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Abstract

:

Featured Application


This work suggests a new fast method for estimating real-world vehicle emissions by monitoring the concentration profiles of air pollutants with traveling distances inside the roadway tunnels using a mobile laboratory. Like portable emission measurement systems, it can be a useful methodology to verify and complement the emission factors based on simulated driving cycles of the chassis or engine dynamometer facilities in laboratories.




Abstract


The real-world emission factors of gaseous and particulate air pollutants emitted from in-use vehicles, can be rapidly estimated using monitoring data of their concentration profiles from inside roadway tunnels using a mobile laboratory equipped with fast monitoring instruments. The concentrations of CO2 and particle-bound polycyclic aromatic hydrocarbons (PM-PAHs) and NOx, were observed to increase linearly with traveling distance inside two successive roadway tunnels: the Hongjimun Tunnel and the Jeongneung Tunnel on the Naebu Express Way in Seoul, Korea, except for a small region of decrease. In the decreasing regions, within a few hundred meters of the entrance and before the exit, outside background air with low concentrations of air pollutants was thought to have intruded. From the slopes of the linear regression between distance and concentrations, a fleet-averaged (light-, medium-, and heavy-duty vehicles with 54%, 36%, and 10%, respectively) emission factor of CO2, PM-PAHs, and NOx at an average speed of ~60 km h−1 could be calculated as 197 ± 38 g km−1, 4.2 ± 0.8 × 10−4 g km−1, and 0.530 ± 0.230 g km−1, respectively, which are within the ranges of values reported in the literature. For each tunnel, the emission factors of CO2, PM-PAHs, and NOx estimated on days with higher-than-normal fractions of heavy-duty vehicles, were higher than those on other days. From these results, the new fast method proposed in this study is considered useful for estimating real-world emission factors of air pollutants by using a mobile laboratory as a complementary tool to traditional tunnel studies. This method can be used to rapidly make emission maps at roadway tunnels in mega-cities like Seoul, Korea, for urban air-quality management.
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1. Introduction


Vehicles are well known as major air-pollutant sources in urban areas, especially in mega-cities such as Seoul, Korea. Among vehicle emissions are hazardous gases such as CO and NOx, greenhouse gases including CO2, and carcinogens including polycyclic aromatic hydrocarbons (PAHs). In 2012, diesel exhaust particles were classified as carcinogenic (Group 1) for lung cancer based on a cohort and case study [1,2]. Therefore, the emission of air pollutants from vehicles should be managed to improve air quality and public health and mitigate global warming.



In general, the emission factors of air pollutants from in-use vehicles have been estimated during standard driving cycles with chassis dynamometer facilities in laboratories [3,4,5,6]. However, measuring real-world emission factors on real roads is also necessary. To investigate the average real-world emissions of the in-use vehicle fleet in the area where the tunnel is located, tunnel studies have been carried out using two-location measurements for distance-based emission factors [7,8,9,10,11,12,13,14,15], and using one-location measurement for fuel-based emission factors [16,17,18]. Recently, attempts have been made to obtain real-world emission factors from on-road measurements through the development of real-time mobile monitoring systems such as portable emission measurement systems (PEMS) [6,19,20,21], remote sensing devices (RSDs) [22,23,24], and mobile laboratories (MLs) [21,25].



Even though tunnel studies are thought to be an effective method to investigate real-world emission factors for a large-volume traffic fleet, they cannot separate the condition-specific (hot start and cold start) or vehicle-specific (gasoline and diesel vehicles, old and new vehicles) emissions [17]. On the contrary, the PEMS method can provide the emission factors for detailed conditions of a test vehicle but are limited to the instrumented vehicle at a time, and chase measurements can capture the emissions from individual vehicles followed by a mobile laboratory; chasing the target vehicles is difficult under real-world traffic conditions [15]. Stationary measurements using RSD can accumulate the much larger sample size measured in a short time and can be used for instantaneous identification of high emitter vehicles, but can measure only a snapshot (~0.5 s) of a given vehicle’s journey [24].



For tunnel measurements for obtaining distance-based emission factors, the concentrations of air pollutants are monitored simultaneously at the entrance and exit locations over a certain period using two sets of the same instruments to calculate emission factors, a method that requires high survey efforts for the many tunnels in urban areas. In traditional tunnel studies, without ventilation, the emission factors of air pollutants are calculated by Equation (1) [8,9,10,11,12,14,15]:


  E F =      C  e x t   −  C  e n t      u a  A t   N L    



(1)




where Cent and Cexit are the concentrations (mg m−3) of an air pollutant measured at two locations near the tunnel entrance and exit, respectively, ua is the cross-sectional average velocity of airflow (m s−1), which is constant regardless of location because of the lack of ventilation, A is the cross-sectional area (m2), t is the sampling time (s) over which the concentrations are averaged, N is the number of vehicles passing through the tunnel during the sampling time, and L is the distance (m) between the two monitoring locations inside the tunnel.



For cases with exhaust and intake ventilation, a more generalized Equation (2) can be used with the assumption of steady-state conditions [12]:


  E F =      C  e x t    u  e x t    A  e x t   −  C  e n t    u  e n t    A  e n t   + ∑     − 1    a   C v   u v   A v    t   N L    



(2)




where uent and uexit are the cross-sectional average velocities of airflow (m s−1) at the two locations near the entrance and exit, respectively, a is 1 for intake ventilation and 2 for exhaust ventilation, with a velocity of uv (m s−1) at the ventilation holes whose total area is Av (m2), and Cv is the concentration of the air pollutant in the intake or exhaust air.



In this study, a rapid method for estimating the real-world emission factors of air pollutants from in-use vehicles is suggested as a complementary tool to traditional tunnel measurements.




2. Methods


Figure 1 shows a schematic diagram of the control volume inside a roadway tunnel. The assumption is made that no significant concentration change exists with the y- or z-axis compared to that of the x-axis. Differential Equation (3) can be derived from the law of conservation of mass. In Equation (3), the left side means the net mass change of air pollutant inside the control volume, which is determined with four terms of right hand side, i.e., increase by horizontal inflow (first term), decrease by horizontal outflow (second term), increase by vertical inflow of fresh air (third term), and increase by emission from vehicles (last term).


  l h d x   ∂ c   ∂ t   = l h  u a  c − l h    u a  +    u v   h  d x     c +   ∂ c   ∂ x   d x   +  u v  l  c  b g   d x + l R d x  



(3)






   u a  =    u v  x  h  +  u  a , 0   ,   R =   E F × n     10  3  × l      



(4)




where c is the concentration measured inside the tunnel, subscript 0 and bg are the concentrations at the entrance and in the background area around the tunnel, respectively, uv is the velocity of the dilution air that uniformly enters the tunnel through the ceiling via the ventilation holes, l and h are the road width (m) and tunnel height (m), respectively, EF is the emission factor (g km−1) of a certain air pollutant, n is the traffic volume per second (vehicles s−1), and R is the emission rate (g m−2 s−1). The air velocity inside the roadway tunnel, ua, and the emission rate, R, can be expressed as Equation (4). In Equation (4), the value of 1000 represents the unit conversion from kilometers to meters.



If no change with time occurs (i.e., for steady-state conditions), the concentration c is defined by Equation (5). If uv is zero, namely, the average velocity of airflow is constant through the whole tunnel because of the lack of artificial ventilation, and Equation (5) becomes a linear relationship, similar to Equation (6):


  c =     R +  u v   c  b g     x +  c 0   u  a , 0   h    u v  x +  u  a , o   h    



(5)






   c =  R   u  a , 0   h   x +  c 0      for    u v  = 0   



(6)







In the steady-state case, one can derive the linearly proportional relationship of the measured air-pollutant concentration, c, with distance, x, by continuous monitoring with a mobile laboratory over a short driving time. After obtaining a slope of the measured concentration of a target air pollutant with distance, by linear fitting of y = αx + β, EF can be finally estimated from Equation (7):


  E F =   10  3  ×   α  u  a , 0   l h  n   



(7)








3. Measurements


3.1. Monitoring Area


Figure 2 shows the monitoring area of the Hongjimun and Jeongneung tunnels on the eastbound Naebu Express Way in the elevated mountain area of Seoul, Korea, in which the real-world emission factors of air pollutants were examined in this study. The concentration profiles of air pollutants were obtained using a mobile laboratory driving through the two roadway tunnels. As shown in the schematic diagram at the right corner of Figure 2, for both tunnels, the eastbound bore has three lanes, which are separated from the westbound lanes.



As shown in Figure 3, the lengths of the Hongjimun Tunnel, the Jeongneung Tunnel, and the open space between the two tunnels are 1890 m, 1650 m, and 190 m, respectively. Manual ventilation is created with a semi-transverse ventilation utility through the ventilation sections on the ceiling for air supply or exhaust derived from two fans at the end of each tunnel for training and emergency events such as cases of high pollution. The slope of the road inside the Hongjimun Tunnel is about 2.2%, which is slightly steeper than that of the Jeongneung Tunnel (0.3%). The traffic volume through the two tunnels is identical because no exit or entrance ramp exists between them.




3.2. Monitoring Instruments


The concentrations of CO2, particle-bound PAHs (PM-PAHs), and NOx were measured with a continuous gas analyzer (CO12M, Environmental S.A., France), a PAH monitor (PAS 2000, EcoChem, League City, TX, USA), and a NO-NO2-NOx analyzer (AC32M, Environmental S.A., Poissy, France), respectively, equipped in a mobile laboratory. The NOx analyzer used in this study can alternately measure NO and NOx concentrations every 5 s, then calculate NO2 concentrations by subtracting the NO concentrations from the NOx concentrations. The average concentration ratio of NO/NO2 was in the range of 7~10 inside the tunnels. These gas analyzers were regularly calibrated in the range of 1000 ppm and 1000 ppb with standard gases. The difference in concentrations between span gases and measured values was less than 1%. Zeroing the gas analyzers and the PAH monitor was conducted using N2 gas with a purity of 99.999% and by turning off its internal pump, respectively, before measurements. The PAH monitor is reported to detect particle-bound PAHs with three or more benzene rings were detected through the measurement of electrons emitted by organic molecules on particles irradiated by UV light [27,28]. The mobile laboratory used in this study was a diesel-powered van developed for on-road measurements using real-time instruments during driving [29,30,31,32,33]. Sampling inlets for gases and particles were made separately of Teflon tubing and conductive materials such as stainless steel and conductive tube, respectively, to minimize wall losses. The sampling mouth diameter for particles was designed for isokinetic sampling at a driving speed of 50 km h−1. Residence times in the sampling inlets ranged from 2 to 10 s. The averaging time and delay time were 3 and 18 s, respectively, for CO2, 6 and 13 s, respectively, for particle-bound PAHs, and 5 and 32 s, respectively, for NOx. The update time of the latitude, longitude, and vehicle speed data measured by GPS (742, Ascen, Korea) was 1 s, but the GPS generated no data inside the tunnels. The distance was calculated from the duration of time passing and the tunnel length, with the assumption of constant vehicle speed inside the tunnels. The average velocities of airflow inside the tunnel were measured using ultrasonic sensors on the right and left walls of the tunnels at 260 and 400 m, respectively, before the exit of the Hongjimun Tunnel, and at 104 and 244 m, respectively, before the exit of the Jeongneung Tunnel. These sensors were managed by the tunnel management office. As the ventilation fan was not operating (uv = 0) during the mobile measurements, the air velocity, ua, could be considered constant as ua,0 over the whole tunnel, according to Equation (4). The airflow was mainly caused by vehicle movement.



Table 1 shows outlines of the mobile monitoring measurements from 8 February to 15 March, when the vertical air velocity of dilution air, uv was zero. The average traveling speed of the mobile laboratory ranged from 29 to 71 km h−1. The total traffic volume was 3700 ± 82 vehicles h−1, among which 6.6 ± 0.9% were heavy-duty (HD) vehicles. The temperature and relative humidity inside the tunnels ranged from 6 °C to 11 °C and from 27% to 41%, respectively. The hourly average velocity of airflow showed a linear relationship with the average vehicle speed, except for the Hongjimun Tunnel data from 15 March. On 15 March, the prevailing wind direction in Seoul was nearly the same as the direction of vehicle movement around the Hongjimun Tunnel entrance, which is thought to have contributed to the higher average velocity of airflow inside the tunnel on this date.





4. Results


Figure 4 shows the profile of CO2 concentrations measured by the mobile laboratory on 8 February. CO2 concentrations increased linearly from approximately 540 ppm after entering the Hongjimun Tunnel to 923 ppm, then rapidly decreased a few seconds before the exit. During travel on the open road between the two tunnels, the CO2 concentration decreased by approximately 220 ppm because of dilution with outdoor air. The CO2 concentration still decreased until 145 m, for several seconds after entering the Jeongneung Tunnel, probably because of the dilution effect of outdoor air that had penetrated into the tunnel in the boundary layer region on the tunnel ceiling. Gouriou et al. [34] explained this phenomenon of decreasing concentration near tunnel entrances by two vertical layer modeling on particle concentration data. From 145 m, the CO2 concentration increased inside the Jeongneung Tunnel until 1451 m, which was approximately 200 m before the exit. The decreased concentrations observed at locations just before the tunnel exit were thought to be due to the penetration of outdoor air, as for the entrance region. Therefore, the slope of linear correlation between tunnel distance and air-pollutant concentration was derived only for data taken from 100 m after each tunnel entrance to 200 m before each tunnel exit, as shown in Figure 4.



The obtained data also reflect the importance of a tunnel design as a proper ventilation method of air pollutants. For example, if these two tunnels were not divided into two, the maximum concentration of air pollutants would be almost doubled at the exit of the tunnel compared to the observed pollution level. For the energy savings of ventilation as well as the protection of drivers and workers who might be exposed by seriously high concentrations of air pollutants, tunnel design should consider the expected air pollution levels inside a tunnel.



Figure 5 shows the relationship between distance and CO2 concentration on 8 February. When inserting a slope of 0.226 ppm m−1 (0.435 mg m−3) to the variable α in Equation (7), the EF is calculated as 201 g km−1. If the ventilation velocity of the air supply is assumed as 0.010, 0.020, or 0.039 m s−1 for emergency events, the CO2 concentration can be predicted to be reduced significantly according to Equation (5), as shown in Figure 5. In this case, the background CO2 concentration, Cbg, was assumed to be 498 ppm, which was the y-axis intercept of the linear regression in the case without ventilation.



Table 2 shows a summary of CO2, PM-PAHs, and NOx emission factors estimated by the fast method proposed in this study. On 8 February, a data storage problem occurred for the PAH monitor and NOx analyzer of the mobile laboratory. The determination coefficient for the linear regression, R2, is greater than 0.86 for all measurement data.



The average CO2 emission factor estimated from the Jeongneung Tunnel data was 172 ± 30 (136–200) g km−1, which is approximately 23% lower than the 223 ± 26 (201–253) g km−1 measured in the Hongjimum Tunnel. The average PM-PAH emission factor estimated from the Jeongneung Tunnel data was 3.5 × 10−4 (3.3–3.7 × 10−4) g km−1, which is approximately 27% lower than the 4.8 × 10−4 (4.5–5.2 × 10−4) g km−1 measured in the Hongjimun Tunnel. The average NOx emission factor estimated from the Jeongneung Tunnel data was 0.578 (0.458–0.896) g km−1, which is approximately 20% higher than the 0.481 (0.301–0.726) g km−1 measured in the Hongjimun Tunnel. Although no difference exists in traffic volume or the fraction of vehicle types between the two tunnels, there was a little difference in the emission factors between successive tunnels as much as 20~27%. At the 0.05 level of significance, Mann–Whitney test shows no statistical difference in emission factors for PM-PAHs, and NOx except CO2 between two tunnels. One of the possible reasons why CO2 emission factors in the Hongjimun Tunnel is greater than those in the Jeongneung Tunnel might be the relatively steeper slope of the road in the Hongjimun Tunnel, which may probably increase fuel consumption slightly, but this is considered not to significantly affect the emission of NOx and PM-PAHs. The higher fraction of HDVs on 15 March is considered to be one of the major reasons for the greater CO2 PM-PAH, and NOx emission factors on this date.



Table 3 shows the comparison of CO2 emission factors estimated from the Hongjimun and Jeongneung tunnels, with literature values calculated at the speed of 68 km h−1 from a regression equation based on the chassis dynamometer results and PEMS measurement data [35,36]. The fleet average CO2 emission factor derived from the two roadway tunnels in this study shows a similar level to that of medium-duty diesel vehicles, and is between those of light-duty gasoline vehicles and heavy-duty diesel vehicles. If the CO2 emission factors of the LDVs, MDVs, and HDVs that traveled inside the two tunnels on the measurement days are assumed to be those of light-duty gasoline vehicles, medium-duty diesel vehicles, and heavy-duty diesel vehicles, respectively, then the fleet average CO2 emission factor is calculated as 165 ± 5 g km−1, which is very close to the fleet averages (light-, medium-, and heavy-duty vehicles with 54%, 36%, and 10%, respectively) at the average speed of ~60 km h−1 measured in the Hongjimun and Jeongneung tunnels by the fast method proposed in this study.



The fleet average emission factor of PM-PAHs is estimated as 4.2 ± 0.8 × 10−4 g km−1, which is roughly between those of LDVs and HDVs, as obtained by simultaneous roadside measurements at two locations inside the Gubrist freeway tunnel near Zürich [9].



The fleet average emission factor of NOx is estimated as 0.530 g km−1, which is between those of LDGVs obtained by PEMS in Chinese megacities (Beijing, Shenzhen, and Guangzhou), and LDDVs by PEMS in Seoul metropolitan area, Korea [6,37]. A Chinese study was conducted for the LDGVs with Euro level 0 to 4 while a Korean study measured LDDVs with Euro level 3 to 5.




5. Discussion


For traditional tunnel studies, air pollutants have been measured simultaneously at the entrance and exit zones of roadway tunnels to investigate real-world emission factors. In general, the roadway tunnel is thought of as a dynamic flux chamber where airflow direction is always parallel to that of vehicle movement at any location, implying that maximum concentrations of air pollutants might be observed at the exit of the tunnel when the vertical air velocity of diluted air was zero. Because of this thought, little attention has been paid to the location of the two measurement points inside the tunnel. From the concentration profiles measured in this study using a mobile laboratory, however, decreasing concentrations of air pollutants were sometimes observed just after tunnel entrances and just before tunnel exits, which could have caused data artifacts when estimating the emission factors from two-location measurement data. Figure 6 shows the change in the CO2 emission factor estimated by the traditional method using Equation (1) on the mobile laboratory data from 8 February, when the entrance and exit locations were assumed to be 0–500 m and 1396–1650 m, respectively.



As shown in Figure 4 and Figure 6, the decreasing trend of CO2 concentration just inside the tunnel entrance might cause a negative artifact; in other words, underestimation of the CO2 emission factor by about 18% when the entrance and exit locations are assumed to be 0 and 1396 m, respectively, compared with the results of the fast method. The trend of decreasing CO2 concentration just before the tunnel exit might also cause underestimations of the CO2 emission factor by approximately 32% when the entrance and exit locations are assumed to be 145 and 1614 m, respectively. Therefore, the spatial distribution of air-pollutant concentrations should be examined to determine the two optimal monitoring locations for reliable emission factor results. The mobile laboratory was concluded to be a useful complementary monitoring tool for studies of the spatial distribution of air pollution, even inside roadway tunnels over a short time.




6. Conclusions


To establish a new traffic-related environmental policy and to evaluate existing ones, the real-world emission factors of gaseous and particulate air pollutants emitted from in-use vehicles need to be investigated at low cost over short time periods on many different major roads in mega-cities such as Seoul, Korea.



In this study, a new rapid method for estimating the realistic emission factors of air pollutants emitted from the vehicle fleet, by on-road real-time monitoring inside roadway tunnels using a mobile laboratory, was proposed. The applicability of the new rapid method was successfully evaluated for CO2, particle-bound PAHs, and NOx in two successive roadway tunnels on an expressway in Seoul, Korea. The air pollutant concentrations increased linearly with the traveling distance inside the tunnels, except for the span from 100 m after the tunnel entrance to 200 m before the tunnel exit. This linear relationship between the air pollutant concentrations and traveling distance could be converted to emission factors if additional information such as traffic volume and air velocity is given.



Although limitations exist, such as the possibility of contamination from the exhaust plumes of neighboring vehicles [19], and the assumption of steady-state conditions during the data collection interval of traffic volume and air velocity, the similar levels of emission factors estimated for the two successive tunnels support the suggestion that this new method works well. This method is expected to be utilized in the creation of emission maps at roadway tunnels and in the evaluation of the effect of traffic-related environmental policies such as an increase in electric vehicles by accumulating the emission factors of hazardous air pollutants from in-use vehicle fleets in many places with tunnels in mega-cities or nationwide for air-quality management. In addition, new techniques with image processing for monitoring fleet composition inside the tested tunnel can be used together for fast output calculation. Furthermore, the results also reflect the importance of a design for a well-ventilated tunnel to protect drivers and workers who can be potentially exposed to seriously high air pollutants.
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Figure 1. Schematic of the control volume in a tunnel. 






Figure 1. Schematic of the control volume in a tunnel.



[image: Applsci 11 07206 g001]







[image: Applsci 11 07206 g002 550] 





Figure 2. Monitoring area of the roadway tunnels in this study (Adapted from Park et al. [26]). 
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Figure 3. Side-view diagram of the tunnels in this study (Adapted from Park et al. [26]). 
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Figure 4. CO2 concentration profile obtained on 8 February. 
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Figure 5. Comparison of measured and predicted CO2 concentrations inside the Hongjimun Tunnel on 8 February. 
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Figure 6. Changes in CO2 emission factors estimated by the traditional method with the mobile laboratory data measured inside the Jeongneung Tunnel on 8 February. 
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Table 1. Outlines of the mobile monitoring measurements from inside the tunnels.
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	Date
	8 February
	22 February
	8 March
	15 March





	Traveling time (s) (b)
	101/94
	232/107
	101/84
	115/86



	Average vehicle speed (km h−1) (b)
	67/65
	29/56
	67/71
	59/66



	LDV/MDV/HDV (a)

traffic volume (vehicles h−1)

(traffic percentage)
	2073/1374/241

(56/37/7%)
	2166/1421/210

(57/37/6%)
	1987/1366/246

(55/38/7%)
	2001/1429/286

(54/38/8%)



	Velocity of airflow (m s−1) (b)
	6.7/6.2
	4.1/6.1
	6.8/7.9
	7.5/7.7



	Temperature/RH (°C/%)
	6/40
	11/40
	8/41
	8/27



	Wind direction/speed (c) (o/m s−1)
	68/1.6
	278/2.5
	226/7.5
	281/6.0







(a) LDV: light-duty vehicle, MDV: medium-duty vehicle, HDV: heavy-duty vehicle, (b) Hongjimun/Jeongneung tunnels, (c) Automatic weather station data at Songwol-dong, Seoul.
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Table 2. Summary of the estimated CO2, PM-PAH, and NOx emission factors.
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Date

	
Hongjimun Tunnel

	
Jeongneung Tunnel




	
CO2

(g km−1)

	
PM-PAHs

(g km−1)

	
NOx

(g km−1)

	
CO2

(g km−1)

	
PM-PAHs

(g km−1)

	
NOx

(g km−1)






	
8 February

	
201

	
NA (a)

	
NA (a)

	
136

	
NA (a)

	
NA (a)




	
22 February

	
237

	
4.7

	
0.301

	
200

	
3.7 × 10−4

	
0.458




	
8 March

	
202

	
4.5 × 10−4

	
0.415

	
157

	
3.5 × 10−4

	
0.381




	
15 March

	
253

	
5.2 × 10−4

	
0.726

	
193

	
3.3 × 10−4

	
0.896




	
Average

	
223 ± 26

	
4.8 × 10−4 ± 0.4 × 10−4

	
0.481 ± 0.220

	
172 ± 30

	
3.5 × 10−4 ± 0.2 × 10−4

	
0.578 ± 0.278








(a) NA: not applicable.
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Table 3. Estimated emission factors of air pollutants by vehicles.
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	Pollutant
	This Study (a) (Range)
	Literature Values at the Speed of 68 km h−1





	CO2

(g km−1)
	197 ± 38

(136–253)
	LD GV (b) 116 [35]

MD RV (c) 153 [35], 184 [36]

HD Bus (d) 637 [34]



	PM-PAHs

(g km−1)
	4.2 ± 0.8 × 10−4

(3.3–5.2 × 10−4)
	1.2 (e)–30.1 (f) × 10−4 [10]



	NOx

(g km−1)
	0.530 ± 0.230

(0.301–0.896)
	LDGV 0.05–0.47 [37]

LDDV (g) 0.19–1.41 [38]

LDDT (h) 0.55–1.83 [6]







(a) Light-, medium-, and heavy-duty vehicles with 54%, 36%, and 10%, respectively, at the average speed of ~60 km h−1, (b) Light-duty gasoline vehicle, (c) Medium-duty diesel recreation vehicle, (d) Heavy-duty diesel bus, (e) Light-duty vehicle, (f) Heavy-duty vehicle, (g) Light-duty diesel vehicle, (h) Light-duty diesel truck.
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