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Abstract: Sydney Metro is the biggest project of Australia’s public transport, which was designed
to provide passengers with more trains and faster services. This project was first implemented in
2017 and is planned to be completed in 2024. As presented, the project is currently in the construction
stage located on the ground stations of the Sydney Trains Bankstown line (T3). Based on this stage,
several construction activities will generate air pollutants, which will affect the air quality around
construction areas. Moreover, it might cause health problems to people around there and also the
passengers who usually take the train on the T3 line. However, there is no specific data for air
quality inside the train that may be affected by the construction from each area. Therefore, the aim
of this study is to investigate the air quality inside the train carriage of all related stations from the
T3 line. A sampling campaign was conducted over 3 months to analyze particulate matter (PM)
concentration, the main indoor pollutants including formaldehyde (HCHO) and total volatile organic
compounds (TVOC). The results of the T3 line were analyzed and compared to Airport & South
line (T8) that were not affected by the project’s construction. The results of this study indicate that
Sydney Metro construction activities insignificantly affected the air quality inside the train. Average
PM2.5 and PM10 inside the train of T3 line in the daytime were slightly higher than in the nighttime.
The differences in PM2.5 and PM10 concentrations from these periods were around 6.8 µg/m3 and
12.1 µg/m3, respectively. The PM concentrations inside the train from the T3 line were slightly higher
than the T8 line. However, these concentrations were still lower than those recommended by the
national air quality standards. For HCHO and TVOC, the average HCHO and TVOC concentrations
were less than the recommendation criteria.

Keywords: PM concentrations; air quality analysis; railway transport system; PM2.5; HCHO; TVOC;
Sydney metro project

1. Introduction

Air pollution is a major public concern because of its effects on human health. The
composition of the Earth’s atmosphere has changed due to the complete and incomplete
combustion of fossil fuels. Several factors have been used to determine the level of pollutant
concentrations, including the difference in chemical compositions, reaction properties,
emission, persistence in the environment, and ability to be transported in long and short
distances. From these factors, air pollutants can be classified into four categories, including
gaseous pollutants, persistent organic pollutants, heavy metals, and particulate matter [1].
The combustion of fossil fuels is the primary source of gaseous pollutants (such as volatile
organic compounds, CO, and NOx) which mainly contribute to the composition variations
of the atmosphere and affect respiratory health [2]. Heavy metals, including basic metal
elements such as lead, mercury, and manganese, are natural components of the Earth’s
crust. These heavy metals can enter the environment through various sources, including
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combustion and manufacturing facilities. Although having a small amount of these metals
is essential to maintain normal metabolic reactions, high concentrations of these metals
are dangerous to human bodies [3]. Particulate Matter (PM) is well known as the generic
term used for a type of air pollutant. PM consists of the complex and various mixtures of
particles suspended in the air. PM is mainly produced by various natural and anthropogenic
activities [4]. However, the significant sources of this pollutant are factories, power plants,
refuse incinerators, motor vehicles, construction activities, fires, and natural windblown
dust. Exposure to particle pollutants such as PM significantly causes a wide variety of
respiratory, cardiovascular, and pulmonary diseases [5–10]. Apart from these impacts, PM10
and PM2.5 can go deeply into the alveolar region of the lungs and cause severe respiratory
diseases. Only less than 20% of particle sizes from 1 to 10 microns are deposited in the
upper airways, which means that the rest of these particles will escape and go through
lower airways. However, the amount of particle deposition is mainly dependent on the
airway sizes (human’s age), the daily physical activities that will create different airflow
rates, and particle sizes [11–19]. According to the International Agency for Research on
Cancer [20], outdoor PM is classified as carcinogenic to humans. This PM can be measured
as a dose that is inhaled and then deposited in the human respiratory tract [21,22]. Several
researchers have investigated air quality in both indoor and outdoor conditions, including
inside cars, on buses, near highways, and at bus stations [23–30].

Referring to the International Union of Railways [31], worldwide railway transport
is rapidly growing, having increased by over 50% since 2003 and had over 3.1 trillion
passenger-km in 2012. In urban areas, people usually use the railway as the main public
transport [32]. Although passengers usually take less time on the railway network com-
pared to other transport modes, long-term exposure to high PM concentrations, as well as
the associated harmful chemical composition, might lead to health problems [33,34]. From
the statistics, each passenger usually travelled around 146.1 km by railway and around
10.4 km by bus [35]. Therefore, passengers are normally taking trains more than the buses.
It was found that most passengers usually spend more time inside the train compartments
rather than on the platform [36].

There are some measurements that focus on the comparison of PM2.5 and PM10 con-
centrations from the railway between the ground and underground levels. They were
conducted inside and outside (platform) the train on both the ground and underground lev-
els. Results on PM measurements in several locations, including Naples, Italy [37]; Prague,
Czech Republic [38]; Rome, Italy [39]; Los Angeles, USA [22,40]; Taipei, Taiwan [41]; Seoul,
Korea [42]; Sydney, Australia [43], showed that the PM concentrations on the platform are
higher than the concentrations in the train. The PM2.5 and PM10 concentrations on the
platform were 2 and 2.4 times higher than inside the train in Los Angeles, USA [36]. In
Sydney, Australia, the concentrations of PM2.5 and PM10 on the platform were 1.1 times
higher than inside the train [43]. However, this is only for ground-level cases. The PM
concentrations in the train are higher than on the platform when the train is on the under-
ground level. From this level, PM10 concentrations in the train were 2.7 times higher than
on the platform in Rome, Italy [39]. According to previous studies [44–47], several factors
significantly affect air quality measurements, including the age of the railway network, the
braking system used, the ventilation system, the frequency of the train’s train passage, and
the air conditioning system.

Sydney Metro is the biggest project of Australia’s public transport. This project was
designed to provide passengers with more trains (estimated as 20 trains per hour on the
City Circle) and faster services (estimated as a reduction of 4 min per one-way trip) across
the network in order to meet a higher growth in travel demand of Sydney’s population [48].
Currently, there are two networks on this project. Sydney Metro Northwest is one of two
networks that has been operated since 2019. Sydney Metro City & Southwest is another
network that is still under construction and planned to be completed in 2024. For tracks, the
Sydney Metro network is designed to use the same network of tracks as the Sydney Trains
(only selected stations for stopping) that are currently operating for the suburb stations,
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which are only on the ground. Therefore, the related railway stations must be upgraded
to meet the metro standards and prepare for metro operations. The station upgrade takes
place between Sydenham and Bankstown with a distance of approximately 13.5 km. This
project aims to improve station facilities, public domain at the station entry, as well as
interchange with other transport modes at the station.

Based on the available data from the NSW Office of Environment and Heritage (NSW
OEH) [49], the air quality was monitored at the Earlwood, Chullora, and Liverpool stations
which are the closest to the metro. Recently, data from the NSW Department of Planning,
Industry and Environment (NSW DPIE) [50] proved that air quality within these three
areas is still acceptable. However, there is no specific data for air quality inside the Sydney
train yet. Therefore, the specific aim of this study is to investigate the effect of Sydney
Metro construction on the air quality inside the train by considering the concentrations of
PM2.5, PM10, formaldehyde, and total volatile organic compounds. All 11 rail stations from
the T3 Bankstown line of Sydney Trains Network are selected in this paper.

2. Methodology
2.1. Instrumentation

The PM concentrations were measured by using a portable PM detector (Temtop
LKC-1000S+). This device is a hand-held air quality detecting device that detects the
concentration of PM10, PM2.5, temperature, humidity, air quality index (AQI), formalde-
hyde (HCHO), and total volatile organic compounds (TVOC). The operating environment
from this device includes: the temperature range—0–50 ◦C; humidity range—0–90%; at-
mospheric pressure—1 atm; PM10 and PM2.5 measurement range—0–999 µg/m3 with a
resolution of 0.1 µg/m3; HCHO and TVOC measurement range—0–5000 µg/m3 with a
resolution of 10 µg/m3. This device is equipped with a laser particle sensor with 1 min as a
time resolution. The evaluation of a laser sensor was done in the laboratory and in the field
with the Federal Equivalent Method (FEM)-Grimm as the standard [51,52].

2.2. Railway Route Selection and Measurement Procedure

The measurements were performed inside the train carriage over 3 months, from
November 2021 to January 2022, on both weekdays and weekends for daytime from 10:00
to 11:00 and nighttime from 19:30 to 20:30. The average ambient temperature and humidity
are 22.21 ◦C and 53.47%, respectively. All measurements were conducted at the second
cabin of the train. The data was collected when the train stopped at the platform and the
doors opened for each station. Moreover, the windows were closed all the time.

The railway route between Central to Bankstown (T3 Bankstown line of Sydney Trains
Network) was selected to collect the data. In this study, we collected data from Central
station to Bankstown station as it is the last station upgrade for Sydney Metro Project.
The construction of this project only takes place on the ground level, where it is around
the platform at each station. The length of selected stations is approximately 18.7 km
with 15 stations located in the Centre of the Sydney (known as Central station), Redfern,
Erskineville, St Peters, Sydenham, Marrickville, Dulwich Hill, Hurlstone Park, Canterbury,
Campsie, Belmore, Lakemba, Wiley Park, Punchbowl, and Bankstown (see Figure 1). The
duration of a one-way trip was 34–40 min.

Air pollution sources can influence the local air quality around the construction sites.
According to the Commonwealth Department of the Environment’s National Pollutant
Inventory (NPI) [53], there are nine industrial facilities around the construction areas, which
are located at Alexandria, Bankstown, Mascot, Punchbowl, and Sydenham. Two of these
facilities are classified as petroleum product wholesaling, while other facilities are classified
as: petroleum and coal product manufacturing; spring and wire product manufacturing;
aircraft manufacturing and repair services; laundry and dry-cleaning services; ceramic
product manufacturing; railway rolling stock manufacturing and repair services. The
different types of industries are expected to emit the different toxic substances. Among
these toxic substances, coarse particles (PM2.5, PM10) and other chemical compounds are
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highly expected to be the primary local air pollution sources. The location of these sources
is provided in Figure 1.
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Figure 1. Map of the T3 line from Central Station to Bankstown Station: 1. Central Station, 2. Redfern
Station, 3. Erskineville Station, 4. St Peters Station, 5. Sydenham Station, 6. Marrickville Station,
7. Dulwich Hill Station, 8. Hurlstone Park Station, 9. Canterbury Station, 10. Campsie Station,
11. Belmore Station, 12. Lakemba Station, 13. Wiley Park Station, 14. Punchbowl Station, and 15.
Bankstown Station.

In order to investigate the effect of the air quality during the construction of the
Sydney Metro Project, the T8 Airport & South line was selected to compare the data for
both weekdays and weekends as well as daytime and nighttime. The sampling of this T8
line was performed between April and May 2021 for five weeks. Moreover, this line was
used to collect PM10 and PM2.5 only. The length of this route is approximately 56.73 km,
with 1 h and 11 min of the duration as a one-way trip and 25 stations, including Central,
Green Square, Mascot, Sydney Domestic Airport, Sydney International Airport, Wolli Creek,
Turrella, Bardwell Park, Bexley North, Kingsgrove, Beverly Hills, Narwee, Riverwood,
Padstow, Revesby, Panania, East Hills, Holsworthy, Glenfield, Macquarie Fields, Ingleburn,
Minto, Leumeah, Campbelltown, and Macarthur. The T8 line was selected for this analysis
because it is one of the busiest lines and the presence of both international and domestic
terminals in this line makes it necessary to travel in this line for people who are taking
flights from Sydney. Furthermore, there is a tunnel in this line which may affect the air
quality. Figure 2 presents the location for each station of the T8 line.
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Figure 2. Map of the T8 line from Central Station to Macarthur Station: 1. Central Station, 2. Green
Square Station, 3. Mascot Station, 4. Sydney Domestic Airport Station, 5. Sydney International
Airport Station, 6. Wolli Creek Station, 7. Turrella Station, 8. Bardwell Park Station, 9. Bexley North
Station, 10. Kingsgrove Station, 11. Beverly Hills Station, 12. Narwee Station, 13. Riverwood Station,
14. Padstow Station, 15. Revesby Station, 16. Panania Station, 17. East Hills Station, 18. Holsworthy
Station, 19. Glenfield Station, 20. Macquarie Fields Station, 21. Ingleburn Station, 22. Minto Station,
23. Leumeah Station, 24. Campbelltown Station, and 25. Macarthur Station.

3. Result and Discussion
3.1. PM Concentration inside Train Cabins
3.1.1. Average PM Concentrations of All Related Stations and Effect of Weather on
PM Concentrations

Due to the COVID-19 outbreak in Sydney, there were lockdown restrictions during
air quality measurements of the T3 line, which took time from the end of June to October
2021. The measurements of the T3 line had to be started in November 2021. Table 1
presents the obtained data over 3 months of sampling for 15 stations, including average
PM concentrations, temperature, and relative humidity.

From Table 1, the average PM concentrations for both PM2.5 and PM10 were higher
at three stations, namely Central, Canterbury, and Bankstown. Central had the highest
average concentrations, followed by Bankstown and Canterbury. Hurlstone Park was
found to have the lowest PM concentrations, followed by Punchbowl and Dulwich Hill.
In addition, high standard deviation (SD) for both concentrations was found at almost
all stations. This can be because the air comes from the platform when a train stops at
stations and the doors open. Therefore, the air quality and the direction of air flow around
platforms directly affect PM concentrations inside the train cabins. However, there are also
other aspects that might affect the level of PM concentrations inside the train carriages,
such as the resuspension of dust from passengers moving in and out, passenger density,
and travelling time.
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Table 1. Average concentrations of PM2.5, PM10, temperature, and relative humidity (Average ± Standard
Deviation) inside the train carriage on the ground level for over three months from November 2021 to
January 2022.

Station PM2.5 (µg/m3)
Avg ± SD

PM10 (µg/m3)
Avg ± SD

Temperature (◦C)
Avg ± SD

Relative Humidity (%)
Avg ± SD

Central 7.7 ± 5.2 10.8 ± 7.3 24.1 ± 1.9 58.5 ± 10.4
Redfern 4.6 ± 2.7 6.5 ± 3.8 24.3 ± 1.7 54.8 ± 7.3

Erskineville 4.2 ± 2.9 5.9 ± 4.1 24.3 ± 1.5 53.7 ± 6.0
St Peters 4.1 ± 2.8 5.8 ± 3.9 24.3 ± 1.3 53.3 ± 5.8

Sydenham 4.6 ± 3.9 6.5 ± 5.4 24.4 ± 1.2 53.3 ± 5.5
Marrickville 4.5 ± 3.6 6.3 ± 4.8 24.4 ± 1.2 53.4 ± 5.2
Dulwich Hill 4.1 ± 3.0 5.8 ± 4.2 24.4 ± 1.4 53.6 ± 5.6

Hurlstone Park 4.0 ± 2.6 5.6 ± 3.7 24.5 ± 1.6 53.9 ± 5.7
Canterbury 6.4 ± 4.7 8.9 ± 6.6 24.3 ± 1.7 57.0 ± 6.8

Campsie 4.6 ± 3.6 6.5 ± 5.1 24.9 ± 1.0 52.1 ± 4.7
Belmore 4.4 ± 3.6 6.2 ± 5.0 24.9 ± 1.0 51.9 ± 5.0
Lakemba 4.2 ± 3.4 6.0 ± 4.8 24.9 ± 1.1 51.6 ± 4.6

Wiley Park 4.3 ± 3.5 6.0 ± 4.9 24.9 ± 1.2 51.4 ± 3.3
Punchbowl 4.1 ± 3.3 5.7 ± 4.6 25.0 ± 1.2 51.7 ± 4.3
Bankstown 6.8 ± 4.7 9.5 ± 6.6 25.0 ± 1.3 57.3 ± 4.4

Number of samples (N) for each station = 92 (i.e., the number of observations for each station within 3 months).

There are several weather conditions that play a role in the dispersion of the pollutants
and the change in the air pollution level of an area, such as rainfall, temperature, wind
speed, wind direction, and relative humidity. Temperature also plays a role in the rate of
air movement. Because of the air movement, it will affect the movement of pollutants as
well [54]. From Table 1, the highest temperature was found at Punchbowl and Bankstown
at 25 ◦C, while the lowest temperature was found at Central at 24.1 ◦C. For the relative
humidity (RH), the highest RH was found at Central (58.5%) followed by Bankstown
(57.3%) and Canterbury (57%). The lowest RH was found at Wiley Park (51.4%) followed
by Lakemba (51.6%) and Punchbowl (51.7%). From the results of temperature and RH,
the difference in temperatures was around 1 ◦C, and the difference in the RH was around
7.1%. These differences were very small, which could not significantly affect the PM
concentrations inside the trains. It is worth mentioning that the meteorology and dispersion
of air pollutants will vary throughout the year due to seasonality.

3.1.2. Comparison of PM Concentrations in Different Periods

The average PM2.5 and PM10 concentrations inside the train carriage over three
months are separated into day and night times with weekdays and weekends in Figure 3.
Figure 3a,b show the comparison of PM2.5 concentrations between daytime and nighttime,
while Figure 3c,d are for PM10.

From Figure 3, PM concentrations (Figure 3a,c) on weekdays were higher than at
weekends in the daytime for Canterbury (Station 9) and Bankstown (Station 15), while the
concentrations at the weekends from Central Station (Station 1) were found to be slightly
higher than at weekdays. The concentrations on weekdays from other stations (Station 2–8
and Station 10–14) were slightly higher than at weekends. Focusing on the daytime only
(Figure 3a,c), Bankstown (Station 15) had the highest PM2.5 and PM10 concentrations on the
weekday at 10.1 µg/m3 and 14.1 µg/m3, and on the weekend at 7.1 µg/m3 and 9.9 µg/m3,
respectively. St Peters (Station 4) had the lowest PM2.5 and PM10 concentrations on the
weekday at 4.0 µg/m3 and 5.6 µg/m3, while Dulwich Hill (Station 7) had the lowest PM2.5
and PM10 concentrations on the weekend at 3.3 µg/m3 and 4.8 µg/m3.
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Figure 3. Average PM2.5 and PM10 concentrations inside the train carriage for daytime and nighttime
for all 15 stations. (a) PM2.5 concentrations at daytime, (b) PM2.5 concentrations at nighttime, (c) PM10

concentrations at daytime, (d) PM10 concentrations at nighttime.

In the nighttime (Figure 3b,d), the PM concentrations at the weekend were observed to
be slightly higher than on the weekday for all stations except Central Station, where the con-
centrations on weekdays were slightly higher than at weekends, and Campsie (Station 10),
where the concentrations were similar for both weekdays and weekends. For the nighttime
(Figure 3b,d), Central (Station 1) had the highest PM2.5 and PM10 concentrations on the
weekday at 10.1 µg/m3 and 14.2 µg/m3, and on the weekend at 9.3 µg/m3 and 12.9 µg/m3,
respectively. Punchbowl (Station 14) had the lowest PM2.5 and PM10 concentrations on the
weekday at 3.3 µg/m3 and 4.6 µg/m3, while Campsie (Station 10) had the lowest PM2.5
and PM10 concentrations on the weekend at 3.5 µg/m3 and 4.9 µg/m3.

However, there is no significant difference in PM concentrations between weekdays
vs. weekends as well as daytime vs. nighttime, and the difference is still within the SD.
Moreover, the difference in PM concentrations from all periods was around 12.1 µg/m3.

According to the National Environment Protection Council (NEPC) [55], the average
concentration of PM2.5 and PM10 for 24 h should be less than 25 µg/m3 and 50 µg/m3,
respectively. Based on the overall concentrations from all periods, the highest concentra-
tions of PM2.5 is 10.1 µg/m3, while the highest concentrations of PM10 are 14.2 µg/m3.
Therefore, the overall level of PM concentrations from all stations is still acceptable. During
measurement, it is worth highlighting that the PM concentrations for each day were also
lower than the average concentrations from NEPC [55].
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3.1.3. Comparison of PM Concentration inside Train Cabins between Ground and
Underground Levels

This section provides the comparison of PM concentrations inside the train between
T3 and T8 lines by considering the effect of ground and underground levels. It is worth
mentioning that the measurements between these two lines were not the same period due
to the COVID-19 outbreak in Sydney. The lockdown restrictions in Sydney took time from
the end of June to October 2021. Therefore, the measurements of the T3 line had to be
started in November 2021 and ended in January 2022, while the measurements of the T8
line were earlier completed between April and May 2021. The concentrations of PM2.5 and
PM10 are presented in Figure 4. It should be noted that there are only the ground stations
for the T3 line.
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Figure 4. Average PM concentrations inside the train carriages from T3 line (measured over three
months from November 2021 to January 2022), and T8 line (measured from April to May 2021).

From Figure 4, the average PM concentrations at the underground levels from T8 line
were higher than at the ground levels from both T3 and T8 lines. For the cases of the ground
level only, PM10 and PM2.5 concentrations from T3 line were slightly higher than T8 line at
1.2 µg/m3 and 0.7 µg/m3, respectively. According to the case study from Mohsen et al. [43],
they studied PM concentrations and heavy metal contamination levels in the Sydney transport
system. The sampling was conducted over 6 weeks to measure PM concentrations from the
Sydney Train airport line (T2) at the ground and underground levels. They reported that
PM concentrations inside the train were lower than outside the train in case of the ground
level. In contrast, PM concentrations inside the train were higher than outside in the case of
the underground level. PM2.5 and PM10 concentrations inside the train at the underground
level were 2.5 and 2.8 times higher than ground level. The results from T8 line also support
this point. PM10 concentrations at the underground level from T8 line were 1.9 and 2.3 times
higher than at the ground level from T3 and T8 lines, respectively. For PM2.5 concentrations
at the underground level of T8 line, these concentrations were 1.9 and 2.2 times higher than
the concentrations from T3 and T8 lines at the ground level. The different PM concentrations
between the ground and underground levels might be because the surrounding air quality
in the underground tunnel is significantly affected by the internal environment due to it
being an enclosed environment with a reliance on ventilation systems. In fact, there are also
other factors that could affect the air pollution inside the underground stations, including the
aerosol sources, dispersion, etc. However, the data from this present study does not allow us
to analyze the effect of air pollution by these factors. Thus, aerosol sampling and chemical
characterization are advisable for future work.
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3.2. Impact of the Existing Environment Pollution and Sydney Metro Construction Activities on
Air Quality inside Train Cabins

Focusing on PM concentrations inside the train cabins from the T3 line and T8 line
in Figure 4, the concentrations inside the train at the underground level from the T8 line
were higher than at the ground level for both the T3 line and T8 line. In the case of the
concentrations at the ground levels, the level of concentrations from the T3 line were slightly
higher than the T8 line for both PM2.5 and PM10. The slightly different concentrations
can be influenced by the rail system age, geographic level of measurements, surrounding
conditions, and other factors. Referring to the state significant infrastructure application
report of Sydney Metro project from NSW government [56], the air quality impacts around
related stations of T3 line are divided into two main factors that are the effect of the existing
environment pollution and the potential construction.

3.2.1. Effect of the Existing Environmental Pollution

The construction areas of the Sydney Metro project are located in the Sydney Basin,
which is part of a major basin system that extends over 1500 km from the Bowen Basin in
Queensland through to the Gunnedah Basin in New South Wales. The ambient air quality
around the Sydney Basin is influenced by topography, prevailing meteorological conditions
(such as wind and temperature), and local and regional air pollution sources (such as motor
vehicles, industrial facilities and bushfires) [56]. Several major components determine the
pollutant’s concentrations, including the source nature, emission rate, source periodicity,
emission particle size and chemical composition.

According to the latest update from NPI [53], the local air quality is likely influenced
by the air pollution sources close to the project area, which include:

(a) Industrial facilities at Alexandria, Sydenham, Mascot, Punchbowl, and Bankstown:
all the air pollution sources from these locations are summarized in Table 2 (see Figure 1
for the positions of related locations).

From Table 2, it can be seen that several substances were emitted by the industrial
facilities around the construction sites. The different types of industries will generate
different toxic substances. Both PM2.5 and PM10 were generated by six facilities from
all related locations except one facility at Mascot and Sydenham and two facilities at
Bankstown. Referring to the operating hours from these six facilities, all facilities generated
PM2.5 and PM10 during daytime only except Qantas Sydney, which was operating for 24 h
a day. However, the TVOC was generated by all facilities. This pollutant will be further
discussed in the next section.

(b) Commercial businesses such as service stations and smash repairs: the operation of
a diesel freight train from Sydenham to the west of Campsie and the operation of the Sydney
Trains Maintenance Centre at Sydenham are likely one of the air pollution sources [56].

(c) Domestic activities, such as wood-fired home heaters and lawn mowing.
(d) Transportation from other areas: The vehicles on the major roads and road network

around the construction areas are also the primary impact on the local air quality. These
include Stacey Street/Fairford Road (at Bankstown), King Georges Road (at Wiley Park),
Canterbury Road (at Canterbury), and Princes Highway (at Sydenham) [56].



Atmosphere 2022, 13, 759 10 of 17

Table 2. The air pollution sources close to the project area by industrial facility [53].

Facility Name Industrial Facility Substance Release Location Opening Hours

Asphalt Plant
Other petroleum and

coal product
manufacturing

CO, NOx, PM2.5, PM10,
PAHs SO2, TVOCs,

other chemical
compounds (F−, Mn)

Alexandria

Weekday:
6:00 a.m.–3:00 p.m.

Weekend:
6:00 a.m.–1:00 p.m.

(Saturday only)

Monroe Springs Spring and wire
product manufacturing

CO, C8H10, C6H12,
C7H8, C4H8O2, C4H8O,
C6H12O, NOx, PM2.5,

PM10, PAHs, SO2,
TVOCs, other chemical

compounds (Hg)

Alexandria

Weekday:
8:00 a.m.–4:30 p.m.

Weekend:
closed

Viva Energy Airport Petroleum product
wholesaling C7H8, C8H10, TVOCs Bankstown

Weekday:
5:00 a.m.–10:30 p.m.

Weekend:
6:00 a.m.–6:00 p.m.

Bankstown Airport Petroleum product
wholesaling

C6H6, C9H12, C8H10,
C7H8, C8H10, C6H14,

TVOCs
Bankstown 24 h a day

Qantas Sydney Aircraft manufacturing
and repair services

CO, C8H10, C9H12,
NOx, PM2.5, PM10,

PAHs, SO2, TVOCs,
other chemical

compounds (As, Be, Cd,
Cr2O3, Cu, Pb, Hg, Ni,
Zn), Polychlorinated

dioxins & furans

Mascot 24 h a day

Sydney Airport
Airport operations and

other air transport
support services

CO, C8H10, C9H12,
NOx, PM2.5, PM10,

PAHs, SO2, TVOCs,
other chemical

compounds (As, Be, Cd,
Cr2O3, Cu, Pb, Hg, Ni,
Zn), Polychlorinated

dioxins & furans

Mascot 24 h a day

Ensign Services Laundry and
dry-cleaning services

CO, SO2, C8H10, NOx,
PM2.5, PM10, TVOCs,

PAHs
Punchbowl

Weekday:
7:30 a.m.–5:00 p.m.

Weekend:
7:30 a.m.–5:00 p.m.

(Saturday only)

Austral Bricks Other ceramic product
manufacturing

CO, SO2, NOx, PM2.5,
PM10, TVOCs, HCI,

PAHs, other chemical
compounds (As, Be, Cd,

Cr2O3, CrO3, Cu, F−,
Pb, Mn, Hg, Ni, Zn),

Polychlorinated dioxins
& furans

Punchbowl

Weekday:
8:00 a.m.–4:00 p.m.

Weekend:
9:00 a.m.–12:00 p.m.

(Saturday only)

Sydney Trains
Maintenance Centre

Railway rolling stock
manufacturing and

repair services
C9H12, C8H10, TVOCs, Sydenham 24 h a day

PAHs = Polycyclic aromatic hydrocarbons, HCI = Hydrochloric acid.
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3.2.2. Effect of Potential Construction

The construction activities of the Sydney Metro project are likely to generate local air
pollution such as dust and exhaust emissions.

(a) Dust: According to the Southwest Metro project update from November 2021 [52],
the construction activities during the collected data measurement period involved platform
reconstruction work, upgrade of overhead wiring, new lifts and accessibility upgrades,
services building construction, bridge upgrade and remediation work, installation of anti-
throw screens, and upgrade of track, signaling and communication equipment. During the
work implementation of each activity, the dust (PM2.5 and PM10) could be generated by
some working processes. These included:

• Excavation, handling, stockpiling, loading and unloading, and transport of spoil;
• Demolition of structures and the handling, stockpiling and transport of demolition

material;
• Transport, loading and unloading, stockpiling, and handling of imported construction

materials such as imported fill;
• Creation of exposed surfaces through the stripping of topsoil and other overlying

structures (such as road and footpath pavements); the potential generation of dust
emissions would be increased due to the wind erosion;

• Concrete batching and pre-cast concreting.

(b) Exhaust emissions: The exhaust emissions during the construction would generate
particulate matter (PM), carbon monoxide (CO), oxides of nitrogen (NOx), sulfur dioxide
(SO2), and volatile organic compounds (VOCs). These pollutants could be generated by the
following:

• During the combustion of fuel in construction plant, machinery and equipment;
• Handling and on-site storage of fuel and other chemicals.

In general, the standard construction hours were generally in the daytime, from
7:00 a.m. to 6:00 p.m. on weekdays and from 8:00 a.m. to 6:00 p.m. at weekend (Saturday
only). There was no work on Sundays and public holidays. However, there might be some
activities that were implemented out-of-hours (including night) when the trains were not
running. Therefore, the measurement was not taken at these times. The information on
construction activities for each station could be taken from the construction update report
on the Sydney Metro website [57]. By the periods, overall construction activities from each
station covered the sampling time from this study.

From the above discussions, the Sydney Metro construction activities are expected
to have a higher contribution to PM concentrations inside the train carriage from the T3
line. However, the PM concentrations from the T3 line were slightly higher than the T8
line (1.2 µg/m3 for PM10 and 0.7 µg/m3 for PM2.5). Furthermore, there is no significant
difference in the PM concentrations from T3 line between daytime and nighttime (see
Figure 3). PM concentrations from these periods were around 6.8 µg/m3 for PM2.5 and
12.1 µg/m3 for PM10. Furthermore, the difference between these concentrations is still in
the SD. Therefore, the construction activities from the Sydney Metro are not likely the main
contribution that affects the PM concentrations inside the train. The local air pollution
sources, including industrial facilities, commercial businesses, domestic activities, and
transportation from other areas, are possible factors that affect the PM concentrations inside
the train.

3.3. HCHO and TVOC Levels inside Train Cabins

Long term exposure to indoor pollutants, especially HCHO and TVOC can cause acute
and chronic health effects due to sensory irritation, drowsiness, or even headaches due to
cancer [58–68]. Both HCHO and TVOC concentrations of indoors are 2–10 times higher
than outdoors [69,70]. TVOC is a group of Volatile organic compounds (VOCs) which is
used to represent the entire pool of pollutants. For VOCs, these pollutants are a group of
carbon-based chemicals that can evaporate at room temperature. VOCs could be generated
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by both natural and human-made sources, including trees and grass, aerosols and solvents,
paints, road transport and residential wood heaters. For HCHO, it is part of TVOCs that
could be generated by combustion sources such as petrol and diesel vehicles, commercial
businesses, and industries. In Sydney, the largest source of HCHO emissions is residential
wood heaters [71].

The HCHO and TVOC were measured in the same time period as PM pollutants inside
the train from all stations of the T3 line. Table 3 summarizes the pollutant concentrations of
HCHO and TVOC over 3 months (from November 2021 to January 2022), with the average,
minimum, median, maximum, and the total samples exceeding recommended levels. The
total samples that exceeded recommended levels were calculated based on the sample
times that exceeded the recommended criteria and the total sample times (the number of
observations within three months; N = 1380).

Table 3. Average concentrations of HCHO and TVOC inside the train carriage over 3 months (from
November 2021 to January 2022) of T3 line.

Object (Unit) Avg Min. Median Max. Recommended
Criteria

Sample Exceeding
Recommended Levels (%)

HCHO
(µg/m3) 18.8 10 10 1500 <100 1.0

TVOC (µg/m3) 88.9 40 60 4250 <500 1.4

According to NSW Environment Protection Authority (EPA) [71], the average con-
centration of HCHO for 1 h should not exceed 100 µg/m3. Based on the recommended
level of TVOC from the National Construction Code: Australian Building Codes Board [72],
the average concentration of this pollutant for 1 h should not exceed 500 µg/m3. From
Table 3, the average HCHO and TVOC were less than the recommended criteria. During
the measurement, the concentrations of HCHO exceeded the recommended value 10-times.
For TVOC concentrations, the concentrations of this pollutant exceeded the recommended
value by 14 times. However, the sample exceeding recommended levels were only 1.0%
and 1.4% for HCHO and TVOC, respectively.

Tables 4 and 5 present the comparison of average HCHO and TVOC concentrations
between 15 stations from the T3 line. The average indoor pollutant concentrations of
HCHO and TVOC were lower than the recommended criteria. The highest indoor concen-
trations of both pollutants were measured at Canterbury and followed by Central Station.
Furthermore, HCHO concentrations from Central Station were found to be about 1-time
lower than Canterbury Station, while TVOC concentrations from Central Station were
slightly higher than Canterbury Station. During sampling, HCHO concentrations (Table 4)
from five stations exceeded the recommended levels which were around 1–5%. For TVOC
concentrations (Table 5), six stations exceeded the recommended levels of approximately
1–5%. It should be noted that the samples exceeding recommended levels were calculated
based on the sample times that exceeded the recommended criteria from each station and
the total sample times (the number of observations for each station within three months;
N = 92).

The comparisons of the average HCHO and TVOC between daytime and nighttime
were made and provided in Figures 5 and 6, respectively. From Figure 5, HCHO concentra-
tions from all stations were higher at the weekend for both daytime and nighttime except
Canterbury (Station 9), Campsie (Station 10), Belmore (Station 11), and Punchbowl (Station
14). These four stations had higher concentrations on weekdays during daytime. Two
highest concentrations and SD were found from Central (Station 1) at the weekend and
Canterbury (Station 9) on weekdays and weekends. TVOC concentrations at the daytime
(Figure 6a) from all stations were higher at the weekend except Campsie (Station 10) and
Belmore (Station 11). TVOC concentrations (Figure 6b) from all stations were higher at the
weekend for both daytime and nighttime except Central (Station 1). The highest concentra-
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tions were found at Central (Station 1), followed by Canterbury (Station 9) and Dulwich
Hill (Station 7). However, a higher SD from TVOC was found at Central (Station 1) and
Canterbury (Station 9).

Table 4. Average concentrations of HCHO inside the train carriage over 3 months (from November
2021 to January 2022) for all stations of T3 line.

Station Avg Min. Median Max. Sample Exceeding Recommended Levels (%)

Central 21.0 10 10 270 2.2
Redfern 17.5 10 10 80 0

Erskineville 15.4 10 10 70 0
St Peters 15.0 10 10 80 0

Sydenham 15.5 10 10 70 0
Marrickville 16.6 10 10 110 1.1
Dulwich Hill 18.6 10 10 170 1.1

Hurlstone Park 18.0 10 10 70 0
Canterbury 41.0 10 10 1500 5.4

Campsie 19.6 10 10 80 0
Belmore 17.7 10 10 130 1.1
Lakemba 15.4 10 10 90 0

Wiley Park 10.4 10 10 20 0
Punchbowl 11.9 10 10 20 0
Bankstown 10.8 10 10 20 0

Table 5. Average concentrations of TVOC inside the train carriage over 3 months (from November
2021 to January 2022) for all stations of T3 line.

Station Avg Min. Median Max. Sample Exceeding Recommended Levels (%)

Central 115.5 40 60 930 5.4
Redfern 86.1 40 60 420 0

Erskineville 76.9 40 60 320 0
St Peters 88.3 40 60 1400 1.1

Sydenham 73.7 40 60 320 0
Marrickville 80.5 40 60 540 1.1
Dulwich Hill 89.0 40 60 690 1.1

Hurlstone Park 84.2 40 60 330 0
Canterbury 149.8 40 60 4250 5.4

Campsie 90.4 40 45 420 0
Belmore 79.6 40 40 580 1.1
Lakemba 77.3 40 50 470 0

Wiley Park 50.4 40 50 80 0
Punchbowl 58.5 40 60 110 0
Bankstown 55.4 40 50 100 0

From Section 3.2, the existing environment, including industrial facilities, domestic
activities, and transportation from other areas, are likely to be the sources of HCHO and
TVOC pollutants. The summary of substance releases from Table 2 indicated that all
industrial facilities emitted TVOC pollutants. As mentioned earlier, the exhaust emissions
during the construction of the Sydney Metro project could generate VOCs. From the Sydney
Metro construction activities, both HCHO and TVOC from all related stations (Sydenham
to Bankstown) are expected to be higher than other stations (Central to St Peters). However,
the average concentrations of these pollutants (Tables 4 and 5) from all stations were not
significantly different except at Canterbury. The average HCHO from Canterbury station
was about one-time higher than other stations. The average TVOC from this station was
slightly higher than Central and about one-time to three-times higher than other stations.
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Figure 5. Average HCHO concentrations inside the train carriage for daytime and nighttime for all
15 stations. (a) HCHO concentrations for daytime, and (b) HCHO concentrations for nighttime.
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Figure 6. Average TVOC concentrations for daytime and nighttime for all 15 stations. (a) TVOC
concentrations for daytime, and (b) TVOC concentrations for nighttime.

4. Conclusions

The air quality inside the train carriages in the Sydney railway system was measured
under consideration of Sydney Metro constructions. The level of PM concentrations, HCHO,
as well as TVOC were analyzed in this study. The measurements were conducted from all
related stations of the T3 Bankstown line, where the construction took place. The results of
the T3 line were compared to T8 Airport & South line that were not affected by the project’s
construction.

The key findings from this study are summarized as follows:

• The Sydney Metro construction activities insignificantly affect the PM concentrations
inside the train at T3 line. The concentrations during the daytime are slightly higher
than the nighttime. The difference in PM concentrations from these periods was
around 6.8 µg/m3 for PM2.5 and 12.1 µg/m3 for PM10.

• PM concentrations inside the train at the ground level were lower than PM concentra-
tions inside the train at the underground level. However, these concentrations were
still lower than the national air quality standards.

• The meteorology insignificantly affects the PM concentrations inside the train at T3
line. From all related stations, the difference in temperatures was around 1 ◦C, while
the difference in the RH was around 7.1%.
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• The average HCHO and TVOC concentrations were lower than the recommendation
criteria. The sample exceeding recommended levels of these compounds was around
1–1.4% of the total.

The comprehensive assessment of air quality inside the railway systems, including
PM, HCHO, and TVOC can be applied to examine the potential health risks due to the
‘passengers’ exposure to the air pollutant in the railway systems caused by Sydney Metro
construction. Further research should be focused on other heavy metal contaminants inside
the train. Moreover, the comparison of PM concentrations inside the train cabins and at the
platform should be considered.
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