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Abstract: Public transportation has been an essential part of the urban lifestyle and a necessary means
for effective transportation within most of the capital cities worldwide. That is why there is a great
need for further monitoring and evaluation of the health impacts in Public Transportation (PT) due to
air quality. Specifically, in this work the Athens metro was monitored throughout different hours of
the day and studied in order to evaluate the average particulate matter (PM) exposure for a passenger.
A strong emphasis was given in calculating the inhalation dose of PM2.5 over time. By considering
the ventilation rate of a passenger an estimation of the total PM2.5 inhalation dose for males and
females as well as for different age groups was made.
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1. Introduction

Air pollution throughout the world has grown to be a great concern regarding its
effects on health and quality of life for people. Each country has an increased concern
over some specific air pollutants depending on their climate and industrial profile, but
Particulate Matter (PM) is a pollutant of interest for every country, especially in Asia.

Particulate Matter emissions are directly connected with industrial activity and vehi-
cles; thus, PM is mostly prominent in urban areas [1,2]. Due to the increase in industrial
activity and the tendency of urbanization in developing countries, PM exposure has been
on the rise and many major urban cities are affected by the effects of PM. There have been
numerous studies that suggest that the chemical composition of PM is directly connected to
the source that produces it and depends on the chemical composition, presenting varying
effects on health. Some studies have found that the PM may contain toxic substances
like arsenic (As) and even heavy metals such as cadmium (Cd) and lead (Pb) [3], while
in another study that took place in a suburban area found that PM may contain barium
(Ba), strontium (Sr), and zinc (Zn) [4], and in a study within an industrial area it was even
found to contain copper (Cu) and mercury (Hg) [5]. In the case of microenvironments of
public transportation a study that took place in the subway of Barcelona suggested that
PM2.5 had a variety of different species of iron (Fe), like hematite (α-Fe2O3) and magnetite
(Fe3-O4), that are directly connected to the breaks of wagons, the friction of wheels of the
subway, and the electrical supply system [6]. All of the above may pose health risks to the
passengers of the subway and buses but, most importantly, the drivers and the workers
that are exposed to such pollutants on a daily basis for multiple hours each day.

In this study, a presentation of the total exposure to PM2.5 within the Athens subway
system is developed and analyzed in depth.
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2. Materials and Methods

The monitoring took place on a route from the suburban area of Elliniko, south-east
of the center of Athens, to the metro station of Egaleo, an urban area west of the center of
Athens. More specifically, two separate metro lines were monitored. The metro lines that
were monitored were the red metro (Elliniko station to Anthoupoli station) starting from
Elliniko to Syntagma station (10 stations-stops) and the blue metro line (Airport station
to Agia Marina station) starting from Syntagma station to Egaleo (4 station stops). At
Syntagma station, a metro line change was required. Both Syntagma’s and Elliniko’s metro
platforms were monitored as well, with a minimum recording time of 5 min (Figure 1).
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Figure 1. Map showing location of starting point at Elliniko station (grey dot), Syntagma station
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The sensor used for the monitoring was the Purple Air SD-II [7], which was directly
connected to a power bank, powering the sensor continuously. The sensor was mounted
on top of a back-pack carried by a passenger and the monitoring took place while standing
through the whole route. The Purple Air was set to record data every 10 s, storing the data
on an SD card. This research followed the main principles of an adopted methodology of
low-cost sensor measurements performedby the authors [8,9].

The monitoring of the route took place during April and May of 2022, during the
working days of the week (Monday through Friday). The monitoring hours were set at three
different time intervals covering different trends within the day for further comparison
of the results. The three time intervals were separated in the early morning hours, late
morning hours and afternoon hours. More specifically, the first time interval started from
6:00 in the morning to 9:00, the second time interval was set on the rush hours of 9:00 in
the morning until 12:00, and finally the third time interval was set from 12:00 to 15:00. The
total distance of the route is 16 km and, on average, it would take 31 min (around 42 min
including the minimum 5 min of recording on the subway platforms).

Using the concentration of PM2.5 monitored from the Purple Air a calculation of
the inhalation dose of PM2.5 was made using the following equation (Equation (1)), as
suggested by Novak et al. [10].

ID =
.

VE·C (1)
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where ID stands for the Inhalation Dose of the pollutant in µg/min,
.

VE is the ventilation
rate in m3/min, and C is the PM2.5 concentration in µg/m3. In this study, the ventilation
rate was assumed as sedentary and at a passive activity level.

3. Results

Figure 2 depicts PM2.5 concentrations for the three time intervals for both red and
blue metro lines. In the first time interval, the concentration highlighted an increase at the
first stops of the route. Concerning the red line, a peak concentration equal to 43 µg/m3

and an average of 34 µg/m3 were recorded. Similarly, concerning the blue metro line,
the peak concentration was recorded as equal to 40 µg/m3 and the average as equal to
31 µg/m3. In the case of the second and the third time intervals, concentrations show a
significant increase in the second half of the trip using the red metro line, with the second
time interval presenting an average concentration equal to 39 µg/m3 and a peak value
equal to 50 µg/m3 for the red metro line, and an average concentration equal to 35 µg/m3

and a peak value equal to 39 µg/m3 for the blue metro line. The third time interval presents
an average value equal to 34 µg/m3 and a peak value equal to 48 µg/m3 for the red metro
line, and an average value equal to 30 µg/m3 and a peak value equal to 37 µg/m3 for the
blue metro line.
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Tables 1 and 2 present the analysis of the inhaled dose of PM2.5 for different age groups
(from 16 up to 61 years old) for males (Table 1) and females (Table 2). For the specific ID
analysis, for the red metro line route, data from Elliniko station up to Syntagma station were
used. For the blue metro line route, data from Syntagma station up to Egaleo station were
used accordingly. In all cases, data concerning both platforms and wagons were applied.

As seen in Tables 1 and 2 the age group of 21–31 for both males and females present
the lowest ID. The age group of 51–61 years old shows the highest ID. Of the three time
intervals, the second depicts the highest amount of ID, which was expected because the
second time interval takes place during rush hour. The first and the third time intervals
show insignificant differences for ID (±0.05 µg/min), with the first time interval having a
slightly higher average ID. Here, it is important to note that during the second time interval.
the number of passengers was notably higher than the corresponding number during the
third time interval, leading to the conclusion that, in addition to passenger numbers, there
is likely another “source” that has an important influence on PM2.5 concentrations inside
the wagon. A possible factor might be that during rush hour and some hours after, where
passengers within the metro station are still relatively high, an amount of PM2.5 is trapped
in the metro station building, which might contribute to the increased concentration of the
third time interval.
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Table 1. Statistics of the ID (µg/min) for males of different age groups and different time intervals.

Males Age Groups: 16–21 21–31 31–41 41–51 51–61

Average:
(µg/min)

Time Interval 1 (6:00–9:00) 0.1731 0.1535 0.1674 0.1836 0.2028
Time Interval 2 (9:00–12:00) 0.1946 0.1727 0.1882 0.2065 0.2281

Time Interval 3 (12:00–15:00) 0.1718 0.1524 0.1661 0.1822 0.2013

Median:
(µg/min)

Time Interval 1 (6:00–9:00) 0.1698 0.1506 0.1642 0.1801 0.1990
Time Interval 2 (9:00–12:00) 0.1971 0.1749 0.1906 0.2091 0.2310

Time Interval 3 (12:00–15:00) 0.1815 0.1610 0.1755 0.1926 0.2127

Maximum:
(µg/min)

Time Interval 1 (6:00–9:00) 0.2416 0.2143 0.2336 0.2563 0.2831
Time Interval 2 (9:00–12:00) 0.2740 0.2431 0.2650 0.2907 0.3212

Time Interval 3 (12:00–15:00) 0.2565 0.2276 0.2481 0.2721 0.3006

Cumulative:
(µg)

Time Interval 1 (6:00–9:00) 7.2690 6.4487 7.0292 7.7107 8.5184
Time Interval 2 (9:00–12:00) 8.1744 7.2520 7.9048 8.6711 9.5794

Time Interval 3 (12:00–15:00) 7.2153 6.4011 6.9773 7.6537 8.4554

Table 2. Statistics of the ID (µg/min) for females of different age groups and different time intervals.

Female Age Groups: 16–21 21–31 31–41 41–51 51–61

Average:
(µg/min)

Time Interval 1 (6:00–9:00) 0.1430 0.1259 0.1301 0.1427 0.1490
Time Interval 2 (9:00–12:00) 0.1608 0.1416 0.1463 0.1605 0.1676

Time Interval 3 (12:00–15:00) 0.1420 0.1250 0.1291 0.1417 0.1479

Median:
(µg/min)

Time Interval 1 (6:00–9:00) 0.1403 0.1235 0.1276 0.1400 0.1462
Time Interval 2 (9:00–12:00) 0.1629 0.1434 0.1482 0.1625 0.1697

Time Interval 3 (12:00–15:00) 0.1500 0.1320 0.1365 0.1497 0.1563

Maximum:
(µg/min)

Time Interval 1 (6:00–9:00) 0.1996 0.1757 0.1816 0.1400 0.2080
Time Interval 2 (9:00–12:00) 0.2265 0.1994 0.2060 0.2260 0.2360

Time Interval 3 (12:00–15:00) 0.2120 0.1866 0.1928 0.2115 0.2209

Cumulative:
(µg)

Time Interval 1 (6:00–9:00) 6.0070 5.2877 5.4644 5.9944 6.2594
Time Interval 2 (9:00–12:00) 6.7552 5.9463 6.1450 6.7411 7.0391

Time Interval 3 (12:00–15:00) 5.9626 5.2486 5.4240 5.9501 6.2132

For males, the cumulative ID (total staying duration in the metro facilities: approxi-
mately 42 min) was consistently higher than 7 µg with the only exception being the age
group of 21–31 during the first and third time intervals (Table 1). The highest ID was
recorded for the age group of 51–61, which was equal to 9.6 µg during the second time
interval. For females, the highest cumulative ID was equal to 7 µg in the age group of 51–61
during the second time interval. Overall, the female cumulative ID was significantly lower
than that of the male equivalents. Finally, the highest observed value of maximum ID for
males was equal to 0.32 µg/min, which is lower than the one reported in a similar study
(0.55 µg/min) within a car [11].

Figure 3 depicts the recorded PM2.5 concentrations (µg/m3) per 10 s, during the
experimental campaign in the Syntagma station platform (Figure 3a) and Elliniko station
platform (Figure 3b). Using the values of Figure 3 and taking into account the ventilation
rate for men belonging to the group of 31–41 years old, equal to 5.57 × 10−3 m3/min [12]
we conclude that the Elliniko station platform (Figure 3b) is the only case where the first
time interval has the highest ID, with a maximum value equal to 0.17 µg/min and an
average equal to 0.16 µg/min. In the Syntagma station platform (Figure 3a) for both the
second and third time intervals, a similar ID was observed with an average value equal
to 0.19 µg/min. The first time interval has the lowest ID, with an average value equal to
0.12 µg/min.
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Overall, the highest PM2.5 exposure took place within the subway and specifically
within the wagon of the red metro line, with the Syntagma station platform presenting a
similar ID to the blue metro line’s wagon. The Elliniko station platform indicated a low ID,
with the exception of the first time interval.

4. Conclusions

According to the global bibliography both on the concentration and inhaled dose of
PM2.5, the highest concentration was observed within the metro platforms [13].

In this work, the highest concentration was recorded within the wagons, with signifi-
cant increases during rush hour and after rush hour, on the central stations in proximity of
Syntagma station. A tendency was observed during the early morning hours (first time
interval) in which PM2.5 concentrations were higher in the suburban stations of the metro
in comparison with the central stations. An unorthodox phenomenon was observed during
the first time interval, where overall lower PM2.5 concentrations were recorded in compar-
ison to the third time interval, despite the third time interval having significantly fewer
passengers throughout the route. A possible reason for this is that early in the morning,
the train is clean and empty, and suddenly fills up with people, while at the end of the day,
thousands of passengers have already boarded.

In summary, the findings suggest that there should be a concern for vulnerable groups
of people such as older individuals and other sensitive groups (people with asthma, respi-
ratory and cardiovascular problems, etc.) that use the subway during rush hour.
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