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Abstract  
Commuters may be exposed to a variety physicochemical and biological pollutants that could lead to 

adverse health effects. This study aims to evaluate the indoor air quality (IAQ) while commuting in cars, 

buses and trains in Lisbon to contribute in the assessment of possible effects on human health.  

Particulate matter (PM) with diameter lower than 1, 2.5 and 10 µm, black carbon (BC), carbon monoxide 

(CO), carbon dioxide (CO2) volatile organic compounds (VOCs) and formaldehyde (CH2O) were 

measured. In cars the effect of cleaning and three ventilation modes were evaluated: fan off, fan on and 

air-conditioning (AC). Total airborne bacteria and fungi were estimated, and bacterial isolates identified. 
The inhaled dose in each vehicle was estimated. 

In cars, the AC decreased the PM2.5-10 concentration to 0.7 µg/m3, but it increased BC concentration to 
4.1 µg/m3. The effect of cleaning was negligible. PM2.5 concentration in buses ranged between 8 - 73 

µg/m3, similar to cars under fan off condition. BC concentration in buses was 4.5 µg/m3 similar to cars 

with AC.  CO2, VOCs and CH2O found in cars were higher under the fan off condition. In trains, the 

concentrations of all pollutants were low, with an exception of VOCs (2516 µg/m3). Fungi and bacterial 

loads were higher in trains and buses. 

In this study the ventilation mode was identified as the main factor affecting the IAQ. Additionally, it was 

possible to provide a general perspective of the IAQ in public transport  

Keywords: indoor microbiota; Lisbon; exposure assessment; inhaled dose; vehicle cabin. 
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1. Introduction  
1.1.  Framework 

Along the years, cities have faced the detriment of air quality as a consequence of reliance on fossil 
fuels, inefficient use of energy in public transportation and buildings, degradation of open and green 

areas, dependence on private automobiles, traffic, among others (Ozcan & Cubukcu, 2018). In 

countries of the EU-28, traffic emissions accounts for 46% of nitrogen oxides (NOx) and 15% of 

particulate matter with aerodynamic diameter ≤  2.5 µm (PM2.5), which has lead the EU to stablish some 

goals to improve the urban mobility and air quality as well (European Commission, 2017).  

In that context, one of the main goals of cities is to achieve sustainable urban mobility. To accomplish 

this, modern cities have developed a multimodal transportation system and strategies that allow people 

to commute better. One of the expected results is that people use more public and non-motorized 

transport, however, a study performed in Lisbon concluded that commuting behavior depends mainly 

on travel times, and there is a car dependency due to the long distance between work-residence, free 
parking space and poor supply of public transportation in some areas (Vale, 2013).  In the Lisbon 

metropolitan Area (LMA), cars are the main transport mode used to commute within and between 

different municipalities (51.6% and 50.2%), followed by buses (15.2 and 21.9%) and trains (4,7 % and 

18.8%) according to the Instituto Nacional de Estatística (INE) (Figueira de Sousa, 2016). 

It is known that commuters health is particularly affected by traffic-related air pollutants due to their 

proximity to the source, but additionally, due contact duration; in the LMA 22% of the commutes last 

between 30-60 min (Câmara Municipal de Oeiras, 2016). This microenvironment is susceptible to 

contamination as outside pollutants can accumulate inside cabins, and interior materials can be a 

potential source of pollutants (Barnes et al., 2018; Xu et al., 2016). Most of the cities are equipped with 

fixed monitoring stations that provide a general information of the population exposure to air pollutants. 
But these networks just provide partial information since studies have found poor correlation of the 

personal measurements with the monitoring stations (Grana et al., 2017; Rivas et al., 2017). 

The short-term and long-term exposure of children and adults to air pollutants has a significant influence 

on respiratory infections, severe asthma and reduced lung function (European Environment Agency, 

2018). Drivers and passengers may be exposed to a variety of air pollutants such as traffic-related that 

often do not meet air quality standards (Wong et al., 2018). Apart from physicochemical pollutants, 

many studies fail to assess the exposure to bioaerosols. Microbes are ubiquitous in the environment 

and can enter to indoor spaces trough the ventilation system, attached to objects, people among other 

pathways. The vehicle’s enclosed environment provides the conditions for transmission of wide range 

of pathogens and infections. The infection transmission also depends on several factors, the exposure 
time, host susceptibility, proximity and load of the biological agent (Nasir et al., 2016). Thereby, the 

exposure to elevated loads of microbes is often associated with asthma, hypersensitivity, pneumonitis 

and inflammatory reactions (Jo & Lee, 2008). 
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Although air quality while commuting has been well studied (Chaney et al., 2017; Moreno et al., 2019; 

Onat et al., 2019; Rivas et al., 2017), it is complex the comparison between results and even more 

reaching to a single conclusion. There are differences in experiment design, studied conditions (e.g. 

ventilation mode, cleaning and maintenance), characteristics of the vehicle and the location of the study. 
For example, commuting with windows closed, ventilation and with recirculation mode, has shown to 

decrease the exposure to particulate matter and black carbon (Hong, 2019), but other studies have 

proved the accumulation of carbon dioxide (CO2) and carbon monoxide (CO) when the air is recirculated 

(Dirks et al., 2018; Grana et al., 2017). Moreover, Gołofit-Szymczak et al. (2019), determined that the 

age of the vehicle, mileage, and type of disinfection process of the AC system influenced the microbial 

loads within the cabin. In this last case, ozonation and manual chemical disinfection of the AC system 

reduced the microbial load. However, is not clear if this type of process will let residual chemicals within 

the cabin since physicochemical parameter were not measured, after the AC cleaning service. 

Furthermore, a study performed in Rome obtained higher particle exposure while commuting in cars 

compared with buses (Grana et al., 2017). But, the opposite situation was found in a case in London 
where buses accounted for higher concentrations of PM than cars (Rivas et al., 2017). Since the vast 

majority of cases differ and the exposure is highly affected by individual transport mode, the place where 

the commutes take place, the conditions while commuting and the time while doing this activity, it is 

important to study each case and identify the parameters that are affecting pollutants concentration in 

different microenvironments. 

1.2.  Objectives and scope 

This study aimed to evaluate the exposure to indoor air pollutants while commuting in three different 

transportation modes: cars, buses and trains. Therefore, the specific objectives associated to this study 

were: 

I. Evaluate the concentration of physicochemical and microbiological pollutants inside cabins 

while commuting. 

II. Isolate and identify the microbiota found inside vehicles cabins. 

III. Estimate the exposure in each vehicle to the different pollutants studied. 

1.3.  Dissertation organization  

The present dissertation is divided in 5 chapters. The first chapter refers to the framework of the theme, 

definition of the objectives and scope of the thesis. 

The second chapter is the state of the art. This chapter explains the concerns with urban air pollution 

and presents a brief explication of each pollutant and the associated health effects. Besides, the current 

air quality regulation is explored.  

The third chapter details the applied methodology. In this chapter it is presented the area under study 

and the routes selected. It is explained which equipment were used and the operation system of each.  
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The fourth chapter deals with results and discussion. This chapter presents and analyses the obtained 

results, followed by the interpretation and discussion.  

The fifth and final chapter is the conclusion of the dissertation and recommendations for future work. 

This chapter presents a synthesis of the work, highlighting the most relevant points. The limitations of 

the study are also identified, and future developments are proposed. 
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2. State of the art 
In this chapter it is explained the terms and concepts related to the air pollution in urban areas and the 

main pollutants affecting the air quality inside vehicles. It is also summarized what has been found in 

the literature as well a brief explanation of the legislation and guidelines related to the topic.  

2.1.  Air composition and emission sources 

Gases such as nitrogen, oxygen and argon are the principal components of air, the rest of the 

atmosphere is composed by water, carbon dioxide and trace gases that are necessary for organisms 

to live. The atmosphere has regions with different altitudes, pressures and temperatures (Figure 1). 

There are complex chemical reactions that influence temperature e.g. in the stratosphere, high energy 

photons break molecular bonds of chemical species that recombine and form new compounds like 
ozone (O3). It is worth mentioning that stratosphere ozone protects the earth from UV radiation that is 

highly harmful for living organism. Likewise, in the troposphere were humans live, complex chemical 

reactions are taking place, mainly due the emissions from human activities, that often degrade the air 

quality (Gaffney & Marley, 2003).  

 

Figure 1- Pressure (blue) and temperature (red) atmosphere profile (Gaffney & Marley, 2003) 

Now a days, air pollution is one of the major environmental issues globally. It refers to the introduction 

of particles, chemicals or biological elements that modify the air natural characteristics. It can cause 

discomfort, diseases or death to living organism. These pollutants are introduced by a variety of natural 
and anthropogenic sources. Within anthropogenic sources, combustion of fossil fuels, industrial 

processes, waste burning, and the exhaust gas of vehicles are the main studied. On the other hand 

volcano eruptions, dust storms, and weather patterns that promotes the transfer of pollutants along 

regions are consider natural sources (UNICEF, 2016). 

Air pollutants may be classified as primary or secondary pollutants. Those emitted directly from the 

source as volcano ash are known as primary pollutants. Secondary pollutants are formed by the 

reaction of primary pollutants as the case of tropospheric ozone (O3). Key primary pollutants are black 

carbon (BC), sulphur oxides (SOx), NOx, CO, volatile organic compounds (VOCs) and methane (CH4). 



 5 

Ammonium (NH4), sulfate (SO4-2) and nitrate (NO3-) are secondary pollutants that usually are formed 

in the atmosphere (European Environment Agency, 2018). 

High levels of these pollutants in the atmosphere are associated with detrimental effects on respiratory 

health and ecosystem degradation. According to the WHO there are 2,4 million fatalities every year due 

air pollution (Müller et al., 2011). Moreover, several diseases, including adverse birth outcomes, 

diabetes, neurodevelopment deficits and dementia have found to be influenced by air pollution (Kelly & 

Fussell, 2019). 

2.2.  Urban air pollution  

In mid-20th century, cities in Europe and United States experienced episodes of air pollution such as 

London Fog of 1952 and Donora Smog of 1948 that caused illness to several people. These episodes 

led to the creation of City of London Act of 1954, the Clear Air of 1956 and 1958; that aimed to reduce 

air pollution. However, the rapid growth of cities resulted in high density of street networks, buildings, 

and population, that increased energy consumption. In urban areas, the energy is mainly used for 

transportation, air conditioning, cooking among others, that emit combustion-related pollutants (Ho, 

2012). Besides the continuous pollutant emissions within the city, there are other factors that influence 
the exposure of the urban population: the proximity to the source, the low pollutant dispersion and 

transboundary emissions from industrial and agricultural (European Environment Agency, 2019).  

In Europe, the population is still exposed to pollutants concentration above the EU air quality standards 

and the WHO air quality guidelines despite several reduction measures that have been done. The air 

quality exceedance in European cities is attributed to road transportation and residential combustion. 

Concerning to its contribution to PM, road transportation has been classified as the most important 

source in cities. In fact, in 2016 road transportation accounted for the highest emissions of PM and BC 

(European Environment Agency, 2019; Moreno et al., 2019). Vehicular emissions include exhaust and 

non-exhaust emissions. The vehicles exhaust emits directly particles as soot or particles result from the 

nucleation of exhaust gases. In this last case, oxides (CO, NOx, CO2) and hydrocarbons are formed 
during incomplete fuel combustion, diluting, mixing and cooling of the exhaust gas in the environment; 

then particles are formed due condensation and coagulation processes. On the other hand, non-

exhaust emissions are produced due the abrasion of tires and breaks wearing, abrasion of the 

pavement, that result in the resuspension of particles (Pérez et al., 2010).  

2.2.1.  Lisbon case study 

Portugal has adopted a legislation that specifies the targets of air quality. Currently the Decree-Law Nº 

47/2017 of May 10 takes into account the level of 11 pollutants. In order to measure the pollutant 

concentrations, there are several monitoring stations, distributed along the country. Basically, these 

stations are classified according the type of environment (rural or urban) and the type of influence 

(traffic, background and industrial emissions).   

In past years, Lisbon could not comply with the concentration limits of several pollutants as PM10 and 

NOx, especially in the Avenida da Liberdade. In this context in 2005, the city had to create a plan with 
several strategies to improve the air quality, along with the creation of the “Low Emissions Zones” 
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(Figure 2).  In the Low Emission Zones, the circulation of certain types of vehicle is prohibited. In this 

case the vehicles are classified according to the EURO regulation, depending on the environmental 

performance (Rodrigues, 2013). In 2016, Lisbon did not meet the compliance with the annual limit value 

of NO2 in Avenida da Liberdade. Likewise, for PM10 in this same area, 8 exceedances for the daily limit 
value were registered. Furthermore for CO the limit values registered in this location are the highest 

among monitoring stations, however, the concentration registered did not surpassed the annual limit 

values (Nogueira & Mesquita, 2017).  

 

Figure 2 - Low emission zones in Lisbon. Zone 1: Avenida da Liberdade/Baixa axis only Euro 3 vehicles are 
allowed. Zone 2: Limited to the south of Avenida de Ceuta; North-South Axis: Avenida das Forças Armadas, 
Avenida Estados Unidos da América, Avenida Marshal Antonio Spinola and Avenida Infante Dom Henrique, only 
Euro 2 vehicles are allowed. (Rodrigues, 2013) 

 

2.3.  Personal exposure and health effect paradigm  

Along the years, the assessment of the health effects of air pollution has been a complex task. There 

are direct and indirect ways at which people may be affected by air pollution (Figure 3). Indirectly air 
pollution causes detrimental effects on the environment (e.g. global warming) or the direct exposure to 

a certain pollutant. In this last case, health effects depend on the susceptibility of the host and the dose 

(the amount of substance received by an organ or tissue). Host susceptibility comprise other conditions 

such as age, gender, ethnicity and health condition. Instead, the dose depends on the exposure 

(contact between the pollutant and the subject) and the specific characteristics of the host (inhalation, 

absorption/adsorption rate, and metabolic rate). Taking into account that it is difficult to determine the 

actual exposure, and therefore the concentration of the pollutant at monitoring sites has been used to 
represent the human exposure (Zhang & Lioy, 2002).  

.  
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Figure 3 - Personal exposure and health effects system adapted from Zhang & Lioy, 2002. 

However, some authors consider that taking into account only the background concentrations leads to 
an underestimation of the personal exposure (Merritt et al., 2019; Moreno et al., 2019; Rivas et al., 

2017), because the actual fraction of the pollutant that reach the breathing zone of each person is not 

known. Moreover, the distribution of traffic emissions varies in time and space, which creates 

differences between the concentrations measured in fix monitoring stations and the personal exposure 

when traveling within the city (Onat et al., 2019).   

Despite the fact, pollutants emitted by combustion of fossil fuels are mainly found outdoors, the 

exposure to air pollutants occur both, outdoors and indoors. The indoor quality depends on several 

factors among them the air flow, indoor emission sources and the capability of outdoor pollutants to 

penetrate and remain indoors e.g. fine particles can easily penetrate and persist in the indoor 

environment (Cohen et al., 2004). Likewise, some studies have found health issues in communities 
living nearby traffic dense roads (Van Roosbroeck et al., 2006).  

2.4.  Indoor air pollution in vehicle cabins 

According to Klepeis et al. (2001) quoted by Kelly & Fussell (2019), individuals spend 90% of their time 

in confined spaces and the exposure to poor Indoor Air Quality (IAQ) is the cause of excessive mortality 

and morbidity. Indoor air pollution is caused by a combination of physical, chemical, biological factors 
and the adequacy of the ventilation system. Indoor pollutants can be found within the interior 

environment as the interior materials, human metabolism and activities as cooking or cleaning emit 

pollutants. Otherwise there are pollutants formation due chemical reactions e.g. the reactive radical’s 

generation when using cleaning products. In other cases, outdoor pollutants can penetrate the indoor 

environments, like PM and NOx due the constant emission of these from industries, traffic or power 

plants (Kelly & Fussell, 2019). 

Recently, more attention has been paid to the IAQ inside vehicle cabins. In this microenvironment, 

commuters spend 5 to 10% of the daily time, and there can be found a mix of pollutants and 

concentrations that can be highly harmful (Kelly & Fussell, 2019; Xu et al., 2016). Some of the pollutants 

can be emitted by the surrounding environment, the vehicle interior fitting, the fuel or the exhaust gas 
leakage (Xu et al., 2016). However, the in-vehicle pollutant concentration depends on several factors: 

the physical characteristic and filter efficiency of the vehicle; the ventilation mode, proximity to the 



 8 

source and traffic intensity (Kelly & Fussell, 2019; Moreno et al., 2019). A summary of the monitored 

pollutants inside vehicles and the health effects are presented in the following sections.  

2.4.1.   Vehicle  cabin air filter 

The increase of scientific evidence in the harmful effects of traffic related pollutants, have promoted the 
development and addition of cabin air filters in vehicles in order to protect the passengers health. In 

most of the vehicles, the air cabin filter location may vary, in general it could be located behind the globe 

box or under the hood (Figure 4). This filter should be changed every 15 000 km or at least every year. 

However, depending on the pollution level of the city, the frequency of the maintenance may change 

(BOSCH, 2009). Additionally, cars have an engine filter, however, the function of this filter is to avoid 

dust and debris from entering the engine and maintain the performance level of the engine (Dharmarao 

et al. 2017).  

There are three types of cabin air filters, a standard/particulate filter, design to remove only particles 

(e.g. pollen, bacteria, dust); a so called “combi” filter, which additionally has a layer of activated carbon 

in order to avoid harmful gases  (e.g. ozone and NOx) from entering to the cabin, and the biofunctional 

filter. This last, has an additional protection layer to reduce the growth of fungi and bacteria. Since the 
efficiency of some of these filters are low, new generation filter medias are being developed, such as 

electrete, nanofiber and composite media. This new generation of filter media, combine different 

technologies in order to increase the filtration efficiency. For instance, the electrete filter media carry a 

surface electrostatic charge; the nanofiber includes fiber with diameter less than 0.5 µm, which has a 

higher efficiency removing smaller particles compared to the electrete filter (Heininger et al., 2017).  

 

 
Figure 4 illustration of  the ventilation system in cars, adapted from (Automedics, 2015). 

 
In buses, the ventilation system is typically located on the roof of both transport. Meanwhile in trains, 

the ventilation system may be located on the roof, under the floor and on the floor (Figure 5). In the 

U.S.A, the efficiency of the filter included in buses must comply with the terms specified by the ASHRAE 

(Environmental Protection Department, 2003).  
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Figure 5 Illustration of the ventilation system in buses and trains. a) bus b ) train adapted form Abramesko & 
Tartakovsky, 2017; and Gran Viale, 2019.  

2.4.2. Particulate matter 

PM is a mixture of invisible solid and liquid particles with different size fractions, which are found in the 

air. Based on the aerodynamic diameter, PM is classified as coarse particles, those with diameter 

between 2.5 and 10 µm; fine particles PM2.5 with diameter < 2.5 µm and, ultrafine (UFP) with diameter 
≤ 0.1 µm (Figure 6). Commonly PM is generated by industry, transport and agriculture activities or can 

be derived from natural phenomena. However, the chemical composition may vary according to the 

source of emission. In general the coarse fraction (PM2.5-10) includes mostly the crustal materials 

meanwhile the fine and ultrafine fractions are composed by carbonaceous combustion particles, 

inorganic ions, metals and biological components (Schwarze et al., 2006; SCOR, 2018).  

 

Figure 6 - PM size fractions (SCOR, 2018) 

Some studies have evaluated PM concentrations while commuting using different transport modes, 

although the train has not been studied deeply as the metro system. Rivas et al. (2017) found higher 

concentration of fine particles in underground transport (PM2.5 = 34.5 µg/m3) followed by buses (PM2.5 

= 13.9 µg/m3) and cars (PM2.5 = 7.3 µg/m3). In cars, fine particles, more specifically PM1.0 fraction 

corresponded to the 79% of total PM. In contrast, in buses and train, coarse particles PM2.5-10 was the 

fraction with higher contribution. Furthermore, Moreno et al., (2019) evaluated the air quality in taxis of 

a b 
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different fuel types. This study showed that diesel and liquefied petroleum gas (LPG) vehicles had the 

highest median values of PM10 (75.2 and 81.0 µg/m3, respectively) compared to electric and hybrid 

vehicles (49.8 and 49.6 µg/m3, respectively). It was also observed events of self-pollution inside diesel 

cars. Furthermore, fine and coarse particles concentrations were observed to be higher in cars without 
AC, than those with AC on (Jain, 2017). Xu et al. (2016) reported a lower concentration of fine particles 

in cars when commuting with ventilation and recirculation on. 

In terms of risk to health, PM affects the respiratory and cardiovascular system (Schwarze et al., 2006). 
Müller et al. (2011) documented that an average concentration of PM2.5 of 24 µg/m3 was associated 

with pathophysiologic changes in the human body generating inflammation, coagulation and changes 

in the cardiac rhythm. Furthermore, the particle size is the main factor influencing the inhalation, 

deposition and elimination of particles, which have an impact in the health effect. In this context it is 

known that coarser particles reach the alveoli, but fine and ultrafine particles have a higher deposition 

efficiency and can enter in the circulatory system and deposit in secondary organs such as heart, kidney 

among others (Lee & Zhu, 2014). 

2.4.3 Black carbon  

BC is a primary pollutant emitted from the incomplete fuel combustion, as part of fine particles (PM ≤ 

2.5), or can be found as very small spherule aggregates with size between 0.001 and 0.005 μm 

(Anenberg et al., 2012;  Li et al., 2015; Shrestha et al., 2010). It has no non-combustion sources, which 

means, that it is a specific tracer of primary combustion as household combustion, traffic emissions 

mainly from diesel vehicles and biomass burning (European Environment Agency, 2013). Moreover, 

BC is co-emitted with other pollutants as VOC, SOx NOx and once released in the atmosphere it is very 

stable (Anenberg et al., 2012). The detention basis is the capability of this pollutant to absorb light in 
the visible part of the spectrum; this property and the radiative scattering has produced changes in the 

atmosphere and land warming, being the second largest contributor to climate change (Shrestha et al., 

2010). Moreover, it causes several health effects, BC deposits deep down in the lungs and promotes 

changes in the function, thus it is associated with cardiorespiratory morbidity and mortality (Williams & 

Knibbs, 2016).  

In high-vehicle density metropolitan areas, the concentrations of BC are significantly high. In this basis, 

commuters are exposed to concentration that contributes up to 20% of the daily inhaled dose of BC 

(Rivas et al., 2016). For this reason, several studies have evaluated the personal exposure to BC while 

commuting. In London, commuters travelling by bus were exposed to higher BC concentrations (5.4 

μg/m3) than those travelling by car (4.4 μg/m3) (Rivas et al., 2017). This result is very similar to the 
findings of Moreno et al. (2019), where the average concentration inside buses was 5.5 μg/m3, being 

almost five times higher than the background concentrations of the urban area (1.6 μg/m3). On the other 

hand, in Stockholm, the average concentration of BC in buses and cars were 2.7 μg/m3 and 2.0 μg/m3 

(Merritt et al., 2019), relatively low compared to the results obtained in a study performed in Shanghai, 

where the average concentration found in buses and taxis were 8.7 ± 3.7 μg/m3 and 9.4 ± 6.7 μg/m3 (Li 

et al., 2015). Moreover, Onat et al. (2019) found that BC concentration is closely related to the time of 
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the day and season. The concentrations of BC were higher in the morning than at midday and in winter 

the concentrations were lower compared to those measured during summer. 

2.4.4 Bioaerosols 

Bioaerosols are considered as a small fraction of aerosols particles. These are composed mainly by 
bacteria, fungi, pollen, viruses, spores, and cell debris (Löndahl, 2014). Bioaerosols are generated by 

wind erosion and splashing water. In this last case, rain disperses soil bacteria into de air when 

raindrops hit the soil and micro-aerosols are realized (Figure 7) (Joung et al., 2017; Polymenakou, 

2012). Eventually these aerosols remain in the atmosphere and are transported through air currents 

(Smith et al., 2011). On the other hand, humans are the main source of bioaerosols in indoor 

environments during coughing, sneezing, talking, and breathing. In this context, microbe loads depend 

highly on the occupancy and on the penetration of outdoor aerosols (Prussin & Marr, 2015).  

 

Figure 7 - Illustration of bioaerosol formation. (a-d) Aerosols generated by drop impingement on a reference 
surface e) schematic illustration of the experimental procedure for drop impingement on soil and aerosol 
collection. f) Confocal microscopy images of C. glutamicum on the surface of clay soil with the cell density of 250 
cellsmm-1 (g, h) Fluorescent microscopy images of aerosols generated by drop impingement on clay soil pre-
permeated with C. glutamicum. The red circles and the yellow dots indicate aerosols and C. glutamicum, 
respectively. The scale bars indicate 200, 50 and 25mm in f–h, respectively (Joung et al., 2017). 

There are several mechanisms by which microbes survive in the air to harsh conditions such as the 

radiation, temperature, limited nutrients, water, oxygen and pressure. Some bacteria are present in the 

vegetative form known as spores. Spores are a structure with a thick cell wall resistant to high 

temperatures and unstable conditions. When favorable conditions of water and nutrients are provided, 
the bacteria may leave the vegetative stage and grow. In the case of non-sporulating bacteria, 

pigmentation, cell reduction, biofilm production and psychrotolerance are the main mechanism to 
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maintain the viability. Furthermore, the particles at which microbes are attach, may form a protective 

shield and be source of nutrients (Löndahl, 2014).  

Airborne microbes are consider a health concern for its association with infections and respiratory 

allergies. Fungal spores may contain mycotoxins and bacteria may liberate endotoxins that cause a 

variety of respiratory symptoms mainly inflammatory reactions and deterioration of lung functions (Jo & 

Lee, 2008; Müller et al., 2011; Yassin & Almouqatea, 2010). Specially, people with immunodeficiencies 

are the most susceptible group to infections. Moreover, microbes may also be a source of volatile 
organic compounds (VOCs) and toxic metabolites which contributes to degrade the air quality in indoor 

environments (Sowiak et al., 2018).  

Several studies have evaluated the bacterial and fungal communities loads inside the built environment, 

but few inside vehicle cabins. In a train, the average bacterial and fungal loads while commuting  were 

found to be 417 and 413 CFU/m3, respectively (Xu et al., 2016). In public buses and passenger cars 

the maximum load of bacteria and fungi was 1000 CFU/m3 (Xu et al., 2016). Moreover, it has been 

proved that AC system may contribute to reduce almost 80% of the bioaerosols, filtering the air from 

outside (Kelly & Fussell, 2019; Vonberg et al., 2010), however, it also may be a microbial propagator 

(Jo & Lee, 2008). It has been found that, the dust from the AC system contains high loads of bacteria, 

fungi and endotoxins (26150 CFU/mg; 1287 CFU/mg and 5527 endotoxin units/mg) (Kelly & Fussell, 
2019). Also, the humidity and low maintenance frequency of the AC system prompt the biofilm 

formation. In this case, when the AC is turned on, the microbes found in the filter are emitted into the 

air (Aquino et al., 2018; Kelly & Fussell, 2019). Likewise, since the AC can cause turbulence, microbes 

found in the fitting material of the vehicle may be resuspended as well (Jo & Lee, 2008).  

2.4.5 Gaseous pollutants 

CO2 and CO are two colorless, odorless and tasteless gases. Although CO2 is normally found in the 

atmosphere, the industrialization has contributed to increase rapidly the concentration of this gas in the 

atmosphere from 278 ppm (pre-industrial era) to 400 ppm today (Barrett et al., 2015). This is the result 
of combustion of carbonaceous matter (fossil fuels), lime-burning among other human activities. The 

increase of CO2 has caused a global phenomenon called “Global Warming” due the capacity of this gas 

to transmit and absorb long wave radiation that is emanated from the earth surface. For instance, the 

radiation is trap in the surface causing the temperature to increase and generating a series of 

environmental impacts widely (Barrett et al., 2015).  

Furthermore, in indoor environments, human exhalation is the main source of CO2. Although CO2 does 

not cause serious health risk, it is known that above certain concentrations it may cause an impact on 

the decision taking and productivity, symptoms like drowsiness, headaches, and lethargy have been 

proven (Duh, 2015; Szczurek et al., 2015). Inside cabins, the CO2 concentrations may vary depending 

on several factor such, the ventilation rate, occupancy, vehicle age, speed, cabin volume, and journey 
duration. Hudda & Fruin (2018) found that when the air is recirculated the CO2 tends to accumulate and 

concentrations above 1000 ppm can be reached. Similarly, Jung et al. (2017) measured 3000 ppm of 

CO2 with recirculation mode that suddenly reduced to 1000 ppm with the entrance of fresh air. Moreno 
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et al. (2019) in different fuel taxis found CO2 concentrations that range from 418 to 2395 ppm. This last 

concentration was recorded within an electric taxi with windows closed.  

CO is a poisonous gas, formed from the incomplete combustions of carbonaceous materials or fossil 

fuels (OSHA, 2012). The levels of CO are highly affected by the proximity to the source, thus it has 

been found that in dense roads, and when the speed is too low, the CO concentration tends to increase 

rapidly (Dirks et al., 2018). The type of vehicle and fuel may affect CO concentrations; Moreno et al. 

(2019) found that diesel taxis had the highest CO concentrations (2.1 ppm) compared to other vehicles. 
Likewise, the type of ventilation affects the level of CO. When the air is recirculated the concentrations 

are higher than with the entrance of fresh air, for instance, an average concentration of 1.8 and 1.3 ppm 

was recorded with and without recirculation respectively in Auckland (New Zealand) in commutes 

performed in cars (Dirks et al., 2018). However, in a study performed in Lagos (Nigeria) much higher 

average CO concentrations (32.3 ± 5.8 and 23.7 ± 5.0 ppm) were registered inside cars and buses 

respectively, although the study was done in busy traffic roads and the CO concentrations decreased 

in non-peak hours (Odekanle et al., 2017). 

As for health effects, CO may cause symptoms like nauseas dizziness to periods of unconsciousness, 

because the CO compete with oxygen for binding sites in hemoglobin. This cause an oxygen level 

reduction in blood, leading organs and tissues in hypoxic condition (Townsend & Maynard, 2002). 

VOCs are reactive organic chemical with high vapor pressure which easily evaporates at room 

temperature (Thurston, 2008). These compounds are released from natural sources like wetlands or 

can be produced by industrial activities. In the environment, VOCs in presence of NOx and sunlight, 
would form stratospheric ozone. VOCs levels have been found to be relatively high in indoor 

environments. The presence of solvent for cleaning is considered the main source, although the building 

materials, furniture, equipment and pains, may be recognized as sources as well (Berenjian et al., 

2012). It is important to study this kind of pollutants, since depending on the concentration and type of 

VOC, it may produce severe health effects. For instance, VOCs may cause discomfort, headaches 

nauseas, eye irritation or more severe effects as formaldehyde that behaves as a mutagenic and 

cancerogenic agent (Faber & Brodzik, 2017).  

Inside vehicle cabins, it has been reported high levels of formaldehyde (5.6 up to 215.8 µg/m3)  

benzene, toluene, xylene and aromatic hydrocarbons (Xu et al., 2016). Most of them are emitted by 

interior materials (e.g. polyester) and from fuel emissions. The age of the car influence greatly the levels 
of VOCs. Studies have reported that new cars contain about 162 different types of VOCs, and with the 

age, the number and concentration of VOCs decreased (Yoshida et al.,2006). The temperature is one 

factor that affects the level of VOCs, as the temperature increases the concentration of VOCs increases 

as well, moreover, higher concentrations were registered when the vehicle was static than when the 

vehicle was in operation (Barnes et al., 2018).   

2.5 Air quality regulations  

There are two types of air quality regulations, those for outdoor or indoor environments. In Europe, the 

EU has focused on regulations to control the concentration of outdoor pollutants and developed a legal 
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framework for emissions from industries and traffic. Portugal transposed the European Directives on 

outdoor air quality to the nation law. The Decree-Law Nº 47/2017 of May 10, set the maximum 

concentrations allowed of outdoor pollutants. 

For indoor environment, there are several organizations that have developed IAQ guidelines: WHO, the 

ASHRAE  and OSHA  these last two from the U.S.A. However, some of the countries have developed 

their own IAQ standards as well. The main reason for this, is the technology development, source 

control measures, social and economic conditions of each. Likewise, some of these guidelines are 
based in scientific studies performed by each country (Avgelis & Papadopoulos, 2004).  

Portugal developed the Portaria n. º 353-A/2013, of December 4. This regulation aims to establish the 
minimal flows of fresh air and the limit values of pollutants for the indoor environments, these are shown 

in Table 1. These limit values are based on an average concentration for 8 hours of exposure. For the 

limits of microbial agents, the bacterial load should be less than the outdoor concentrations added by 

350 CFU/m3. Fungal loads should be less than the outdoor concentration. Furthermore, for fungi a 

detailed identification should be done in other to determine the species in the sample and specific limit 

values are defined for different fungal species according to the Portuguese legislation.  

The WHO and ASHRAE have not recommended limits for indoor microbial agents. Yassin & 

Almouqatea (2010) reported other two organizations that set indoor microbial limits: 1000 CFUs/m3 for 

the total number of bioaerosol by the National Institute of Occupational Safety and Health (NIOSH) and 

1000 CFU/m3 set by the American Conference of Governmental Industrial Hygienists (ACGIH) with 

culturable count for total bacteria not exceeding 500 CFUs/m3. Despite these set of regulations were 
produced to control the air quality conditions in buildings and offices, in this study the limit values will 

be use as a reference point.  
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Table 1- Limit values for indoor pollutants defined by the Portuguese Legislation, WHO, ASHRAE, OSHA, adapted 

from Portaria n.º 353-A/2013 and Abdul–Wahab et al. (2015). 

Pollutant 
Portaria n.º 
353-A/2013 

WHO  ASHRAE OSHA 

Suspended 

particles PM10  
50 μg/m3 50 μg/m3 as 24–h 

average; 20 μg/m3 as 1–y 
average 

150 μg/m3 as 24–h 
average 

- 

Suspended 

particles PM2.5 
25 μg/m3 25 μg/m3 as 24–h 

average; 10 μg/m3 as 1–y 
average 

65 μg/m3 as 24–h 
average 

5 mg/m3 as 8 h 
average 

Total organic 

volatile 

compounds 

(TVOC) 

600 μg/m3 - - - 

Carbon 

monoxide (CO) 
9 ppmv 

90 ppm as 15–min 
average, 

50 ppm as 30–min 
average 

25 ppm as 1–h average 
10 ppm as 8–h average 

9 ppm as  8–h 
average 

50 ppm as 8–h 
average 

Formaldehyde 

(CH2O) 
100 μg/m3 100 μg/m3 as 30–min 

average 

0.03 ppm 15 min 
periods 

0.081 ppm as 30–min 
average 

0.1 ppm 8h period 

2 450 μg/m3 as 15 
min average 

Carbon dioxide 

(CO2 ) 1250 ppmv 1 000 ppm 
No more than 700 

ppm above outdoor 
ambient 

5 000 ppm as 8–h 
average for 5 
working days 
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3 Methods  
3.4  Characterization of the area in study 

This study was carried out in two locations, Lisbon and Loures municipalities both located in the LMA 
(Figure 8), since the chosen public transportations are responsible for making intermunicipal commutes 

from Lisbon to the surrounding areas. Lisbon accounts for an area of 100.05 km2, a population size of 

547 733 inhabitants and population density of 6 446 inhabitants/km2, the center and the norther 

neighborhoods are the most populated of the city. Lisbon is composed by 24 parishes and it is 

characterized for having a system of hills, furthermore, the relief of the city developed between sea 

level up to 220 m height reached in Serra de Monsanto (Câmara Municipal de Lisboa, 2017). In the 

period 2001-2011 the population growth in Lisbon decreased 3% meanwhile in the surrounding areas 
as Loures the population increased in the same percentage. The road network structure consists on 

radial and concentric axes with some discontinuities, that have contributed to wrong distribution of the 

traffic loads and bad mobility in certain neighborhoods (Sottomayor, 2015).  

As previously mentioned, the public transportation selected cross some neighborhoods of Loures. This 

municipality has an area of 169 km2 and is composed by 18 parishes. It can be divided into three major 

areas, a rural (North), industrial (West) and urban (South) zones. This have caused a non-uninformed 

distribution of the population being the southeast area the most populated. Furthermore, it is 

characterized for having well conserved natural elements that are the great importance for the 

ecosystem and some of them are already protected areas (Santos, 2014). The commutes specifically 

cross Moscavide, Sacavém and Bobadela neighborhoods. Each with population density of 12 952, 
4523 and 2477 inhabitants/km2; being Moscavide one of the most populated neighborhoods.  

 

 

 

 

 

 

 

 

 

 

Figure 8 - Lisbon and Loures municipalities. In black Loures; within Loures, Bobadela (red), Sacavém (orange) 
and Moscavide (green). Lisbon (yellow) adapted from Câmara Municipal de Loures, 2017  
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3.5 Commutes in the study area 

According to the 2011 census, Lisbon is the destination of most of the commutes performed by Loures’ 

inhabitants (45.0000 inhabitants), meanwhile only 6200 inhabitants from Lisbon have as final 

destination Loures. In these two municipalities the motorization rate increased in the period of 1991-

2013 and the individual transportation was the transport mode preferred by commuters (65.1 and 

50.0%) followed by buses (16.9 and 39.0%) and trains (9.2 and 8.2%) for Lisbon and Loures 

respectively. This preference can be also observed all over the metropolitan area, where commutes in 
cars accounts for 39.0%, 22.0% for buses and 10.0% for trains (INE, 2003). Furthermore, in Lisbon and 

Loures 40.5 and 31.3% of the commutes last 16 to 30 min; and 18.0 and 23.9 % last between 30-60 

min.  

3.6  Route selection 

It was recruited three cars with different motors type (Table 2). The journey took place from a residential 
neighborhood (Moscavide) to Instituto Superior Técnico IST resulting in a distance of 8 km. For each 

car a more detailed study was performed, three conditions were exanimated, without ventilation (fan 

off), with ventilation (fan on) and with air conditioning (AC), always with windows closed and 

recirculation mode off. The effects of cleaning were also studied in all cars; thus, the cars were sampled 

before and after a typical cleaning routine performed by the owners; in total 18 commutes were 

sampled. The cleaning process involved the vacuuming of the floor and seats and  cleaning of the main 

surfaces (e.g. dashboard, air vents) with alcohol 70% v/v ( for the diesel and electric car) or window 
cleaner (for the gasoline car). 

Table 2 - Characteristics of the cars used 

Cars brand Motor type Year purchased 
Car mileage 

(km) 

Last 
cleaning 
(months) 

Odors in 
the cabin 

Filter 
type 

BWM  i3 electric 2016 70 000 
6 No Activated 

charcoal   

Chevrolet 

Cruze 
diesel 2012 80 000 

1 Yes Particulate  

filter  

Nissan Micra gasoline 2004 100 000 
2 No Particulate 

filter 

 

Public transport commutes were performed in Rodoviaria de Lisboa buses and Comboios de Portugal 

trains. All the sample campaigns were done in different days and the average duration of each was 

approximately 60 min return trip. The commutes in buses started in the bus stop N10, Fte Campus 
Tecnológico e Nuclear located in Bobadela, and ended at the terminal bus stop in Areeiro covering 10.5 

km and 21 stops along the commute. The commutes done in trains started from Bobadela and ended 
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in Alcantara-Terra station covering 17 km length and 9 stops; it was sampled just one carriage. It is 

worth mentioning that these commutes are performed daily by the people living or working around the 

municipality of Loures. Even thought, the ventilation condition was not controlled, it was noticed that 

AC was used in all commutes and windows could not be opened in both transports. Moreover, it was 
not possible to know the type of filter nor the maintenance/cleaning frequency of the ventilation system 

of both transports. The commutes performed in each type of vehicle are shown in Figure 9.  

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9 - Routes performed in car, bus and train. Blue line for trains, orange line for cars and black line for buses.  

3.7 Instrumentation and sampling design  

In order to measure each pollutant, in cars, the equipment was placed within a box and in the middle of 
the back seat of the car. Meanwhile in public transportations, the equipment was placed within bag 

packs and next to the passenger, near the breathing zone of the person. Furthermore, in the following 

section, a brief explanation of the equipment operation is presented. 

3.7.3 Particulate matter  

Airborne particles with aerodynamic diameter ≤ 2.5 and 10 µm were measured using a DustTrak DRX 

Aerosol Monitor 8533 (Figure 10a). This equipment is a 90º light scattering photometer that measures 

size and mass fraction of particles. It allows to simultaneously measure concentration between the 

range 0.001 and 400 mg/m3 of Total PM, PM1.0, PM2.5, PM4 and PM10. As seen in the Figure 10b, the 
diaphragm pump drowns all the aerosols into the sensing chamber, part of the air flow passes through 
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a HEPA filter and then is injected again as sheath flow, meanwhile the sample flow is conducted to the 

sensing chamber. 

This sheath flow avoids accumulation of particles that may lead to overestimation of the concentration. 

When the aerosol is in the optic chamber, a teen sheet of light that come from the laser diode illuminates 

the sample. The gold coated spherical mirror captures the light scattering of the particles and focusses 

onto a photodetector. The voltage around the photodetector is proportional to the mass concentration 

of the particles. It is worth to mention that the scattered light depends on the size distribution, refractive 
index, shape factor and density of the aerosol (TSI, 2008). 

As recommendation for the users, it was used the zero calibration filter during 60 seconds before every 
measure to avoid any baseline scattering that may be inside the optical chamber and ensure the 

certainty of the measurements, moreover, the equipment was set to measure in 10 seconds intervals 

during the whole commute.   

 

 

Figure 10 - Operation theory of the DustTrak DRX8553. a) equipment and b) Internal operation of the equipment 
(BSRIA & TSI, 2018) 

3.7.4 Black Carbon  

A MicroAeth® Model AE51 (Figure 11a) was used to monitor BC aerosols during the commutes. The 

internal pump draws the aerosol into a filter media T60 (Teflon coated glass fibber) and measure the 

rate of change in absorption of a beam of light transmitted though the filter. The absorbance of the spot 
is measured relative to an adjacent portion of the filter once per time base period (Figure 11b). This 

attenuation is proportional to the amount of BC in the filter deposit. The measurement take place at 880 

nm provided by a LED light source and has a measurement resolution of 0.001 μg BC/m3 (MicroAeth, 

2016). In this case the flow rate was set at 100 ml/min as establish in the instrument manual for traffic 

related measurements at 10 seconds intervals. Furthermore, the data was processed with 

the Optimized Noise Reduction Averaging algorithm, provided by the manufacture in order to reduce 

the negative values and the interference produced by the environmental conditions and vibrations.  

a b 
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Figure 11 - Operation theory of the MicroAeth® AE51 a) equipment b) internal operation (Sedlacek, 2016).  

3.7.5 Gaseous pollutants  

VOCs were measured using the TSI IAQ-CALC™ 9565. CO and CO2 were measured using the TSI 

IAQ-CALC™ 7545. These instruments have probes that allow the real-time measurement of the gases 

concentrations. The TSI IAQ-CALC™ 7545 (Figure 12a) have a Non-Dispersive Infrared (NDIR) sensor, 

which is based on infrared spectroscopy. An infrared beam passed through an air sample and the gas 

absorbs light at a certain wavelength, in this case, the sensor chamber has a filter that eliminates all 
light except the 4.6μm (Figure 12b). The intensity that reached the IR detector is related to CO2 

concentrations. Moreover, the probe measure concentrations between 0 and 5000 ppm, with an 

accuracy of ± 50 ppm. 

 

 

Figure 12 - NDIR sensor and TSI IAQ-CALC 7545 instrument. a) equipment b) sensor operation (Ivy Tools, 
2019; TSI, 2013) 

CO concentrations are measured by an electro-chemical sensor, it has a substrate that in presence of 

CO changes the electrical properties. The range of measurements is 0 to 500 ppm with an accuracy of 

± 3 ppm. Besides the measurement of gases, this instrument is equipped with thermocouples and 

capacitive humidity sensors, which allow the measurement of temperature and humidity. The 

thermocouple has dissimilar material connected together in which at temperature changes generate 

voltage changes as well, relating this to a specific temperature.  

Regarding the TSI IAQ-CALC™ 9565 (Figure 13a), it allows the detection of VOCs by a Photo-

Ionization Detection (PID) sensor which use an ultraviolet (UV) light source to ionize/break down VOCs 

(Figure 13b).The charge is directly proportional to the concentration of VOCs, based on a calibration of 

a b 

a b 
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isobutylene gas. It allows to measure in range of 10 to 20 000 ppb. As the TSI IAQ-CALC™ 7545, this 

instrument measure the temperature along with the barometric pressure. 

 

Figure 13 - TSI IAQ-CALC™ 9565 PID sensor and probe a) probe b) sensor operation (EQUIPCO, 2019; Raeco 
Rents, 2019) 

Furthermore, formaldehyde (a specific VOC found typically inside vehicle cabins) was measured using 

a Formaldemeter htV. This equipment provides a direct reading by using electrochemical sensing 

technology. The sensor comprises two noble metal electrodes and a suitable electrolyte and when the 

air sample is drawn to the sensor a voltage is generated due the electrooxidation of the formaldehyde 

at one of the electrodes. This voltage is directly proportional to the concentration of formaldehyde in the 

sample. A 1 min interval was set the instrument and it was calibrated before starting each commute 
according to the procedure found in the operations manual.  

3.7.6 Bioaerosols 

The total airborne bacteria and fungi were measured inside the vehicle at the beginning, middle and 

end of the journey in cars. Instead, outdoor samples were measured only at the beginning and end of 

the commute. In public transports, the equipment was held by the passenger, near the breathing zone. 

Outdoor samples were also measured at the beginning and end of the journey, meanwhile, indoor 

samples were measured once in the middle of the commute.   

The air sampling (250 L) was made by impaction using MAS-100 (100 L/min) (Figure 14a) and it was 

placed in the middle of the driver and the co-pilot, almost corresponding to the air breathing zone of 

both occupants. The MAS-100 aspirates air through a perforated plate (with 300*0.6mm holes), then, 

the airflow is redirected onto a Petri dish with media (Figure 14b). It was used Tryptic Soy Agar (TSA) 
and Malt Extract Agar (MEA) to quantify mesophilic bacteria and fungi respectively. Colony Forming 

Units (CFU) that appeared in the plate were enumerated after 7 days of incubation at 30ºC for bacteria 

and 28ºC for fungi. Then fungi and bacterial counts were corrected using a mathematical correction 

factor, since higher microbiological concentrations can increase the probability that several organism 

enter through the same hole. Bacterial and fungal loads were expressed as CFU/m3.  

Afterwards, the bacterial isolates were characterized macroscopically (e.g., shape, pigmentation, 

texture), microscopically (e.g., cell morphology), biochemically (Gram staining, catalase activity, 

cytochrome oxidase) and phenotypically typified based on Bergey's Manual of Determinative 

Bacteriology (Holt et al.,1994). The most frequent bacterial isolates were identified using RapID 

Systems (Remel, Thermo Scientific) which are biochemical tests panels that allow to perform multiple 
tests simultaneously to identify microorganisms in less than 24 h. The frequency (%) of each bacteria 

b a 
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was calculated based on its detected number and total number of isolated bacteria per commutes. On 

the other hand, fungal colonies were not identified in this study. 

 

 

 

 

 

 

 

                                

 

 Figure 14- a) MAS-100 and b) equipment operation (Merck, 2019) 

3.8 Determination of inhaled dose 

The inhaled dose of pollutants is a representation of exposure in function of pollutant concentration and 

the respiratory rate. This dose is determined by multiplying the pollutant’s concentration by duration 

time of the commute and the respiratory rate, as show in the Equation 1:  

Equation 1 

𝐷𝑖 =
[𝑋] ∗ 𝐼𝑅 ∗ 𝑡

𝐷  

where Di represents the average inhalation dose, μg/km; [X] is the average of the pollutant 

concentration in a specific commute, μg/m3; IR is the respiratory rate, m3/h; t is the duration of the 

commute (h) and D is the distance of the commute (km). The average respiratory rate used was 

0.47m3/h while seated or standing  for a group of people of age between 20 and 45 years according to 

Li et al. (2015).  

3.9 Geographic distribution 

A GPS Garmin eTreck 20 (Figure 15) was used in order to obtain the location over time while 

commuting. Furthermore, a geographic information system (GIS) software (ArcGIS10®, ESRI, USA) 

was used to graphically represent the variation of the PM10 and BC concentration on the road.  

a b 
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Figure 15 - GPS Garmin eTreck 20 (Rei, 2019) 

3.7 Statistical analysis  

Statistical tests were performed in STATISTICA software. The Mann-Whitney U test was selected, 

which is a non-parametric test. Thus, Mann-Whitney U test was used for independent samples (e.g. 

concentrations of a pollutant in two different ventilation conditions). This test compares medians to 

suggest if two samples are from the same population or not. The tests are significant if p <0.05.  
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4 Results and discussions 
This chapter presents the results and the analysis of each parameter studied. The pollutants were 

divided into categories: aerosols and gaseous pollutants. In the case of cars, each section presents the 

effects of the studied conditions and then a comparison with other transport modes is performed. 

Afterwards, the bacterial isolates identified are presented and last the inhaled dose of BC and PM is 
estimated for each transport.  

4.4 Aerosols 

4.1.1 PM 

PM is composed by a variety of particle sizes, as such, it was possible to identify the fractions that 

contributed the most to total PM. As seen in the Figure 16 for all vehicle cabins, PM1 had the highest 
contribution (80 to 90%), followed by PM4-10 (2 to 11%). Frequently, this type of particle size distribution 

is typical in cities due to vehicular traffic, and this source emits a wide range of particles among them 

the finest fraction of particulate matter (Giugliano et al., 2005; Martins & Carrilho da Graça, 2018; Onat 

et al., 2019). Moreover, it has been found that this fraction tends to penetrate and accumulate within 

indoor environments degrading its air quality (Li et al., 2015; Martins & Carrilho da Graça, 2018; 

Sabbagh-Kupelwieser et al.,2010). 

In cars, it was not observed differences on the particle distribution with the cleaning of the cabin, nor 

the type of cars. In contrast it was noticed that either with Fan on or with AC the coarser fractions 

decreased. As for public transports, the particle distribution obtained here differs from Rivas et al. (2017) 

where the coarse fraction accounted in buses for almost 70% as a result of the constant opening of 
doors, the resuspension generated by passengers and the materials of the seats. Here, the coarse 

fraction accounted for ~10%. Furthermore, the commutes performed in train had almost the same 

particle fraction contribution as road transportation, even though the railway was not directly affected 

by vehicles emissions.  
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Figure 16 - Contribution of PM fractions to total PM10 in cars (with fan off, fan on and AC), buses and trains. 

The concentrations obtained for each type of car under the ventilation and cleaning conditions are 

shown in Figure 17. Until the time of the study, it was not found in the literature the effects of vehicle 

cleaning on the air quality. In this case small differences were observed with the cleaning of the car just 

under fan off condition, in most of the cars, a decrease was noticed in the concentration of PM2.5 (Table 

A 1). For instance without cleaning the average concentration was 1.3, 1.1 and 1.9 times significantly 
higher (p < 0.05) for the gasoline, diesel and electric car respectively. This effect was not observed with 

the coarser fraction (PM2.5-10) only the gasoline and diesel car showed a difference after cleaning. The 

average concentration was 1.6 and 1.1 lower, for each car respectively, however, only the gasoline car 

showed a significant difference (p < 0.05). In this case, the cleaning may influence in the removal of 

settled particles in compartments and furniture of the cabin. However, Martins & Carrilho da Graça 

(2018) reported that sweeping and vacuuming may resuspend particles as well, which was likely the 

case for the electric car.  

The average PM2.5 concentrations of all cars were in the range of 10 to 26 μg/m3. It was not observed 

differences of the concentration of this pollutant linked to the type of fuel. Additionally, as the 

experiments were performed in different days it is possible that differences were influenced mostly by 
the background PM concentrations of the day (Geiss et al., 2010). 
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Figure 17 - Boxplot of PM2.5 and PM2.5-10 concentrations for gasoline, diesel and electric car working with fan off, 
fan on and AC. Boxes represent 25th and 75th percentile, central circle mean, central line median, higher and lower 
“X” the 99% and 1% percentiles, the extending vertical lines from the box represent the variability outside the upper 
and lower quartile1. WC: without cleaning C: clean.  

The most noticeable effect occurred with the ventilation mode. It can be observed in the Figure 18 that 

the concentrations of both fractions were significantly higher under the fan off condition (p < 0.05) and 

with fan on and AC the concentration of PM2.5-10 and PM2.5 decreased, but in less magnitude for this last 

fraction. Some studies have assessed the behavior of PM in cars, among them Xu & Zhu (2009) studied 

and quantified the behavior of UFP within cars with: fan off- recirculation (RC) off, fan on-RC off and 

fan on-RC on. These results showed that under fan off- RC off, the main factor affecting the pollutant 
entrance is the penetration factor of the particles, the leakage rate and deposition coefficient. In 

contrast, under the condition fan on-RC off, the mechanical airflow rate and the filtration efficiency are 

the main factors affecting the particle concentration. Knibbs et al. (2014) measured the infiltration of air 

within a car without ventilation, and also proved that the speed influence directly the infiltration of air. 

Thus, an increase of speed will cause a higher air exchange rate. 

Hence, it is possible that in the first case some particles enter to the cabin especially the largest ones 

since the penetration is higher for larger particles under this condition (Geiss et al., 2010; Xu & Zhu, 

2009), but when the ventilation is used, the coarser particles are filtered and have higher deposition. 

Geiss et al. (2010) observed that the concentration of PM10 were as high as the outdoor air in cars with 

windows closed and with entrance of fresh air. Moreover, Xu & Zhu (2009) proved that under the fan 

off condition, the dilution/diffusion of the pollutants takes longer than when is used the ventilation. 
Similar to the findings of Leavey et al. (2017) who found that the in-cabin concentrations slowly rose 

 
1 Due aesthetics, in all boxplot graphs the maximum values were not shown, these values are detailed in the 
annexes. 
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and remain elevated for long time after the car went through high polluted environments. Moreover, 

Leavey et al. (2017) found differences between the fan on and AC ventilation. This last ventilation mode 

provided a higher deposition of smaller particles because of the thermophoretic velocity caused by the 

difference in temperature.  

Chan et al. (2002) described that the ventilation system filtered out coarser particles, by comparing non-

airconditioned with air-conditioned road transports modes, where the concentrations of PM10 

decreased, for the last type of transport. Furthermore, Geiss et al. (2010) found that the filtration 
efficiency for particles <10µm was lower. Similarly, Leavey et al. (2017) found that despite the variation 

of ventilation the concentration of PM2.5 remain unchanged. However, the lower efficiency for fine 

particles removal may been influenced by the fact that in this experiment there was entrance of fresh 

air all time. In fact Jung et al. (2017) documented that recirculation of air reduce significantly fine particle 

concentrations since the air passes multiple times through the filters, and same results were obtained 

by Ding et al. (2015), where PM2.5 was lower when the recirculation of air was used.  

Comparing the three transportation modes it is possible to observe in the Figure 18 that the average 

concentration of fine and coarse particles were significantly higher (p < 0.05) in the commutes 

performed by buses ( 20.2 ± 8.6 µg/m3 for PM2.5 and 3.4 ± 4.9 for PM2.5-10) following by the car with fan 

off (17.5 ± 7.7 for PM2.5 and 3.3 ± 3.8 for PM2.5-10). In cars with windows close, recirculation on and AC, 
Chaney et al. (2017) found an average PM2.5  concentration of 5.2 μg/m3 in Salt Lake city (U.S.A), almost 

3 times lower than the result obtained in the present study (14.9 ± 7.6 μg/m3). This shows that the 

recirculation of air, along with the ventilation is an important factor to reduce the concentration of fine 

particles. Moreover, Rivas et al. (2017), in cars with ventilation set at 50% velocity and closed windows 

registered a PM2.5 average concentration of 7.9 ± 2.0 µg/m3, lower that the levels obtained here for cars 

with fan on (15.1 ± 8.6 µg/m3). Meanwhile, the concentration of PM2.5-10 (0.9 µg/m3) were very similar to 

the results of this study (0.8 ± 1.6 µg/m3).  

Chaney et al. (2017) determined that buses had the highest concentration of fine particles among all 

the transports modes studied (cars, light rails), the average PM2.5 concentration was 13.0 μg/m3 similar 

to the results obtained by Rivas et al. (2017) (13.9 ± 1.7 µg/m3), and lower than the concentration 
obtained here. In contrast the average concentration of PM2.5-10 were lower compared to the 

concentration register by Rivas et al. (2017) (24.0 µg/m3), which may be influenced by the materials of 

the seats and the dust found in the cabin. Furthermore, the high concentrations of particulate matter in 

this transport are associated with the air change rate produced by constant opening of doors, the 

resuspension by the passenger movements along the commute and the proximity to the vehicular 

emissions (Ramos et al., 2016; Rivas et al., 2017). Furthermore, events of self-pollution have been 

described for old buses by leakages of outdoor air inside the cabin, while windows and doors closed, 

thus the age of the buses may influenced the result (Xu et al., 2016).  

On the other hand, the average concentrations obtained in this study for buses and trains were lower 

than those reported by Onat et al. (2017) in Istanbul, where the average PM2.5 concentration was 37.1 
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±16.7 μg/m3 and 27.7 ±12.1 μg/m3 for buses and train, respectively. This higher concentrations are 

expected since Istanbul is ranked as the sixth city with worse traffic congestion (Onat et al., 2017). 

Ramos et al. (2016) studied the exposure to different pollutants including PM2.5 in Lisbon city within 

different transport modes (buses, cars without ventilation, cycling and metro). The sample campaigns 

were done in the city center (Telheiras until Restauradores) during different hours (8, 11,14,17:30 and 

21 h). Taking into account that the campaigns were performed mostly in the morning and part of the 

afternoon (10 to 15 h), the results were compared only with the values registered at 11 and 14 h. For 
cars the concentrations reported by Ramos et al. (2016) were almost 3 times higher (55 ± 13 and 52 ± 

10 µg/m3), for buses the results were almost 3 times higher (30 ± 18 and 52 ± 27 µg/m3) and this was 

also observed for coarser particles. These differences may be due to the place where the experiment 

was performed. A part of the routes in this study took place in a suburban area with less traffic compared 

to the route Telheiras- Restauradores, which is a busier area.  

Although in trains have also a high air exchange rate due the opening of doors in each station, being 

separate from the vehicle emissions contributed to register a low PM2.5 concentration. However, since 

the trains passes through inner points of the city, the background and traffic levels are likely to influence 

the PM2.5 concentration inside the train, this effect was also seen by Nasir & Colbeck (2009) where in 

peak hours higher concentrations of PM1 and PM2.5 were higher than off peak hours, moreover, PM10 
increased in each stop. Even thought, in all cases the average concentration were not above the limit 

values set by the WHO, ASHRAE and the Portuguese legislation (PM2.5: 25 μg/m3 and PM10 50 μg/m3), 

however in some commutes there were peaks that reached maximum concentrations above the limits 

in short periods of time (Table A 5). 

 

Figure 18 - Boxplot of PM2.5 and PM2.5-10 concentrations per type of vehicle. Boxes represent 25th and 75th 
percentile, central circle mean, central line median, higher and lower “X” the 99% and 1% percentiles, the extending 
vertical lines from the box represent the variability outside the upper and lower quartile.  
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4.1.1.2 Black carbon  

Figure 19 shows the result obtained for black carbon (BC) under the different conditions while 
commuting in car. As seen, under the fan off condition, the electric car had lower concentration of BC 

compared to the non-electric cars (e.g. 1.7 μg/m3 compared to 3.6 μg/m3 and 4.7 μg/m3 within the diesel 

and gasoline vehicle). Also, it was observed under the same condition, that the concentrations of BC 

significantly decreased after being cleaned (p <0.005) (Table A 2). Despite that the statistical analyzes 

showed significant differences, due to the low number of measurements it is not possible to establish 

whether the type of car or the cleaning were responsible for this result, because other variables affected 

the experiment. The experiments were performed in different days and it is likely that the background 

concentration, the traffic intensity of the day influenced more the results, since BC is a specific tracer 
of traffic (Anenberg et al., 2012). So, in order to determine this effect more measurements on cars with 

same fuel should be done. 

 

Figure 19 - Boxplot of BC per type of car and ventilation mode. Boxes represent 25th and 75th percentile, central 
circle mean, central line median, higher and lower “X” the 99% and 1% percentiles, the extending vertical lines 
from the box represent the variability outside the upper and lower quartile. WC: without cleaning C: clean. 

On the other hand, when the ventilation was used either fan on or with AC, in all cars it was observed 

that the BC average concentration significantly increased (p < 0.05) and had higher spikes in short 

periods of time (Figure A 1). This effect could be seen clearly in the Figure 20, where concentration 

increased as follows: fan off 2.7± 3.8 μg/m3; fan on: 3.5 ± 4.5 μg/m3 and AC 4.1 ± 5.1 μg/m3. Moreover, 

a particular aspect noticed in cars was, that meanwhile the PM2.5 seem not to change much with the 
ventilation, the concentration of BC instead tended to increase. This behavior may be caused by the 

size of the particles of BC, Shrestha et al. (2010) reported that BC contributed only 5 to 10% to PM2.5 

and Kocbach et al. (2006) described that the size of vehicular emission of BC had a size of 0.024 ± 

0.006 µm (within the range of UFP). Thereby, the behavior of PM2.5 may differ from BC. When the 
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ventilation is used, the air exchange rate, continuous entrance of fresh air, along with low filtration 

efficiency and deposition of the finest fractions, contributed to have increasing BC concentrations. 

The BC average concentration found in cars were higher compared to the result obtained by Merritt et 

al. (2019) in Sweden. The average concentration measured in cars was 2.0 μg/m3 and ranged between 

0.03–19.0 μg/m3. In this study the ranges were much higher (e.g. 0.0 – 56.8 µg/m3). The commutes 

performed in train presented a significantly lower BC concentration (1.13 ± 0.58 μg/m3) compared to 

the other transports (p < 0.005) (Table A 6). As the railway is separated from the road transportation 
and there are not direct vehicular emissions, this was expected. Furthermore, compared to previous 

studies Onat et al. (2017) and Hong (2019) obtained similar concentrations (4.9 and 2.0 - 2.7 μg/m3). 

In contrast with buses, the average concentration obtained was almost three times higher than trains 

(4.5 ± 3.5 μg/m3), but were lower than those concentrations found in previous studies (11.2 ± 7.0; 5.5 

and 5.4 μ/m3 ) (Moreno et al., 2019; Onat et al., 2017; Rivas et al., 2017).  

 
Figure 20 - Boxplot of BC per type of vehicle Boxes represent 25th and 75th percentile, central circle mean, central 
line median, higher and lower “X” the 99% and 1% percentiles, the extending vertical lines from the box represent 
the variability outside the upper and lower quartile.  

4.1.1.3 Bus and train stations BC and PM concentrations 

The concentration of PM and BC were measured at the beginning and end of the journey while waiting 

in the respective stations. Hence, it was possible to observe that the bus stop N10 had the highest 
average concentrations of PM from both fractions and BC (Table 3). Indeed, this station is located along 

the principal avenue (N10), close to the coast of the Tejo river and limits with a green area (Figure 21). 

Cars passes at high velocity and the poor cleaning of the road, may contributed to the resuspension of 

particles. Similar to the findings of Tong et al. (2015) roads with high frequency of cars had higher 

concentrations mostly of secondary particles due the turbulent weak of the vehicles, and also proved 

that the vegetation may contributed to registered higher concentration of PM2.5.  
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Even though the bus station in Areeiro is also located beside a principal avenue, the “Av. Almirante 

Gago Coutinho” which has average daily traffic of 41 000 vehicles, the characteristics of the area may 

contribute to the dispersion of these two pollutants. This station is located under the canopy of trees 

and during the sampling it was very windy. Wind direction and speed has been proven to be an 
important factor influencing concentration of pollutants, mainly by improving the dispersion (Brantley et 

al., 2014). Although, these observations may help to explain the concentration of pollutants in this area, 

more studies should be done to understand better the pollutant behavior along these two roads.  

Regarding the train stations, it was possible to observe that the concentrations of PM2.5 are similar to 

those found in the bus stop N10 (12.8 μg/m3). The PM levels at this station may be influenced by natural 

sources since it is located in an area with abundant vegetation and it is close to the Tejo river. Although, 

the brake linings, friction and overhead cables is also a source of fine and ultrafine particles from this 

type of systems (Cha et al., 2018). On the other hand, BC average concentration was lower (0.5 μg/m3) 

compared to the bus station, since the railways are away from the direct emissions from cars. In subway 

stations the Fe ions from the rails, interfere with BC measurements as both absorb at the same light 
spectrum, however, it has been found that in superficies this interference is negligible (Rivas et al., 

2017).  

Table 3 - PM and BC levels at bus and train stations. 

Location 
PM2.5 µg/m3  PM2.5-10 µg/m3  BC µg/m3  

Mean Min Max Mean Min Max Mean Min Max 

Bus stop 
N10- Bobadela 18 6 71 2.8 0.0 20 3.5 0.1 55 

Areeiro 15 8 145 2.0 0.0 32 1.5 0.1 19 

Train stop 
Alcantara 17 6 54 1.9 0.0 8 1.4 0.1 4.6 
Bobadela 13 6 31 1.7 0.0 134 0.5 0.01 3.0 

 

Alcântara Terra train station is also an open station, and the average concentrations were related to 

the concentration obtained at the bus stops (PM2.5: 16.7 μg/m3 and BC: 1.9 μg/m3), and were much 

higher compared to Bobadela train station. This station, in particular, is very busy, it has a high flow of 
people and it is greatly influence by traffic emissions, since it is located in an area with high vehicular 

density and it limits with three avenues (Av. Ceuta, Rua Maria Pia and Rua Prior do Crato). Furthermore, 

it was noticed an influence of tobacco smoke, where passenger is used to smoke beside the train.  

Moreover, despite the concentration are low compared to the limits set by the regulations, it was 

possible to register more spikes of PM and BC in the bus stations than in the train stations. This reflects 

the negative effect of the near vehicular flow over the air quality in the stations. 
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Figure 21 - Bus and Train station images. a) and b) N10 Bus stops at Bobadela, c) bus stop in Areeiro, d) Bobadela 
train station and e) Alcântara Terra station.  

4.1.1.4 Bacterial and fungal loads  

In the Figure 22 is shown the bacterial and fungal loads measured in cars under the conditions of 

ventilation and cleaning. As seen, in all cases the bacterial loads were higher when the ventilation was 

off, in some cases highest than the outdoor loads. In contrast, fungal loads were always lower inside 
the car than the outdoor. In this case, since the air exchange was lower under the fan off condition, the 

main sources of this bacterial and fungal loads may be linked to the human microbiota and dust settle 

in the furniture of the car. Furthermore, it was also observed that cleaning decreased the bacterial and 

fungal loads in all cars. Which means that the cleaning may contributed to reduce the dust inside the 

vehicle and consequently the presence of fungi spores or vegetative bacteria as Sattar et al. (2016) 

and Haleem Khan et al. (2012) mentioned. However, the significance of this result is unknown, since 

the number of samples was low. 

In the situations where the moderate ventilation and air conditioning was used, fungal and bacterial 

loads decreased. This effect may be linked to the dilution due to the higher air exchange. But also this 

result agrees with the literature, where it has been found that ventilation may reduce up to 80% the 

microbe loads (Li et al., 2013) and the effect is mainly caused due to air filtration rather than the 
microclimate conditions generated by the ventilation as Gołofit-Szymczak et al. (2019) established. This 

behavior is very similar to the ones registered for coarser particles, where the concentration decreased 

after the use of ventilation. 

Even so, in the electric car after turning on the fan, the fungal load increased up 350 CFU/m3. This 

effect has been described by Jo & Lee (2008) where after turning on the ventilation after 5 min the 

fungal load increased up 1000 CFU/m3. This is caused by an accumulation of spores in the cabin air 

filter; thus, fungi spores are ejected directly into the air.  
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Figure 22 - Fungal and bacterial loads per type of car. The bars represent the confidence interval (CI) 95%. WC: 
without cleaning C: clean. 

Overall, cars had the lowest fungal and bacterial loads than the public transport (Figure 23). This result 

was expected since, the buses and trains have higher occupations. In this study, it was observed that 

the filter was in a good hygienic state, since the use of the ventilation did not cause an exuberant 
increase of fungi or bacterial loads in cars. However, direct analysis of the dust from the cabin air filter 

made by  Li et al. (2013) resulted in high concentrations of opportunistic culturable bacteria and fungi 

besides high levels of endotoxins (26151 CFU/mg; 1377 CFU/mg and 5527 EU/mg respectively). Also, 

the study determined reaerosolization of the bacteria found in the filter dust, after 5 min of using the 

AC; but after 10 min of use, the bacterial loads, decreased over time.  

Perhaps, the sampling method used in this study (active sampling) may limited these results, since it 

only collects the microbial loads for short periods of time (2.2 min in this case) (Viegas et al., 2018). 

Moreover, with the direct analysis of the filter, could be determined if the filter has biofilms which would 

be directly related to the reaerosolization of fungi or bacteria into the air (Li et al., 2013; Viegas et al., 

2017). On the other hand, passive sampling methods such as analysis of the microbiota in the surfaces 
of the vehicle, may also indicate the hygienic conditions of the vehicle and therefore the potential of this 

surfaces for the transmission of infections (Conceição et al., 2013).  

Furthermore, Barnes et al. (2018) evaluated the microbial quality in 51 vehicles with the AC on; the 
average bacterial and fungal loads were 350 and 13 CFU/m3, respectively and only three cars had 

bacterial loads above 1000 CFU/m3. This finding was higher compared to the result obtained here; with 

AC the average concentration was 51.0 ± 46.6 and 35.8 ± 6.1 CFU/m3 for bacteria and fungi 

respectively. In 50 air conditioned buses Prakash et al. (2014) reported an average fungal load  of 713 

CFU/m3  and Onat et al. (2019) reported a bacterial load of  712 ± 330 CFU/m3 also in buses with AC. 

In this study, the results were lower to the ones reported by these two authors (560.0 ± 98.1 CFU/m3 

and 460.0 ± 58.8 CFU/m3 for fungi and bacteria, respectively). Which could be affected, by the 
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occupation density, the hygienic conditions of the filters or resuspension from the vehicle floor and fabric 

seats (Jo & Lee, 2008).  

The bacterial and fungal loads in trains reported by Xu et al. (2016) were 417 and 413 CFU/m3, 

respectively, this result is similar to the loads found here. Overall, for all vehicles the results obtained in 

this study were similar to the loads found in the literature. Taking into account that the Portuguese 

legislation established that the bacterial loads should be less than the sum of outside bacterial load with 

350 CFU/m3, in some commutes performed in cars with fan off and trains, the limits were surpassed. 
Meanwhile, the fungal loads remained lower indoor than outdoor, in compliance with the Portuguese 

legislation. On the other hand, taking into account the NIOSH regulations, some commutes were above 

1000 CFU/m3 of bioaerosols (e.g. adding up the bacterial and fungal loads of buses) (Table A 7).  

Despite that in this study, the Portuguese legislation was used as a guide in order to have an idea of 

the air quality in the vehicles, it is important to mention that the legislation is limited to buildings and 

offices and there is a lack of legislation for vehicles. Due to the fact that the characteristics of these 

environments are not the same, it is important to establish is those recommended values are right for 

this type of microenvironment 

It is also important to notice that the outside concentration that were measured in bus stops and train 

stations were higher that the loads outside the cars. This difference may not be influenced by the place 

but mostly by the time and weather conditions in which the sampling was done, since the experiments 

were performed in different months. The cars were sampled between February and April and the public 

transport were sampled in May. Xu et al. (2016) reported that the outside load increase from spring to 
autumn and decrease in winter. Thus, the climate conditions might influence greatly these results. 
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Figure 23 - Fungal and bacterial loads per type of vehicle. Bars represent the confidence interval (CI) 95%.  

4.5  Characterization of bacterial isolates 

Cultured based methods were performed to quantify and identify bacterial isolates. Considering the 

specific composition of the cell wall, it was possible to differentiate bacteria into two groups Gram-

positive or Gram-negative. Then, according to the bacteria’s morphology, could be classified into cocci 

or bacilli for each type vehicle. As seen in the Figure 24, Gram-positive cocci were the highest 

prevalence group (60 and 85%), this result is similar to the findings of Gołofit-Szymczak et al. (2019), 

were Gram-positive cocci range 40 to 54% prevalence. Furthermore, Gram-negative bacteria were the 

lowest group found in the samples. This result is expected since cell wall of this type of bacteria has a 
lower resistance to temperature and humidity variations, which reduce the viability in the air (Matković 

et al., 2007). Moreover, Gram-positive cocci are consider human-borne, thus, it was expected higher 

the dominance of this type of bacteria in all samples (Greene et al., 1962).  
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Figure 24 - Distribution of bacterial isolates according Gram stain 

Taking into consideration of Gram-positive cocci genera, Micrococcus, Kocuria and Staphylococcus 
were identified in all transports (Figure 25). Considering all bacterial isolates, Micrococcus genus 

accounted for 45.6 % frequency followed by Staphylococcus and Kocuria (16.8 and 5.4 % respectively). 

This is similar to the studies performed by Leung et al. (2014), where most of the bacteria found in 

public transports belong to the genera Micrococcus and Staphylococcus. Kocuria was also found to be 

prevalent in the findings of Gołofit-Szymczak et al. (2019) during sampling campaigns within cars. All 

this genera are commonly found in indoor environments since most of them habit the normal human 

skin and mucous membranes and these genera are rarely associated with infection with exception of 
some species of Staphylococcus genus (Folayan et al., 2018; Aydogdu et al., 2010).  

The specie Micrococcus luteus was found to be the most common in all transports, with relative 

frequencies ranging from 28 up to 75%. In recent investigations, Micrococcus luteus has been reported 
in cases of skin infections and pneumonia (Folayan et al., 2018). Moreover, the specie Kocuria rosea 

also found in most of transports but less frequent (0.5 up to 18%), it has been isolated in patients with 

endocarditis and peritonitis (Kandi et al., 2016), most of the cases are device-related infections and not 

properly respiratory infections (Purty et al., 2013).  
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Figure 25 - Distribution of bacterial isolates according to the genus 

Staphylococcus genus, has many pathogenic species often found in the skin. In this study, the species 

found were S. aureus, S. epidermidis, S. hominis ss hominis in cars (Table A 8), S. cohnii ss cohnii, S. 

sprophyticus in trains and S. xylosus in buses (Table A 9). Onat et al. (2019) also found high levels of 

Staphylococcus sp. in buses and light trains mostly due to the overcrowding and the ability of this 

species to remain viable in surfaces, dry air and harsh environmental conditions. Several studies have 
found that a large amount of S. aureus identified are MRSA (methicillin resistant Staphyloccoccus 

aureus) or vancomycin resistant. Conceição et al. (2013) evaluated the hand touched surfaces of buses 

in Lisbon and found in 72 buses contamination with MRSA, furthermore, the types of MRSA were 

related to those found in hospitals. In this study, it was not possible to determine whether the species 

identified were MRSA or antibiotic resistant. On the other hand, the specie S. conhii ss conhii is known 

as opportunistic bacteria that cause high morbidity in people with immunodeficiencies and may carry 

the methicillin resistance gene. Likewise, a study performed in  buses and trains surfaces, also identified 

S. saprophyticus and S. xylosus with resistance genes to several antibiotics (Yeh et al., 2011).  

Gram-positive bacilli were the second most dominant group present for most of the samples. This result 

are similar to the findings of Aydogdu et al. (2010); the authors studied the bacterial diversity in child 
care centers, and after Gram-positive cocci, Gram-positive bacilli were the most frequent group. At the 

same time, Gram-positive bacilli were more dominant in the outdoor air than indoors, which indicates 

that most of this bacterium came from outdoor environment through ventilation.  Within this group the 

Corynebacterium, Bacillus, Oerskovia, Leifsonia and Rhodococcus genera were identified. The two 

genera Leifsonia and Oerskovia are principally found in the soil, water reservoirs, and other 

environmental sources (Folayan et al., 2018; Oikonomou et al., 2018). This could explain the low 

frequency of this specie overall samples (0.98%). This specie was only found in the gasoline car, bus 

and trains, but in low frequencies (Table A 8). Rhodococcus was found in two cars and in low frequency 
(0.97 and 2.8%). However, the specie R. equi has been found to be an opportunistic pathogen, involved 

in cases of pneumonia (de la Paz et al., 2010) 
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On the other hand, Corynebacterium and Bacillus genera was found in all vehicles and compared to 

Bacillus, the Corynebacterium genera was more frequent overall samples (6.8 and 11.4% for Bacillus 

and Corynebacterium respectively), this is due to the fact that this genera habits the human skin (Leung 

et al., 2014). Furthermore, Kim et al. (2010) examined the size distribution of the most frequent specie 
in hospitals and found that Corynebacterium along with other bacteria (Micrococcus sp. and 

Staphylococcus sp.) were distributed in sizes between 0.65 to 4.7 µm also known as the respirable 

fraction. in contrast with Bacillus that was in the size of >7 µm. This fact could explain the low frequency 

of this genera in all transports, where most of them could be retain in the filter of the cabin along with 

coarser particles. Among the species of Corynebacterium just two from the species isolated here, were 

reported to be opportunistic pathogens C. jekeium (found in two cars and trains) and C. 

pseudodiphtheriticum (found in one car). Yang et al. (2018) reported cases of C. jekeium and C. 

pseudodiphtheriticum for causing pneumonia in immunocompromised patients.  

Bacillus genera has one specie that is main concern for its effective transmission trough air; Bacillus 

anthracis is considered a very harmful pathogen that cause anthrax. This sickness has already killed 
several thousands of people since it was used as a weapon. The last bioterrorist attack occurred in 

2001 in USA with dissemination of spores B. anthracis of through the mail, this attack caused the death 

of 11 people (Fennelly et al., 2004). Even thought, this specie was not found here, it is one potential 

threat, moreover, public transportation system is vulnerable to the contamination with biological agents, 

besides the potential of its transmission. Other species such as B. subtilis has been linked to respiratory 

infection. Flindt (1969) reported a case with several workers with respiratory obstruction, after handle a 

preparation with enzymes derived from B. subtilis. In this study, this specie was found in only one car 

and in low abundance (1.6%).  

As discussed before, Gram-negative bacilli was found in most of the samples in low frequency, but it 

was a very diverse group. Around 14 different genera were found and members of the families 

Enterobacteriaceae, Pseudomonaceae and Achromobacteriaceae are known for being primary agents 
causing pulmonary infections (Pierce & Sanford, 1974). In this study, the most frequent genera were 

Comamonas, Pseudomonas and Serratia. Similarly,  Li et al. (2013) reported Pseudomonas sp. as a 

dominant genera in AC filter’s dust. 

In this study, the specie P. aeruginosa was identified in just one car (2.0 % relative frequency), for other 

isolates, it was not possible to identify the species. Furthermore, this genus is the most renowned in 

respiratory infections, specially P. aeruginosa, which has been implicated in several cases of 

pneumonia (Khan et al., 2015) and it is common in patients with cystic fibrosis lung disease (Knibbs et 

al., 2014). Likewise, Knibbs et al. (2014) studied the transmission and persistent of this microorganism 

in the air and found that when a person cough the aerosols can travel up to 4 m distance and after 45 

min this bacteria was still viable. This show the transmission and infection potential of bioaerosols in 
public spaces, and the risk could increase in vehicle microenvironments, due to smaller space, 

continuous transportation of people and crowding.  
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According to the results obtained here, there is a high diversity of bacterial species in all vehicles. It is 

worth mentioning, that the methods used here may not represent the real microbial diversity of these 

microenvironments. It is known that with cultured based methods generally less that 1% of the actual 

microbial content can be identified (Triadó-Margarit et al., 2017). 

Despite the identification of microorganisms in these sources it is really difficult to predict if people will 

eventually get some respiratory infections. As seen in most of the cases, these bacteria may act as an 

opportunist and people with immunodeficiencies may be the most vulnerable to this type of 
microorganism. Additionally, these findings show the potential of these microenvironments for the 

transmission of diseases. Thereby, it is known that simple actions like coughing could transmit a variety 

of pathogens that remain in distance and time (Knibbs et al., 2014).  

 

4.6 Gaseous pollutants  

4.2.1 CO2 and CO 

As seen in the Figure 26, the concentrations of CO2 were higher with the fan off, this result was expected 
since the CO2 exhaled by the occupants ranges from 38,000 to 56,000 ppm and it tends to accumulate 

under low air exchange rates (Hudda & Fruin, 2018; Jung et al., 2017). Lower concentrations of CO2 

were observed with the cleaning of the car under the fan off condition (Table A 3), however, the effect 

could be attributed to the traffic intensities of the day rather than the cleaning, since Leung et al. (2014) 

determined that CO2 is a function of commuter density and it is also influenced by the traffic conditions 

and the speed of the vehicle. Moreover, Hudda & Fruin (2018) reported that the CO2 tends to 

accumulate less under high speed conditions. Furthermore, the differences between cars is attributed 

to the characteristics of the car, since all cars had different cabin volume, the air exchange may also 
vary.   

Moreover, it was observed that with continuous fresh entrance and with ventilation either fan on or AC, 

the CO2 concentration decreased significantly (p < 0.05). As discussed before, the air exchange 
increase with the ventilation and thus the CO2 concentration is diluted. In contrast with CO, it was 

observed that the ventilation contributed to register spikes of higher concentrations of this pollutant, due 

to the increase of the air exchange, the proximity to the emissions of the vehicle in front and due to the 

congestion events. Dirks et al. (2018) found that CO levels decrease when driving with open windows 

and fresh air entrance due higher exchange rates of air, and to avoid spikes is preferred not to use the 

ventilation when the vehicle is close to the vehicle in front (e.g. in intersection, light stop). But the 

opposite was found by Leavey et al. (2017) where driving with windows closed and AC reduced the 
diffusion of CO. 
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Figure 26 - Boxplot of CO2 and CO levels in cars Boxes represent 25th and 75th percentile, central circle mean, 
central line median, higher and lower “X” the 99% and 1% percentiles, the extending vertical lines from the box 
represent the variability outside the upper and lower quartile. WC: without cleaning C: clean. 

Overall, CO2 and CO concentrations in cars were close to those registered in buses and trains, even 

with the lower occupation in cars (Table 4). This result is similar to the findings of Odekanle et al. (2017), 

where cars had higher concentration of CO compared to buses and rapid transit buses and Grana et 

al. (2017) reported similar maximum concentrations while commuting in two areas in Rome (7.1 ppm – 

5.6 ppm). The reasons behind, are the low volume of the vehicle cabin, which decrease the dilution of 

gases; the proximity of the cars to the tailpipe emissions from cars in front and lower exchange air rate 

 

2500

5000

1

2

3

G
as

ol
in

e

1

2

3

D
ie

se
l

1

2

3

 CCC WCWC
Fan Off AC

E
le

ct
ric

Fan On
WC

[C
O

] (
pp

m
)

D
ie

se
l

[C
O

2] 
(p

pm
)

2500

5000

G
as

ol
in

e

2500

5000

 

E
le

ct
ric



 41 

compared to buses. In case of trains, CO concentrations were significantly lower (p < 0.05), this is due 

to the fact of being away from the vehicular emissions. Furthermore, as seen in the Table 4, the 

minimum CO2 concentration ranged from 362 to 372 ppm. These concentrations were influenced by 

the ambient CO2 concentrations, and were registered in the very beginning of the journey. Hudda & 
Fruin (2018) reported 410 ppm CO2 as contribution from the outside air.  

In cars under the fan off condition the concentration of CO2 surpassed the limit values set by the WHO, 

AHSRAE and the Portuguese legislation. However, these limits values are set for offices and buildings 
for 8h periods, this period of time may not be reached while driving in typical commutes. On the other 

hand, recent studies have proved a decline in the decision-making performance when people is 

exposed to CO2 concentrations up to 1000 ppm (Satish et al., 2012). Another study determine a low 

mental performance, increase in stress markers and blood pressure levels when people were exposed 

at 3000 ppm during 2.5 h (Hudda & Fruin, 2018). This study proved that CO2 may accumulate up to 

4000 ppm in certain conditions and is much higher than the average ambient CO2 concentrations. Here 

is not clear the effect that may have produced in the commuters, thus more studies should be done to 
determine the effects on mental performance during short commutes (30-60 min).  

Meanwhile, the concentrations of CO registered in the commutes did not exceed the limit value set by 

the WHO for a 1 h average (25 ppm). In comparison with other studies, the concentration registered 
here are negligible to the concentrations obtained in a study performed by Odekanle et al. (2017) in 

Lagos city (Nigeria). In that study the average concentrations registered were 40 times higher (32.3 

ppm in cars and 23.7 ppm in buses) in commutes of 30 min than the average concentrations obtained 

here for both transports.  

Table 4 - CO2 and CO concentration per type of vehicle 

Vehicle Condition 
CO2  ppm CO ppm 

Mean SD   Min  Max Mean SD   Min  Max 

Cars 
Fan off  2137 961 376 4336 0.8 0.4 0.0 2.3 
Fan on  634 99 367 1159 0.6 0.5 0.0 5.2 

AC  663 144 367 1099 0.4 0.5 0.0 5.2 
Bus AC  754 222 388 1357 0.6 0.2 0.1 1.5 
Train AC  747 156 372 1531 0.3 0.2 0.1 0.9 

 

4.2.2 VOCs and formaldehyde 

VOCs include a wide type of chemical compounds as aromatic hydrocarbons (e.g. benzene, toluene 

etc.) and carbonyl compounds. Several types of VOCs have been found in cars as benzene, toluene, 

alkanes, etc. (Moreno et al., 2019; Xu et al., 2016). Here it was studied TVOCs and the carbonyl 

compound formaldehyde (CH2O). In the case of cars, under fan off condition, significantly higher 

concentrations (p < 0.05) of VOCs and CH2O were registered compared to the other modes of 

ventilations (Figure 27). Similar to result reported by Xu et al. (2016) where the change of ventilation 

mode from fan on to fan off, caused a 50% increase on the average concentration of aromatic 
hydrocarbons. On the other hand, higher concentration would be expected if the recirculation mode 
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was used, since Xu et al. (2016) reported that the concentration increased 51% when the recirculation 

of air was used.  

Furthermore, higher variations were found in each type of car, this major difference between cars could 

be driven by the off gassing of the cabin trim materials of each. However, there are many other factors 

that can influence, the concentration of VOCs inside the cabin, such as the temperature, humidity, age 

of the vehicle and the type of fuel. Duh (2015) reported average concentrations of VOCs of 0.25 ppm 

(~4000 µg/m3) when the temperature was around 35ºC and decreased even to 0 ppm when fresh 
entrance of air was allowed. This result is similar to the findings of this study, were higher concentrations 

of VOCs were obtained at higher temperatures (Table A 4). Moreno et al. (2019)  studied VOCs in 

several taxis with different fuel types; in the study a strong presence of light-hydrocarbon from fuel 

emissions inside gasoline and diesel cars was reported. In this study it seems that the commutes 

performed in the gasoline and diesel cars had higher concentrations of VOCs in contrast with the electric 

car (except when it was cleaned), but it is not possible to establish the same analysis, due to the lack 

of VOCs characterization.  

Regarding the cleaning condition, when the cars were cleaned specially the electric and diesel car, it 

was registered higher average concentrations (3370 ± 2387 and 4450 ± 890 μg/m3, respectively) 

compared to their not clean pairs (697.8 ± 241.4 and 3595 ± 513 μg/m3). Here the type of product used 
to clean the superficies of these cars may influenced the VOCs concentration. Both cars were cleaned 

with alcohol 70% v/v, in contrast with the gasoline car, which was cleaned with a window cleaner.  
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Figure 27 - VOCs and CH2O concentrations in per type of car Boxes represent 25th and 75th percentile, central 
circle mean, central line median, higher and lower “X” the 99% and 1% percentiles, the extending vertical lines 
from the box represent the variability outside the upper and lower quartile. WC: without cleaning C: clean. 

Taking into consideration the different types of vehicles, cars under the fan off condition had the highest 

concentration of VOCs and CH2O followed by trains. Xu et al., (2016) reported that cabin with lower 

volumes accumulate higher concentrations of VOCs. Furthermore, the air exchange in public transports 
is much higher than cars, which allows to dilute VOCs inside the cabin. In comparison with other studies, 

Faber & Brodzik (2017) reported concentration of VOC and CH2O of 612.2 ± 188.9 and 16.4 ± 4.9 μg/m3 

respectively inside cars, this result is similar to the ones obtained for air conditioned cars. Compared to 

the results obtained by Ramos et al. (2016) for cars without ventilation, the levels registered here for 
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the same condition were almost 3 times higher (471.0 ± 29.0 µg/m3). Similar differences were registered 

with buses, Ramos et al. (2016) registered almost 3 times lower concentrations (287.0± 69.0 µg/m3).  

Lau & Chan (2003) measured the concentration of four specific VOCs: benzene, toluene, ethylbenzene 

and xylene (BTEX) and registered higher concentrations of BTEX in buses that railway transports. This 

is due the proximity of buses to vehicular emissions and most of these VOCs are released in vehicular 

tailpipe emissions. This result disagrees with the results of this study; as seen in the Table 5 the average 

concentration in trains were almost 3 times higher than buses. Lau & Chan (2003) explained that the 
concentrations on trains are strongly influence by the surrounding air, similar to the findings of Gong et 

al. (2017) who studied VOCs concentration in underground and above ground trains. Thereby, the 

aboveground train had higher concentration of VOCs (143.9 ± 3.0 µg/m3) than the underground due 

the influence of vehicular emissions. However, the concentrations in that study are almost 17 times 

lower than the result obtained here, which may indicate that VOCs could be released from other sources 

as the internal materials of the carriage since during the experiments it was noticed bad odors within 

the carriage, or the interference with other types of substances.  

Compared to the regulations of air quality these concentrations are above the limits of the Portuguese 

legislation (600 µg/m3 for VOCs and 100 µg/m3 for CH2O). Moreover, comparing with the values defined 

for formaldehyde by the WHO and ASHRAE the concentrations registered were close to the limits (fan 
off: 0.14 ppm; fan on: 0.05 ppm and AC: 0.02 ppm for cars).  

Table 5 - Concentration of VOCs and CH2O per type of vehicle 

Vehicle Condition 
VOCs (µg/m3) CH2O (µg/m3) 

Mean SD Min Max Mean SD Min Max 

Cars 
Fan off 3235 1872 100 8100 124 260 0 2708 
Fan on 1251 1797 0 23403 15 14 0 88 

AC 733 739 0 3083 10 6 0 54 

Bus AC 882 394 269 4636 9 5 0 19 

Train AC 2516 5530 472 67965 25 44 1 272 
 

4.4 Inhaled dose per transport mode 

After analyzing the distribution and concentration of all pollutants in each transport, it was possible to 
estimate the inhaled dose while commuting. The inhaled dose depends on travel time, the concentration 

of the pollutant and the respiratory rate. Since the routes were not the same, the dose was normalized 

per km travelled. Trains had the longer duration trip (1.21 ± 0.03 h return trip) compared to buses and 

cars (0.98± 0.04 and 0.93 ± 0.17 h) however, the difference in time is negligible compared to the 

distance travelled (35.0, 21.4 and 15.3 km for train, buses and cars). Furthermore, train had the lowest 

dose for almost all pollutants (Table 6) mainly due to the low concentration of pollutants found in this 

vehicle. On the other hand, commutes in car without ventilation was the scenario with higher inhaled 

dose for almost all pollutants despite having the lowest travel duration. The ventilation reduced the 
intake of toxic gases such as CO, VOCs and CH2O, but, the entrance of fresh air all time and the higher 
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air exchange promoted the higher BC level that were hardly filtered. The inhaled dose in buses were 

similar to ventilated cars, with exception of the dose for coarser particles (PM2.5-10). 

In comparison, with the inhaled dose of BC estimated by Li et al. (2015) for different transports (subway, 

taxi, bus, walking and cycling), the highest dose where obtained in buses among the motorized 

transports (0.43 µg/km). This dose was 4 times higher than the dose estimated in this study (0.10 

µg/km) despite the fact that the duration and distance were lower in Li et al. (2015) study (0.44 h and 

3.5 km). The difference is influenced by the high level of BC detected in those buses (7.3 ± 1.8 μg/m3). 
On the other hand, the doses estimated here were very similar to those obtained by Onat et al.(2017). 

In that study the estimated dose for buses for BC and PM2.5 were 0.2 ± 0.2 and 0.7 ± 0.4 µg/km 

respectively; for cars with AC 0.03 ± 0.03 and 0.61 ± 0.31; for trains 0.07 ± 0.03 and 0.03 ± 0.21 for 

both pollutants respectively.  

In Lisbon, another study estimated the inhaled dose for various pollutants in different types of vehicles 

(Ramos et al., 2016). Since the sampling was at different hours of the day (8, 11, 14 17:30 and 21), the 

doses will be only compared with the values estimated at 11 and 14, because it approximately matches 

the sampling time of this study. Furthermore, the car was driven without ventilation and windows closed, 

same as the fan off condition of this study. The PM2.5 inhaled dose was almost 3 to 4 times higher for 

buses and cars (2.4 and 4.4 µg/km in buses and 1.8 and 1.9 for cars at 8 and 11 h respectively) than 
the doses estimated here (0.43 and 0.49 µg/km), despite the distance was lower 7 km. Similar to 

particles, the inhaled dose for CO, was higher for both vehicles (40.2 - 45.3 µg/km for bus and 28.8 – 

31.3 µg/km for cars) compared to this study (18.3 and 26.6 µg/km for buses and cars).  

These differences are due to the fact that the concentration registered of both pollutants inside these 

two vehicles was much higher, possibly due to the location of the study. The cited study was performed 

in Lisbon center specifically in a route that passed through the main squares and busy areas. Instead, 

in this study the routes included more suburban areas and with moving traffic. On the other hand, the 

CO2 dose was lower for cars but not for buses (97.4-69.7 for cars and 142.4-168.9 mg/km for buses). 

Lower concentrations were expected in those cars, since the occupation was lower (one-person vs two 

persons in this study). Furthermore, it is possible that the buses had higher occupations than the buses 
sampled here.  

Regarding the VOCs inhaled dose, it was found that in this study the dose was much higher (90 µg/km 

vs 14 -18 µg/km) in cars. This result could be influenced by the cleaning of the cars as discussed in the 
section before. Instead the dose for buses were similar to the estimates of Ramos et al. (2016) (16.1 

µg/km vs 18.9 – 24.4 µg/km).  
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Table 6 - Inhaled dose estimate per vehicle 

Pollutant Unit Train Bus Cars 
Fan off Fan on AC 

BC 

µg/km 

0.02 0.10 0.07 0.10 0.12 
PM2.5 0.23 0.43 0.49 0.43 0.43 

PM2.5-10 0.03 0.07 0.10 0.02 0.02 
VOC 43.5 16.1 90.0 38.1 26.8 
CH2O 0.22 0.19 5.1 0.6 0.4 
CO 10.9 18.3 26.6 19.1 14.0 
CO2 mg/km 21.6 28.7 108.3 32.2 34.0 

 

Even though, the study was focus on personal exposure of commuters, it is important to know that for 

a specific group of people, the exposure to traffic related pollutants may represent an occupational 

hazard. In this case, professional working in the transportation sector as drivers (e.g. bus drivers),  have 

higher contact duration ( 8 h at least) compared to commuters and during this time, the exposure to 

high concentration of pollutants may occur. Thus, it is important to also focus this type of studies towards 
this sector.  

4.5 Spatial distribution of PM10 and BC  

The development of maps with pollutants projected onto a street allows to identify hotspot and urban 

sources of pollution. In the Figure 28 a commute performed in cars with AC was mapped for BC and 
PM10. It was observed for both pollutants higher concentrations when the cars passed by rounds and 

main avenues such as Av. Berlin, Av 2ª circular and Av. Almirante Gago Coutinho near the airport. 

Since commutes cross by principal avenues this result is expected, where the level of traffic would be 

the main cause for higher concentration of both pollutants. But the fact that the airport is located near 

the avenues it may also influence the background pollution of the area. It is known that airports are a 

source of air pollutants such as PM especially UFP. Hudda et al. (2017) found particle number counts 

(PNC) were 1.3-fold higher on sites located at 7 km away from the airport.  
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Figure 28 - BC and PM10 spatial distribution map in car with AC.  

Regarding the bus commute, higher concentrations of BC were registered at the beginning of the 

journey passing by the avenue N10 and Salvador Allende Street (Figure 29). In these two avenues, the 

car and buses lanes are together, so this could be the main reason for vehicular emissions influencing 

the IAQ within buses. On the other hand, PM10 concentrations were higher when the bus passed close 

the airport. Furthermore, the traffic variations and street topography are key factors influencing these 
result. Li et al. (2015) registered higher BC concentration in buses at intersections due to the low vehicle 

speed and congestion. In the pollutant maps done by Ramos et al. (2016) the highest concentration of 

PM10 and PM2.5 coincided with stop lights in areas with high traffic.  

 

Figure 29 - BC and PM10 concentration maps in a commute performed by bus. 

Sources: Esri, HERE, Garmin, Intermap,
increment P Corp., GEBCO, USGS, FAO, NPS,
NRCAN, GeoBase, IGN, Kadaster NL,
Ordnance Survey, Esri Japan, METI, Esri China
(Hong Kong), (c) OpenStreetMap contributors,
and the GIS User Community
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With regards to the train commute, higher concentration of both pollutants were registered when the 

train approaches to the center of the city (Figure 30). Nasir & Colbeck (2009) found spikes of PM inside 

trains mostly during the stoppage of the train. This effect is produced by the resuspension of particles 

and correlated with the passenger number and movement. On the other hand, the levels of BC may be 
associated with the distance between the railways to the road (e.g. Av. Ceuta).  

 

Figure 30 - BC and PM10 concentration map in a train commute 

  

Sources: Esri, HERE, Garmin, Intermap, increment
P Corp., GEBCO, USGS, FAO, NPS, NRCAN,
GeoBase, IGN, Kadaster NL, Ordnance Survey,
Esri Japan, METI, Esri China (Hong Kong), (c)
OpenStreetMap contributors, and the GIS User
Community
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5 Conclusions and future work  
The indoor air quality while commuting was assessed in three different types of vehicles: cars, buses 

and trains. The chosen routes are typically performed by people that lives or works around Loures 

municipality. In cars, a more detailed examination was done in order to understand the effects of 

cleaning, type of car and the ventilation on the IAQ. Thereby, it was chosen three cars with different 
fuel source: electric, diesel and gasoline car. Furthermore, three ventilation conditions were evaluated: 

without mechanical ventilation (fan off), with medium ventilation (fan on) and with air-conditioning (AC). 

In total 18 commutes were sampled in cars and six for buses and trains, respectively.  

Regarding aerosols, it is not possible to determine whether the cleaning had a positive or negative 

effect on the concentrations of these pollutants, since the sampling campaigns were done in different 

days and the cleaning was not the same for all cars. In contrast, the type of ventilation had a clear 

influence on these pollutants. In the case of PM, it allowed to filter coarser particles, but the filters 

showed a low efficiency removing finest particles, and the fact that the fresh air entrance was allowed 

had a great influence as well in this efficiency. Furthermore, it was not observed an effect of the type of 

fuel in these particles' concentration, most of the difference were likely to be for the traffic conditions of 
the day.  

The airborne microbiota was highly affected by the ventilation mode and the occupancy of the vehicles. 

In the case of cars, without ventilation human associated bacteria tend to accumulate. In contrast, the 
ventilation helped to dilute and filter out the fungal and bacterial loads. Most of the isolated bacteria 

species habit the normal skin of humans and some of most abundant species had been found in 

respiratory tract infections, however, this does not reflect that the commuter will be developed any 

infection. On the other hand, the health outcome is highly influenced by the health conditions and 

susceptibility of the passenger. Thus, more investigation in this area is needed. The lack of 

representativeness of the isolated samples did not allow to observe whether the ventilation or the AC 

influenced the bacteria species diversity.  

Among the evaluated transports, train had the lower exposure concentrations to aerosols and therefore 

lower inhalation doses. In contrast with the road transportation, where buses and cars had similar 

exposure concentrations and inhaled doses. Furthermore, the concentrations of aerosols found in this 
study were below the legislation limits, which is highly influenced by the location where the study was 

performed.  

In relation to gaseous pollutant the cleaning and type of vehicle did not provide any effect on the 
concentration of CO and CO2. In this case, the ventilation reduced the concentration of both pollutants, 

but higher spikes of CO were registered when the ventilation was used. This is influenced by the fact 

that the air ventilation increased, and vehicle exhaust gas could diffuse into the cabin when the vehicle 

is on standstill, idling or very close to the vehicle in front. The occupancy was the main factor that 

influence the concentration of CO2 in buses and trains, in contrast with CO where the main factor was 

the influence of vehicular emissions.  
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In contrast, the cleaning affected the concentration of VOCs and formaldehyde, but this effect was 

observed only in two cars, mainly due to the difference in the cleaning process and cleaning products. 

The concentration of these two pollutants varied in all vehicles and variables such as the materials of 

the trim may have influenced, especially for trains, where the concentration of VOCs and formaldehyde 
were found to be very high. Overall, the concentrations of pollutants found here, were below the limit 

values established by the WHO, ASHRAE and the Portuguese legislation, with an exception of VOCs, 

however, the lack of a normative specially for vehicles, made hard the comparison with the limit values. 

The IAQ was affected in different ways by the ventilation mode depending on the pollutant. For instance, 

under the fan off condition, the concentration of BC was lower but the concentration of gases such as 

CO2 tended to accumulate rapidly. Thus, instead of choosing between one ventilation mode or another, 

a ventilation system accoupled with autonomous air monitoring sensors should be introduced in order 

to avoid the exposure to a high concentration of any pollutant. 

In order to assure that fine particle and BC low removal efficiency of the filter was affected by the 

entrance of fresh air, it is necessary to study the IAQ when the air is recirculated. Moreover, the fact 

that the sampling was done in different days was a limiting factor in order to compare the IAQ between 

vehicles and the cleaning effect on cars. On the other hand, more cars of the same type of fuel, should 

be sampled in order to establish whether the type of fuel influence the IAQ, since here only three cars 
were used.  

Furthermore, it is not clear if AC system of the vehicles especially buses and trains had a bioburden 

effect, because those vehicles were sampled just once in the middle of the commute. Thus, a more 
detailed study of the air filter should be done in order to determine whether the filters are in good 

hygienic state and determined how often should be replaced. Even though in this study the fungal 

isolates were not identified, it is important to do this identification in future works, since some fungi 

species are very harmful for human health. 
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A. Pollutant concentration in cars under ventilation and cleaning condition 

 

Table A 1 - PM2.5 and PM2.5-10 concentration per type of car 

Condition  Without Cleaning (µg/m3)  Clean (µg/m3)  
Mean SD Min Max Mean SD Min Max 

Gasoline 

Fan off PM2.5 20 10 10 61 15 2.8 10 33 
PM2.5 - 10 2.5 2.9 0.0 13.0 1.6 1.0 0.0 6.0 

Fan on PM2.5 13 6 8 97 18 10 11 103 
PM2.5 - 10 0.4 0.7 0,0 5.0 0.7 0.9 0.0 4.0 

AC PM2.5 13 8 7 60 19 8 12 73 
PM2.5 - 10 0.2 0.5 0.0 3.0 0.5 0.7 0.0 3.0 

Diesel 

Fan off PM2.5 15.3 4.7 9 43 13.3 2.7 10 21 
PM2.5 - 10 3.0 3.5 0.0 19.0 2.6 2.2 0.0 17.0 

Fan on PM2.5 12 5.1 6 43 10.1 4.1 6 23 
PM2.5 - 10 0.6 1.6 0.0 11.0 0.4 0.6 0.0 3.0 

AC PM2.5 12.5 3 8 25 13.2 5.5 7 29 
PM2.5 - 10 0.5 1.3 0.0 10.0 0.4 0.6 0.0 3.0 

Electric 

Fan off PM2.5 26.1 6.3 17 75 13.7 4.3 9 30 
PM2.5 - 10 4.5 3.9 0.0 21.0 6.2 6.6 0.0 51.0 

Fan on PM2.5 19.3 4.4 13 47 17.3 13 6 109 
PM2.5 - 10 1.3 2.5 0.0 18.0 1.3 2.7 0.0 23.0 

AC PM2.5 16.6 8.4 9 81 15 9 7 84 
PM2.5 - 10 1.1 2.9 0.0 49.0 1.2 2.4 0.0 18.0 

 

Table A 2 - Concentration of BC per type of car 

Vehicle Condition   Without cleaning (µg/m3)   Clean (µg/m3) 
Mean SD Min Max Mean SD Min Max 

Electric  
Fan off 1.7 1.6 0.0 6.3 1.2 2.0 0.0 17 
Fan on 2.9 2.4 0.0 23 3.9 5.9 0.0 57 

AC 4.9 5.9 0.4 45 4.0 5.4 0.0 33 

Diesel  
Fan off 3.6 4.3 0.1 17 1.3 1.1 0.0 3.4 
Fan on 3.0 4 0.3 29 1.8 1.7 0.1 7.5 

AC 3.1 2.5 0.5 15 3.8 4.5 0.1 26 

Gasoline  
Fan off 4.7 5.7 0.2 21 2.9 2.9 0.0 13 
Fan on 3.3 3.5 0.3 22 5.4 6.8 0.1 56 

AC 4.0 5.3 0.3 44 4.6 5.8 0.0 41 
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Figure A  1 - Temporal variation of BC concentration per type of car 
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Table A 3 - CO2 and CO concentrations per type of car 

    CO2 (ppm) CO (ppm) 
    Mean SD Min Max Mean SD Min Max 

Electric WC Fan off 2010 986 452 3527 0.8 0.2 0.1 1.6 
Fan on 614 73 420 688 0.8 0.3 0.1 1.7 

Electric C 
Fan off 2483 1184 430 4336 0.9 0.5 0.0 1.7 
Fan on 594 86 418 731 0.5 0.3 0.1 1.7 

AC 597 94 411 740 0.4 0.4 0.1 2.3 
  Fan off 2397 821 482 3564 1.3 0.5 0.1 2.3 

Diesel WC Fan on 737 141 424 1159 0.8 0.5 0.0 1.6 
  AC 704 116 419 823 0.4 0.3 0.0 1.4 
  Fan off 2269 796 376 3416 0.8 0.2 0.1 1.1 

Diesel C Fan on 645 108 369 737 0.8 0.7 0.1 5.2 
  AC 660 73 367 732 0.7 0.9 0.1 5.2 
  Fan off 2234 693 412 3542 0.7 0.4 0.0 1.4 

Gasoline WC Fan on 674 49 419 777 0.3 0.2 0.0 1.2 
  AC 657 64 414 840 0.2 0.2 0.1 1.5 
  Fan off 1314 571 376 2032 0.7 0.3 0.1 1.0 

Gasoline C Fan on 598 104 367 846 0.6 0.3 0.1 1.4 
  AC 755 251 380 1099 0.5 0.3 0.1 1.5 

WC: without cleaning; C: clean  

 

Table A 4 - VOCs, CH2O concentrations and temperature per type of car 

Vehicle Condition 
CH2O (µg/m3) VOCs (µg/m3) TºC 

Mean SD Max Mean SD Max Mean SD Max 

Electric WC 
Fan off 99 72 255 698 241 1100 30 2 32 
Fan on 9 4 29 99 11 100 27 2 29 

AC 10 1 12 65 47 100 26 2 29 

Electric C 
Fan off 546 790 2708 3369 2387 8100 29 3 31 
Fan on 21 19 88 145 65 400 29 1 30 

AC 9 3 15 50 50 200 25 1 28 

Diesel WC 
Fan off 39 19 76 3595 513 4952 34 3 44 
Fan on 14 4 26 2685 579 4411 34 6 42 

AC 9 3 15 2714 189 3083 27 3 33 

Diesel C 
Fan off 230 80 276 4450 890 5749 29 2 33 
Fan on 48 28 76 1330 185 1857 31 3 34 

AC 27 18 54 861 365 2194 27 2 30 

Gasoline WC 
Fan off 116 60 238 4537 1072 7491 31 3 35 
Fan on 11 8 64 2684 3033 23403 27 1 28 

AC 9 6 46 1152 164 1586 25 1 26 

Gasoline C 
Fan off 36 17 58 2254 369 3638 35 4 39 
Fan on 20 9 31 1058 89 1306 34 3 37 

AC 20 8 30 797 140 1198 29 2 33 
WC: without cleaning; C: clean 
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B. Pollutant concentration for cars, buses and trains  
 

Table A 5 - PM concentrations per types of vehicle 

Vehicle/Condition 
PM2.5 (µg/m3 ) PM2.5-10 (µg/m3 ) 

Mean  SD Min  Max Mean  SD Min  Max 

Cars 
Fan off  17 7 9 75 3.3 3.8 0 51 
Fan on 15 9 6 109 0.8 1.8 0 23 

AC 15 8 7 84 0.7 1.9 0 49 
Bus  AC 20 9 8 73 3.4 4.9 0 49 
Train AC 14 5 6 54 1.8 2.4 0 27 

 

Table A 6 - BC concentration per type of vehicle 

Vehicle Condition BC (µg/m3 ) 
Mean Sd Min Max 

Cars 
Fan off 2.7 3.8 0.0 21 
Fan on 3.4 4.7 0.0 57 

AC 4.1 5.2 0.0 45 
Bus AC 4.5 3.6 0.1 27 
Train  AC 1.2 0.6 0.0 3.4 

 

Table A 7 Fungal and Bacterial loads per type of vehicle 

Vehicle Condition 
Fungi CFU/m3 Bacteria CFU/m3 

Mean SE Mean SE 

Cars 
Fan off 137 14 395 47 
Fan on 82 25 51 12 

AC 36 6 51 6 
Buses AC 560 98 460 59 
Train  AC 203 14 728 173 

SE: Standard error of the mean.  
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C. Identification of bacterial isolates per vehicle 
Table A 8 - Bacterial species in cars 

Electric car Diesel Gasoline 

n=185 %RF n=310 %RF n=216 %RF 

Micrococcus luteus 28.65 Micrococcus luteus 48.06 Micrococcus luteus 75.9 

Staphylococcus epidermidis 16.76 Brevibacterium casei 5.81 Kocuria rosea 18.5 

Serratia liquefaciens 9.19 Corynebacterium xerosis 5.48 Comamonas testosteroni 15.7 

Micrococcus varians 6.49 Kocuria rosea 4.84 Staphylococcus hominis ss 
hominis 15.7 

Corynebacterium xerosis 4.86 Staphylococcus sp 4.84 Micrococcus varians 13.9 

Staphylococcus aureus 4.86 Micrococcus varians 4.84 Staphylococcus epidermidis 13 

Corynebacterium kutscheri 2.7 Staphylococcus epidermidis 4.52 Staphylococcus aureus 10.2 

Bacillus circulans 2.16 Corynebacterium jeikeium 3.87 Staphylococcus sp 9.3 

Bacillus sphaericus 2.16 Corynebacterium kutscheri 3.87 Vibrio sp 6.5 

Bacillus polimyxia 1.62 Corynebacterium 
pseudodiphtheriticum 3.87 Leifsonia aquatica 4.6 

Kocuria kristinae 1.62 Bacillus insolitus 2.58 Corynebacterium sp 4.6 

Bacillus subtilis 1.62 Oerskovia sp 2.26 Bacillus badius 3.7 

Sphingomonas paucimobilis 1.62 Staphylococcus aureus 1.61 Bacillus pasteurii 3.7 

Serratia marcescens 1.62 Comamonas testosteroni 1.29 Rhodococcus equi 2.8 

Acinetobacter calcoaceticus 1.62 Pseudomonas sp 1.29 Corynebacterium jeikeium 1.9 

Pseudomonas aeruginosa 1.62 Acinetobacter calcoaceticus 0.97   

Burkholderia cepacia 1.62 Kytococcus sedentarius 0.97   

Kytococcus sedentarious 1.08 Rhodococcus equi 0.97   

Bacillus alcalophilus 1.08 Achromobacter prechaudii 0.97   

Bacillus insolitus 1.08 Yersinia pseudotuberculosis 0.65   

Alcaligenes xylosoxidans 1.08 Bacillus brevis 0.65   

Alcaligenes faecalis 0.54 Staphylococcus hominis ss 
hominis 0.65   

Staphylococcus cohnii 0.54 Bacillus badius 0.32   

Comamonas testosteroni 0.54 Bacillus alvei 0.32   

Bacillus pasteurii 0.54     

Staphylococcus sp 0.54     

Kocuria rosea 0.54     

Citrobacter freundii 0.54     

Bacillus badius 0.54     

Bacillus popilliae 0.54     
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Table A 9 - Bacterial species in buses and trains 

Bus  Train  

n=210 %RF n=191 %RF 
Micrococcus varians 21.8 Micrococcus luteus 52.36 

Micrococcus luteus 15.64 Kocuria rosea 9.95 

Corynebacterium xerosis 12.8 Staphylococcus aureus 8.38 

Staphylococcus xylosus 11.37 Micrococcus varians 6.28 

Corynebacterium kutscheri 10.9 Staphylococcus saprophyticus 3.66 

Shewanella putrefaciens 4.27 Staphylococcus sp 3.14 

Pseudomonas sp 3.32 Bacillus brevis 2.09 

Bacillus insolitus 3.32 Leifsonia aquatica 2.09 

Brevundimonas vermicularis 2.37 Corynebacterium jeikeium 2.09 

Aeromonas veronii 1.9 Staphylococcus cohnii ss cohnii 1.57 

Bacillus circulans 1.9 Pseudomonas sp 1.05 

Bacillus pantothenicus 1.9 Bacillus megaterium 1.05 

Bacillus alvei 1.9 Bacillus badius 1.05 

Bacillus pasteurii 1.9 Bacillus pantothenticus 1.05 

Kocuria rosea 1.42 Bacillus licheniformis 1.05 

Bacillus badius 1.42 Staphylococcus epidermidis 1.05 

Vibrio sp 0.95 Acinetobacter calcoaceticus 0.52 

Leifsonia aquatica 0.95 Serratia fonticola 0.52 
  Shigella sonnei 0.52 
  Bacillus coagulans 0.52 
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D. Statistical test performed in STATISCA software  
 

Table A 10 - Mann-Whitney U Test: PM and BC comparison for cars with and without cleaning 

Vehicle  WC         C PM2.5 PM2.5-10 BC 
Fan off Fan on AC Fan off Fan on AC Fan off Fan on AC 

Electric 
Fan off 0.00     0.02     0.00     
Fan on   0.00     0.71     0.02   

AC     0.00     0.71     0.00 

Diesel 
Fan off 0.00     0.09     0.00     
Fan on   0.00     0.16     0.00   

AC     0.08     0.02     0.78 

Gas 
Fan off 0.00     0.03     0.00     
Fan on   0.00     0.00     0.00   

AC     0.00     0.00     0.03 
WC: without cleaning; C: clean 

Table A 11 - Mann-Whitney U test: CO2 , CO, VOCs and CH2O comparison for car with and without cleaning. 

Vehicle  WC                  
         C  

CO2  CO VOC CH2O 
Fan off Fan on AC Fan off Fan on AC Fan off Fan on AC Fan off Fan on AC 

Electric 
Fan off 0.00     0.24     0.00     0.99     
Fan on   0.00     0.00     0.00     0.00   

AC     1.00     1.00     0.00     0.00 

Diesel 
Fan off 0.11     0.00     0.00     0.00     
Fan on   0.00     0.01     0.00     0.01   

AC     0.00     0.00     1.00     0.01 

Gas 
Fan off 0.00     0.00     0.00     0.00     
Fan on   0.00     0.00     0.00     0.00   

AC     0.02     0.00     0.00     0.00 
WC: without cleaning; C: clean 

Table A 12 - Mann-Whitney U Test: PM and BC comparison between cars, train and buses. 

Vehicle 
BC PM2.5 PM2.5-10 

Bus Trai
n 

Car fan 
on 

Car 
AC Bus Trai

n 
Car fan 

on 
Car 
AC Bus Trai

n 
Car fan 

on 
Car 
AC 

Bus   0.00 0.00 0.00   0.00 0.00 0.00   0.00 0.00 0.00 
Train 0.00   0.00 0.00 0.00   0.12 0.01 0.00   0.00 0.00 

Car Fan 
off 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.62 0.00 0.00 0.00 

Car Fan 
on 0.00 0.00   0.00 0.00 0.12   0.72 0.00 0.00   0.01 

Car AC 0.00 0.00 0.00   0.00 0.01 0.72   0.00 0.00 0.01   
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Table A 13 - Mann-Whitney U Test: CO2  and CO comparison between cars, buses and trains. 

Vehicle 
CO2  CO 

Bus Train Car On Car AC Bus Train Car On Car AC 

Bus   0.07 0.00 0.00   0.00 0.37 0.00 
Train 0.07   0.00 0.00 0.00   0.00 0.00 

Car Fan off 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Car Fan on 0.00 0.00   0.00 0.37 0.00   0.00 

Car AC 0.00 0.00 0.00   0.00 0.00 0.00   
 

Table A 14 - Mann-Whitney U Test: VOCs and CH2O comparison between cars, buses and trains. 

Vehicle 
    VOCs   CH2O 

Bus Train Car On  Car AC  Bus Train Car On  Car AC  
Bus   0.00 0.00 0.00   0.01 0.01 0.08 

Train 0.00   0.00 0.00 0.01   0.54 0.01 

Car Fan off 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Car Fan on 0.00 0.00   0.00 0.01 0.54   0.00 

Car AC 0.00 0.00 0.00   0.08 0.01 0.00   
 


