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Abstract 21 

On-road vehicular emissions were measured in a Hong Kong roadway tunnel and 22 

compared to those from a mobile emission model (EMFAC-HK) for the 2003 and 2015 fleets to 23 

assess emission changes and effectiveness of emission controls.  EMFAC-HK results compared 24 

well with tunnel measurement for the 2015 fleet with differences ≤50% for most pollutants. Both 25 

measurement and modeled estimates show that non-methane hydrocarbon (NMHC) and PM2.5 26 

decreased by over 40% from 2003 to 2015. Tunnel measurements also show that nitrogen 27 

dioxide (NO2) and liquefied petroleum gas (LPG) -related NMHC emissions increased due to 28 

expanded installation of diesel oxidation catalysts and LPG fueling. Motorcycles and LPG-fueled 29 

public light buses (3.7% of the fleet) contributed disproportionally high fractions of carbon 30 

monoxide (CO; 27%) and NMHC (49%) and deserve additional emission controls. Fuel 31 

economy improvements did not result in expected carbon dioxide (CO2) emission reductions, 32 

indicating that more aggressive CO2 reductions, particularly from heavy-duty vehicles, are 33 

needed. 34 

35 
Keywords: tunnel study; emission model; EMFAC-HK; vehicle emissions; emission factors; air 36 
pollution 37 
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1 Introduction 38 

On-road vehicle emissions are major air pollution sources in urban areas, causing adverse 39 

health effects to the public, particularly for those who live or work close to busy roads (HEI, 40 

2010; Krzyzanowski et al., 2005). Emissions from the road transport sector in Hong Kong 41 

contributed to 51% of carbon monoxide (CO), 18% of nitrogen oxides (NOx) and volatile 42 

organic compounds (VOCs), and 10% of primary PM2.5 (particulate matter with an aerodynamic 43 

diameter ≤2.5 µm) in 2015 (HKEPD, 2017a). The transportation sector also contributed to 18% 44 

of total greenhouse gas emissions (HKENB, 2020).  45 

Vehicle emissions are often estimated using mobile source emission models such as 46 

EMission FACtors (EMFAC) by the California Air Resources Board (CARB, 2018), MOtor 47 

Vehicle Emission Simulator (MOVES) by the United States Environmental Protection Agency 48 

(U.S. EPA, 2018), and COmputer Programme to calculate Emissions from Road Transport 49 

(COPERT) by the European Environment Agency (Ntziachristos et al., 2009). These models 50 

have been widely used for assessing mobile source emissions at national to project levels to 51 

generate emission inventories, develop pollution control implementation plans, evaluate 52 

effectiveness of emission control regulations, analyze/demonstrate project conformity, and 53 

predict future mobile emission trends.  54 

Estimates from mobile emission models may deviate from real-world conditions. 55 

Emissions are calculated by summing the products of vehicle activities and emission rates (Fujita 56 

et al., 2012). Different models use different methods to quantify and stratify vehicle activities 57 

and to determine baseline emission factors (EFs) as well as adjustment factors. The base EFs and 58 

their adjustment factors are often derived from limited testing data and may not be representative 59 

of real-world vehicle emissions. The U.S. National Research Council (NRC, 2000) pointed out 60 
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that adequate validation and evaluation of these models is needed to ensure their accuracy. A 61 

review of mobile models by Smit et al. (2010) concluded that the mean prediction errors were 62 

generally a factor of 1.3 of the observed values of carbon dioxide (CO2), within a factor of 2 for 63 

hydrocarbon and NOx, and within a factor of 3 for CO and particulate matter (PM).  64 

Real-world vehicle emission measurements to validate model estimates include remote 65 

sensing, roadside measurements, portable emission measurement system (PEMS) onboard 66 

testing, on-road plume chasing, and tunnel measurements (Franco et al., 2013; Smit et al., 2010). 67 

Tunnel studies have the advantage of sampling a large number of vehicles, adequately 68 

representing local real-world fuels and fleet compositions (El-Fadel and Hashisho, 2001; HEI, 69 

2010).  Well-defined parameters (i.e., air temperature [T], relative humidity [RH], wind speed 70 

and direction, and vehicle speed) in the tunnel simplify evaluation of emission models with these 71 

specific input parameters. Furthermore, repeating vehicle emission measurements in the same 72 

tunnel over years allows examination of long-term emission trends and the effectiveness of 73 

emission control measures implemented between tunnel studies. Several limitations of tunnel 74 

measurements should be kept in mind when interpreting or generalizing results (HEI, 2010; 75 

Marinello et al., 2020). Vehicles in the tunnels represent a limited range of operating conditions 76 

(e.g., hot-stabilized); therefore, study results provide snapshots of emissions under the vehicle 77 

fleet, driving speeds, and road conditions, which may not fully represent other driving and road 78 

conditions. Owing to confinement of the vehicles, fresh emissions measured in tunnels do not 79 

experience as much atmospheric dilution and mixing as on an open roadway.    80 

The vehicle emission model EMFAC-HK, developed by Hong Kong Environmental 81 

Protection Department (HKEPD, 2020b), has been officially used to develop Hong Kong-wide 82 

as well as high-resolution vehicle emission inventories, to model street-level vehicle emissions 83 
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and dispersion, and to evaluate vehicle emission control effectiveness (Che et al., 2020; Leung, 84 

2019; Li et al., 2020a; Wang et al., 2019; Xing and Brimblecombe, 2018; Xing et al., 2019). 85 

EMFAC-HK calculates vehicle EFs and emission rates based on localized vehicle classes, fuels, 86 

and activities. However, limited studies have validated the model performance. Lau et al. (2011) 87 

compared EMFAC-HK estimates for liquefied petroleum gas (LPG) taxi emissions with on-88 

board measurements by PEMS. Although EMFAC-HK estimates agreed with measurements for 89 

CO and total hydrocarbon (THC) within ~10%, the model underestimated NOx EFs by a factor 90 

of ~3. Brimblecombe et al. (2015) found that EMFAC-HK EFs for CO and NOx were lower than 91 

tunnel measurements by factors of 2–3. 92 

This study aims to: (1) compare vehicle emissions measured in a Hong Kong roadway 93 

tunnel with the EMFAC-HK model to assess model performance; (2) compare measured and 94 

modeled emissions between 2003 and 2015 to evaluate changes of vehicle emissions and 95 

effectiveness of emission controls during this period; and (3) examine modeled emission changes 96 

by vehicle classes and fuels to inform future emission control policies.   97 

2 Method 98 

2.1 The Shing Mun Tunnel (SMT) 99 

The SMT is a two-bore highway tunnel that connects the two towns of Sha Tin and Tsuen 100 

Wan in the New Territories of Hong Kong. Each bore has one-way traffic with two traffic lanes 101 

(Supplemental Figure S1). Vehicle emissions were measured in the south bore of the SMT east 102 

section, which is 1.6 km long with a rising grade of 1.054% and a cross-sectional area of 70 m2. 103 

Approximately 53,000 vehicles pass through the tunnel every day in both directions, with an 104 

average gasoline, LPG, and diesel fleet mix of ~41%, 9%, and 50% in 2003 and 45%, 13%, and 105 

42% in 2015 (HKTD, 2016). None of the air ventilation fans in the tunnel were turned on during 106 

the study; therefore, ventilation in the tunnel was induced by wind and traffic flow. Most 107 
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vehicles were travelling at ~80 km hr-1, the tunnel speed limit. The tunnel is sufficiently distant 108 

from local neighborhoods (the closest highway ramp is about 2.5 km from the entrance) so that 109 

vehicles passing through the tunnel are likely hot-stabilized.  110 

2.2 Vehicle Emission Measurements in the Shing Mun Tunnel 111 

Vehicle emissions were measured during August 2003 and January–February 2004 112 

(referred to as the 2003 study) as well as during January–March 2015. Detailed measurements 113 

are described in the Supplementary Materials and in previous publications (Cheng et al., 2006; 114 

2010; Cui et al., 2018; Ho et al., 2007; 2009a; 2009b; Niu et al., 2020; Wang et al., 2018; 2019). 115 

Simultaneous measurements were conducted with identical or similar instruments (Supplemental 116 

Figure S1 and Table S1) at inlet and outlet sites separated by distance of 600 m. Concentrations 117 

of carbon dioxide (CO2), CO, nitric oxide (NO), nitrogen dioxide (NO2), sulfur dioxide (SO2), 118 

and PM2.5 (by light scattering) were measured with near real-time instruments at time resolutions 119 

of 1 s to 1 min. Integrated one- to two-hour samples of non-methane hydrocarbon (NMHC) and 120 

PM2.5 were collected in canisters and on filters, respectively. Wind speed, wind direction, T, and 121 

RH were measured by two weather stations every five minutes. The traffic flow was recorded by 122 

video cameras installed at the tunnel entrance and the outlet site. The time-integrated samples 123 

were collected during morning and evening rush hours (e.g., 0800–1000 and 1700–1900 local 124 

standard time [LST]), midday hours (e.g., 1100–1300 and 1400–1600 LST), and late evening 125 

hours (e.g., 2100–2300 LST). The real-time continuous gaseous, PM, meteorological, and traffic 126 

camera data were averaged over each integrated sampling period. 127 

The distance-based emission factor (EFD; in g veh-1 km-1) calculation uses the mass 128 

balance principle (Pierson et al., 1996): 129 

   𝐸𝐸𝐸𝐸𝐷𝐷 = �𝐶𝐶𝑖𝑖,𝑜𝑜𝑜𝑜𝑜𝑜𝑈𝑈𝑜𝑜𝑜𝑜𝑜𝑜 − 𝐶𝐶𝑖𝑖,𝑖𝑖𝑖𝑖𝑈𝑈𝑖𝑖𝑖𝑖�𝐴𝐴∆𝑡𝑡 (𝑁𝑁 × 𝐿𝐿)⁄    (1) 130 
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where 𝐶𝐶𝑖𝑖 (g m-3) is the average concentrations of pollutant i, U (m s-1) is the wind speed; 131 

subscripts in and out denote the values measured at the inlet and outlet sampling sites, 132 

respectively; A (m2) is the tunnel cross-sectional area (70 m2 for SMT); Δt (s) is the sampling 133 

period; N is the number of vehicles passing through the tunnel section during Δt; and L (m) is 134 

distance between the inlet and outlet sampling sites (0.6 km). 135 

During the 2003 study, the traffic videos were used to manually classify the fleet into 136 

seven categories (i.e., motorcycle [MC], private car [PC], taxi, light goods vehicle [LGV], heavy 137 

goods vehicle [HGV], light bus, and big buses). Vehicles were counted for every 15-minute 138 

video segment of each one or two-hour sampling period. The 2015 study classified traffic videos 139 

into nine categories similar to those in 2003, except that HGV was further separated into medium 140 

goods vehicle [MGV] and HGV, and big buses were further separated into single and double 141 

deck buses. The total vehicle numbers from manual counting in 2015 differed by <4% from 142 

hourly vehicle counts from the SMT toll booths.  143 

2.3 EMFAC-HK Emission Estimates 144 

Following the methodology of CARB’s EMFAC2002 model, modifications were made in 145 

EMFAC-HK to account for the fleet and fuel compositions, emission control regulations, and 146 

inspection and maintenance (I/M) programs in Hong Kong (HKEPD, 2020b). Emission factors 147 

are calculated from zero mile (when the engine is brand new) emission factors (ZMEFs; based 148 

on emission standards) with several adjustment factors, including technology group (i.e., 149 

emission control, inspection and maintenance), vehicle age (i.e., deterioration rate; DRs), and 150 

vehicle speed as well as ambient T and RH. The HKEPD has been updating ZMEFs, DRs, and 151 

speed correction factors using on-board emission measurement by PEMS (Papadopoulos et al., 152 

2020). The types of roadway links (e.g., highways and urban arterial streets) or vehicle driving 153 
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modes (e.g., free flowing, stop-and-go, acceleration, or deceleration) are not distinguished in 154 

EMFAC-HK. Vehicle start-up emissions are estimated by the number of trips, taking into 155 

account the duration of vehicle sitting prior to starting. 156 

EMFAC-HK assigns the vehicle fleet to 16 classes based on license data from the 157 

transportation department (Supplemental Table S2). However, it was challenging to categorize 158 

vehicles into all 16 EMFAC-HK classes from the traffic videos. Instead, the seven and nine 159 

manual traffic counting classes from the 2003 and 2015 studies, respectively, were assigned to 160 

one or more EMFAC-HK vehicle class in Table S2 based on the EMFAC-HK default Vehicle 161 

Kilometers Traveled (VKT) proportions in Table S3. As discussed in the Supplementary 162 

Materials, when VKT ratios of vehicle classes (e.g., medium vs. heavy-goods vehicle and single 163 

vs. double deck buses) were available from tunnel traffic videos, the observed VKT ratios were 164 

used to adjust the fleet assignment, assuming that the tunnel-measured vehicle ratios were similar 165 

between 2003 and 2015. Figure S2 compares the VKT compositions between territory-average 166 

values used in EMFAC-HK and those observed in the SMT, showing similar differences for 167 

2003 and 2015. Compared with the territory-averages, SMT fleets consisted of higher 168 

percentages of private cars (PC), heavy-goods vehicles (HGV7), and franchised double deck 169 

buses (FBDD), but with lower taxi and HGV8 fractions (see vehicle class description in Table 170 

S2). The default breakdowns of vehicles into technology groups, model years, and fuel types by 171 

the EMFAC-HK were used, as this information could not be obtained from the tunnel traffic 172 

videos. Table S4 illustrates percentages of registered vehicles and VKT by fuel and technologies 173 

(i.e., gasoline without catalytic converter, gasoline with catalytic converter, diesel, and LPG) for 174 

each vehicle class.   175 
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Vehicle emissions were modeled using the “Emfac” mode with EMFAC-HK V4.2. The 176 

model generates a matrix of EFs at a range of temperatures (0–40 °C), RH (0–100%), and 177 

vehicle speeds (0–130 km hr-1) for each vehicle class-fuel combination (Wang et al., 2019). 178 

Running exhaust EFD (in g veh-1 km-1), i.e., emissions from the vehicle tailpipe while it is 179 

travelling on the road, were calculated for methane (CH4), THC, CO, CO2, NO2, NOx, PM2.5, and 180 

PM10. EFD for NO (expressed as NO2) was calculated by subtracting NO2 EFD from that of NOx 181 

(expressed as NO2). Additionally, evaporative running loss EFs (in g veh-1 min-1) while the 182 

vehicle is operating were calculated for CH4 and THC. These EFs were organized as lookup 183 

tables associated with combinations of T, RH, and vehicle speed values. 184 

Vehicle emissions between the inlet and outlet sampling sites in SMT for each 15-minute 185 

vehicle counting period were calculated as follows: 186 

Emissions = Emission Factor × Source Activity  (2) 187 

The emission factors were determined from the lookup table assuming a constant vehicle 188 

speed of 80 km hr-1 (speed limit) and average measured ambient T and RH over each period. For 189 

running exhaust emissions, the source activity is the VKT (i.e., the number of vehicles in each 190 

class multiplied by 0.6 km distance between the inlet and outlet sites). For CH4 and THC 191 

evaporative running losses, the source activity is the average transit time (0.45 min) through the 192 

tunnel section times the number of vehicles in each class. Since the EMFAC-HK does not 193 

directly output NMHC emissions, NMHC running exhaust emissions were calculated by 194 

subtracting CH4 from THC emissions. The fleet emissions were calculated by summing 195 

emissions from all 16 vehicle classes; and the fleet-average EFD were calculated by dividing the 196 

total emissions by tunnel VKT, either for every 15-min vehicle counting period or each one or 197 

two-hour integrated sample collection period. 198 
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3 Results and Discussion 199 

3.1 Measured and Modeled Emission Factor Comparisons 200 

Table 1 compares the fleet-average modeled and measured EFD for CO₂, CO, NMHCs, 201 

NO, NO2, NOx, and PM2.5. Uncertainties are expressed as the standard errors of multiple 202 

measurements from all measurement periods. The Student’s t-test p-value < 0.05 indicates 203 

statistically significant difference between the pair under comparison. For the 2003 fleet, the 204 

EMFAC-HK modeled and measured EFD for CO₂ agreed within 3% (p = 0.58); with ratios of 205 

modeled over measured EFD of 1.6-1.7 for CO, NO, and NOx (p < 0.05); 2.3 for NHMC (p < 206 

0.05); 0.84 for NO2 (p = 0.22); and 0.62 for PM2.5 (p = 0.19). The 2015 fleet had better 207 

agreement: the modeled EFD for CO₂ and PM2.5 differed from the measurement by 3% (p = 208 

0.18), while the modeled EFD were <30% lower than measurements for CO (p < 0.05), NO (p = 209 

0.18), NO2 (p < 0.05), and NOx (p = 0.08). The ratio of modeled over measured EFD for NMHCs 210 

was 1.5 (p < 0.05), partially due to different NMHC definitions for the EMFAC-HK and tunnel 211 

measurement results. The modeled NMHC was calculated by subtracting CH4 from THC, where 212 

the EFD was developed using a flame ionization detector calibrated with propane (U.S. EPA, 213 

2005). The SMT-measured EFD for NMHCs was calculated by summing 66 speciated NMHC 214 

species  (Cui et al., 2018). The better agreement between modeled and measured EFD for 2015 215 

than 2003 is attributed to EMFAC-HK refinements with more representative EFs and traffic 216 

composition information incorporated for the newer model years (HKEPD, 2020b). 217 

Different from the <30% lower EFD for the 2015 SMT fleet in this study, Brimblecombe 218 

et al. (2015) found that EMFAC-HK EFs for CO and NOx were typically 2-3 times lower than 219 

those measured from driving through several tunnels in Hong Kong (not including the SMT). 220 

Potential causes of these discrepancies include: (1) variations in fleet composition, vehicle 221 

operating conditions, and road gradients; (2) assumptions for the cold-start mode, vehicle 222 
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loadings, and inter-vehicle variability, etc.; (3) differences in sampled vehicle fleet between 223 

fixed-site monitoring and the drive-through method (e.g., small vehicle population causing larger 224 

statistical variability); and (4) differences in EF calculations as this study directly measures EFD 225 

while Brimblecombe et al. (2015) measured fuel-based EFs and then converted to EFD using 226 

assumed fuel consumption rates.   227 

The modeled and measured 2015/2003 EFD ratios (Table 1) were similar for CO2 and 228 

NO2. However, the EFD for CO, NMHCs, NO, and NOx by the EMFAC-HK showed larger 229 

decreases than the tunnel measurement, likely due to higher EFD values in 2003 by the model. 230 

On the other hand, the measured EFD for PM2.5 decreased more than that estimated by the model, 231 

probably caused by the lower modeled value in 2003.  232 

Table 2 compares the 2015/2003 ratios of modeled and measured emission rates for the 233 

SMT fleet, Hong Kong road transport emission inventory (HKENB, 2020; HKEPD, 2017a), and 234 

roadside ambient concentrations acquired from three near-road urban monitoring stations 235 

(HKEPD, 2017b). The ratios of emission rates were calculated by multiplying the 2015/2003 236 

emission factor ratios in Table 1 with the corresponding VKT ratio (1.043) observed in the SMT. 237 

Because the emission inventory was developed using EMFAC-HK, the ratios between model and 238 

inventories are similar. Even though the traffic conditions near the roadside stations differ from 239 

those in the SMT (hot-stabilized vehicles mostly free-flowing at ~80 km hr-1), the 2015/2003 240 

ratios of modeled emission rates and roadside concentrations had reasonable agreements for CO, 241 

NO, NO2, and NOx. The roadside PM2.5 concentration reductions are less pronounced than those 242 

from the EMFAC-HK estimates and SMT measurements, probably due to non-transportation 243 

contributions from ambient background and other sources affecting the roadside stations.   244 
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Figure 1 presents time series of modeled and measured EFD for the 2015 fleet, showing 245 

qualitatively similar temporal patterns. However, the measured EFD exhibits greater variations 246 

than the modeled values. This is likely caused by vehicle-to-vehicle EFD fluctuations that are not 247 

represented by the single average EFD value for each vehicle class under specific environmental 248 

and operating conditions assumed by EMFAC-HK. Similar findings are reported in previous 249 

studies (Brimblecombe et al., 2015; Lau et al., 2015). 250 

3.2 Vehicle Emission Changes and Control Effectiveness 251 

The Hong Kong government has promulgated aggressive vehicle emission controls since 252 

1990s, including adopting tighter vehicle emission and fuel standards, replacing diesel with LPG 253 

fuel for all taxis and a majority (70% in 2015) of public light buses (PLB), and retrofitting older 254 

diesel vehicles with advanced aftertreatment emission control devices (HKEPD, 2020a; Lau et 255 

al., 2015).  256 

These emission control programs are effective in reducing fleet-average EFD, especially 257 

for NMHC and PM2.5. As compared to 2003, modeled and measured EFD for NMHCs in 2015 258 

were reduced by 63% and 44%, respectively (Table 1). Hourly vehicle number and the modeled 259 

hourly average EFD for the 16 vehicle classes, three fuels, and fleet average are compared in 260 

Figure 2 and tabulated in Table S5. The tunnel fleet VKT for most vehicle classes did not change 261 

much over the decade with an overall increase of 4.3% in 2015. The exception was found for 262 

LPG-fueled vehicles (taxi and PLB) with a 35% increase in VKT. NMHC emissions decreased 263 

for most vehicle classes, resulting in an overall 65% and 72% reduction for gasoline and diesel 264 

vehicles, respectively. However, NMHC emissions from LPG vehicles increased by 37%, 265 

corresponding to their VKT increases. Speciated NMHC measurements by gas chromatography–266 

mass spectrometry (GC-MS) measurement of canister samples confirm that while most gasoline 267 

and diesel related NMHC species decreased from 2003 to 2015 (e.g., 65% reduction in ethane 268 
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and propene), emissions of i-butane and n-butane, two LPG markers, increased by 32% and 17%, 269 

respectively (Cui et al., 2018; Wang et al., 2018). After replacing worn LPG catalytic converters 270 

in taxis and PLBs from October 2013 to April 2014, Cui et al. (2020) reported a 36.7% reduction 271 

in total VOCs. LPG vehicle contributions to NMHC would have been larger in 2015 without the 272 

implementation of the retrofit. 273 

From 2003 to 2015, modeled and measured EFD for PM2.5 decreased by 70% and 81%, 274 

respectively (Table 1). This is consistent with the 43% reduction in roadside concentrations, 275 

confirming the effectiveness of PM2.5 controls. Figure 2 shows over 35% PM2.5 emission 276 

reductions across all vehicle classes, with the highest PM2.5 reductions found for diesel vehicles 277 

(e.g., HGV, non-franchised buses [NFBs], franchised buses [FBs], and PLBs). PM2.5 emissions 278 

from PLBs were also significantly reduced by switching a large fraction from diesel to LPG. 279 

It is surprising that both model and measurement show minor (3%) reductions in fleet-280 

average EFD for CO2, but it is consistent with the road transport emission inventory (Table 2). 281 

Due to fuel economy improvements, a larger reduction of EFD for CO2 would be expected, 282 

irrespective of the 4.3% increase in VKT. Analysis by the Global Fuel Economy Initiative 283 

(GFEI, 2016) found that new car fuel economies improved by 2% per year globally between 284 

2005 and 2013. In the U.S., light-duty vehicle fuel economy increased by 30% and CO2 285 

emissions decreased by 23% from Model Year 2004 to 2018 (U.S. EPA, 2020). However, a 286 

growing gap between the CO2 emission rating and the real-world emissions is observed for 287 

European, Japanese, and Chinese vehicles, with on-road emissions being 25–45% higher than 288 

official ratings based on laboratory tests (Frey, 2018; Tietge et al., 2017). The 4% reduction in 289 

CO2 EFD for diesel vehicles was offset by the 4% and 11% increases for gasoline and LPG 290 

vehicles, respectively (Table S5). It seems that negligible CO2 emission reductions due to fuel 291 
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economy improvements of newer vehicles is assumed in EMFAC-HK. In addition, aging of 292 

vehicles and increased vehicle power and weight may also counteract CO2 reductions for newer 293 

vehicles (Schipper, 2008). As heavy-duty diesel vehicles have higher EFD for CO2 (Figure 2), it 294 

is important to reduce their emissions; regulations are underway in several countries (GFEI, 295 

2016). 296 

In contrast to the generally decreasing trends, EFD for CO and NOx for several vehicle 297 

classes increased from 2003 to 2015. For example, EFD for CO increased by a factor of ~5.7 for 298 

PLB, and 3-9 fold for other private light buses (i.e., PV4 and PV5). Although EFD for NO and 299 

NOx decreased across all vehicles, EFD for NO2 increased by more than 70% for several diesel 300 

vehicle classes, with a 17% increase in the total diesel fleet (Table S5). The larger modeled CO 301 

and NOx EFD reductions compared with measurements (Table 1) were probably caused by 302 

measurement uncertainties and discrepancies between EMFAC-HK model and SMT conditions, 303 

particularly for 2003. 304 

3.3 EMFAC-HK Modeled Emissions by Vehicle Classes and Fuels  305 

Estimation of emissions by vehicle classes and fuels in the EMFAC-HK allows 306 

examination of source contributions and emission changes over time, offers insights on the 307 

effectiveness of emission controls, and provides information for future controls.  308 

Figure 3 shows the modeled relative hourly average emission rates for CO2, CO, NMHC 309 

(evaporation, tailpipe, and total), NO2, NOx, and PM2.5 by the nine manual traffic counting 310 

vehicle classes. Relative contributions by fuels are summarized in Table 3 and plotted in Figure 311 

S3. Distributions of CO2 emissions among vehicle classes were similar between 2003 and 2015 312 

(Figures 3a-b). Private cars and medium goods vehicles (MGV) were the largest contributors 313 

(20–26%) to CO2 emissions, consistent with their large (~43% and 14–19%, respectively) fleet 314 

fractions. Double deck buses (DDB) contributed to ~17% of CO2 emissions, as they had the 315 
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highest CO2 EFD among vehicle classes (Figure 2). For different fuel types, Table 3 shows that 316 

the largest (69% and 64% in 2003 and 2015, respectively) CO2 contributions came from diesel-317 

fueled vehicles, attributable to their lower fuel economies. Therefore, implementing fuel 318 

economy standards for heavy-duty diesel vehicles is important for reducing the transport sector 319 

CO2 emissions (GFEI, 2016). 320 

The modeled fleet-average CO emission rate decreased by 56% from 2003 to 2015 321 

(Table 2), with large contribution variations among vehicle classes (Figures 3c-d). During this 322 

period, contributions from private cars decreased from 49% to 34% mainly because of the 323 

reduction of cars without a catalytic converter (from 4.4% to 0.4%) (Table S4) and the 324 

corresponding CO EFD reduction by ~70% (Figure 2). On the other hand, CO contributions from 325 

light buses (LB) increased from 1% to 14%, due to conversion of a large fraction of PLBs from 326 

diesel to LPG. CO contributions from motorcycles and taxis (15–18%) were also significant. 327 

Overall, the gasoline contribution to CO reduced from 67% to 50%, while LPG contribution 328 

increased from 18% to 31% (Table 3). 329 

EMFAC-HK assumes NMHC evaporation occurs only for gasoline vehicles, dominated 330 

by motorcycles and private cars (Figures 3e-f). While the evaporative NMHC emissions for cars 331 

decreased by 76% from 2003 to 2015, emissions from motorcycles were about the same (Table 332 

S5), resulting in a two-fold increase in motorcycle contributions from 35% to 70%. Figure 2 and 333 

Table S5 show that even though motorcycles only accounted for ~2% of the VKT, their EFD 334 

tailpipe NMHCs were up to 40 times those of other vehicle classes. Therefore, motorcycles were 335 

one of the largest contributors (~22–25%) to tailpipe NMHCs emissions (Figures 3g-h). 336 

Consistent with higher NMHCs EFD for LPG than diesel vehicles, tailpipe emissions from light 337 

buses increased from 3% in 2003 to 18% in 2015. The sum of emissions from motorcycles and 338 
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private cars contributed to over 50% of the total (evaporative + tailpipe) NMHCs emissions 339 

(Figures 3i-j). The total NMHC emission rates from LPG vehicles almost doubled (from 8.4 to 340 

15.5 g hr-1) from 2003 to 2015, resulting in increased contributions from 4% to 18% (Table 3). 341 

Note that the running evaporative losses were an important fraction (22% – 29%) of total NMHC 342 

emissions. While several studies have quantified tailpipe or total NMHC emissions, few studies 343 

have systematically quantified evaporative losses for the Hong Kong vehicle fleet (Cui et al., 344 

2018; Ho et al., 2009b; Li et al., 2020b; Ou et al., 2015). In the interest of further reducing ozone 345 

and secondary organic aerosol pollution, future tunnel studies should incorporate measurements 346 

at different ambient temperatures (e.g., winter and summer), conduct source apportionment to 347 

quantify the evaporative emission contributions, and compare measurements with model 348 

estimates (Fujita et al., 2012; Ho et al., 2004; Wang et al., 2019).  349 

Diesel vehicles remain as the dominant (>80%) NOx contributors (Table 3) even though 350 

the EMFAC-HK estimated fleet-average NOx emission rates were reduced by 50% from 2003 to 351 

2015 (Figures 3m-n). Medium goods vehicles (MGVs) and double deck buses (DDBs), 352 

contributing to 28–35% and 17–23% of total NOx emissions, respectively, were the largest NOx 353 

emitters. Other diesel-powered vehicles (i.e., LGV, HGV, and single deck buses) contributed to 354 

3–17% of NOx emissions.  355 

In contrast to the model estimated ~50% reduction in NOx emissions, the modeled NO2 356 

emissions increased by 6% from 2003 to 2015 (Figures 3k-l); the corresponding fleet-average 357 

NO2/NOx emission ratio increased from 6.7% to 14.4%. This increasing trend is in agreement 358 

with roadside measurements in Hong Kong by Tian et al. (2011) that showed primary NO2/NOx 359 

increased from 2% in 1998 to 13% in 2008. These ratios are lower than those in London 360 

(Carslaw and Rhys-Tyler, 2013) and other European countries (Wild et al., 2017) because the 361 
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fraction of diesel cars, which have much higher NO2/NOx  ratios than gasoline cars, is much 362 

lower in Hong Kong (⪅ 1%, as shown in Table S4) ) as compared to ~40–50% diesel cars in the 363 

London car fleet (Carslaw and Rhys-Tyler, 2013). The tunnel measurements show that the 364 

volume ratios of NO2/NOx increased from 5.8 ± 2.7% and 9.5 ± 2.0% in 2003, to 16.6 ± 2.2% 365 

and 16.3 ± 1.6% in 2015 at the SMT inlet and outlet sampling sites, respectively (Wang et al., 366 

2018). The 2015 ratios are similar to those observed in an Australian tunnel (15%) (Smit et al., 367 

2017). The measured NO2 emission rates increased by 16% from 2003 to 2015, ~10% higher 368 

than the EMFAC-HK estimate (Table 2). While the NO2/NOx emission ratios were similar for 369 

gasoline and LPG-fueled vehicles between 2003 and 2015, the ratios increased for several diesel 370 

vehicle classes. The increased NO2 emissions are likely due to more diesel vehicles equipped 371 

with oxidation catalysts that convert NO to NO2 to enhance the performance of selective 372 

catalytic reduction (SCR) and diesel particulate filters (Carslaw, 2005; Tian et al., 2011). 373 

Diesel vehicles were the dominant PM emitters, accounting for ≥95% of PM2.5 emissions 374 

(Table 3). Figures 3o-p shows that MGVs, HGVs, and DDBs were the largest PM2.5 contributors 375 

(23–31%). Even though mandatory retrofitting with diesel particulate filters on DDBs had 376 

reduced PM emissions (Brimblecombe et al., 2015), DDB remained to be the largest PM 377 

contributor (27%) in 2015. EMFAC-HK assumes zero PM emissions from LPG-fueled taxies 378 

and PLBs. This assumption is questionable because particle emissions can originate from 379 

lubrication oil. PM emissions from LPG vehicles have been identified in several past studies 380 

(Cao et al., 2006; Ristovski et al., 2005); however, further studies are needed to quantify LPG 381 

vehicle emission factors, especially as the engines and aftertreatment systems deteriorate. The 382 

distributions of PM10 emissions (not shown) among vehicle classes were similar to those for 383 
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PM2.5, as EMFAC-HK currently does not estimate non-tailpipe emissions (including brake wear, 384 

tire wear, and resuspended road dust) that are the main contributors to coarse particles. 385 

According to EMFAC-HK, significant emission reductions were achieved for CO, total 386 

NMHCs, NOx, and PM2.5 from 2003 to 2015. Table 3 shows that gasoline vehicles continue to be 387 

the major contributors to CO and NMHC emissions, with diesel vehicles being the largest 388 

contributors to CO2, NOx, and PM2.5 emissions. Despite reduced NOx emissions, NO2 emissions 389 

from diesel vehicles have increased. Due to increased VKT, LPG vehicle contributions to CO2, 390 

CO, total NMHCs, and NOx increased. Future vehicle emission controls should continue 391 

targeting these main contributors while keeping reducing emissions from all vehicles.   392 

Motorcycles and LPG-fueled PLB emit disproportionally high CO and NMHC. In 2015, 393 

motorcycles accounted for 2.3% of the fleet VKT, but contributed to 15% CO, 70% evaporative 394 

NMHC, 25% tailpipe NMHC, 38% total NMHC, and 41% CH4 emissions (Figure 2 and Table 395 

S5). Similarly, LPG-fueled PLB accounted for 1.4% of the VKT, but contributed to 12% CO, 396 

16% tailpipe NMHC, and 11% total NMHC emissions. Together, they accounted for 3.7% of the 397 

2015 tunnel fleet, but contributed to 27% CO and 49% NMHC emissions. These EMFAC-HK 398 

estimates require validation with direct emission measurements. If the model is correct, more CO 399 

and NMHC controls should be placed on motorcycles and LPG vehicles to reduce ozone 400 

pollution, as recent controls have effectively reduced NMHC emissions from solvents and diesel 401 

vehicles in Hong Kong (Lyu et al., 2017). 402 

On-board emissions measurements by Lau et al. (2011) attributed 15-18% of total VKT 403 

to taxis between 2003 and 2009, higher than the 10-12% (Table S5) in this study. The EMFAC-404 

HK estimates by Lau et al. (2011) attributed 28-32% of CO, 20-30% of THC, and 19-31% of 405 

NOx to taxis, suggesting disproportionally high contributions. These levels are much higher than 406 
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the 17-18% CO, 3-5% NMHC, and 6-12% NOx found in this study (Figure 3). Given the large 407 

percentage (over 20%) of fleet VKT in Hong Kong (Table S3), emissions from taxis warrant 408 

further investigation. 409 

4 Conclusions and Discussion 410 

The present study compares vehicle emissions modeled by EMFAC-HK with those 411 

measured from the Shing Mun Tunnel (SMT) fleets in 2003 and 2015. Studying the same tunnel 412 

over a decade apart elucidates changes in vehicle emissions and allows an assessment of the 413 

effectiveness of emission control policies during this period. It also enables evaluation of the 414 

EMFAC-HK model for older and newer fleets under the tunnel operating conditions. The 415 

detailed estimates of emissions by vehicle classes and fuels in the EMFAC-HK provide insights 416 

into causes of emission changes and offer guidance on priorities for future controls. Significant 417 

findings are: 418 

(1) EMFAC-HK modeled EFD differed from SMT measurements by <50% for most 419 

pollutants emitted by the 2015 fleet, in line with other models reviewed by Smit et al. 420 

(2010). The differences were larger for the 2003 fleet: ratios of modeled over measured 421 

EFD were 1.6–2.3 times for CO, NOx, and NMHCs, and 0.62 for PM2.5. The exception 422 

was for CO2, agreeing within 3%. 423 

(2) Vehicle emission controls in Hong Kong effectively reduced NMHC and PM2.5 424 

emissions, as is evident from ~40–80% reduction from 2003 to 2015 in EMFAC-HK 425 

estimates, SMT measurements, emission inventory, and roadside ambient concentrations.   426 

(3) CO2 emissions has not decreased from 2003 to 2015 as expected from the increased 427 

vehicle fuel economy. While the actual causes warrant further investigation, more 428 
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stringent fuel economy standards for heavy-duty vehicles would accelerate the vehicular 429 

CO2 emission reduction. 430 

(4) While tunnel measurements did not show as much reduction as the EMFAC-HK model 431 

or roadside concentrations for CO, NO, NOx, both model and measurement show 432 

increased primary NO2 emissions from 2003 to 2015, likely due to the increased diesel 433 

oxidation catalysts in diesel vehicles.  434 

(5) Gasoline vehicles are the major contributors to CO and NMHC emissions, while diesel 435 

vehicles are the largest contributors to CO2, NOx, and PM2.5 emissions. Future vehicle 436 

emission controls should continue targeting these main contributors while keeping 437 

reducing emissions from all vehicle classes. 438 

(6) Motorcycles and LPG fueled public light buses (PLB) were disproportionally high CO 439 

and NMHC emitters, deserving additional emission controls. Motorcycles accounted for 440 

2.3% of the SMT fleet, but contributed 15% of CO, 38% of total NMHC, and 41% of 441 

CH4 emissions. LPG-fueled PLB accounted for 1.4% of the fleet, but contributed to 12% 442 

CO and 11% total NMHC emissions. Direct emission measurements with these vehicles 443 

are needed to validate the model estimates. 444 

(7) NMHC running evaporative losses contributed to 20-30% of total NMHC emissions, 445 

according to the EMFAC-HK. While several studies have quantified tailpipe NMHC 446 

emissions, evaporative losses have not been systematically studied for the Hong Kong 447 

fleet. Future tunnel studies should incorporate measurements at different ambient 448 

temperatures (e.g., winter and summer), conduct source apportionment to quantify the 449 

evaporative emission contribution, and compare measurements with model estimates.   450 
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Both tunnel measurements and EMFAC-HK model findings are applicable to the specific 451 

conditions during the SMT study: the fleet had ~45% gasoline, 13% LPG, and 42% diesel 452 

vehicles that drove at ~80 km h-1 speed under hot-stabilized conditions; the road was nearly flat 453 

with a 1.054% uphill gradient; and ambient temperature and RH ranged 20–25 °C and 60–70%, 454 

respectively. As a consequence, generic statements cannot be made about the accuracy of the 455 

EMFAC-HK based on this study and caution should be exerted when applying current findings 456 

to other conditions. Other studies (e.g., measurement in other tunnels with different traffic 457 

conditions, cold start emission characterization in parking garages, on-board measurement, 458 

driving-through or plume chasing, and remote sensing) are needed to further evaluate model 459 

performance. One major limitation of the EMFAC-HK and other emission models is the use of a 460 

single average emission factor for a specific condition, without considering the large variability 461 

of traffic emissions. Future model development should consider incorporating uncertainties in 462 

emission calculations (Smit et al., 2010). Furthermore, emission models should be evaluated over 463 

time as vehicle emissions, model input, and measurement technologies continue to change.  464 
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Figure Captions 654 

Figure 1. Time series of EMFAC-HK estimates and measured emission factors (EFD) during the 655 
2015 Shing Mun Tunnel (SMT) 2-hour sampling periods.  656 
  657 
Figure 2. Average hourly vehicle counts in the SMT and emission factors by vehicle class 658 
estimated by EMFAC-HK V4.2 for the 2003 and 2015 study periods. See Supplemental Table S2 659 
for description of vehicle classes. The relative standard errors of emission factors from all 660 
measurement periods were <1%. 661 
 662 
Figure 3. EMFAC-HK estimations of SMT hourly average emission for CO2, CO, evaporative 663 
NMHC, tailpipe NMHC, total NMHC, NO2, NOx, and PM2.5 during the 2003 (left) and 2015 (right) 664 
measurement periods by the nine vehicle classes counted from traffic videos. The total pie areas 665 
of the 2015 plots were scaled to those of 2003 plots based on emission rates to visualize fleet-666 
average emission changes. (MC=motorcycle; LGV=light goods vehicle; MGV=medium goods 667 
vehicle; HGV=heavy goods vehicle; LB=light bus; SDB=single deck bus; DBB=double deck bus.) 668 
 669 
  670 
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Figure 2.  674 
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Figure 3 (color print). 676 
 677 
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 679 
Tables 680 

 681 
Table 1. Comparison of the 2003 and 2015 fleet-average EMFAC-HK modeled and measured emission factors (EFD; average ± standard error) in the Shing Mun 682 
Tunnel (SMT). The p-values for Student’s t-test for comparison pairs are listed in parentheses. 683 
 684 

Species 

Emission Factors (EFD; in g veh-1 km-1) Ratios 

2003 2015 Modeled : Measured 2015 : 2003 

Modeled Measured Modeled Measured 2003  
(p-value) 

2015  
(p-value) 

Modeled  
(p-value) 

Measured  
(p-value) 

CO₂ 320 ± 5 310 ± 17 311 ± 2 302 ± 6 1.03 (0.58) 1.03 (0.18) 0.97 (0.09) 0.97 (0.65) 
CO 3.07 ± 0.08 1.88 ± 0.11 1.29 ± 0.01 1.80 ± 0.13 1.63 (0.00) 0.72 (0.00) 0.42 (0.00) 0.95 (0.61) 

NMHCs 0.239 ± 0.003 0.106 ± 0.002 0.088 ± 0.001 0.059 ± 0.002 2.26 (0.00) 1.50 (0.00) 0.37 (0.00) 0.56 (0.00) 
NO 

(as NO2) 
2.586 ± 0.093 1.501 ± 0.120 1.136 ± 0.023 1.332 ± 0.119 1.72 (0.00) 0.85 (0.18) 0.44 (0.00) 0.89 (0.38) 

NO2 0.185 ± 0.006 0.221± 0.030 0.192 ± 0.004 0.245 ± 0.023 0.84 (0.22) 0.78 (0.02) 1.04 (0.34) 1.11 (0.51) 
NOx 

(as NO2) 
2.771 ± 0.093 1.722 ± 0.130 1.328 ± 0.023 1.577 ± 0.141 1.61 (0.00) 0.84 (0.08) 0.48 (0.00) 0.92 (0.44) 

PM2.5 0.082 ± 0.003 0.131 ± 0.037 0.024 ± 0.000 0.025 ± 0.003 0.62 (0.19) 0.97 (0.79) 0.30 (0.00) 0.19 (0.01) 
 685 
 686 
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Table 2. Comparison of 2015/2003 ratios of modeled and measured emission rates in SMT, emission inventory of the 687 
road transport sector, and ambient concentrations monitored at roadside stations in Hong Kong. 688 

Data Source 
2015-to-2003 Ratio 

CO2 CO NMHC NO NO2 NOx SO2 PM2.5 

Emission rates from EMFAC-HK model 1.01 0.44 0.39 0.45 1.06 0.49 NA 0.31 
Emission rates from SMT measurementa 1.02 1.00 0.61 1.06 1.16 0.96 0.24 0.20 
Road transport emission inventory 0.97 0.57 0.63 NAb NAb 0.43 0.04 0.23 
Roadside concentration NAb 0.62 NAb 0.51 1.04 0.62 0.48 0.57 

aEmission rates were calculated by multiplying the 2015/2003 emission factor ratios in  Table 1 with the 2015/2003 689 

VKT ratio (1.043); note that the territory-average VKT ratio was slightly higher (1.19). 690 
bNA = not available. 691 

692 
693 

Table 3. Relative contributions of SMT emissions by diesel, LPG, and gasoline vehicles in 2003 and 2015 as estimated 694 
by EMFAC-HK. 695 

Species 
Relative Contribution in 2003 Relative Contribution in 2015 
Diesel LPG Gasoline Diesel LPG Gasoline 

CO₂ 69% 7% 24% 64% 10% 26% 
CO 15% 18% 67% 19% 31% 50% 

Evaporative NMHC 0% 0% 100% 0% 0% 100% 
Tailpipe NMHC 48% 5% 47% 37% 25% 38% 

Total NMHC 38% 4% 58% 26% 18% 56% 
NO₂ 89% 1% 9% 98% 1% 1% 
NOx 81% 6% 13% 83% 14% 3% 
PM2.5 95% 0% 5% 96% 0% 4% 

696 


	Abstract
	1 Introduction
	2 Method
	2.1 The Shing Mun Tunnel (SMT)
	2.2 Vehicle Emission Measurements in the Shing Mun Tunnel
	2.3 EMFAC-HK Emission Estimates

	3 Results and Discussion
	3.1 Measured and Modeled Emission Factor Comparisons
	3.2 Vehicle Emission Changes and Control Effectiveness
	3.3 EMFAC-HK Modeled Emissions by Vehicle Classes and Fuels

	4 Conclusions and Discussion
	Funding
	Author Contributions
	Declaration of Competing Interest
	References
	Figure Captions
	Tables



