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Abstract: This study aims to analyze the seasonal number concentrations corresponding to each
particle size derived from the measurements of exhausts from approximately seven million vehicles
on real-world using a pair of the scanning mobility particle sizer to determine the vehicle emission rate. The actual tunnel flow coefficient was investigated for car emission rate based on the
measurements of individual physical parameters (i.e., cross section area and length of the tunnel,
tunnel wind speed and traffic volume). The mode of particle diameter according to temperatures in
respective seasons exhibited a high correlation together with rapid changes at temperature above the
breakthrough point. The temperature acted as major cause of determination of final condensation
diameter, which is also dependent on diverse environmental effects comprising particle number
concentration. The traffic volume of ordinary cars increased by more than twice as much in the
period of Asian New Year, the traffic volume of buses/RVs/trucks decreased by more than 25%
during weekdays. As a result, the particle number concentration discharged from a unit vehicle
was 6.96 × 1012 N/veh·km during weekdays, and the values of weekends appeared as 6.08 × 1012
N/veh·km. The overall averaged particle number concentration based on the actual seasonal road
measurements shows 5.82 × 1012 N/veh·km.
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1. Background
The studies, intended to identify the formation and sources of nano aerosol in the
air, have been actively conducted so far by employing synthetic models enabling comprehensive measurement in terms of physical and chemical aspects [1–3]. In the chemical
aspects, the aerosols in the air mainly consist of organic compounds, inorganic compounds,
and trace elements [4–6]. The current level of technologies, enabled to analyze chemical
substances less than approximately 10 nm to understand the formation thereof, is however
quite limited yet [4,7]. Thus, the analysis of chemical components such as nitrate ions
(NO3 − ) of PM2.5 (less than 2.5 micrometer particulate matter), created from the oxidation of
primary gaseous compounds, such as NO, are being carried out, together with analyses on
physical characteristics in size distribution according to varied number concentration [8,9].
The studies associated with the source of particles, are in progress by measurement of
the size distribution simultaneously conducted with analysis of mass fragments of particles
evaporated at 70 eV by exploiting the real-time aerosol mass spectrometer (AMS) of a unit
of second [10–12]. However, the studies inevitably exhibit limitations in identifying the
sources of particles in terms of (1) the limitation in the analysis of thousands of organic
compounds, and (2) rapid decrease of analytical sensitivity for particle size distributions
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less than 100 nm [13]. In regard to the number concentration, over 80% of particulate
matters in the atmospheric environment are related with ultrafine (<0.1 µm) particles [14].
However, the hazardousness of ultrafine particles is difficult to identify since mass concentration of particulate maters in the atmospheric environment is determined by the particles
of relatively bigger size based on PM2.5 components analysis, or particulate matters of
PM10 (<10 µm), identified from chemical analyses. In general, it has been reported that
smaller particles, residing in the atmospheric environment, tend to exhibit higher degree
of hazardousness to human health [15]. According to previously conducted study, the
smaller particles appeared with higher probability of deposition in the respiratory organs
of human, and were estimated to have higher accessibility to human skin as well [16].
For example, the toxic equivalency quantities (TEQ) of poly aromatic hydrocarbon compounds (PAHs) in particulate matters, to be absorbed through respiratory organs of people
in the office, appeared higher in accordance with smaller particle sizes of the 0.67, 2.04,
and 2.64 corresponded to particle sizes of 200–2000 µm, 100–150 µm, and <43 µm, in the
experiment [16,17].
The issues of traffic environment, resulting from exhausts from vehicles, emerge
as common issues of international community, while the United Nations Framework
Convention on Climate Change including major countries promote the development of
diverse policies and projects pertinent to the resolution of traffic environment. In regard
to the generation of particulate matters in metropolises, the vehicle exhaust has been
reported with significant contributions [18]. Since over 90% of the number concentrations
of vehicle exhaust are comprised of particulate matters less than 1 µm, the particulate
maters in the exhaust are closely associated directly with the health of human body [19–21].
The relevance of hazardousness of vehicle exhaust to human health has been identified
from several studies. According to previously conducted studies, approximately 50% of
traffic volume was reduced to mitigate the effect of air pollution during the period of the
2008 Summer Olympics in Beijing. The health of adolescents in Beijing, before and after
completion of the Olympics, was monitored wherefrom the negative effects of increased
traffic volume were found [22]. The consumption of energy has increased in the past 30
years by more than twice as much because of the increase in population. The traffic volume
is expected to be gradually increasing in accordance with the expected increasing rate
of population by more than 70% to the 2050. Therefore, the studies on the exhausts and
characteristics of discharged particle sizes, and the preparations intending for the reduction
in discharge of exhaust, are necessitated [23].
To understand the contribution of PM2.5 generated from vehicles, the emission rates
of the number concentration and size distribution from vehicle emissions need to be
understood clearly. In general, the scanning mobility particle sizer (SMPS) has been
broadly used to measure the number concentration of particle sizes of particulate matters
for the analysis of the number concentration of each particle size [24,25]. The studies, based
on exhausts from vehicles, are distinguished into the ones of measurement of “chassis
dynamometer” in the very limited environment of laboratories, and the measurement of
exhausts from actual vehicles on roads [26]. The measurement of the chassis dynamometer
has an advantage enabling the direct analysis of exhausts from vehicles, however the
measurement cannot represent all vehicles traveling in actual area, and in particular, the
relationships with the real environmental conditions is highly limited. Therefore, it is
necessary to investigate the particle number concentration under the real environment
conditions.
In the present study, the number concentrations, corresponding to each particle size
from exhausts of actual vehicles, were measured by the application of the number concentration of size distribution using the SMPS, based on the tunnel flow environmental
coefficient [27], derived from the measurements of exhausts from approximately seven
million vehicles on actual roads. In addition, the particle size distributions in the exhausts
from vehicles, to be varying according to seasonal temperatures, were analyzed. The re-
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2019, the
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carried
out
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the
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of
the
from traveling vehicles was carried out in four seasons for the analysis of the particle
particle
number concentration in the exhausts. The first measurement was carried out during
the period from 28 July to 6 August 2018 (summer), while the second measurement was
carried out in the period from 27 September to 7 October 2018 (fall). The third and fourth
measurements were carried out in the intervals from 28 January to 8 February 2019 (winter)
and from 14 April to 27 April 2019 (spring), with the employment of SMPS dedicated to the
measurement of the particle number concentration for respectively 12 days and 14 days.
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The particles of each size, isokinetically sampled from the air pipe, wherein particles
of diameters of over 8 µm were removed through the cyclone installed at the front end
of SMPS, were put into the analysis. Operating conditions of the two employed SMPSs
are presented in Table S1 in the Supplemental Information. The particles, flowing into the
electrostatic classifier via the nozzle of 0.071 cm, are separated into 110 channels of particle
size distribution from 11.5 nm to 604.3 nm under a flow rate of 1.0 L/min. The Aerosol
Instrument Manager (AIM) (ver. 9.0.0.0, TSI Inc., Shoreview, MN, USA) program was used
for the calculation of final number concentration.
2.3. Vehicle Emission Rate of Particle Size Distributions
In the present study, the numbers of vehicles traveling in the tunnel, distinguished
by the types of vehicles, were counted hourly for the analyses of number concentration,
particle size distribution, and vehicle emission rate. The measurement of air pollutants
obtained in the comparatively closed space of tunnel was expected to remove the effects of
diffusion of exhaust from vehicles and ordinary atmosphere. The measurements of varied
number concentration and particle size distribution at every hour, together with numbers
and types of vehicles, enabled the analyses of the relationship of number concentration and
particle size distribution with vehicles of each type. Equation (1) represents the calculation
of vehicle emission rate based on the measurement of traveling vehicles in the tunnel [28].
Vehicle emission rate (N/veh·km) = Σ(Cin − Cout ) × A × U × t/[#×L]

(1)

Vehicle emission rate (N/veh·km) = ∆C × δ

(2)

Here, Cin and Cout represent the number concentration (N/m3 ) measured inside
and outside of the tunnel, while A represents the area of cross section of the tunnel (m2 )
(69.33 m2 ). U denotes the wind speed inside of the tunnel (m/s), and t, N, and L represent
the reference time (second) for analysis, number of vehicles (#) passed through the tunnel
while exhausts therefrom were collected, and the length of the tunnel (m) (17,000 m),
respectively. From equations above, the number concentration from vehicles free from
effects of other external sources of contamination were calculated, and then the vehicle
emission rates were calculated from the number of vehicles passed through the unit length
of the tunnel, to distinguish the difference between number concentrations discharged from
vehicles inside and outside of the tunnel. Equation (1) can be simplified as the expression in
Equation (2). Here, ∆C represents the difference in particle number concentration between
inside and outside of the tunnel and the tunnel flow coefficient (TFC, δ) (m3 /(veh·km))
can be defined as “A × U × t/[#×L].” TFC enables to calculate the vehicle emission rate
of respective chemical compounds from the difference in concentration (∆C) of other air
pollutants, including the number concentration. Thus, the TFC can be explained as the
volume of air that is polluted by one car driving one km. Besides, together with the TFC,
the speed of vehicles passing through the tunnel, as well as characteristics of drivers of each
vehicle, can be taken into account to analyze the relationship with vehicle emission rate.
3. Result and Discussion
3.1. Parameters for Tunnel Flow Coefficient
In the present study, the temperature, wind speed, number of vehicles, and types of
vehicles inside of the tunnel, were analyzed to determine the seasonal value of tunnel flow
coefficient. The temperature inside of the tunnel appeared as in the following order of
“Summer (38.69 ◦ C),” “Fall (25.33 ◦ C),” “Spring (20.38 ◦ C),” and “Winter (8.13 ◦ C),” wherein
the seasonal difference of temperature appeared exceeding 30 ◦ C (Figure S1). With regard to
the TFC, it is determined by variable parameters such as wind speed inside of the tunnel and
number of vehicles passing through the tunnel rather than effects of fixed parameters, such
as the area of cross section or length of the tunnel. Among the two kinds of variables, the
traffic volume was counted accurately by using the HD Digital Wave Radar (Smart Sensor
HD Model 126, Wavetronix, Provo, UT, USA). The measurements of wind speed inside of
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the tunnel may accompany uncertainties due to the measurements of hot wire anemometer
(Digital Thermo Air Velocity Transmitter, FTS85, Eyc-tech Inc., New Taipei City, Taiwan).
In the present study, the measurements of hot wire anemometer and pinwheel anemometer
(Watchdog 2000 Series, Spectrum Technologies, Aurora, IL, USA) were compared to each
other for the verification of measurements. The results revealed the uncertainty rate less
than 2% from the comparison of wind speed of approximately 3.0 m/s, 4.8 m/s, and 5.8 m/s
under the two temperature conditions of 19.8 ◦ C and 36.8 ◦ C. The wind speed inside of
the tunnel appeared as in the following order of “Fall (6.15 m/s),” “Winter (4.96 m/s),”
“Spring (3.80 m/s),” and “Summer (3.47 m/s),” wherein the difference of 2.68 m/s, between
seasons of fall and summer, appeared. The traffic volume (#) in each season appeared
as in the following order of “Winter (3183 #/h),” “Spring (3048 #/h),” “Fall (3009 #/h),”
and “Summer (2926 #/h).” The speed of vehicles passing through the tunnel exhibited
slight but insignificant seasonal differences to each other as in the following order, “Winter
(70.6 km/h),” “Spring (68.88 km/h),” “Fall (68.39 km/h),” and “Summer (67.02 km/h).”
In regard to the average number and speed of vehicles measured hourly (Figure S1),
the number of traveling vehicles appeared decreasing from 2500 to 1000 vehicles from 00 to
04 AM, and thereafter, the number of traveling vehicles increased gradually to the 08 AM.
Then, the number of traveling vehicles kept on the level of approximately 3500 vehicles
constantly. On the contrary, the speed of vehicles manifested the aspects opposite to the
number of vehicles. The speed of vehicles appeared gradually increasing from 00 to 04
AM and reached the peak speed of 92 km/h, and then it manifested the decreasing trend
from 04 to 08 AM along with the increase in number of traveling vehicles. After 08 PM, the
speed of vehicles was kept constant in the range 60~70 km/h.
3.2. Validation of Representation of Tunnel Entrance
Among the observations of TFC (α), the difference in number concentration (4C)
represents the strict difference in concentration of contaminants between entrance and exit
of the tunnel. Thus, in the present study, the measurements of concentration of pollutants,
obtained from the external point 20 m distant from the tunnel, were verified whether they
could represent the concentration for entrance of the tunnel, by employing the “moving
vehicle measurement.”
Figure 2a presents the results of measurement of CO (48iQ Thermofisher Scientific Inc.,
Waltham, MA, USA) and sum of NO and NO2 (NOx) (42iQ Thermofisher Scientific Inc.,
Waltham, MA, USA) at 2.3 m from the tunnel entrance and the 20 m from the tunnel exit as
the sampling point at same time. In addition, Figure 2b shows the moving vehicle, loaded
with instruments capable of measuring CO and NOx was traveled to collect corresponding
measurements inside of the tunnel, and the measurements were compared with those
collected from outside of the tunnel. As a result, both measurements collected by moving
vehicle and collected at the measuring station corresponded to each other within the
uncertainty of 8%. This indicates that the concentration from the external point 20 m
distant from the tunnel can be verified as an indicator of the tunnel entrance.
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Particle number concentration is related with the particle formation, which is dependent
on the condensation nuclei; it is also dependent upon temperature and humidity in the
atmospheric environment [31].
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21.7~25.9 nm. This was attributed to the temperature and humidity in the atmosphere
and spring, whereas it appeared with smaller value in winter distributing in the range
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responds to the variation in the particle number concentration observed each hour. The
major cause of variation in the particle number concentration was attributed to the discharge of exhausts from vehicles passing through the tunnel.
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Figure S2 represents the pattern of diurnal variation of the mode of number concentration of inside and outside of the tunnel employed for the analysis of effects of temperature
on the final condensation diameter. The inside of the tunnel exhibited relatively constant
mode of particle diameters (68.5 nm). The outside of the tunnel manifested the mode of
particle diameter of 14 nm in the interval from 11 PM to 6 AM, while the mode of 68 nm
appeared in the interval from 6 AM to 11 PM. Figure 7a represents the diurnal pattern of the
variation of the mode of particle diameter in the inside of the tunnel in winter and spring.
Figure 7b,c represents the correlation of the mode of particle diameter with temperature in
winter and spring. The mode of particle diameter according to temperatures in respective
seasons exhibited high correlation together with rapid changes thereof at temperature
above the breakthrough point. Further, the mode of particle diameter increased rapidly to
62 nm at the level of temperature 10~11 ◦ C, contrary to the slight increase from 20 nm to
28 nm at the level of temperature from 5 ◦ C to 10 ◦ C inside of the tunnel in winter. For the
case of spring time, the mode of particle diameter of 10~30 nm appeared at higher level of
temperature of 17~21 ◦ C [32].
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in respective seasons exhibited high correlation together with rapid changes thereof at
temperature above the breakthrough point. Further, the mode of particle diameter increased rapidly to 62 nm at the level of temperature 10~11 °C, contrary to the slight increase from 20 nm to 28 nm at the level of temperature from 5 °C to 10 °C inside of the
tunnel in winter. For the case of spring time, the mode of particle diameter of 10~30 nm
appeared at higher level of temperature of 17~21 °C [32].
According to the previously conducted study, the condensation of particles reported
that the growth of particle diameter would be limited by the formation of competitive
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relationship with moisture in the atmosphere [32–35]. In the present study, the temperature acted as a major cause of determination of final condensation diameter after emission,
which is also dependent on diverse environmental effects comprising particle number
concentration including humidity. The particles in the discharged exhausts in spring time,
16
wherein the temperature are relatively higher than winter time, were estimated to11beof involved in the competitive reaction with potential moisture to reach the final condensation
diameter after emission.
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the interval from 00 to 07 AM, and decreased in the interval to
to 10 AM, thereafter, it exhibited comparatively constant discharge. The hourly traffic
volume and corresponding traveling speed of vehicles were compared with the particle
number concentration. The particle number concentration was found increasing at times
of the start and close of business hours, while the hourly discharge of the particle number
concentration reached its peak at the interval of time of the relatively faster speed of
vehicles at daybreak.
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Table 1. Vehicle emission rate of particle number concentration.
Reference

Type of Vehicle

Emission Factor
(N/veh·km)

Abu-Allaban et al. (2002) [36]

mixture

1.57 × 1014

Morawska et al. (2005) [37]

diesel

4.61 × 1014

Jones and Harrison (2006) [38]

heavy-duty diesel
light-duty

6.36 × 1014
1.22 × 1013

Beddows and Harrison (2008) [39]

heavy-duty diesel
light-duty

70.6 × 1013
6.31 × 1013

This study

mixture
minimum (14:00)
maximum (6:00)

5.82 × 1012
(3.24 × 1012 )
(1.44 × 1013 )

The total amount of the particle number concentration is proportional to the traffic
volume of vehicles. However, the discharge of the number concentration from a unit
vehicle appeared more dependent upon the speed of vehicle than the time zone of higher
flow rate of vehicles [36]. The number of particles, discharged from vehicles, was reported
to be increasing in accordance with the increasing speed of vehicles. As presented in
Figure 8, the seasonal particle number concentration appeared as in the following order of
summer, fall, spring, and winter, wherein the great difference in seasonal value appeared in
the interval from 05 to 06 AM. It was concluded that the results are reflecting the composite
effects of speed of vehicles passing through the tunnel at daybreak and temperature
affecting the final condensation diameter.
The number concentrations of particle size distribution, varied according to types
of vehicles, are distinguished into values of weekends, weekdays, and period of Asian
New Year, and presented in Figure 9 and Table S3. The traffic volume of ordinary cars
and buses/RVs/trucks appeared similar to each other. However, contrary to the traffic
volume of ordinary cars on Sunday appeared similar to weekdays, the traffic volume of
buses/RVs/trucks in weekdays reduced by more than 25%.
In addition, contrary to the traffic volume of ordinary cars increased by more than
twice as much in the period of Asian New Year, the traffic volume of buses/RVs/trucks
decreased by more than 25% during weekdays. The particle number concentration discharged from a unit vehicle was 6.96 × 1012 N/veh·km during weekdays, and the values
of weekends and in the period of Asian New Year appeared as 6.08 × 1012 N/veh·km
and 4.43 × 1012 N/veh·km, respectively; these values correspond to 70.88% of the level
of value of weekdays. The overall averaged particle number concentration based on the
actual seasonal road measurements shows 5.82 × 1012 N/veh·km as shown in Table 1.
The result value presents lower level of previous early studies [37–40]. The major reason
can be the different measurements of chassis dynamometer and real environment analyses.
The others could be different size range and improvement of exhaust control system.
The traffic volume of buses/RVs/trucks of the engines of light oil appeared closely
correlated with the discharge of the particle number concentration. The discharge of the
particle number concentration from approximately seven million vehicles was calculated
in the present study. Based on the results of the present study, the quantitative contribution
of the particle number concentration from each type of vehicle to atmospheric environment
can be calculated based on the entire numbers of vehicles of each type in the urban area
and traveling distances thereof.

Appl. Sci. 2021, 11, 794
Appl. Sci. 2021, 11, x FOR PEER REVIEW

13 of 16
13 of 17

Figure8.8. Time
andand
overall
average
of vehicle
emission
rate of particle
dis- size
Figure
Timeofofdaily
dailyevolution
evolution
overall
average
of vehicle
emission
rate of size
particle
14 of 17
distributions in each season.

Appl. Sci. 2021, 11, x FOR PEER REVIEW
tributions in each season.

The number concentrations of particle size distribution, varied according to types of
vehicles, are distinguished into values of weekends, weekdays, and period of Asian New
Year, and presented in Figure 9 and Table S3. The traffic volume of ordinary cars and
buses/RVs/trucks appeared similar to each other. However, contrary to the traffic volume
of ordinary cars on Sunday appeared similar to weekdays, the traffic volume of
buses/RVs/trucks in weekdays reduced by more than 25%.

Figure
Diurnalpatterns
patternsofofvehicle
vehicleemission
emission
rate
weekdays,
weekends,
in period
Figure 9. Diurnal
rate
forfor
weekdays,
weekends,
andand
in period
of of Asian
AsianYear.
New Year.
New

In addition, contrary to the traffic volume of ordinary cars increased by more than
twice as much in the period of Asian New Year, the traffic volume of buses/RVs/trucks
decreased by more than 25% during weekdays. The particle number concentration discharged from a unit vehicle was 6.96 × 1012 N/veh·km during weekdays, and the values of
weekends and in the period of Asian New Year appeared as 6.08 × 1012 N/veh·km and 4.43
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4. Conclusions
During the period starting from July 2018 to April 2019, the measurement of exhausts
from traveling vehicles was carried out in four seasons for the analysis of the particle
number concentration in the exhausts using SMPS in the tunnel located in Seoul, Republic
of Korea. The mode of the particle number concentration in the inside and outside of
the tunnel appeared in the range 61.5~68.5 nm in summer, fall, and spring, whereas the
value was small in winter distributing in the range 21.7~25.9 nm. The mode of particle
diameter increased rapidly to 62 nm at a temperature 10~11 ◦ C, contrary to the slight
increase from 20 nm to 28 nm at temperature from 5 ◦ C to 10 ◦ C inside the tunnel in
winter. The temperature acted as a major cause of determination of final condensation
diameter, which is also dependent on diverse environmental effects comprising particle
number concentration. The traffic volume of each type of vehicles, obtained from approximately seven million vehicles, were analyzed by using the statistical sampling analysis.
The traffic volume of ordinary cars increased by more than twice as much in the period
of Asian New Year, the traffic volume of buses/RVs/trucks decreased by more than 25%
during weekdays. The particle number concentration discharged from a unit vehicle was
6.96 × 1012 N/veh·km during weekdays, and the values of weekends and in the period of
Asian New Year appeared as 6.08 × 1012 N/veh·km and 4.43 × 1012 N/veh·km, respectively. The overall averaged particle number concentration based on the actual seasonal
road measurements shows 5.82 × 1012 N/veh·km. Based on the results of the present study,
the actual tunnel flow coefficient can be applied for the further investigation of seasonal
chemical components from vehicle emissions. Finally, the quantitative contribution of the
particle number concentration from each type of vehicle to atmospheric environment can
be investigated on the entire numbers of vehicles of each type in the urban area.
Supplementary Materials: The following are available online at https://www.mdpi.com/2076-3
417/11/2/794/s1, Figure S1: Diurnal patterns of (a) temperature, (b) wind speed, and (c) number
of vehicles in season inside of the tunnel to determine the seasonal value of tunnel flow coefficient;
Figure S2: Diurnal pattern of the mode of number concentration of particle size distribution inside
and outside of the tunnel employed for the analysis of effects of temperature on the final condensation
diameter; Table S1: Operating conditions of the two employed the Scanning Mobility Particle Sizers
(SMPS); Table S2: Hourly number concentration discharged from vehicles (ΣN/veh·km) by using
the TFC (δ) (m3 /veh·km) and hourly number concentrations of particle size distribution inside and
outside of the tunnel; Table S3: Number concentrations of particle size distribution distinguished
into values of weekends, weekdays, and period of Asian New Year.
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