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Abstract: Assessing indoor environmental quality (IEQ) is fundamental to ensuring health, well-
being, and safety. A particular type of indoor compartment, land transport cabins (LTCs), specifically
those of trains and buses, was surveyed. The global rise in commute and in-cabin exposure time gives
relevance to the current study. This study discusses indoor climate (IC) in LTCs to emphasize the risk
to the well-being and comfort of exposed occupants linked to poor IEQ, using objective assessment
and a communication method following recommendations of the CEN-EN16798-1 standard. The
measurement campaign was carried out on 36 trips of real-time travel on 15 buses and 21 trains,
mainly in the EU region. Although the measured operative temperature, relative humidity, CO2, and
VOC levels followed EN16798-1 requirements in most cabins, compliance gaps were found in the
indoor climate of these LTCs as per ventilation requirements. Also, the PMV-PPD index evaluated in
two indoor velocity ranges of 0.1 and 0.3 m/s showed that 39% and 56% of the cabins, respectively,
were thermally inadequate. Also, ventilation parameters showed that indoor air quality (IAQ) was
defective in 83% of the studied LTCs. Therefore, gaps exist concerning the IC of the studied LTCs,
suggesting potential risks to well-being and comfort and the need for improved compliance with the
IEQ and ventilation criteria of EN16798-1.

Keywords: indoor environmental quality; thermal comfort; indoor air quality; trains; buses; air
exchange rate; fresh airflow rate; ventilation

1. Introduction

The indoor environmental quality (IEQ) of land transport cabins (LTCs) is accounted
for by the combined influence of thermal comfort, indoor air quality (IAQ), acoustic comfort,
visual comfort, and ergonomics for the overall safety, comfort, well-being, and performance
of occupants [1]. The IEQ assessment discussed in this paper considers the recommen-
dations of the EN16798-1 [2] standard for indoor environments. The global increase in
commuters and commute distances across the EU, which increases the overall occupancy
exposure duration to indoor microenvironment conditions in LTCs, altogether reinforces
the need to assess the IEQ of LTCs. This assessment is critical for mass transit buses and
trains, which represent most of a city’s collective mobility. According to a report [3] on
EU coach market statistics (for domestic and international coach workers in 2014), over
0.55 (±10%) million individuals travel across EU member states, including drivers and
other transport services personnel. Also, a recent factsheet report by the European Au-
tomobile Manufacturers’ Association (ACEA) [4] stated that land transport passengers
account for 9% (estimated at 487.5 billion pkm) per year in the EU. For trains, according
to Eurostat [5], demand for passenger transport in the EU peaked at 414 billion passenger
kilometers (pkm) between 2015 and 2019. Although impacted negatively by COVID-19,
decreasing to nearly half its value (to about 224 billion pkm), there has been a progressive
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recovery since the loosening of the COVID-19 pandemic restrictions. Notably, these trends
gain upward revisions due to the focus on carbon footprint reduction, energy use, and
associated sustainable mobility factors, especially for developed countries. This potentially
growing volume of passenger traffic and the increased potential of mass transit emphasize
the relevance of IEQ assessment to ensure safe and comfortable LTCs. Ensuring adequate
indoor climate (IC) conditions in LTCs will help mitigate the risk of poor IEQ to the health,
well-being, and comfort of exposed occupants.

Several studies have investigated CO2 and thermal comfort in vehicles, highlighting
the importance of ensuring adequate IC in transport cabins [6–8]. Other studies on the
indoor environment of trains and vehicles have highlighted the adverse effects of solar
radiation on the cabin thermal environment [9,10], the passenger sitting location in the cabin,
and airflow and distribution impacts on cabin thermal environments [11,12]. Inadequate IC
conditions, including occupational airborne exposure, have been linked to an increased risk
of respiratory diseases [13]. Additionally, the SARS-CoV-2 pandemic highlights the need for
increased attention to influenza [14], as well as the continuous assessment of IEQ conditions
in transport microenvironments [15]. In addition, the time spent in LTC microenvironments
and proximity to sources of infectious pathogens are essential factors considering the
risk and spread of airborne diseases [16]. The level of variance or compliance to the IEQ
standard requirements for environmental parameters like operative temperature (TO),
relative humidity (RH), CO2, volatile organic compounds (VOCs), and physical parameters
like clothing and metabolic rate will help categorize IC conditions in vehicle cabins. Other
pollutants, such as VOCs and particulate matter (PM), are important in the assessment of
IAQ in LTCs, and several studies have also reported the presence of these air pollutants
in passenger cabins [17–19]. Besides outdoor sources that infiltrate indoor environments
depending on outdoor air quality, occupants contribute significantly to pollution in indoor
spaces (CO2, noise, and odors). Also, people’s commute time contributes between 20 and
30% of their daily exposure and is up to eight times higher than the in-home environment,
emphasizing the potential risk of poor IEQ regarding commuters.

Thermal comfort assessment in buses and trains is important since a significant number
of people engage in inter-city travel, and the several hours of trip time imply long hours
of possible exposure to inadequate indoor climate conditions if these cabin ICs are not
well regulated. Poor IAQ conditions and thermal comfort in LTCs negatively impact the
well-being of passengers [20]. Besides causing discomfort to passengers, thermal comfort
affects the health and performance of drivers [21,22]. Shek et al. (2008) [23], evaluating
the IAQ and thermal comfort towards achieving a comfortable in-bus environment for
air-conditioned and non-air-conditioned buses, argued that the IEQ practice should be
relatively ‘comfort-oriented’ rather than ‘standard-oriented’ to achieve absolute comfort
and passenger satisfaction. Interestingly, the findings of Almeida et al.’s (2020) review
of thermal comfort in bus cabins reported that 73% of the 22 studies evaluated focused
on occupants’ thermal sensation, 9% on its impact on driver productivity, and 18% of the
articles were related to energy use [24]. Moreover, they highlighted that most thermal
comfort studies have focused on the occupant’s number and type rather than the physical
and environmental parameters of the bus cabin, reinforcing the need for more objective IC
studies, such as the current study. Meanwhile, regarding the IEQ standards used so far to
evaluate vehicle thermal comfort, 10 studies have used the ASHRAE 55 standard, while
only Lin et al. (2010) [25] used the ISO 14505-3 standard [24,26].

Besides thermal comfort and IAQ, other factors such as noise and lighting [27] im-
pact the well-being and health of exposed commuters in these LTCs. Specifically, noise,
vibration, and harshness (NVH) are critical factors, even in buses, that impact comfort,
health, and safety [28]. Additionally, for trains, other parameters besides light and noise,
such as aural comfort, acceleration effects, vibration, and seat static comfort [29,30], are
critical to achieving passenger comfort and safety. Meanwhile, Mohammadi et al. (2020)
proposed a quantitative multi-criterion for railway vehicle assessment, considering five
critical parameters from the passenger’s perspective [31]. These parameters were IAQ,
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thermal comfort, noise, lighting, and vibration. However, the current study has evaluated
the IC conditions (IAQ and thermal comfort) of buses and trains, following the recent rec-
ommendations of the EU as prescribed by EN16798-1 [2] and ISO 7730:2005 [32], applicable
to indoor environments. The main contributions of the present study can be summarized
as follows:

A. IC assessment and potential risk to well-being and comfort: Specifically, in vehicles,
CO2 levels less than 3000 ppm pose a lesser risk, while in aircraft cabins or long-haul
vehicles, the 5000 ppm limit over an 8-hour exposure threshold is recommended by the
Occupational Safety and Health Administration (OSHA). The physiological and cognitive
effects of unsafe CO2 levels (in various exposure durations) on exposed occupants in
indoor spaces include fatigue, headaches, tremors, dyspnoea, central nervous system
effects, sensory effects, cardiovascular endpoints, acidosis, hyperventilation, drowsiness,
decreased heart rate, and decreased blood pressure [33–36]. Lawin et al.’s (2018) [37] review
of health risks linked to occupational exposure to polluted ambient air acknowledges
that vehicle drivers are exposed to significant health hazards due to polluted ambient
air, although most of the studies reviewed did not focus on the vehicle cabin air quality.
PM infiltrates vehicles indoors, while CO2 concentrations rise significantly from human
emissions, especially in closed cabins [38]. Therefore, evaluating the cabin IAQ serves as
a useful index to qualify the IC of LTCs. As more outdoor air is supplied and effectively
circulated in the cabin by an increased air exchange rate (ACH), there will be a consequent
reduction in CO2 concentration. Ultimately, the cabin CO2 levels are closely linked to the
occupant’s satisfaction and degree of ventilation performance, which is a necessary metric
for ensuring good IAQ in cabins. This may not eliminate the risk of disease spread, but it
can contribute towards a lower risk when considering that other means of infectious disease
spread are also possible in indoor spaces, such as large droplets, contact with contaminated
surfaces, and physical human interaction [39,40].

B. Ventilation parameters in bus and train passenger cabins: The present study ob-
jectives align with the indications of Knibbs et al. (2012) [41] that influenza transmission
risks in vehicles can exceed those in aircraft cabins. Ventilation in transport cabins impacts
the IAQ conditions since it relates to the airflow and air exchange parameters, which
affect the cabin air freshness of LTCs. Air exchange with fresh outdoor air and occupancy
density impact the indoor concentration of pollutants, including infectious aerosols and
pathogens [42,43]. Typically, overventilated cabins imply a higher chance of outdoor in-
filtration of pollutants, whereas under-ventilated cabins enhance CO2 rise in the vehicle
cabin [44]. According to B. Zhang et al. (2017) [8], an assessment of the comfort perfor-
mance of a car’s indoor environment indicated that two factors jointly impact cabin IAQ,
affirming that air age and the speed in the distribution of air in the vehicle cabin are to be
evaluated alongside the PMV index. Furthermore, a smaller value of air age implies good
cabin IAQ, while the worst IAQ in the cabin has a higher air age in combination with a low
speed of distribution. Moreover, disease dynamics suggest that spread can progress from
an epidemic potential state to an endemic state and further on to a die-off stage if there is
a significant increase in air supply [45]. The CO2 cabin levels also serve as a good indicator
of the IAQ and ventilation parameters. Haq et al. (2022) [46] used CO2 measurements to
assess the ventilation of vehicles under varying driving conditions with only two to three
occupants, using levels above 800 ppm as the suboptimal threshold. The findings of Zhu
et al. (2010) [47], using numerical and experimental methods, showed elevated levels of
CO2 in occupied transport buses, with the conclusion that the CO2 results were also indica-
tive of poor ventilation. Using the mean CO2 levels, Ogundiran et al. (2023) [29] evaluated
the fresh air flow rates and air exchange rates in 15 train cabins, with the conclusion that
ventilation was inadequate in 60% of them. Meanwhile, the influence of occupancy density
coupled with the associated dynamics of road and ambient outdoor air quality conditions
impacting vehicle cabin climate contributes to the reasons why the IAQ requirements are
seldom achieved. Also, passengers and drivers can face various risks to their health, safety,
and performance depending on exposure duration (short or long) at different levels of CO2



Atmosphere 2024, 15, 589 4 of 22

in ppm. The effect of indoor levels of CO2, VOCs, and ventilation on cognitive function and
performance has already been studied, with high levels negatively impacing the cognitive
function of exposed occupants in indoor spaces [48]. In Hudda et al.’s (2018) [49] study
on CO2 accumulation in vehicles, they evaluated the effect of ventilation settings and
driving conditions and assessed the accumulation levels for which CO2 can negatively
impact cognitive functions or driver performance. The findings recommend that CO2 levels
be kept below the 2500 ppm threshold using adequate recirculating ventilation modes.
Human occupants in LTCs are sources of CO2 (exhaling approximately 40,000 ppm to
50,000 ppm of CO2) and bio-effluents, which may include infectious aerosols, hence the
need for adequate ventilation and cabin climatization.

To summarize, the current study measured IC parameters, categorized them, and
presented them in an adapted communication method using the requirements of the
EN16798-1 standard. It has designated class schemes as suggested in the color code
EN15251 [50] for indoor climate categories and indicated in the standard ISO 7730:2005.
Furthermore, some implications regarding ventilation parameters, such as the fresh air
flow rate (Q) and ACH (λ), were used to verify the IAQ in the studied LTCs, highlighting
the potential risk to well-being, safety, and comfort with an emphasis on ensuring adequate
IEQ in LTCs.

2. Materials and Methods

Field survey: A field survey of 15 bus and 21 train trips was analyzed. The measure-
ments took place between June 2019 and May 2023, while the trip routes were mainly in
the EU, including a few trips in South and Central American countries. The trips occurred
in travels between cities, and IC measurements were completed in real-time of long-haul
passenger travels exceeding 60 min of travel. The comparative assessment considers heat-
ing and cooling according to the application of HVAC use; the heating season corresponds
to the colder times of the year, while the cooling season corresponds to the hotter period
of the year. See Table 1a,b below for the routes, vehicle type, and trip details. The train’s
passenger cars surveyed included those of high-speed trains (HSTs) and urban/suburban
rolling stock (URS). However, for the present study, the scope was to evaluate the general
IC conditions experienced in regular passenger cabins. The surveyed cabins were mostly
closed-window settings and mechanically ventilated.

Environmental Measurement: An instrument with an IEQ multiprobe sensor was
used to measure the influencing IEQ physical parameters. In Figure 1, some photos of the
equipment and field survey are presented.
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Table 1. a. Routes and bus models.

Bus Trip Route Operator Month Seat Season

1 Malpensa—Torino Flibco 7 11 Cooling
2 Torino—Malpensa Flibco 7 7C Cooling
3 Cartagena—Barranquilla Flibco 7 7 Cooling
4 Barranquilla—Cartagena Marsol 8 7 Cooling
5 Charleroi—Brussels Marsol 9 2A Cooling
6 Coimbra—Madrid Flix bus 7 26 Cooling
7 Lisbon—Coimbra Royal express 7 - Cooling
8 Madrid—Coimbra Flix bus 7 17V Cooling
9 Coimbra—Lisbon Coimbra shuttle 9 - Cooling

10 Lisbon—Coimbra Coimbra shuttle 5 1C Cooling
11 Coimbra—Coimbra Flibco 11 - Heating
12 Coimbra—Lisbon Coimbra shuttle 2 29 Heating
13 Coimbra—Lisbon Coimbra shuttle 1 - Heating
14 Lisbon—Coimbra Coimbra shuttle 1 - Heating
15 Coimbra—Lisbon Coimbra shuttle 11 - Heating

b. Routes and train models.

Train Trip Route Operator/typology Month Seat Season

1 Coimbra—Lisbon Cp Intercidades/URS 6 11 Cooling
2 Coimbra—Lisbon Alfa Pendular/HST 8 22 Cooling
3 Coimbra—Lisbon Alfa Pendular/HST 8 22 Cooling
4 Coimbra—Lisbon Cp Intercidades/URS 9 40 Cooling
5 Poitiers—Paris TGV/HST 5 34 Cooling
6 Erfurt—Jena Regional-Train/URS 5 - Cooling
7 Jena—Berlin ICE/URS 5 - Cooling
8 Frankfurt—Erfurt ICE/URS 5 42 Cooling
9 Massy—Poitiers TGV/HST 3 76 Heating

10 Lisbon—Coimbra Cp Intercidades/URS 10 24 Heating
11 Lisbon—Coimbra Cp Intercidades/URS 10 24 Heating
12 Lisbon—Coimbra Alfa Pendular/HST 10 36 Heating
13 Lisbon—Coimbra Alfa Pendular/HST 10 36 Heating
14 Lisbon—Coimbra Alfa Pendular/HST 10 36 Heating
15 Coimbra—Lisbon Cp Intercidades/URS 11 23 Heating
16 Brussels—Paris TGV/HST 11 85 Heating
17 Paris—Poitiers TGV/HST 11 68 Heating
18 Paris—Poitiers TGV/HST 11 68 Heating
19 Paris—Poitiers TGV/HST 11 49 Heating
20 Lisbon—Coimbra Alfa Pendular/HST 11 32 Heating
21 Coimbra—Lisbon Cp Intercidades 11 46 Heating

The device includes a software interface for interaction with a computer (Figure 1),
following the methods presented by Gameiro da Silva et al. (2019) [51] and the assessments
of IEQ in civil aircraft by Gameiro da Silva et al. (2023) [52]. IC measurements were
made in the bus and train cabins. The USB stick format enables easy connection with
a computer, and data acquisition and visualization happen in the computer system. The
measured parameters are CO2 concentration, operative temperature (TO), relative humidity
(RH), atmospheric pressure, illuminance, and embedded IAQ index for measuring VOCs.
Complimentary calibration software was included for consistent metrological data by
the IEQ multiprobe device. It ensures the adequate management of all procedures for
calibration and updates to calibration files uploaded at the inception of measurement of the
IC parameters taken by the multiprobe device. The IEQ multiprobe sensors were calibrated
by the following procedures for these reference types of equipment: a Bruel & Kjaer 1212
Thermal Comfort Meter (room operative temperature reference); a Trotec DL200X Data
Logger (relative humidity reference); and a Trotec DL200L Data Logger (CO2 concentration
reference). The calibration session occurred during a 10-hour test in a room with controlled
IEQ conditions, varying slowly and continuously. Considering the discussions and findings
of previous studies [53–55] on operative temperature, the similarity of the IEQ multiprobe
device used in the current study to the grey sensor was evaluated by [56]. Moreover,
in the recent findings of Broday et al. (2021) [57], it was adequate to employ the IEQ
multiprobe device for the measurement of TO since this solution ensures less uncertainty
than the calculation of the TO based on air temperature, mean radiant temperature, and
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air velocity, where there are three sources of error. The calibration results are shown in
Table 2 accordingly. Some photos relating to the field survey were collected using a mobile
phone device, including screenshots of the computer and datalogger display. Figure S1 in
the Supplementary Materials shows a typical data logger IEQ interface.

Table 2. The measuring equipment parameters.

Equipment Calibration Resolution and Settings Device Range

IEQ multiprobe device

Coverage factor (2),
Probability (95%), TO (±0.2
◦C), CO2 (±35 ppm), RH

(±1%)

Omni directional probe,
Sampling interval (5 s), Data

logging via USB connection to
a computer

CO2 (ppm), Operative
temperature (◦C)—TO,

Relative humidity (%)—RH,
Atmospheric pressure (Pa),

VOCs, Illuminance (lux)

The measurements for environmental parameters began at the start of the bus or train
trip and continued until the end of each respective journey. The position of the measurement
is from a typical passenger seat, considering real-time travel conditions such as occupied
cabins and restricted activity along cabin aisles. The device was at the level of the center of
gravity, just above seat surfaces in the cabin, as per the recommendations of 1SO 77730 [32].
To mitigate the effects of local comfort (such as effects of draft and radiant asymmetry),
personal air vents and curtains were adjusted (direct sunlight) at the measurement area.
The consideration for the metabolic rate, 1.2 met and 0.1 m/s for air velocity, was adopted
due to the sedentary position and resting conditions of passengers [58]. An average clothing
insulation (Icl) of 1 clo was considered for the heating season and an average Icl of 0.5 clo for
the cooling season. The measured environmental data and the assumed parameters were
used to calculate the predicted mean vote (PMV) thermal comfort index. Air quality, based
on VOCs and the concentration of CO2, was also evaluated. Calculations and computations
were made via Microsoft Excel and the thermal comfort indices PMV-PPD spreadsheet
calculator [59].

EN16798-1 requirements: The similarity in the sedentary nature of some activities of
individuals in a building compares to that of passengers in a bus or train cabin, which
makes it suitable to evaluate the indoor climate conditions of cabin spaces as prescribed
by the CEN standard EN16798-1. To verify the indoor environment in cabins during bus
and train trips, following EN16798-1, it is mandatory to check the recommended design
values of indoor operative temperature (TO), the concentration of CO2, and volatile organic
compounds, as shown in Table 3. Annex B1 of EN16798-1 defines the recommended values
for operative temperature for the winter and summer seasons. The equipment sensors
capturing volatile organic compounds (VOCs) in the cabins are delimited following the
IAQ scale in the BME 680 datasheets regarding indoor air quality [60].

Table 3. TO (◦C), CO2 (ppm), and VOC recommendation range.

Operative Temperature (◦C) CO2 Concentration VOC

Sedentary activity
Air velocity < 0.1 m/s Category

TO (◦C)
range for heating

(Winter)
~1 clo/RH 40%

TO range for
cooling

(Summer)
~0.5 clo/RH 60%

Category

Corresponding CO2
concentration above

outdoors for
non-adapted

individuals (ppm)

Category IAQ
Index

Air
Quality

Offices and spaces with
similar activity

(conference
room, single office)

~1.2 met

I 21–23 23.5–25.5 I 550 10 0–50 Good
II 20–24 23–26 II 800 7 51–100 Average
III 19–25 22–27 III 1350 4 101–150 Little bad

IV 17–25 21–28 IV 1350 7
151–200 Bad
201–300 Worse
301–500 Very bad

Evaluation method of the ventilation parameters: The fresh air flow rate and air
exchange rate were calculated using Equations (1)–(4), using the estimated mean outdoor
and mean measured in-cabin CO2 levels during each trip, similar to the methods applied
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by Ogundiran et al. (2023) [29]. The maximum occupancy passenger count was at full
occupancy for only seating passengers, as was experienced in the field survey, including
the estimated internal cabin volumes for the buses and train passenger cars.

Figure 2 shows a typical charging and decay phase in the evolution of CO2 concentra-
tion in a typical room; in this case, it was adapted for the evaluation of the cabin. At the end
of the charging phase, when C (the initial concentration of CO2) rises to Ceq (Cequilibrum), it
becomes the ‘new’ initial condition C during the decay phase, again given Ceq.

dC
dt

=
G
V

+ λCexternal − Λc (1)

C(t) − Cequilibrum

Co − Cequilibrum
= e−λt (2)

Cequilibrum = Cexternal +
G
Q

(3)

λV =
Q
V

(4)

Cequilbrum refers to the CO2 equilibrium concentration in ppm or mg/m3, Cext (Cexternal)
refers to the outdoor CO2 concentration in ppm or mg/m3, and G is the CO2 (mg/h)
generated in the cabin by the occupants. V is the volume of indoor space in m3 (in this
case, the bus cabin, or the train passenger volume), Q is the fresh airflow rate (m3/h), and
λV refers to the air exchange rate (h−1). The CO2 generated (GCO2) by a typical person is
37,000 mg/m3 (0.0187 × 106 ppm). A metabolic rate of 1 met, similar to individuals in an
office or classroom in sedentary positions, has been used for calculations.

Figure 2. Graphical illustration of the CO2 charging and decay processes in indoor spaces [61].

3. Results and Discussion

The technical life duration of public buses is mostly between 15 and 20 years [62],
whereas the service years for trains in many cases exceed 50 years. Thus, any performance
assessments, including IEQ evaluations, performed within the period of vehicle useful life
expectancy are relevant for planning, comfort and safety assurance, HVAC regulations,
vehicle maintenance, energy efficiency, operational cost, sustainability, and reduced emis-
sions in cities. The IC assessments carried out in the current study were all conducted
during the operational life of the buses and trains since they were performed during the
real-time trip experience of passengers and drivers exposed to the cabin IC conditions.
The result is presented for the IC parameters measured during the reported 15 bus and
21 train trips according to the requirements of the EN 16798-1 standard. PMV and PPD
values were calculated and are presented, including the mean and standard deviation
values of all IEQ parameters measured by the IEQ multiprobe device. A selected bus trip is
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presented, showing the functionality of the equipment, the type of data it provides, how
the IC information is communicated, and the temporal evolution of the environmental
variables. Following the suggested color code of EN15251, the time series is displayed over
a background with the four categories of IEQ [50]. A preliminary assessment of the chosen
trip is described accordingly.

Figure 3a,b shows the evolution of operative temperature, while Figure 3c presents
the RH for the selected bus trip. For the presented bus trip, both the registered operative
temperature and RH evolutions are presented. Although there is a general trend of consistency
in the operative temperature and RH along the trip time, the operative temperature is clearly
in the discomfort range. The RH is in the safe and comfortable range, in category I of the
EN16798-1 standard. Figure 3d,e shows the time evolutions of CO2 concentration and VOC
index. In the case of the presented bus trip, the measured CO2 level (in ppm) is not constant
during the trip, as typically some disturbances occur that can affect the in-cabin CO2 level,
such as variation in vehicle speed, road traffic dynamics, stops for coffee, and passenger drop-
off or pick-up, in addition to other long-haul travel activities. Notably, the selected study trips
were inter-city trips, most of which had journey times exceeding an hour. Furthermore, the
CO2 levels did not meet the requirements of the referenced EN16798-1 standard, considering
that the mean level of CO2 was 3122 ppm. The CO2 ranged in the discomfort zone throughout
the journey, exceeding category IV. Regarding VOC assessment by the prescribed IAQ index,
there is a trend of consistency in the levels, including compliance to safe levels for the entire
trip (being less than 50) compared to the referenced index range from 0 to 500 (Table 3). The
results suggest preliminary conclusions that the IC was inadequate for the referenced bus
trip. The following sections will now present the results and discussions regarding the IC
measurements for all 15 bus trips and 21 train trips.
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Results for the investigated trips, combined cooling season and heating season: The
preliminary assessments have revealed that most of the investigated cabins were within
acceptable levels as per CO2, VOCs, RH, and TO. Nonetheless, a considerable number of
cabins were not in the safe and comfort categories of the EN 16798-1 standard. This implies
that gaps still exist and that there is a risk to the well-being and comfort of the exposed
passengers, onboard train service staff, and bus drivers. The present study did estimate
the specific risk levels, and the findings show information on the level of compliance with
recommended IC requirements for the well-being and comfort of occupants. Furthermore,
the assessment of ventilation parameters such as the fresh air flow rate and air exchange
rate was evaluated, leading to the conclusion that the IAQ in most bus and train cabins
was altogether inadequate as per the mean CO2 concentration levels recorded. The average
environmental values of the IC parameters measured are presented in Table 4 for the 15 bus
trips. Five trips are reported for the heating season and ten for the cooling season.

Table 4. Environmental average values, including cooling and heating seasons for buses.

Trips Temp (◦C) RH (%) Illuminance (lux) Atm. Pres. (Pa) CO2 (ppm) VOC
Index

HVAC
Use

1 28.8 48 1 997 3122 16 Cooling
2 27.2 50 575 985 2280 21 Cooling
3 32.8 67 686 1006 1181 56 Cooling
4 28.8 57 374 1003 2058 35 Cooling
5 24.5 47 4 1020 1424 15 Cooling
6 22.8 49 0 1017 1415 19 Cooling
7 24.4 55 14 1009 1094 31 Cooling
8 27.5 54 1 934 1771 30 Cooling
9 26.7 47 1 1002 5154 14 Cooling

10 26 47 0 1003 1073 28 Cooling
11 25.4 54 24 1011 1154 29 Heating
12 27.5 43 0 939 1502 6 Heating
13 23.5 57 122 1014 2462 35 Heating
14 23.1 50 0 1019 798 21 Heating
15 23.9 69 90 992 739 59 Heating

Table 5 presents the results of the average values of all the measured IC parameters
for the 21 train trips.

Thermal comfort: Thermal comfort remains largely a subjective assessment of how
the exposed occupants feel; however, the results of the measurements of the operative
temperature and relative humidity in the current study are important environmental
indicators to categorize the cabin thermal comfort conditions. The measured thermal
comfort parameters are graphically presented and discussed below.

Figure 4 shows the results of the average operative temperature values of the recorded
time series, categorized according to the EN 16798-1 requirement for each bus (15 trips)
and train (21 trips). Figure 4a shows the categorization of all trips considering the heating
season requirements of EN 16798-1, while Figure 4b shows the operative temperature
categorization considering the cooling season requirements of EN 16798-1. Regarding buses,
ten bus trips were investigated during the cooling season and five trips were assessed
during the heating season as per the HVAC use for the summer and winter periods,
respectively. According to EN 16798-1, the TO (◦C) range for the comfortable categories
varies between 21 ◦C and 28 ◦C in the cooling season for people with sedentary activity,
this range being the limit of the four categories defined as represented in Figure 4. It can be
verified that the average TO (◦C) values of nine buses specifically were within categories I,
II, and III, indicative of comfortable thermal environments in the cabins. Using the cooling
season requirements (Figure 4a), in six of the bus trips (trips 1, 2, 3, 4, 8, and 12), the
measured mean TO (◦C) values were not in the comfort zone; significantly, the third trip
was found in the category of discomfort at a mean TO (◦C) of 32.8 ◦C. Using the heating
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season EN 16798-1 requirement (Figure 4b) to evaluate the mean TO (◦C) level in the bus
trips, three trips had inadequate thermal environments. Trips 1 and 4 were in category IV,
while the third (bus trip 3) fell into the discomfort zone. Regarding the investigated train
trips, using the cooling season EN 16798-1 requirement for the TO (◦C) as in Figure 4a, five
of the 21 trips were out of the recommended comfort range, with three in category IV and
two in the discomfort zone. The mean TO (◦C) values suggest that the thermal environment
was colder than recommended. Using the heating season requirements as in Figure 4b,
two trips showed poor thermal conditions at the boundary of category IV and discomfort,
while another (trip 2), was between category IV and III. Meanwhile, no trips exceeded
category II in the cooling season as per the EN 16798-1 requirement, suggesting that the
thermal environments were better in the train cabins during the cooling season. It could be
inferred that approximately 76% of the reported train trips had suitable thermal conditions,
considering the requirement for cooling or heating season by EN 16798-1, whereas only
60% of all the studied bus cabins were thermally adequate considering the heating and
cooling season EN 16798-1 requirements. These preliminary assessments suggest that gaps
still exist in some bus and train passenger cabins in the studied vehicles.

Table 5. Environmental average values, including cooling and heating seasons for trains.

Trips Temp (◦C) RH
(%) Illuminance (lux) Atm. Pres. (Pa) CO2 (ppm) VOC Index HVAC Use

1 26.5 54 84 1302 1205 30 Cooling
2 20.6 65 764 1016 952 53 Cooling
3 21.3 66 390 1010 947 55 Cooling
4 25.5 51 251 1016 770 24 Cooling
5 23.9 41 38 1007 1233 15 Cooling
6 25.8 48 1272 998 1777 33 Cooling
7 26.6 50 149 979 1407 35 Cooling
8 24.5 42 470 1014 1021 17 Cooling
9 25 47 79 991 1453 29 Heating
10 25.8 54 84 1012 987 29 Heating
11 25.8 56 129 1017 981 34 Heating
12 19.7 59 333 1019 895 39 Heating
13 19.8 60 358 1012 878 41 Heating
14 22.3 72 1390 1014 928 66 Heating
15 25.1 59 50 1010 986 40 Heating
16 23 51 45 992 1509 23 Heating
17 25.6 46 73 985 1233 12 Heating
18 24.1 46 116 988 1065 14 Heating
19 23.6 47 112 988 1316 15 Heating
20 21.9 48 774 1013 1046 17 Heating
21 23.9 47 27 1013 847 16 Heating

PMV and PPD analysis: The PMV and PPD indices were calculated using the Excel
spreadsheet [59] based on P.O. Fanger’s model [63], suitable for individuals in sedentary
activities like passengers in trains and buses. Table 6 presents the calculated PMV and
PPD values for each trip evaluated. The measured operative temperature and relative
humidity values were considered together with the following assumptions: a metabolic
rate of 1.2 met, a clothing insulation coefficient of 0.5 clo for the cooling season and 1.0 clo
for the heating season, and an air velocity range (Va) from 0.1 to 0.3 m/s. This option is
because the air velocity has an intrinsic, non-uniform character due to the type of jet-based
ventilation systems used in passenger compartments. Thus, getting a complete spatial
distribution is not compatible with the type of survey carried out in this work, where the
passenger compartments were analyzed in actual exploitation circumstances. The interval
limits for the airspeed were defined based on the results published by Zhu et al. (2010) [47]
for the CFD calculation of the spatial distribution of this variable in bus compartments and
Lin et al. (2005) [64] for the hot-wire anemometry time history measurements. The PMV
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nomenclatures were adopted to distinguish the results as follows: PMV1 (trains), PPD1
(trains), PMV3 (buses), and PPD3 (buses) were the values obtained considering a mean air
velocity of 0.1 m/s, while PMV2 (trains), PPD2 (trains), PMV4 (buses), and PPD4 (buses)
were the values obtained considering a mean air velocity of 0.3 m/s.
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From the results of the calculated averages of PMV and PPD values for all the trips,
graphs were created, analyzed, and discussed.

Figure 5a,b shows the distribution of the PMV index values for all bus and train trips.
The focus of the evaluations and discussion will be on the PMV index graph obtained
using the lower limit of the indoor velocity range of 0.1 m/s, which is the prevalent
scenario observed regarding the bus and train cabins in the current study in HVAC use
with closed window conditions and personal air vents in the passenger seats. The result is
also presented to evaluate the PMV–PPD index values for air velocity conditions of 0.3 m/s.
In comparison, the graphs suggest that there is a general trend of better compliance with
the ISO 7730 recommendations for comfort in thermal environments in the condition
with the PMV indexes in Figure 5a (Va = 0.1 m/s) than in the PMV indexes of Figure 5b
(Va = 0.3 m/s) considering the recommended range of −0.5 to 0.5. Particularly for Va at
0.1 m/s, in 47% of the studied buses (7 trips) and 62% of the trains (15 trips), the PMV
index values were within the acceptable range of −0.5 to 0.5. In contrast, for Va at 0.3 m/s,
only 33% of the studied buses (5 trips) and 33% of the trains (7 trips) had PMV index values
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within the acceptable range of −0.5 to 0.5. Furthermore, looking at PMV–PPD values for
Va at 0.1 m/s in the cooling season, the PPD values showed that a significant number
of people were dissatisfied, specifically in seven of the ten cooling season bus trips (56,
30, 99, 57, 34, 23, and 15%). For trains, six of the eight cooling season trips showed high
PPD values (23, 26, 18, 11, 14, and 22%). During the heating season, the PPD values imply
that the degree of dissatisfaction with the thermal environment of the studied cabins was
significantly lower. Meanwhile, of the five bus trips in the heating season, only the 12th trip
showed a PPD value exceeding the 10% limit recommended by the American Society of
Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE). The PMV–PDD graph
in Figure 5a shows that PMV values were spread across all thermal comfort categories of
EN 16798-1, most of which were found in categories I, II, and then III. Also, only ten of all
the studied trips fell into the unacceptable and discomfort categories. Particularly, three bus
cabins (trips 1, 3, and 4) were categorized as outrightly unacceptable and uncomfortable.
Moreover, by ASHRAE’s 10% PPD limit, only about 31% (11 cabins) of all the cabins studied
were thermally acceptable, whereas by the recommended comfort categories I, II, and III of
EN 16798-1, about 67% of the cabins (24 cabins) could be regarded as adequate. For PMV–
PPD index values of the upper air velocity limit (when Va = 0.3 m/s), most of the cabins
were categorized into discomfort zones with colder sensations in both heating and cooling
season trips. Only bus cabins (trips 1, 3, and 4) were filled with warm sensations. Altogether,
the PMV–PPD index (Table 6) suggests that thermal comfort was inadequate in about 39%
(14 cabins) for the lower Va limit of 0.1 m/s. Also, thermal comfort was inadequate in 56%
(20 cabins) of the investigated bus and train passenger cabins for the designated upper limit
Va of 0.3 m/s. Perhaps implementing some preliminary intervention through regulated
HVAC settings and other parameters such as clothing can enhance thermal conditions and
perception in these buses and trains. The goal is to ensure adequate HVAC settings, in-
cabin air flow, and air distribution to ensure a thermally comfortable environment. Notably,
thermal comfort evaluations should investigate occupants’ sensations to understand their
perception of comfort, since thermal comfort concerns the state of mind regarding the
comfort of the exposed commuters. Moreover, thermal perception can serve as an important
validation approach to reinforce the results of environmental measurements [65], provided
the exposed occupants are in a healthy state.

Table 6. PMV–PPD index for all the investigated bus and train trips.

Trips PMV1 PPD1 PMV2 PPD2 PMV3 PPD3 PMV4 PPD4

1 0.9 23 −0.4 9 1.6 56 0.2 6
2 −1.0 26 −2.1 81 1.1 30 −0.3 7
3 −0.8 18 −1.1 73 2.9 99 1.3 40
4 −0.6 11 −0.8 17 1.6 57 0.2 6
5 0.0 5 −1.2 35 0.2 6 −1.0 27
6 0.6 14 −0.7 15 −0.3 7 −1.5 51
7 0.9 22 −0.5 9 −0.2 6 −1.1 29
8 0.2 6 −1.0 27 1.2 34 −0.2 6
9 0.4 8 −0.9 22 0.9 23 −0.4 9

10 0.5 11 −0.9 21 0.7 15 −0.6 13
11 0.5 11 −0.9 20 0.5 10 −0.8 19
12 −0.4 9 −0.2 6 0.8 18 −1.1 29
13 −0.4 8 −0.2 6 0.2 6 −0.6 12
14 0.0 5 −0.5 9 0.1 5 −0.6 11
15 0.4 9 −0.8 18 −0.2 6 −0.6 14
16 0.1 5 −0.5 11
17 0.5 10 −0.8 20
18 0.2 7 −0.7 14
19 0.2 6 −0.6 13
20 0.1 5 −0.4 9
21 0.2 6 −0.6 14
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Indoor air quality: The IAQ parameters measured and evaluated were CO2 and VOCs.
The indoor CO2 concentration level is not sufficient to determine the IAQ condition of the
cabins given that other pollutants are within the indoor cabin air or may intrude on the
vehicle cabin; CO2 is recognized as an important critical IAQ parameter that offers valuable
insight into the IAQ condition of the IC [66]. The computed mean values of CO2 and
VOCs are shown in Table 4 (buses) and Table 5 (trains), which are graphically represented,
analyzed, and discussed below.

Figure 6a shows the mean and SD values of CO2 concentration on the investigated
bus and train trips. By simple descriptive statistics, the mean value of CO2 concentration
levels considering all 15 buses is 1848 ppm, which corresponds to category IV of EN16798-1,
while for trains, it was 1116 ppm, which corresponds to category II. However, in nine
buses, the values of the mean CO2 level were found to have not exceeded category III,
while the remaining six buses presented high values of mean CO2 levels in category IV
and the discomfort zone. The implication is that only 60% of the investigated buses had
suitable mean CO2 levels. For the 21 train trips, the mean CO2 levels (Figure 5a) suggest
that IAQ was better as per the CO2 requirements of the referenced standard. The overall
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situation is that 20 trips were within acceptable levels (categories I, II, and III), while one
trip (trip 6) had a mean CO2 level of 1777 ppm. Notably, the mean CO2 levels recorded
in all the passenger cabins did not attain nor exceed critical levels of 3000 pm, which
can cause adverse symptoms such as fatigue, headaches, visual disturbances, reduced
concentration, or poor performance in vehicle drivers [67]. The results of the average value
of the time series of the VOCs IAQ index presented graphically in Figure 6b suggest that
VOC levels complied with requirements during all train trips investigated. The volatile
organic compound (VOC) levels in the 15 bus trips surveyed were also within the acceptable
range according to the EN16798-1 requirements. The CO2 and VOC levels suggest that IAQ
may be classified qualitatively as good in terms of what concerns these pollutants in the
passenger cars of the studied train trips.
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Figure S2 Relative humidity time series for bus and train trips combined (see
Supplementary Materials).

Figure S2 shows the mean RH (%) and SD for all the buses and trains evaluated.
Indoor RH levels can affect the condition of IAQ and thermal comfort. The preliminary
assessment of CO2 levels suggests that the IAQ was inadequate for a significant number
of cabins in some of the buses. According to EN 16798-1, RH within the range of 35%
to 65% for categories I and II is observed to be suitable conditions for cabin comfort but
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should be maintained at greater than 40% for reduced infectivity of aerosolized viruses [68],
since viruses become inactive at the RH range of 40% to 60% [69]. The RH has the most
significant effect on airborne transmission mode when compared to other modes; it is
recommended to ensure indoor RH at equivalent values of 50% [70]. It is important to
note that the risk of viral transmission can be influenced by temperature and RH. Raines
et al., evaluating the role of temperature and RH in the transmission of SARS-CoV-2,
suggest that, if the indoor climate is not adequately regulated, viral spread can increase
exponentially in conditions where RH exceeds 75% and above 20 ◦C, irrespective of higher
temperatures, and experience attenuation of transmission in climates with sustained daily
temperatures above 30 ◦C and simultaneous mean relative humidity below 78% [71].
Altogether, a defective IAQ and thermal comfort implies that the IC experienced during
the bus trip might have been inadequate, though the mean values for the RH levels ranged
mostly in category I for 13 buses and 19 trains, category II for two buses and a train trip,
and only one train was found in category III. Sireesha (2017) [72] correlated CO2 intensities
with ventilation and IAQ, suggesting that concentrations exceeding 1000 pm indicate
that the ventilation rates are offensive in relation to body smells (a source of VOC) and
are calculated based on ventilation rates and occupancy. The aim is to achieve adequate
IC via compliance with EN16798-1′s IEQ requirements. These recommended categories,
designated I, II, and III, are tolerable ranges for comfort and well-being, depending on
the indoor occupancy density. While for overcrowded vehicle cabins or rooms it is not
out of place to see conditions of IC parameters in category IV, it is still expected that
IEQ parameters do reach the discomfort zone (the grey-colored zone in the graphs). The
occupancy density and ventilation parameters are important factors that can significantly
impact the IAQ in both mobile microenvironments and built indoor spaces [73]. The
VOC levels reported in the current study suggest that all cabins were in good compliance
concerning VOCs as per EN 16798-1 requirements. Human occupants in LTCs are sources
of CO2 (exhaling approximately 35,000 to 50,000 ppm) and bio-effluents, which may include
infectious aerosols, hence the need for adequate ventilation and cabin climatization. The
IAQ conditions are also influenced by the ventilation parameters; hence, the air flow rate
and air exchange rate have been estimated in the current study for a broader evaluation of
the IAQ conditions in the studied cabins.

Evolution of CO2 concentration and air exchange rate: Regarding the IAQ of vehicle
cabins, air exchange per hour and airflow patterns can have significant impacts on the air
quality and the presence of possible infectious particles in the air (aerosols). The ACH
in cabins can be influenced by variations in vehicle speeds, window settings, frequency
of door opening, and ventilation mode (recirculatory or non-recirculatory). According to
Mathai et al. (2021) [74], the most effective way to reduce cross-contamination between
occupants in a car cabin is to fully open windows. Additionally, airflow patterns and scalar
concentration fields support the use of cross-ventilation to minimize the spread of infectious
aerosols in the car cabin. Meanwhile, recirculating vehicle cabin air is not recommended
for a reduced risk of infectious aerosols [41,75]. Taking an average outdoor CO2 level
of 450 ppm (Cext is 810 mg/m3) and the mean CO2 concentration values in each of the
investigated trips as their respective Ceq, the estimated fresh air flow rates and air exchange
rates in all the trips were calculated as illustrated with the case of a chosen bus trip. For the
selected bus trip, the mean CO2 value measured was 3122 ppm, or 5619.6 mg/m3. Hence,
obtaining the fresh air flow rate, Q per passenger, is 7.8 m3/h, obtained using the expression
from Equation (3) in the Section Materials and Methods. Now, considering a fully loaded
bus cabin with 56 people, all seats occupied, as in the investigated bus, the fresh air flow
rate is Q = 7.8 × 56 = 430.8 m3/h. The ACH was obtained using the expression below from
Equation (4) in the Section Materials and Methods. The ACH, λ, is 7.2 h−1, which indicates
how long it takes to attain the referenced equilibrium concentration of CO2 (3122 ppm
or 5619.6 mg/m3) in the evaluated indoor space (bus cabin). The calculated air exchange
and fresh air flow rates for bus trips and train trips are in Table S1 of the Supplementary
Materials. An estimated in-vehicle volume of 60 m3 (urban buses), 9.5 m3 (Coimbra shuttle),
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and 145.6 m3 (typical internal volume for passenger cars in the regular EU single-level train
type) and maximum cabin passenger occupancy were adopted to calculate the Qtrain, λtrains,
Qbuses, and λbuses. The train passenger car volume (TCV) and bus car volume (BCV) refer
to the cabin volumes depending on the vehicle type identified for the investigated trip; the
train passenger count (TPC) and bus passenger count (BPC) refer to the occupants in the
investigated vehicles. In the current study, the CO2 levels (ppm) recorded in the cabins,
with passenger occupancy of over 80% for most of the journey time, exceeded the 800 ppm
threshold but stayed below the 5000 ppm occupational exposure limit set by OSHA [76].
The measured and calculated ventilation parameters for all trips are presented in Table S1
of the Supplementary Materials.

Typically, to achieve in-cabin conditions for suitable CO2 levels, it is recommended
to ensure a fresh air flow rate of 36 m3/h (for category I) or 25 m3/h (for category II)
per person, following EN 16798-1. Moreover, the ventilation rate base level for occupant
emissions ranges from 9.0 to 36 m3/h per person in ASHRAE 62.1-2016 and 14.4 to 36 m3/h
per person in EN 15251:2007 [77]. Furthermore, considering the dynamic influences that
may occur due to variations in vehicle speed during a journey and the cabin occupancy rate,
it is suggested to deploy a demand control ventilation strategy, accommodating possible
trade-offs in energy consumption and the IAQ cabin conditions.

Figure 7 presents the IAQ-recommended conditions. A fresh air flow rate of 24 m3/h is
considered optimal for indoor spaces like offices, schools, and libraries. The upper limit of
30 m3/h (ideal) and lower limit of 16 m3/h (marginal) correspond to achieving 1000 ppm
and 1400 ppm of CO2, respectively. Therefore, considering the calculated estimated fresh
air flow rate and air exchange rates of the studied vehicle cabins (Table S1), graphical
representations of the results are shown to analyze and discuss these results.
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Figure S3 Fresh air flow rate and air exchange rate for all investigated bus trips (see
Supplementary Materials).

In Figure S3 of the Supplementary Materials, the ventilation parameters for each of the
studied bus trips are shown. Only two bus trips were within the ideal limits considering
the fresh air flow rate per person, Qbuses. Meanwhile, the results show that the air exchange
rate (λbuses) distribution suggests that the air exchange rate per person was inadequate in
13 of the 15 bus passenger cabins. The Qbuses on trips 14 and 15 suggest that the cabins
were overventilated. Even though the λbuses values revolved around the recommended
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24 h−1, the cabin ventilation was still inadequate, hence the conclusion that gaps exist in
the ventilation of the studied bus cabins.

Figure S4 Fresh air flow rate and air exchange rate for all investigated train trips (see
Supplementary Materials).

In Figure S4 of the Supplementary Materials, the ventilation parameters for each
of the 21 train trips are shown. The fresh air flow rate per person (Qtrains) for the train
trips was inadequate for 17 passenger cars. The air exchange rate (λtrains) indicates the
mean air age of the investigated passenger cars. For instance, in train trip 4, the λtrains of
25 h−1 imply a mean air age of 2.4 mins in the passenger compartment, while for train
trip 5, it had a λtrains of 6 h−1, implying the mean air age was 10 mins. The smaller the
mean air age, the lower the fresh air flow rate (Q), and vice versa. The current study
findings are akin to those of Ogundiran et al. (2023) [29] on the IEQ of train cabins, in
which ventilation parameters were inadequate in 9 of the 15 LTCs studied, besides other
IEQ gaps. In comparison to buildings, given the high occupancy density in transport
cabins, there is a need to improve the ventilation in the cabins through an increase in the
fresh air flow rate per person and ACH. The ventilation parameters show that only two
of the studied buses and three trains were within the recommended fresh air flow rate
for ideal concentration levels of CO2 (1000 to 1400 ppm) to be achieved in the passenger
cabins. Emphasizing the implications of poorly ventilated and saturated vehicle cabins, it
is essential to consider the impact of aerosol-cloud dispersion and the time of residence of
infectious aerosols in the vehicle cabin. Edwards et al. (2021) [79] analyzed aerosol particle
cloud dispersion and the mean residence time of aerosol particles in buses and found that
the use of masks and maintaining airflow in the cabin result in reduced aerosol particle
counts and their associated risks. The study conclusions suggest that suitable ventilation
supports a reduced risk regarding the spread and exposure to infectious aerosols since no
single mitigation may give an optimal solution for the desired outcomes of ventilation. The
present study agrees that increasing ventilation in closed public transport will mitigate the
risk of infectious disease spread. Luo et al. (2023) [80] referenced China’s minimum fresh
air flow rate per person of 30 m3/h for indoor ventilation, a difference from the current
study’s ideal limit to achieve adequate ventilation and CO2 (Figure 9). Adequate vehicle
maintenance and vehicle cabin management, considering HVAC settings and control,
and ideal occupant density, including increased driver awareness of the implications of
IEQ conditions, are a few relevant and recommendable interventions towards achieving
improved comfort, safety, and the overall well-being of commuters. The other parameters
measured were illuminance and atmospheric pressure, but for the present study scope, less
attention has been given to the lighting and atmospheric pressure parameters. However,
other dynamic influences impacted variations in the measured illuminance using the IEQ
multiprobe in real-time travel due to vibrations, window and curtain settings, shadowing
or other passenger activities, and vehicle passage through tunnels, besides other factors. In
future IEQ evaluations, a more focused and adapted investigative campaign for real-time
travel in the LTC is recommended to adequately evaluate the indoor cabin visual and
acoustic environment.

4. Conclusions

IEQ is essential to the safety of lives, health, and general performance, leading to well-
being and productivity. The impact of IEQ cuts across indoor spaces in buildings and mobile
indoor environments. This paper analyzed 36 bus and train trips to verify if the parameters
of operative temperature, relative humidity, CO2 concentration, and VOCs followed the
IEQ recommendations of the CEN standard EN 16798-1. The IC investigation was solely
based on objective measurements of IEQ parameters during real-time travel. Notably, only
a few studies have evaluated the IC conditions of transport microenvironments according
to the EN 16798-1 requirements. The study results were analyzed and communicated
following the requirements of EN 16798-1. Also, the findings show that achieving good
IAQ in the transport indoor microenvironment should be measured not only by the mean
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CO2 levels but also by the ventilation criteria of mass transit vehicles, which is critical to
achieving suitable indoor climate conditions, including other effects such as the occupancy
density in these passenger cabins. For thermal comfort, although 67% of cabins were found
in the permissible comfort categories I, II, and III of EN 16798-1, the overall PMV–PPD
index showed that the thermal environment was inadequate in 39% (14 cabins) and 56%
(20 cabins) of passenger cabins considering the mean indoor air velocity of 0.1 m/s and
0.3 m/s, respectively. Regarding IAQ, the in-cabin CO2 levels of 29 cabins (9 buses and
20 trains) were within the safe and comfortable categories I, II, and III of EN 16798-1.
Meanwhile, the ventilation parameters strongly show that IAQ gaps exist in 83% of the
studied cabins. The fresh airflow and air exchange rate parameters revealed that IAQ was
defective in most cabins, suggesting that categorizations of the mean CO2 and operative
temperature levels according to EN 16798-1 were not sufficient to conclude that IC was
adequate for the studied passenger cabins. Furthermore, these findings suggest that there
is a risk to well-being and comfort in most of the studied cabins. Thus, it is recommended
that adequate measures be taken to improve the fresh airflow rate and exchange rate in
mass transport vehicles to mitigate the potential risks of a defective IC. Also, since mass
transit vehicles are prone to high occupancy density, ensuring adequate ventilation settings
is critical to mitigating the risk of infectious aerosol spread, well-being, and comfort linked
to poor IC. Finally, the present study’s findings contribute scientific evidence underscoring
the need to pay attention to mobile indoor spaces since more attention is given to buildings.
Also to sensitize transport stakeholders and policymakers to the need for improvement
in the IEQ conditions of mass transit vehicles across the mobility value chain, including
vehicle design (perhaps in energy use and the HVAC systems), use-phase (like vehicle
occupancy density), vehicle/train maintenance, and fleet management. It is recommended
that future studies in the context of real-time passenger travel employ mixed methods,
including subjective assessment evaluations, for a more robust understanding of the IC
conditions, especially thermal comfort. The overall goal is to mitigate the inherent risk of
IEQ gaps impacting commuter well-being, health, and safety.

Study Limitation: The present study’s assessment was limited to only objective mea-
surements of the general real-time typical passenger experience. Future works should
employ mixed methods, including subjective assessments in IEQ assessments of mass
transit microenvironments. The study by Wierzbicka et al. [81] asserts that occupants,
besides other parameters, impact IEQ both in causative and receptive contexts, hence their
evaluation of the bio-psycho-social aspects of health, including occupants’ interactions, the
building, and the indoor space. Their study reinforces the need for employing a subjective
approach in the IEQ investigations. Moreover, some LTCs have designated cabin spaces
for drivers and passengers; therefore, IEQ assessment methods in LTCs should account
for these conditions regarding drivers. Additionally, in trains, several parameters, includ-
ing cabin type/class, interior furnishings, train speed, lighting features, the rail type, its
passage, and location (surface, elevated, or underground), are important factors to con-
sider that affect occupants’ comfort and the IEQ condition. Although in the current study
lighting levels were measured, they were excluded from the study evaluation. Meanwhile,
future assessments should include other parameters that impact occupants’ comfort and
well-being in LTCs, such as noise, vibration, and harshness (NVH). Although ventilation
performance was evaluated for the LTCs, PM assessment and infiltration were not in the
study scope. Finally, a holistic approach should include a risk correlation to factors like oc-
cupancy density, HVAC settings, static seats, aural pressure, and visual comfort (especially
in train cabins), which are necessary to determine when estimating IEQ risk to well-being
and comfort, occupants’ performance, and productivity linked to occupational exposure of
the drivers and onboard transport workers.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/atmos15050589/s1, Figure S1: A computer screenshot showing a typical IEQ
data logger display interface; Figure S2: Relative humidity time series for bus and train trips combined.;
Figure S3: Fresh air flow rate and Air exchange rate for all investigated bus trips. title; Figure S4: Fresh
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air flow rate and Air exchange rate for all investigated train trips; Table S1: Ventilation parameters in
all trips.
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Assessment in Actual and Simulated Conditions. Energies 2024, 17, 656. [CrossRef]

66. Dimitroulopoulou, S.; Dudzinska, M.R.; Gunnarsen, L.; Hagerhed, L.; Maula, H.; Singh, R.; Toyinbo, O.; Haverinen-Shaughnessy,
U. Indoor air quality guidelines from across the world: An appraisal considering energy saving, health, productivity, and comfort.
Environ. Int. 2023, 178, 108127. [CrossRef] [PubMed]

67. Tong, Z.; Li, Y.; Westerdahl, D.; Adamkiewicz, G.; Spengler, J.D. Exploring the effects of ventilation practices in mitigating
in-vehicle exposure to traffic-related air pollutants in China. Environ. Int. 2019, 127, 773–784. [CrossRef] [PubMed]

68. Noti, J.D.; Blachere, F.M.; McMillen, C.M.; Lindsley, W.G.; Kashon, M.L.; Slaughter, D.R.; Beezhold, D.H. High Humidity Leads to
Loss of Infectious Influenza Virus from Simulated Coughs. PLoS ONE 2013, 8, e57485. [CrossRef]

69. Davidse, A.; Zare, R.N. Effect of Relative Humidity in Air on the Transmission of Respiratory Viruses. Mol. Front. J. 2021, 5, 5–16.
[CrossRef]
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