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ABSTRACT 

 
Our study covers the chemical characteristics and health risks of PM2.5 from 2019–2020 at 

National Taiwan University and City Tunnel in Taipei, Taiwan. Positive Matrix Factorization (PMF) 
was used to quantify the potential sources of polycyclic aromatic hydrocarbon (PAH). The influences 
of local pollution (LP), long range transport (LRT) and Power Plant are shown by using bivariate 
polar plot (BPP), Potential source contribution function (PSCF) and Enrichment Factor (EF) with 
Positive Matrix Factorization (PMF). Besides, chemical analysis included PAHs, carbonaceous species 
(OC/EC), water-soluble ions, and trace metals, respectively. Our results indicated that vehicle 
emissions (gasoline engines: 20.8%, diesel engines: 23.3%) and coal combustion (55.9%) were 
the major sources of PAHs in the urban site, with higher levels in LP than in LRT. The mean PM2.5 

concentrations during the daytime was 13.0 ± 5.64 µg m–3, higher than 10.4 ± 5.16 µg m–3 at 
nighttime, reflecting high traffic emissions and anthropogenic aerosols during the day. Similar 
phenomenon was observed for PAHs in the daytime of 3.26 ± 2.36 ng m–3 and 1.91 ± 1.14 ng m–3 
at nighttime. Also, due to higher NO3

- and K levels, the ions and metals had higher values in the 
daytime and weekdays than at nighttime and weekends. In contrast, in the City Tunnel, the PM2.5 

concentrations difference at the tunnel inlet and tunnel outlet during the daytime was significantly 
higher 36.4 µg m–3 compared to 27.4 µg m–3 at nighttime due to the heavy traffic during the day. 
As well, the OC/EC mass fractions at the tunnel inlet and tunnel outlet were 4.00 and 2.73. PSCF 
revealed a greater value (> 0.6) in the coastal areas of Inner Mongolia and Mainland China, due 
to long-range transport and industrial emissions. The incremental lifetime cancer risk (ILCR) of 
Cr6+ was higher in metal (2.60 × 10–5) but did not exceed its tolerable limits. 
 
Keywords: PM2.5, City tunnel, Urban site, Positive matrix factorization, ILCR 
 

1 INTRODUCTION 
 

Air pollution is one of the major problems around the world due to its negative impacts on 
human health (Lelieveld et al., 2015). Nearly 90% of the world’s population lives in areas with 
high levels of polluted air (WHO, 2016). Recent studies have showed that every year 8.8 million 
people die globally from air pollution (Lelieveld et al., 2019; Li et al., 2018). Particulate matter (PM) 
is one of the significant components of air pollution (Veld et al., 2021). In terms of their sizes, 
they are usually divided into two groups, including coarse particles (with diameter less than 10 µm, 
PM10) and inhalable fine particles (with diameter smaller than 2.5 µm, PM2.5) (Kim et al., 2015). 
PM with a diameter 2.5 µm or less is considered more hazardous to human health because it 
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contains a large number of toxic components which cause cardiovascular and pulmonary diseases 
(Brunekreef and Holgate, 2002). Over 3.2 million people die globally as a direct consequences of 
PM2.5, which can easily penetrate the respiratory tract through inhalation and cause lung disease 
(Gauderman et al., 2015). PM2.5 is currently one of the major problems in Taiwan (Chang and Lee, 
2008), as it contains organic matter such as polycyclic aromatic hydrocarbons with multiple 
aromatic rings (Tang et al., 2017). Several epidemiological studies on PM2.5 in Taiwan have 
demonstrated the adverse effects of PM2.5 on lungs and heart functions as well as on mortality 
(Wang et al., 2021a). About 7.5% of Taiwan's deaths in 2016 were caused by PM2.5, as it is one of 
the major risk factors for common and complex illnesses (Guo et al., 2018). The ambient PM2.5 in 
Taiwan is strongly influenced by three main sources, including traffic, long-range transport and 
industrial activities (Ngo et al., 2019). A study reported by Chi et al. (2017) found that the average 
PM2.5 concentration in northern Taiwan was 17.7 ± 13 µg m–3, whereas in central Taiwan this 
concentration was 29.3 ± 102 µg m–3 (Cheng et al., 2008), however 43.2 ± 20 µg m–3 concentration 
was reported in the southern part of Taiwan (Cheng et al., 2014). Positive matrix factorization 
(PMF), a technique based on the content of ionic components and carbon and trace metals in 
particles, has been applied in several studies (Stortini et al., 2009; Tao et al., 2014) due to its large 
advantages over other receptor models (Liang et al., 2017). 

Taipei is the most populous city with a population of about 2.6 million people (Chi et al., 2022). 
Its average population density is 9,288 people km–2, covers an area of 272 km2 (Chen et al., 2022), 
and is located in northern Taiwan (Lai, 2020). There are three administrative units in this region, 
including Taipei City, New Taipei City and Keelung City. Due to its unique geographical location, 
its air quality is mainly affected by long-range transport, road dust and anthropogenic aerosols 
coming from the Asian continent (Chen et al., 2019a). Additionally, traffic emissions are also one 
of the leading contributors to air pollution in Taipei city (Yang et al., 2004). There are 700,000 
cars, over a million motorcycles, and 6,536 cars per square kilometer (Chang and Lee, 2008). 
Furthermore, by the end of 2019, the city has a total of 410,405 meters of roads with a total area 
of 22,200,944 m2 (Taipei Department of Transportation, 2020). As we all know, particulate matter 
consists of a complex mixture of different chemical species. Therefore, the major aims of this study 
were (i) to investigate PM2.5 concentrations and its chemical composition at different timescales 
and scenarios in the urban and tunnel site in Taipei city (ii) to estimate the health risk assessment 
associated with inhalation exposure to PAHs over time. Our findings will help to promote 
regulatory action to improve air quality within the city. 

 

2 MATERIAL AND METHODS 
 
2.1 Sampling Site Description and Collection of PM2.5 Samples 

The PM2.5 samples were taken from 24 December 2019 to 12 January 2020 at two different 
locations, including an urban site and a City Tunnel in Taipei (Taiwan), as shown in Fig. 1. The 
urban site is in the National Taiwan University campus (25.0102°N, 121.3238°E), where traffic 
emissions, especially during rush hours, are a major contributor to air pollution. The city tunnel 
is the Ziqiang Tunnel in Zhongshan District (25.05169°N, 121.32561°E), which is the longest 
double-hole road tunnel in Taipei City, connecting Shilin to Dazhidu. Its length varies: 819 meters 
(southbound lane) and 821 meters (northbound lane), whereas its width is 9 meters long. It is 
restricted for vehicles over 3.5 meters in height. The vehicle type composition depended on the 
time of day, 45% petrol, 52% locomotive, and 3% diesel were recorded during the daytime, and 
52% petrol, 44% locomotive, and 4% diesel were recorded at nighttime. In addition, the samples 
were taken from two spots inside the tunnel 100 m away from the tunnel inlet and tunnel outlet. 
The average wind speed during the sampling period was recorded 2.20 m s-1 during the daytime 
and 1.50 m s–1 at nighttime. 

In this study, two types of high-volume air samplers (HVS) were used. At the urban site, PM2.5 

samples were collected on a 150 mm Whatman cellulose filters using DHA-80 (Digital, Switzerland), 
for 24 h from (7:00 AM–6:30 PM) to (7:00 PM–6:30 AM) local time, for three consecutive weeks 
(24 December 2020–1 December 2020). While, in the Ziqiang Tunnel, a Shibata (HV-1000R) was 
used to collect PM2.5 using an 8 × 10-inch square quartz fiber filters, over a 24 h periods from (18 
March 2020) to (23 March 2020) between (7:00 AM–1:00 PM) to (2:00 PM–8:00 AM) local time.  
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Fig. 1. Sampling location of urban and tunnel site. 

 
A total of 42 PM2.5 samples were collected from both sites with flow rates of 500 L min–1 (DHA-

80) and 1000 L min–1 (Shibata HV-1000R). First, the quartz filters were conditioned at 500°C for 
24 h and stored in aluminum foil for 48 h at a temperature of 20 ± 2°C and 50 ± 5% relative 
humidity. After sampling, filters were cased, enfolded in aluminum foil to avoid direct sunlight, 
placed in a bag, and kept that in a freezer at −18°C to evade volatile organic compounds before 
further analysis. After bringing the filters to the laboratory, they were placed in a controlled room 
and left to equilibrate for 48 h. they were then weighed in triplicate on a micro-analytical balance 
(CP225D, Sartorius, Germany) with an accuracy of 0.1 mg. The PM2.5 mass level was predicted by 
taking the variance of the filter mass before and after sampling (Liu et al., 2020). Also, a field 
blank sample was used for all six PM2.5 samples and analyzed separately in the same way (Liu and 
Corma, 2018).  

 
2.2 Chemical Analysis of PM2.5 

Different types of chemical compositions of PM2.5 were analyzed with different instruments, 
The PAHs were measured on a Thermo Scientific™ TSQ 8000 Evo Triple Quadrupole GC-MS/MS 
(GC MS/MS, Thermo Fisher Scientific Taiwan Co., Ltd., Taiwan). Although, the Trace metals were 
investigated by using inductively coupled plasma mass spectrometry (ICP-MS; Platform ICP, 
Micomass Inc., Wilmslow, UK) using (ICP-MS, THERMO-ELEMENT XR, Waltham, MA, US). While 
the ionic components were examined through a DionexTM ICS-1000 (Thermo Fisher Scientific Ion 
Chromatograph), and finally, carbonaceous compounds (OC/EC) were identified using a Thermo-
Optical Carbon Analyzer (Desert Research Institute Model 2015, Atmoslytic Inc. Calabasas, CA, 
USA) with Thermo-Optical Reflection (TOR) method under IMPROVE-A (Interagency Monitoring 
of Protected Visual Environment) protocol. For further details about analytical method and 
chemical species please refer to Text S1 in the supplementary data. 

 
2.3 Source Apportionment 

In this study, we used bivariate polar plots, potential source contribution function and positive 
matrix factorization to find the major atmospheric emission sources in the urban site of Taipei 
city. 
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2.3.1 Positive matrix factorization 
The PMF model was used to analyze potential sources of PAH contamination in atmospheric 

air (Hsu et al., 2016). This model was developed by (Paatero and Tapper, 1994) and has been 
applied in a previous study (Yu et al., 2013). It is an air quality assessment model that splits the 
given sample data into two matrices such as factor contribution and factor profile (Jindamanee 
et al., 2020). For the operation method of this software, data analysis was performed in PMF 
mode, referring to the user manual "EPA PMF 5.0 User Guide" published by (U.S. EPA Environmental 
Protection Agency), which is described below in Eq. (1). 

 

( )
1

1,2,..., ; 1,2,..., ; 1,2,...,
p

ij ik kj ij
k

x g f e i n j m k p
=

= + = = =∑  (1) 

 
where x includes i samples and j compounds, j is the species, k is the number of pollution sources, 
gik is the contribution of the kth source to the ith sample, gik > 0, fkj is the profile of species j by the 
kth source, fkj > 0, and eij is the residual of the ith sample and the jth species concentration value 
and its analytical value. The uncertainty calculations were done with the help of the Following 
Eq. (2) and Eq. (3): 

When the pollutant level was below or equal to the detection limit (MDL). 
 

5
( )

6 iUne MDL c MDL= × ≤  (2) 

 
When the pollutant concentration was higher than MDL 
 

Error = √ (fraction × concentration)2 + (0.5 × MDL)2 (3) 
 
Error fraction shows the error percentage. 
 

2.3.2 Bivariate polar plot 
BBP was used to investigate how changes in pollutant levels are related to polar wind direction 

and speed. A detailed description of this model can be found somewhere (Carslaw and Beevers, 
2013; Carslaw and Ropkins, 2012; Jeričević et al., 2019). In our study, the meteorological 
(temperature, wind direction and speed) and pollutants data (SO2, O3, and NOx) were obtained 
from the Environmental Protection Agency (Taiwan). R statistical software was used to measure 
the pollutants levels. Additionally, Controlled Permeability Formwork (CPF) was used to investigate 
the effects of local wind sources from different wind directions (Kim et al., 2003). Eq. (4) and Eq. (5) 
are showing the calculation method for CPF and BPP.  

 
m

CPF
n

θ
θ

θ

∆
∆

∆

=  (4) 

 
The mΔθ stands for the number of samples whose species concentration is equal to or higher 

than the threshold standard (x) in a certain wind domain (Δθ), x is the high percentage digits of 
all concentration values (75th or 90th) and nΔθ: is the number of samples in a certain wind domain 
(Δθ). The Δθ was set to 22:5 and wind speeds below 1 m s-1 were omitted from the analysis. The 
threshold criteria for each source were set to the top 20 percentile of partial source contributions 
for each source (Chen et al., 2016b). 
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mΔθ,Δu is the number of samples with species concentration equal to or higher than the threshold 
standard (x) in a certain wind domain (Δθ) and wind speed in a certain interval (Δu) and nΔθ, Δu is 
the number of samples in the wind domain (Δθ) and the wind speed in a certain interval (Δu). 
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2.3.3 Potential source contribution function 
The potential source contribution function is an important tool for determining air mass 

trajectory analysis (Liu et al., 2020). It was developed by Meteo-Info using TrajStat software for 
data analysis and applied in various studies as a tool at different scales. The PSCF method was 
used in combination with the HYSPLIT (Hybrid Single Particle Lagrangian Integrated Trajectory, 
HYSPLIT) model (http://ready.arl.noaa.gov/HYSPLIT_traj.php) to investigate the location of 
potential regional sources of air pollutants in Taipei City. The calculation method is given bellow 
Eq. (6): 
 
PSCFij = mij/nij (6) 

 
The nij stands for the number of segments or points of air parcel in the ij-the grid and mij is the 

number of segments and points in the air parcel trajectory combined with pollutant data in the 
ij-th grid. 

 
2.4 PM2.5 Health Risk Assessment 

Health risk assessment is the process used to identify threats to human health from various 
hazardous compounds (Ceron-Breton et al., 2021). This study contains the Incremental Lifetime 
Cancer Risk (ILCR) method for measuring ILCR inhalation risk assessment of exposure to heavy 
metals and PAHs in Taipei City. 

 
2.4.1 Heavy metal 

The study, refers the method overview by (Hsu et al., 2021), for assessing the ILCR of PM2.5 in 
atmospheric metals. The carcinogenic risk factor values and their unit for each type of metal are 
given in Table S1. ILCR risk for metals was measured using the following Eq. (7): 
 
ILCRi = Ci × URi (7) 

 
where C is the concentration of individual metal (µg m–3) and URi is the unit of carcinogenic risk 
of individual metal (µg m–3)–1. 
 
2.4.2 Carcinogenicity risk assessment of PAHs 

The Carcinogenic risk of PAHs at urban site was carried through the following Eq. (8). The ILCR 
risk for inhalation exposure to airborne PAHs was determined with the help of Eq. (9). Moreover, 
the Benzo[a]pyrene of toxic equivalency factors of individual species is given in Table S2. 
 

( )
1

_ _
n

i i
i

Bap TEQ C Bap TEF
=

= ×∑  (8) 

 
The BaP_TEQ indicates the toxic equivalent concentration of PAHs (ng m–3), Ci is the concentration 

of individual species of PAHs and BaP_TEFi is the Benzo[a]pyrene of toxic equivalency factors of 
individual species of PAHs. 
 
ILCR = URBaP × BaP_TEQ (9) 
 
where URBaP is the unit carcinogenic risk factor. 
 

3 RESULTS AND DISCUSSIONS 
 
3.1 Chemical Composition and Spatio-Temporal Variation of PM2.5 at Urban 
Site 

A summary of the mean concentrations of PM2.5 measured under different time periods and 
scenarios at urban site is given in Table S3. The average PM2.5 concentration measured during the 
daytime was 13.0 ± 5.64 µg m–3 slightly greater than 10.4 ± 5.16 µg m–3 at nighttime, indicating 
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heavy traffic volume, road dust and more anthropogenic activities during the daytime compared 
to nighttime (Shivkumar et al., 2022). Traffic emissions, especially during rush hour, are a major 
contributor to PM2.5 in the urban areas (Pani et al., 2017). Road dust particles combined with traffic-
related turbulence play a significant role in urban PM2.5 levels (Chen et al., 2019b). A comparable 
trends were reported by (Qiao et al., 2015; Shi et al., 2012). Additionally, the study also divided 
PM2.5 emissions into two groups of days (weekdays and weekends) to distinguish pollution 
sources. The days of the week consisted of Monday to Friday, while Saturday and Sunday are 
being treated as weekends. As Table S3, the ambient PM2.5 showed a higher level of 12.2 ± 4.94 
µg m–3 on weekdays than 10.3 ± 3.47 µg m–3 on weekends, representing heavy traffic density, 
road dust and high anthropogenic activities (Kulshrestha et al., 2009). A similar phenomenon were 
observed by (Sahu and Kota, 2017; Tong et al., 2020), for PM2.5 on weekdays vs. weekends. Indeed, 
traffic emissions are dramatically reduced on weekends compared to weekdays due to easier 
communication and less road congestion. likewise, a decline in anthropogenic activity over the 
weekends also had a significant impact on PM2.5 levels (Khan et al., 2018). Besides, at different 
scenarios, the PM2.5 level was higher in LPs 21.7 followed by LRT 15.6 ± 5.45 and normal 9.70 ± 
3.62 µg m–3 as given in Table S3. This may be due to heavy traffic, road dust, and significant stationary 
sources (power plants, oil refineries, etc.), as the study area is close to busy roads and industrial 
zones (New Taipei City, Keelung City), which may contribute highly to PM2.5 levels. In addition, 
metrological factors are also one of the major issue increasing the PM2.5 content of LPs (Hsu et 
al., 2017). A study reported by (Cheng et al., 2014), found that air pollutants from LPs in Taiwan 
contained large amounts of PM2.5. As well, a positive coloration was found between LRT and PM2.5, 
which is attributed to the pollutants entering Taiwan from elsewhere in China via the northeast 
monsoon, accumulating and increased PM2.5 concentrations on the land (Lai, 2015; Liang et al., 
2015). Parallel results were investigated by Tang et al. (2020), who studied the source profile of 
PM2.5 in Taiwan.  

Table S4 shows the greater ionic concentrations of 5.43 ± 2.55 and 5.24 ± 2.51 µg m–3 during 
the daytime and on weekdays, compared with 4.82 ± 3.06 and 4.82 ± 3.53 µg m–3 at nighttime 
and weekends respectively. Additionally, no significant change in ionic composition was noticed 
between daytime and nighttime, with dominant species were nss-SO4

2–, NO3
–, and NH4

+, respectively, 
as shown in Fig. S1. Similar results have been reported by (Shen et al., 2020; Tsai et al., 2016). 
However, a slight difference was observed between SO4

2– and NO3
–, with proportion of 54% and 

12% on weekdays compared to 51% and 16% on weekends. SO4
2– and NO3

–
 are mainly associated 

with fuel combustion and vehicle emissions (Huang et al., 2015). In a previous study Yin et al. (2012), 
SO4

2–, NO3
– and NH4

+ were identified as the major ions contributing to PM2.5 in China. Furthermore, 
the ionic values in LP, LRT and normal were 8.56, 7.74 ± 1.22 and 4.20 ± 1.73 µg m–3, respectively, 
shown in Fig. 2. Interestingly, Na+ was found to have a higher level in LP than LRT, which is mainly 
associated with marine aerosols. This may be because the study area is close to the sea, and sea-
derived Na+ ions were relatively high, or it may link with long range transport of pollutants from the 
outside. To minimize the effects of marine aerosols, Eqs. (10–13) were used, to evaluate contribution 
level of the non-sea-salt ions (Pani et al., 2017). 

 
[nss – SO4

2–] = [SO4
2–] – 0.25 × [Na+] (10) 

 
[nss – K+] = [K+] – 0.038 × [Na+] (11) 

 
[nss – Ca2+] = [Ca2+] – 0.038 × [Na+] (12) 

 
[nss – Mg2+] = [Mg2+] – 0.12 × [Na+]  (13) 

 
where Na+ is the concentration of sodium, nss-SO4

2– is sulfate concentration of non-sea salt 
ingredients, SO4

2– is the concentration of sulfate, nss-Mg2+ is magnesium concentration of non-sea 
salt ingredients, Mg2+ is the concentration of magnesium, nss-Ca2+ is calcium concentration of 
non-sea salt ingredients, Ca2+ is the concentration of calcium, nss-K+ is potassium concentration 
of non-sea salt ingredients and K+ is the concentration of potassium. 
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Fig. 2. Ion distribution in different scenarios at an urban site. 

 
Table S5 displays the average metallic concentrations of PM2.5 in different period and scenarios 

in an urban site. The Metals showed a higher value of 718 ± 220 ng m–3 during the daytime 
compared to 532 ± 182 ng m–3 at nighttime, however, weekdays and weekends deviations were 
679 ± 176 ng m–3 and 490 ± 85 ng m–3, respectively, with the main species being Na, K, Fe and Ca, 
as shown in Fig. S2. Interestingly, we found that the K values were significantly higher during the 
day and weekdays than at night and weekends. This suggests that high coal combustion, biomass 
combustion and fugitive dust are the main contributors to K values (Srimuruganandam and Shiva 
Nagendra, 2011). Moreover, a positive correlation was found between different time periods and 
scenarios as indicated in Table S5. Additionally, in different scenarios, the metal concentrations 
in Normal, LRT and LP were 571 ± 152, 799 ± 198, and 801 ng m–3, respectively. Interestingly, the 
metals distribution was similar between Normal and LRT, while, the highest concentrations were 
found in LP, with Fe (27%) and K (22%), as indicated in Fig. 3. Fe is associated with brake pads and 
rusts (Chang et al., 2018), while K is allied with coal combustion, biomass burning and traffic 
sources (Srimuruganandam and Shiva Nagendra, 2011). Although, Taipei City is primarily associated 
with high transport emissions and has no significant sources of coal or biomass burning, they 
might be associated with neighborhoods areas that contain many powers plant sources, which 
contributes to a highly amount of potassium. 

 
3.1.1 PAHs and BaPeq concentrations in PM2.5 at urban site 

As shown in Table S6, the total concentrations of ∑27 PAHs were higher 3.26 ± 2.36 in the 
daytime than 1.91 ± 1.14 ng m–3 at nighttime, whereas their corresponding BaPeq values were 
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Fig. 3. Metal distribution in different scenarios at an urban site. 

 
5.62 ± 13.0 and 4.39 ± 7.87 ng m–3, respectively, probably due to high traffic emissions, decline 
in photochemical degradation and temporal variations. Moreover, the relative contribution of 
the nighttime PAHs values of the BghiP, IND, and BeP were slightly higher as compared to daytime, 
with high molecular weight (HMW 66.8%), presented in Fig. S3, the reasons may be related to 
emissions from diesel and gasoline vehicles, especially from heavy load vehicles at night (Javed 
et al., 2021) or decline in temperature at nighttime (Zhang et al., 2019). This suggests that the 
BeP and BghiP, INDs, are mainly associated with particles (> 98%), do not volatilize readily at low 
temperatures, and accumulate instead of volatilizing, leading to increased PAH levels at 
nighttime. Similar results was also stated by Chen et al. (2021). Furthermore, the total ∑27 PAH 
concentrations during the weekdays and weekends were 2.30 ± 0.713 and 3.27± 1.84 ng m–3, 
respectively as shown in Table S6, and the dominant species were Bghip, IND and BeP, respectively, 
shown in Fig. S4. Interestingly, higher medium molecular (MMW) and low molecular weight (LMW) 
concentrations were observed during weekends as compared to weekdays. Conflicting to other 
study Javed et al. (2019), this may be due to temporary increase in the urban construction activities 
on weekends. A similar results was reported by Chen et al. (2016a). Furthermore, in different 
scenarios the LP hold the highest PAH value 3.53, followed by LRT 2.51 ± 0.293 and normal 1.31± 
0.969 ng m–3, respectively. However, their corresponding BaPeq values were recorded 5.30, 7.35 

± 6.57, and 4.53 ± 6.89 ng m–3, respectively. BghiP was the most abundant species of LP with 
HMW (77.5%) as compared to LRT and Normal, representing high diesel and gasoline vehicles, as 
the study area is located to busy roads which emits huge amount of pollutant into the air. 
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3.2 Chemical Composition and Spatio-Temporal Variation of PM2.5 at Tunnel 
Site 

As shown in Fig. S5, the average PM2.5 concentrations measured in the inlet and outlet of the 
tunnel were 49.1 ± 12.9 and 81.4 ± 15.6 µg m–3, respectively, however, the difference between the 
inlet and outlet during the daytime was 36.4 µg m–3, significantly higher than 27.4 µg m–3 at nighttime, 
indicating heavy traffic volume during the day than at night. Similar trend was reported by Wang et 
al. (2021b) for PM2.5 and PAHs levels at tunnel site, Taiwan. Moreover, the total ion concentrations 
at tunnel inlet and tunnel outlet were 12.1 ± 4.34, and 13.7 ± 4.46 µg m–3, respectively, as given 
in Table S7. Overall, no significant changes were noticed in the ionic compositions between the 
tunnel inlet and tunnel outlet, dominated by NO3

–, SO4
2–, and Na+, respectively, shown in Fig. 4. 

Interestingly, NO3
– showed the highest diurnal variations within the tunnel, and their proportions  

 

 
Fig. 4. Ion distribution in the tunnel site. 
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were higher in PM2.5 during the daytime (inlet: 32%, outlet: 31%) compared to nighttime (inlet: 19%, 
outlet: 21%). NO3

– is a secondary aerosol and is mainly associated with diesel vehicle emissions 
(Cheng et al., 2010) from heavy traffic leading to higher NOx formations. 

Besides, the metallic level of tunnel outlet was 3,226 ± 1,092 ng m–3 which was higher than 
2,240 ± 1,886 ng m–3 at tunnel inlet, as shown in Table S8. As well, at inlet K (56%) and Fe (24%) 
were the most abundant species contributing to PM2.5, followed by outlet Fe (39%), Ca (21%) and 
K (12%) as illustrated in Fig. 5. Additionally, the metal showed a higher value during the daytime 
(inlet: 2,426 ± 2,085, outlet: 3,185 ± 1,325 ng m–3) compared to nighttime (inlet: 2,361 ± 1,882, 
outlet: 3,131 ± 779 ng m–3), due the higher Fe and Ca levels. Fe is associated with traffic pollution 
emitted from gasoline vehicles as exhaust emissions linked with brake wear (Ngo et al., 2019), 
while Ca is allied with road dust and increases with heavy traffic volume (Chang et al., 2018), 

 

 
Fig. 5. Metal distribution in the tunnel site. 
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especially, in rush hour during the daytime. Besides, the total concentrations of OC, EC, TC and 
as well as OC/EC mass ratios at the tunnel inlet were 9.81 ± 1.98, 2.63 ± 1.09, 12.4 ± 2.99 and 
4.00 ± 0.801 µg m–3, while the tunnel outlet were 19.0 ± 3.37, 7.39 ± 2.50, 26.4 ± 5.74 and 2.73 
± 0.584 µg m–3 respectively, as given in Table S9. OC is mainly associated with gasoline vehicles 
(Wang et al., 2022), however, EC is formed due to incomplete combustion of fossil fuels and 
biomass (Shi et al., 2021). Remarkably, higher levels of carbonaceous species were observed during 
the daytime than at nighttime. It indicates high traffic emissions from gasoline, diesel vehicles 
during the day vs. night, another study also reported that coal combustion and diesel emissions 
were the main sources of organic aerosols of 35% and 25%, whereas secondary organic aerosols 
consisted of gasoline 14% and diesel 12% (Hu et al., 2015). 

 
3.2.1 PAH and BaPeq concentrations in PM2.5 at tunnel site 

The results of the average concentrations of PAHs and BaPeq are shown in Table S10. The total 
value of PAHs measured at inlet was 5.22 ± 2.03 compared to 8.02 ± 3.93 ng m–3 at outlet, while 
the total BaPeq was recorded 33.9 ± 14.9 at inlet and 56.2 ± 39.8 ng m–3 at outlet of the tunnel. 
Additionally, the PAHs and BaPeq showed significantly higher concentrations at outlet compared 
to inlet during the daytime. The reason might be associated with high traffic emissions during the 
daytime vs. nighttime. A similar trend was reported by Ngo et al. (2022). Our results were much 
smaller than Fang et al. (2019) (inlet: 6.43 ± 3.1 outlet: 32.1 ± 7.5 ng m–3) at China, Kim et al. 
(2015) proposed 28.2 to 37.4 ng m–3 at South Korea. Moreover, the average PAH distribution at 
inlet and outlet of the tunnel is given in Fig. S6. It can be clearly seen that the dominant species 
of the tunnel inlet were including 3-rings BcFE, 6-rings IND and BghiP, however, the major species 
distributed highly at tunnel outlet were 3-rings BcFE, 2-rings Pyr and 2-Min. Notably, the 
difference in PAH contribution was observed to be higher at the tunnel inlet with HMW (53.9%) 
compared to the tunnel outlet. A possible reason for the higher inlet PAH distribution could be 
related to diesel and gasoline vehicles (Zhao et al., 2020). HMW of PAH are linked with gasoline 
engine. BcFE, IND and BghiP are highly molecular compounds, and they can easily accumulate at 
low temperatures, and contributing highly to HMW (Chen et al., 2013). 

 
3.2.2 Emission factor (EF) of PM2.5 at tunnel site 

EF is one of the most important tools for analyzing atmospheric chemistry (Alleman et al., 2010; 
Lim et al., 2010) was used to estimate the amount of contamination source (anthropogenic or 
crustal), causing pollutants. Eq. (14) showing the method of calculating the emission factor of PM2.5. 

 

( )ex ent sC C A W t
EF

N L
− ⋅ ⋅ ⋅

=
⋅

 (14) 

 
where EF is the emission factor by vehicle fleet (mg km-vehicle–1), Cex and Cent are the chemical 
concentration at inlet and outlet (µg m–3), A is the cross-sectional area of the tunnel (m2), WS is 
the average wind speed in the tunnel (m s–1), t is the sampling time (second), N is the number of 
vehicle during the sample time and L is the distance between the inlet and outlet (km).  

There is no specific rule for the selection of a reference element, Although terrigenous must 
be taken (Gugamsetty et al., 2012). Elements with EF values less than 10 are likely due to crustal 
emissions, while elements with EF values greater than 10 are considered to be from sources other 
than the crust (Chester et al., 1999). The diurnal variations of PM2.5 emission factor for all vehicle 
types during the daytime and nighttime are given in Table S11. As the results, the PM2.5 EF ranged 
from 3.08 to 6.30 mg km-vehicle–1, with an average of 5.27 ± 1.78 (daytime) 4.19 ± 1.17 (nighttime) 
mg km-vehicle–1. In addition, the average EC, ion, metal, PAH and Bapeq mass factor during the 
daytime were 771 ± 319, 510 ± 241, 299 ± 147, 1.01 ± 0.594 and 6.43 ± 3.37 µg km-vehicle–1, 
respectively, higher than the EF values 632 ± 235, 204 ± 134, 245 ± 118 and 7.13 ± 2.54 µg km-
vehicle–1, at nighttime. In addition, OC was the dominant component in PM2.5 emissions factor in 
the city tunnel ranged from 1.07 to 2.29 during the daytime and nighttime due to high emissions of 
primary and secondary aerosols. These results were 22 ± 8 mg km-vehicle–1 lower than the previous 
study (Ferm and Sjöberg, 2015). This may be due to lower EF values as the samples were collected 
from the urban tunnel with low traffic volume and the vehicle speeds was within 50 km h–1. 
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3.3 Source Apportionment 
3.3.1 Positive matrix factorization analysis at urban site 

42 samples were collected to analyze ∑16 PAHs using the PMF 5.0 model to determine the 
source contributions of 16 PAHs at an urban site in Taipei City. Three major sources were classified; 
gasoline vehicles, diesel vehicles and coal-fired power plants as demonstrated in Fig. S7.  

Factor 1 loaded 20.8% to the total PAHs, and was associated with highly loadings of PHE, NAP 
and FLT. The presence of PHE, NAP, and FLT is indicative of traffic emissions, especially linked with 
gasoline vehicle emissions (Wang et al., 2020). Therefore, Factor 1 was supposed to be gasoline 
combustion source, and when we analyzed the trend of this factor over time, we found that its 
concentration was higher during the daytime and on weekdays compared to nighttime and 
weekends due to high transportation. 

Factor 2, which explained 23.3% of the total PAHs, shown high loading of PYR, BKF and BaP. 
PYR and BKF are associated with diesel vehicles (Mihankhah et al., 2020). Therefore, Factor 2 was 
suggested to be related to diesel vehicle emission sources, and its concentration was higher during 
the daytime and weekdays compared to nighttime and weekends due to heavy traffic density. 

Factor 3, which accounts for 55.9% of all PAHs, was a high load of CHR, IND, and BghiP, which 
were found to be stationary sources emission (Kulkarni and Venkataraman, 2000). CHR, BghiP 
were identified as a distinct markers for coal combustion (Wang et al., 2020) and Its concentration 
was higher during the daytime and weekdays than at night and weekends due to high emissions 
from stationary and anthropogenic sources. Among all factors, factor 3 contributed the most to 
total PAH. There are no significant PAH stationary sources (power plants, oil refineries, etc.) in 
Taipei City and the active substances can be released from the large stationary sources near the 
sampling site. For example, there are two largest power plants near Taipei City. The Hsieh-ho-
power plant is situated nearly 26 km north of Taipei City, and the Linkou Coal-Fired Power Plant 
is located nearly 24 km west of Taipei City (Tang et al., 2020). 

 
3.3.2 Bivariate polarization plot (BPP) analysis at urban site 

In this study, BPP was analyzed to detect the pollutant source trends under different scenarios 
at Taipei, City, Taiwan. During the normal days, the wind speed and direction vary more erratically, 
although the maximum winds speed were between 1.8 m s–1 and 3 m s–1, and the average PM2.5 

concentration was found to be relatively low. As shown in Fig. 6 as the wind blows from the 
northeast to the east, high PM2.5 levels were observed in Taiwan, suggesting that pollutants were 
brought to the island from mainland China, South Korea, and Japan with high-pressure through 
long-range transport. A similar pattern was also described in earlier studies (Chi et al., 2017; Pani 
et al., 2017). Remarkably, high values of PM2.5 have also been detected in the northwestern part 
of mainland Taiwan. The air parcels may have originated from northern Taiwan, likely due to 
heavy traffic and coal-fired power plants. 

 
3.3.3 Potential source contribution factor at urban site 

PSCF was used to represent the results of cluster analysis of air mass tracking trajectories at 
Taipei City, Taiwan as shown in Fig. 7. Three groups of air masses were identified in this study, 
including Cluster 1 in blue, Cluster 2 in red, and Cluster 3 in purple, shown in Fig. S8. Cluster 1 
accounting for approximately 48.1% of the trajectories; originate from the northeastern part of 
mainland China. Cluster 2, accounting for almost 43.2%, originates from the Pacific Ocean below 
South Korea, however, Cluster 3, comprising 8.6% of the total trajectories, originates from the 
southwestern coast of Taiwan and carries over to northern Taiwan. In addition, PM2.5 showed a 
higher PSCF values (> 0.6) in coastal areas of Inner Mongolia and Mainland China, suggesting that 
the potential sources of PM2.5 in northern Taiwan is originated from the coastal areas of Inner 
Mongolia and central China, which passes through the Loess Desert anthropogenic aerosols-rich 
areas along the coastal of Central China. Finally, Cluster 1, originating from mainland China, is the 
most polluted of the three clusters with the highest average PM2.5 concentrations and is strongly 
influenced by long-range transport and industrial emissions. A similar phenomenon was also 
observed by (Chi et al., 2017), who measured PM2.5 and PCCD/F concentrations in Taiwan. 
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Fig. 6. BPP results in different scenarios at an urban site. 

 

 
Fig. 7. PSCF analysis results in the urban site. 

 

3.3.4 Incremental lifetime cancer risk of PM2.5 and PAHs at urban site 
Six metallic concentrations (Cr, Co, As, Ni, Cd, and Pb) in the ambient PM2.5 were taken from 

the urban site to evaluate the ILCR as given in Table S12. Generally, Cd, As and Pb are associated 
with coal combustion (Yang et al., 2017), Ni is allied to fuel oil (Almeida et al., 2020) while, Co and 
Cr are linked with traffic sources (Hsu et al., 2021), respectively. Generally, the ILCR value was higher 
during the daytime (2.05 × 10-5) than at nighttime (1.65 × 10–5), and between the weekdays (2.03 
× 10-5) than at weekends (1.41 × 10–7), respectively, given in Fig. S9. Our findings were within the 
tolerance range (10–6–10–4), set by the United States Environmental Protection Agency (U.S. EPA). 
In addition, Cr6+ had the highest carcinogenic risk among all metal types, mainly associated with 
traffic sources, car brakes and tire wear (Lin et al., 2015). The results were similar with (Hsu et 
al., 2021; Xue et al., 2022). Besides, we also assessed PAHs in PM2.5 as illustrated in Fig. 8. Results 
showed that LP had the highest cancer risk (2.60 × 10–5), followed by LRT (1.47 × 10–5) and Normal 
(1.29 × 10–5), respectively, but did not exceed acceptable limits (10–6–10–4). Furthermore, we found 
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Fig. 8. The ILCR result of PAHs inhaled exposure in different scenarios. 

 
that ILCR in LRT was lower than (Hsu et al., 2019). Similarly, Normal also had a lower value (1.29 
× 10–5), compared to (3.55 × 10–5) reported by (Wu et al., 2011). Indeed, our research focused 
mainly on traffic emissions and anthropogenic aerosols, even though no significant stationary 
sources (power plants, oil refineries, etc.) were involved in this study. 

 

4 CONCLUSIONS 
 
The study investigated the chemical composition, source analysis and associated health risks 

of PM2.5 from 2019 to 2020 at two different locations, including an urban and city tunnel in Taipei, 
Taiwan. Based on the results, the overall mean PM2.5 concentration during the daytime was higher 
than at nighttime in both locations in Taipei. Additionally, no significant changes were found in the 
ionic composition of the urban site during the daytime and nighttime, dominated by SO4

2–, NO3
– 

and NH4
+ respectively, although there was a slight difference between SO4

2– (54%) and NO3
– (12%) 

on weekdays as well as on weekends, up to (51%) and (16%) respectively, which are related to 
fuel combustion and vehicle emissions. Moreover, under different scenarios, metal concentrations 
were found to be similar in long-range transport (LRT) and normal, while a higher concentration 
of (801 ng m–3) was observed in local pollution (LP), with dominant species being Fe (27%) and K 
(22%) which are linked with brake pads and rusts. Furthermore, the PMF model indicated that 
traffic emissions and coal-fired power plants were the main sources of PAHs with 44.1%, and 
55.9%, respectively in the urban site. Besides, the major potential source regions with high PSCF 
values (> 0.6) in winter mainly consisted of Inner Mongolia and mainland China, due to long range 
transport and industrial emissions. 

In contrast, in the City Tunnel, a significant difference of 36.4 µg m–3 and 27.4 µg m–3 was 
measured during the daytime vs. nighttime between the inlet and outlet of the tunnel due to the 
heavier traffic volume during the day than at night. In addition, no significant changes were observed 
in the ionic composition between the tunnel inlet and tunnel outlet, with SO4

2– (42%), NO3
– (27%), 

and Na+ (2%) predominating, respectively. Also, due to the higher Fe and Ca content, the average 
metal concentrations in the tunnel inlet and tunnel outlet were 2,240 ± 1886 and 3,226 ± 1,092 
ng m–3, respectively, with higher levels during the daytime compared to nighttime. Similar trends 
were also noted in PAHs during the daytime and nighttime because of high traffic emissions 
during the day vs. night. Furthermore, OC was the major component of the PM2.5 emissions factor in 
the city tunnel, which ranges from 1.07 to 2.29 in the daytime and nighttime due to high primary and 
secondary aerosol formations. Finally, among all the metals, Cr6+ showed the greatest carcinogenic 
risk of 2.60 × 10–5, and its concentration was higher during the daytime and weekdays but did 
not exceed its acceptable limits of 10–6–10–4, set by Unites State Environmental Protection 
Agency (U.S. EPA). 
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