Chapter 6 )
In-Vehicle Exposures at Transportation b
and the Health Concerns

Xi Fu

Abstract In-vehicle environment is a special indoor environment, which is mobile,
either open or closed. This chapter reviewed in-vehicle air quality and passenger
exposures for roadway commuters, commercial airplanes, and marine transportation.
The sources of pollutants in-vehicle can be categorized as the same as other indoor
environments, including outdoor air, human activity, emission from building mate-
rial and interior furnisher, and biological metabolic process from animals and
microbes. However, the exposure in vehicles varies from now and then, influenced by
window open/closed, speed, air flow, ventilation on/off, air conditioner on/off, pol-
lutants from ambient outdoor air, interior material, and number of passengers. There
are few studies on health condition of passengers, except infectious disease during
airway transportation. Some health studies of related occupations are reviewed.
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6.1 Introduction

As the issue of air pollution is paid more and more attention, researchers started to
study environment and air quality in various specific circumstances. Indoor environ-
ment in transport vehicles is one of the specific environment. Nowadays, transporta-
tion vehicles occupy quite an amount of time in our daily life, especially for those
who live in big cities. For many people in big cities in industrial countries, spending
2 h in commuting is a daily circumstance. Many studies were done about the envi-
ronment and exposures in vehicles, and the environment in vehicles was called
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“in-vehicle microenvironment,” or ‘“transport microenvironment” sometimes.
According to published literature, in-vehicle exposure is generally considered to
contribute at least10-20% of daily exposure [1].

In-vehicle environment is a special indoor environment, which is mobile, and
either open or closed. The sources of pollutants in-vehicle can be categorized as the
same as other indoor environments, including outdoor air, human activity, emission
from interior material and furnisher, and biological metabolic process from animals
and microbes [1]. Comparison has been done between exposure levels with several
commuter modes and roadside exposures (pavement), and different patterns have
been reported. Chan et al. compared exposures from different commuting microen-
vironment in Hong Kong in 1990s. They reported the order of exposure from high
to low: private car, the group consisting light bus, bus, tram, and roadside pavement,
train, and ferry at last [2]. Moreno et al. reported a similar exposure pattern from
commuters in Barcelona in 2015, in which the levels of particulate matters followed
a decreasing order of diesel bus, tram, and subway. Besides, the level of CO2 is
tripled in subway and buses of the level at pavement [3]. Moreno also reported ele-
vated levels of Mn, Co, Zn, Sr, and Ba within subways and elevated levels of Sb and
Cu within buses [3]. Ramos et al. have studied inhalation doses from different com-
muters in Lisbon in 2015, and reported highest levels of PM 10 in trams, highest
levels of PM2.5 in subways, and lowest levels of particulate matters in trains and for
pedestrians, considering both concentrations and ventilation rates [4].

However, the exposure in vehicles varies from now and then, influenced by win-
dow open/closed condition, driving speed, ventilation, inner air filtration, leakage
airflow rate, pollutants from ambient outdoor air, interior material, and number of
passengers [5].

6.2 Commuters (Car, Tram, Bus, and Subway)

Interior space in vehicles is small, and the air quality in vehicles is affected by win-
dow open/closed condition and the ventilation condition. Literatures have reported
an air exchange rate of 120/h and an equilibrated exposure level to outdoor air at
open window condition [6, 7]. At window closed condition, in-vehicles exposure
level varies upon fan on/off and air recirculation on/off [8]. Particulate matters,
black carbon, NO2 are common pollutants related to outdoor air and traffic, and the
level of PM2.5, black carbon, and NO, have been reported higher in vehicles com-
pare to ambient outdoor air [9—11]. The in-vehicle level of ultrafine particulates can
be reduced by high air recirculation rate with a high efficiency air particulate filter
[12]. Most of the studies on in-vehicle exposures did not include subways, and the
studies on subway cabin exposure mainly focused on microbial contaminations.
Roadway commuting in vehicles has been reported associated with elevated level of
exhaled nitric oxide, C-reactive-protein, and exhaled malondialdehyde, which indi-
cated inflammation in respiratory tract and increased oxidative stress [13] (Fig. 6.1).



6 In-Vehicle Exposures at Transportation and the Health Concerns 115

Fig. 6.1 (a) Traffic condition at rush hours on roadway. (The picture is tagged with Creative
Commons licenses). (b) Peak hour condition in subway (Photo shot by Xi Fu)

6.2.1 Paticulate Matters

Particulate matters are one of the main kinds of pollutants from ambient outdoor air.
PM2.5 and PM10 commonly exist in outdoor air. Vehicles commonly exhaust par-
ticles <300 nm (0.3 pm), which contribute to the ultrafine particulate matters
(<0.1 pm) or PM 1 [5]. A close-window exposure measurement study in cars has
reported that the concentration of particles in-vehicle is associated with ambient
traffic [14]. The level of PM1-10 in vehicle was lower in the morning and higher in
the evening, and the peaks of PM1 level appeared when the car was driven in busy
crossroads [14].

In-car exposure to PM2.5 has been reported associated with decreased level of
lymphocytes, and increased level of C-reactive protein, red blood cells, neutrophils,
next-morning heart rate variability, and next-morning heart beat cycle length, which
indicates that PM2.5 may cause inflammation and cardiovascular disease [15].
In-vehicle smoking increases the concentration of particulate matters, and in-vehicle
second hand smoking exposure has been reported associated with current asthma
[16]. Diesel-exhaust particle is one kind of main traffic pollutants, and has been
detected in vehicles on roadway, contributing 30-55% of daily exposure, which has
been reported associated with pulmonary and systemic inflammation [17].

6.2.2 VOCs

Many kinds of VOCs have been detected in cabins of passenger vehicles, which can
be emitted from interior material inside vehicle cabins, or from outdoor air by win-
dow or ventilation. Xu et al. reviewed VOCs detected in vehicle cabins, and catego-
rized them into aromatic hydrocarbons, formaldehyde, and other carbonyl compounds
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[5]. The range of aromatic hydrocarbon level is 112-595 pg/m?, and the key com-
pounds include benzene, toluene, ethylbenzene, and xylenes. The level of aromatic
hydrocarbon pollutant increases when cabin temperature goes up, fan turned off, or
air recirculation turned on [18]. Moreover, the level of benzene is one tenth higher in
new vehicles compared to old ones, while the concentration of toluene, xylenes, and
ethylbenzene is doubled in new vehicles compared to old ones [19].

The emission of formaldehyde and carbonyl compounds is mainly from interior
material in vehicle cabin, and the exposure level increases when the temperature is
high. The interior concentration of total VOC has been reported to increase from
winter to summer, and the interior level in summer was far higher than the outdoor
level [20]. Exposure of hexanal and nonyl aldehyde has been commonly reported in
vehicle cabins. The level of nonyl aldehyde increased 12.5-folds from moderated
heat condition (32.2—42.8 °C) to static high heat condition (47.8-62.8 °C) during an
experimental test [21].

6.2.3 Inorganic Pollutants

Black Carbon

The concentration of black carbon has been reported to be highly dynamic and
associated with ambient traffic condition [22], and the level was higher on week-
days during a week, and in the morning during a day [14]. The level of black carbon
in vehicles can be effected by the type of vehicles followed, which was highest
when diesel-powered cars were followed, and lowest when gasoline-powered cars
or not any cars were followed [23].

Carbon Monoxide (CO)

A Finnish study during 1990s reported in-vehicle CO level was 5.7 ppm during rush
hours [24], and the concentration was influenced by time of day, average driving
speed, wind speed, and relative air humidity. An experimental study tested health
effect of different in-car CO exposure level, and reported the CO concentration was
associated with decreased blood pressure, decreased concentrating conscious, and
increased fatigue level [25].

Nitrogen Dioxide (NO,)

Not so many studies studied the concentration of nitrogen oxides in vehicles.
Hazlehurst has reported, quite recently, the concentration of NO, in vehicle is about
six times of the ambient outdoor level, and contributed to 30% of NO, exposure
during a day [26].

6.2.4 Microbes in Subways

The environment in subways is different from that in vehicles on the roadway. The
particulate matters and gaseous oxides are not the main concern here, and some recent
studies on hygiene aspects in subways mainly focused on microbial pollutants. As the
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sequencing technology is developing rapidly, researchers turned to conduct microbi-
ome survey in subways by the metagenomic sequencing, and the knowledge of micro-
bial community in subways has been progressed. Hsu et al. have reported that microbes
associated with human skin are dominating on subway car surfaces, including the seat,
the seat back, the horizontal pole, the vertical pole, and the grip; oral, gut, and some
environmental taxa are also detected from seats and touchscreens [27]. Leung et al.
have compared changes in the microbial community in subway cars at peak and non-
peak commuting hours, and have reported that the skin-associated genus is largely
increased in peak hours; and the abundance of these genera is positively correlated
with the level of carbon dioxide [28]. Walker et al. have compared microbiome pat-
terns in subway system across multiple cities, and the differences between cities have
been reported [29]. A microbial survey of subway stations by Afshinnekoo et al. has
reported that the microbial community from the station can present its history. For
instance, marine-associated bacteria were detected in a hurricane-flooded station [30].

6.3 Commercial Aircrafts (Cockpit and Cabin)

The cockpit and cabin environment in commercial aircraft is a closed environment
with a specific air compressing system. This system supplies compressed air con-
tinuously to the cockpit and cabin. The outdoor air passes the engine to get heated
to 400 °C and sterile, then the air enters the compressor to get cooled and packed.
The packed fresh air enters the cockpit directly, while it is mixed with 50% recircu-
lated air before entering the cabin. The air recirculation system for the cabin con-
tains filters for particles, including pre-filters for large particles and high efficiency
particulate air (HEPA) filters. HEPA filters can remove particles with a diameter
down to 0.3 pm with 99.99% efficiency [31, 32]. Many, but not all aircraft have
HEPA filters. In most airplanes, there is an ozone converter before the air entering
cockpit and cabin. There could be moisture condensation in the airplane, which
goes into the wall construction. The wall is constructed with mineral insulation, but
there is no dampness barrier in the wall.

The airplane environment is impressively featured with dry air, both in the cockpit
and in the cabin. The relative air humidity is usually below 10% during cruise [33],
and the temperature is in the range 22-26 °C [33, 34]. The concentration of CO2 is
between 500—1000 ppm during cruise [33], which is under the recommended limit of
1000 ppm [35]. However, during the taxi, take off, and landing phases, the level of
CO2 could reach a higher range up to 2500 ppm. The mean NO2 level has been
reported at 7 pg/m? [33]. Nowadays, in most of the airliners there is an ozone con-
verter, which catalyze ozone into oxygen. However, it is optional on some type of
airplanes. The old converters should be replaced with new ones after a certain period,
otherwise the ozone level would be elevated [36]. The mean concentration of ozone in
the cockpit has been reported at 26.3 pg/m?, but the highest level tested is 76.1 pg/m?
[33]. The ventilation air flow in the cockpit environment is 60—80 L/s per person [37,
38]. There is no dampness barrier in the airplane wall, and moisture in the cabin air
may enter the double-layer wall and condense, where there is a potential for bacteria
and fungi growth. Radiation exposure has been evaluated among Germen aircrews,
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Fig. 6.2 (a) A commercial airplane on cruise. (b) Two pilots in the cockpit of a commercial air-
plane. (The pictures are tagged with Creative Commons licenses)

and the annual accumulative dose was reported higher in elder pilots and younger
cabin crews than in their counterparts, which is associated with high frequency of
long-haul intercontinental routes, mostly to the north [39] (Fig. 6.2).

6.3.1 VOCs

VOC exposure studies have been done in the cockpit and cabin. The level of form-
aldehyde in the cockpit has been reported under detection limit (<5 pg/m®) [33].
Sources of VOCs in the cockpit include jet oil leaked by the engine [40—42]. Various
chemicals are detected in the cabin environment. Compounds in the turbine and
engine oil, tricresyl phosphate are detected in both wipe samples in the aircraft and
samples from the HEPA filter [43]. Brominated flame retardants (BFR) have been
detected in serum of pilots, cabin crew, and aircraft maintenance workers [44],
which are used for fire safety in the air plane. Moreover, compounds originated
from hydraulic oil, like dibutylphenyl phosphate and tri-n-butyl phosphate, which
are emitted from vehicles on the ground, have been detected in the airplane environ-
ment [43]. Levels of VOCs have been evaluated in the cabin environment in Airbus
airplanes, and most VOCs are under the detection limit [45]. Studies have reported
concentrations of main compounds in the cabins in Airbus airplanes, though in dif-
ferent units: ethanol 593 pg/m?, acetone 24 pg/m’, toluene 8 pg/m?, formaldehyde
5.7-7 pg/m?, acetic acid 6 pg/m?, and nicotine 2 pg/m?, acetaldehyde 6.5 pg/m?, and
mostly very low concentrations of other aldehydes [45, 46] (Fig. 6.3).

6.3.2 Microbes and Microbial Compounds

Airborne bacteria exist in the cabin environment, due to passenger activity and high
occupant density. The concentration of viable bacteria increases during cruise, pos-
sibly due to more frequent passenger and cabin crew activity [47]. A study using
cultivating method reports that bacteria measured in the cabin environment include
bacteria common on human skin surface or in dust and outdoor air [48]. Fungi levels
are low, and the predominating genera include Cladosporium, Aspergillus, and
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Fig. 6.3 Cabin environment of commercial airplanes (The pictures are tagged with Creative
Commons licenses)

Penicillium [49]. The cultivating method is very practical, but it may lose majority
of the species [47]. In recent years, sequencing of 16S rRNA gene is used to identify
microbial community in a certain environment. A recent study analyzed bacterial
communities in HEPA filters from commercial aircraft cabin, by microarray
sequencing of 16S rRNA gene and bio-informatics analysis [50]. The subfamilies
detected in airplane cabin include bacteria from human skin, gastrointestinal tracts,
respiratory tracts, and bacteria from water and soil. The bacterial composition in
aircraft cabin differs from urban outdoor air [50]. Pathogens as well as non-
pathogens were detected [50]. A quite recent study on airplane cabin microbial
community has reported that microbial diversity varies between flights; airborne
microbial communities differ from those on the touch surfaces. And no patterns
have been determined for the changes of microbiome community from pre- and
post-flight [51]. There are few studies done on fungi levels in aircraft measured by
molecular methods. Fu et al. have investigated the level of fungal DNA in the air-
plane environment, and have reported that the level of fungal DNA in airplanes is as
low as 20% of the average level in European classrooms [52]. Microbial volatile
organic compounds (MVOCs) have been detected in the airplane cabin in the same
study, and the total MVOCs level has been 3.7 times of the average level in Nordic
homes. Moreover, two pentanols, 2-methyl-1-butanol and 3-methyl-1-butanol, had
a concentration at 15 and 17 times of the Nordic home level, respectively [52].
Endotoxin has been detected both in air and dust in the airplane cabin, and the mean
endotoxin levels in air and settled dust are both higher than the mean levels reported
in homes and office buildings [53]. Moreover, 3-hydroxy fatty acids, a marker of
endotoxin, can be detected in settled seat dust and carpet dust [53].

6.3.3 Viruses

HEPA filters have a high efficiency to remove particles and microbes with a diam-
eter larger than 0.3 pm with 99.99% efficiency [54]. Fragment of bacteria and
fungi (0.1-1.0 pm), and viruses (0.01-0.02 pm) may not be removed by the HEPA
filter.
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The aircraft cabin is a crowded indoor environment and there has been concern
about the spread of airway infections in aircraft. Nowadays pilots spend all time
in the cockpit which has a separate ventilation system. However, before the 11th
September terrorist attack in 2001, pilots could spend short periods in the forward
part of the cabin during cruise, socializing with the cabin attendants. Existing
studies on spread of infections in aircraft have mainly focused on transmission
among passengers and airline crews. Airborne pathogen transmission was reported
to be associated with sitting within two rows of the index person on board during
more than 8 h [55]. The transmission is believed to be by large droplets, and
increased ventilation rate can decrease the infection risk [55]. Spread of influenza
follows previously observed transmission model, but passengers sitting further
away than two rows can be infected [55]. Transmission of severe acute respiratory
syndrome (SARS) can occur on board faster and at wider areas than the typical
transmission model [56]. One tracing contact study of SARS among 1766 pas-
sengers found no spread of SARS [57]. Another study of SARS infection traced
304 passengers and crew with one or two index person on board, and reported 23
infections [56]. The relative risk of passengers sitting within three rows in front of
the index person was 3.1 (95% CI: 1.4-6.9), compared to passengers seated else-
where in the cabin [56]. Two tracing contact studies of the swine-origin influenza
A (HIN1) pdm09 from UK and USA have reported an attack rate of 4.3% (95%
CI: 1.7-6.9%) [58] and 5.2% [59], respectively, among passengers from flights
carrying one index passenger, but no crew got infected [59]. The transmission
during air travel is a common concern, since it contributes to intercontinental
spread of pathogens.

6.3.4 Allergens

Aircraft cabin is a high density public indoor environment, and pet keepers may
bring allergens on board. There are very few studies on pet allergen levels on
board commercial aircraft. A New Zealand study has reported that, in domestic
commercial aircraft cabin, cat allergen (Fel d1) level is higher on the seats than on
the floor [60]. In some airlines, passengers are allowed to bring small furry pets
with them, which increases the risk of allergen contamination on board. Fu et al.
have reported that textile material used in cabin seats is associated with higher
dust amount and higher allergen levels in the cabin when compared with leather
seats. The levels of cat (Fel d1), dog (Can f1), and horse (Equ cx) allergens in the
cabins with textile seats are 50, 27, and 75 times of those levels in cabins with
leather seats, respectively [52].
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6.3.5 Occupational Health Studies in Pilots

There are not so many studies on passenger health except the infections mentioned
above. Some occupational health studies among commercial pilots have been con-
ducted. Eye symptoms, nose symptoms, and tiredness have been commonly reported
by Swedish commercial pilots, with a prevalence at 38.5%, 39.9%, and 29.9%,
respectively [61]. The incidence of doctor diagnosed asthma among Swedish com-
mercial pilots is 2.4 per 1000 person years, which is slightly higher than the general
population in Europe. Besides, the incidence of atopy among those pilots is 16.6 per
person years [62].

6.4 Marine Passenger Vehicles (Cruise Ships/Ferries/
Passenger Cargo Vessels)

There are not so many studies about indoor air quality in cabins of passenger ships.
Some studies reported emissions from ferry or ship engine exhaust, which elevated
the level of CO, and NO, by threefold on average, and the levels of VOCs vary a lot
when different kinds of fuel and fuel load were used [63]. Webster and Reynolds
reviewed studies on indoor air quality on passenger ships, including effective fac-
tors, sources of pollutants, levels of pollutants, and health concerns [64]. The main
pollutants from traffic pollution, like NOx, CO, and VOCs have been reported at
low level in indoor environment on these ships/ferries, and the indoor air quality is
affected by heating, ventilation, and air conditioning (HVAC) system. According to
reported data, the indoor air quality of cabin rooms is relatively stable, while the
indoor air condition varies time by time in bars and restaurants, depending on the
number of customers. The average temperature and relative air humidity in cabin
rooms are 22 °C and 30%, respectively, and the concentration of CO, is in the range
600-800 ppm when there is human activity. Moreover, the average temperature and
relative air humidity in bars and restaurants are 20 °C and 40%, respectively, and the
concentration of CO, is in the range 600-1500 ppm when there is human activity
[65] (Fig. 6.4).

Microbes (biological contaminants) have been reported to be the main contami-
nants in indoor environment on passenger ships. There are usually filters in ventila-
tion system to block particles and microbes, from entering the indoor air on board.
However, dirty, old, or damaged filters very often allowed spores of mould passing
through and entering the indoor air [65]. Cladosporium, Penicillium, and Aspergillus
have been detected on board passenger ships, which are commonly detected in
indoor or outdoor moulds [65]. Aspergillus may cause health problems among peo-
ple with a weak immune system or lung disease, or in combination with other bac-
teria or fungi [66]. No quantified levels of microbial contamination have been
reported (Fig. 6.5).
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Fig. 6.5 Various indoor environment on cruise ships. (a) Shopping area; (b) a large dining room;
(¢, d) cabin rooms (Photos shot by Xi Fu)
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6.5 Conclusion

Transportation vehicles play an important role in people’s daily life nowadays.
Vehicles in various ways have different features and main pollutants in interior envi-
ronment. Particles and traffic-related pollutants are main concern for commuters in
cities, and these pollutants may cause inflammations, and increase risks for cardio-
vascular diseases. The airplane cockpit and cabin environment are featured with low
relative air humidity, and the cabins with textile seats are concerned with furry pet
allergen contaminations. For the passenger ships, microbial contamination has been
the main concern. There are lack of health studies of passengers related to in-vehicle
exposures for airway and marine transport. Further studies are needed to investigate
the health risk factors in in-vehicle environment.
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