indoor-generated CO2 can be guaranteed: the reduction of indoor-generated 

pollutants that cannot be filtrated by the purifiers (e.g. CO2, radon) can be just obtained 

by increasing the air exchange rate (e.g. using the manual airing in naturally ventilated 

buildings). Nonetheless, the manual airing scenario itself can reduce the concentration 

of indoor generated pollutants/gases (e.g. CO2 and PM1-10) but implies a simultaneous 

penetration of outdoor-generated sub-micron particles and gases. In that case, the 

simultaneous use of air purifiers provides a significant reduction of particle number 
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and black carbon concentrations just for high ACH values, otherwise it is almost 

negligible (about 6% for ACH=1.7 h-1). 

Summarizing, the use of air purifiers in school gyms close to busy traffic roads can be 

a suitable and easy-to-use solution in buildings where no mechanical ventilation 

systems are adopted. Indeed, even if reducing the exposure to outdoor-generated 

pollutants could be achieved by locating the gyms far from the outdoor sources (e.g. 

roads) or reducing traffic intensity around school, the super-micron particles are 

emitted by the children activity through resuspension phenomena independently from 

the location of the gym within the city; thus, using air purifiers can guarantee lower 

exposure to such size fraction.   

In conclusion, from the data reported in the present thesis it is evidenced that there 

is a strong relationship between lifestyle and exposure to airborne particles, and that 

the indoor environment represents the most influencing contribution to the received 

dose with respect outdoor environments. In light of this, since of the strong dependence 

of the ELCR from the received dose of airborne particles, lifestyle represents a strong 

influencing parameter. Such a result opens the question on the possibility to reduce the 

ELCR and gives us as one of the possible solutions the reduction of the received dose 

of airborne particles. This reduction could be performed by changing some habits 

and/or adopting some precautionary/preventive measures as a (i) wear facemasks in 

outdoor environments (for example whereas are riding a bike close to some street with 

high vehicular density), and (ii) using an adequate strategy of ventilation or air 

purifiers in indoor environments (for example whereas are cooking or are at work).
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