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Abstract: Previous works on real-world vehicle emission characteristics have mainly focused on
the influences of fuel, speed, vehicle type, elevation, and other factors on vehicle emission quantity
and components. However, few studies have investigated the transient trend of automotive exhaust
emissions through on-road measurements. The key objective of the present paper was to examine
the transient characteristics of exhaust emissions from different vehicle types on the roads of
Tianjin. To achieve the goal, a portable emission measurement system (PEMS) was employed
to monitor emissions from selected test vehicles—private cars, passenger vehicles, and cargo
vehicles. It was found that the high-emission points of test vehicles were mainly distributed in
two regions: the high-speed region (speed > 70-90 km/h, vehicle-specific power (VSP) > 0 kW/t)
and the medium-speed-acceleration region (20-30 km/h < speed < 60-90 km/h, 0 kW/t <VSP < 12
kW/t). The CO, hydrocarbon (HC), NOx, and particulate number (PN) average emission rates in the
high-emission points could be 3.15-14.93 times, 1.93-24.89 times, 3.23-6.03 times, and 3.22-30.27
times of those of average emission rates. The HC, NOx, and PN average emission rates of China
IV vehicles in the high-emission points were 2.46—4.92 times, 3.56-6.03 times, and 3.22-13.21 times
of those of average emission rates, not less than those of China III (1.93-2.52 times, 2.75-3.90 times,
and 9.98-22.34 times). Test vehicles mainly emitted nucleation-mode and Aitken-mode particles,
and the increase of the PN concentration emission rate in low-speed and high-speed regions was
higher than that in the medium-speed region. The exhaust gas recirculation (EGR) + diesel particulate
filter (DPF) could effectively inhibit the Aitken output caused by turbocharged intercooler (CIC). The
selective catalytic reduction (SCR) might cause more nucleation-mode particles.

Keywords: vehicle exhaust emission; portable emission measurement system (PEMS); emission
factor; transient emission characteristics; particulate number concentration

1. Introduction

Air quality control at an urban scale is one of the biggest challenges for many countries at
present, and one of the primary sources is automotive exhaust emission [1]. In developed countries,
such as Europe, with the successful implementation of effluent standard and exhaust after-treatment
techniques, the discharge from automobiles has been significantly reduced [2]. However, road transport
still contributes about 20% of PM, 5 and 39% NOx in Europe [1,3]. In developing countries including
China, the road transport is also one of the primary sources of air pollutants in the big cities, due to
frequent traffic jams, poor vehicle maintenance, low fuel quality, trickery in production conformity;,
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and unreliable retrofit programs [4,5]. For example, the vehicles in major metropolitan cities of India are
estimated to account for 70% of CO, 50% of HC, 30—40% of NOx, and 30% of PM; 5 of the total pollution
loads [6]. In China, the number of vehicles has increased dramatically over the past two decades
because of rapid socioeconomic development and urbanization. Hence, traffic-related emissions have
become one of the primary sources of urban air pollution in metropolitan areas (Beijing, Guangzhou,
Shanghai, and Tianjin) of China [7-10]. For emission inventories, results have indicated that vehicles
contributed 10.0-38.0%, 19.8-36.1%, 7.9-39.4%, and 9.0-67.2% of total PM, 5, NOx, VOCs, and CO
emissions in some metropolitan areas of China, respectively [11-15]. Motor vehicle pollution poses
substantial challenges to urban air quality [16].

Emission compliance has been determined since 1970 by the certified testing of selected emissions
from representative vehicles during standard driving cycles using chassis dynamometers, to reduce
vehicle emissions. The European Commission (EC) introduced the New European Driving Cycle
(NEDC) in 2000. Then the United Nations world forum for the harmonization of vehicle regulations
(UN/WP29) developed the Worldwide harmonized Light-duty Test Cycle (WLTC) in 2015. However,
they are not sufficient to represent real-world operations of vehicles [17,18]. The driving characteristics
proposed by NEDC and WLTC deviate noticeably from those experienced during real-world driving
conditions [19]. The reduced range of acceleration-speed conditions offered by NEDC leads to much
lower NOx emission than that under real-world conditions [20]. Moreover, WLTC lacks some driving
characteristics for real-world driving factors, such as driving at low velocities, ambient conditions,
driving behavior, and road congestion, thus resulting in much lower emission levels than those under
real-world conditions [21-24]. Moreover, the disorder in traffic management causes frequent lane
changing and stop-and-go conditions, and these factors lead to complex driving conditions that are
difficult to capture in laboratory tests using existing standard driving cycles in China [25].

To assess the real-world emission rates, lots of researchers have begun to study vehicular emissions
using the portable emission measurement system (PEMS) in recent years [26]. This method has
advantages over traditional laboratory measurements, which can collect the data of second-by-second
emissions and speed variation of the vehicle under real-world conditions at any location traveled by
the vehicle [27]. O'Driscoll et al. expressed that the variability in NOx emission detected by PEMS
measurements was significant and could exceed the type-approval limit by 22 times [26]. Wyatt, Li, and
Tate used a PEMS to record CO, emissions from passenger cars in an urban road network [28]. Lujan
et al. measured the emission level of a Euro 6 light-duty diesel vehicle in a real-world driving route
using a PEMS [24]. They found that the NOx emission level at lower speeds with more accelerations
and decelerations was noticeably higher than that at constant high speeds, and 60% of the total HC
and CO emissions was emitted in the motorway section [24]. Cha et al. used a PEMS to test the
emission level of Euro 6 vehicles in Korea and found that the average NOx emissions from most
test vehicles in real driving conditions exceeded the emission limit on test routes by approximately
6.6 times [29]. PEMS studies have also been carried out in Chinese cities. Liu et al. measured
on-road emission factors of diesel buses in Beijing using a PEMS and ELPI [30]. They found that
nanoscale particulate matters made a significant contribution to the particle number distribution [30].
Cheng et al. studied the emission of ultrafine particles from gasoline and diesel vehicles [31]. They
noticed that the maximum particle emissions from gasoline buses and diesel cars appeared in the high
vehicle-specific power (VSP)-low-speed bin and the high VSP-medium speed bin, respectively [31].
However, previous works on real-world vehicle emission characteristics have mainly focused on
the influences of fuel, speed, vehicle type, altitude, and other factors on vehicle emission quantity
and components. However, few studies have investigated the transient trend of automotive exhaust
emissions through on-road measurements.

Most of the previous works limit the scope of other factors to discuss the relationship between
vehicle emission characteristics and a single element. For example, they study the relationship between
vehicle emission and speed by limiting the acceleration range. However, the acceleration and speed of
a vehicle are continually changing with time under transient conditions. The emission characteristics
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under temporary conditions are emission characteristics of vehicles under the combined action of
multiple factors, such as speed, acceleration, grade, and so on. In addition, these factors change
over time in the real world. Therefore, it is necessary to carry out the transient characterization for
automotive exhaust emissions in Tianjin.

The objective of this paper was to study the transient characteristics of exhaust emissions from
different vehicle types in Tianjin. To achieve the desired goal, a PEMS was used to monitor emissions
from selected test vehicles-private cars, passenger vehicles, and cargo vehicles (fueled with gasoline,
diesel, and liquefied natural gas). In total, nine vehicles with China IIl and China IV emission control
standards were tested. The obtained data included vehicle type, emission standards, mileage traveled,
and fuel type. They were used to comprehensively understand the emission characteristics of different
test vehicles in the real-road environment. Therefore, the obtained results from the current study could
improve the control technology of vehicle emissions in China.

2. Experiments

2.1. Sampling Equipment

The system primarily consisted of an ECOSTAR (Sensor, Saline, MI, USA) gaseous analyzer and a
high-temperature ELPI+™ (Dekati, Kangasala, Finland). The test setup configuration of PEMS in this
present paper is shown in Figure 1.
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Figure 1. The layout diagram of the PEMS equipment in vehicle tests.

The ECOSTAR analyzer could collect instantaneous data of gaseous pollutant emissions (CO,
(carbon dioxide), CO, HC (hydrocarbon), and NOx) at a 1-s resolution. This device measured CO,
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and CO emissions by the infrared absorption technology, NOx emission by the ultraviolet absorption
technology, and HC emission by a flame ionization detector. Also, an ECOSTAR emission flow meter
(ECOSTAR_EFM), a temperature and humidity indicator, and a GPS device were connected to the
ECOSTAR analyzer to be conjunction with the ECOSTAR analyzer for collecting vehicles exhaust and
measurement of speed and emission flow. To ensure the accuracy of test results, the ECOSTAR gaseous
analyzer was purged with pure nitrogen for 180 s. It was also calibrated with NO; standard gas and
mixed standard gases of CO,, CO, NO, and dimethyl methane (C3Hg) before and after each experiment.

The high-temperature ELPI+™ was used to perform online real-time measurements of particle
size-resolved distributions, PN, and quantity concentrations. The high-temperature ELPI+™ consisted
of an ELPI+™ and a high-temperature ELPI+™ heating unit. The high-temperature ELPI+™ heating
unit enables sampling of vehicle exhaust (10-180 °C, humidity < 90%) straight to the impactor without
using any dilution. It is difficult for conventional particulate monitoring equipment to directly measure
vehicle exhaust due to the high temperature and humidity of it. Therefore, EPA provided for the
dilution sampling of particulate matter to reduce the temperature and humidity of vehicle exhaust
previous, and China accepted this method. In the GB 17691-2018 of China [32], the vehicle exhaust was
first diluted by a full-flow dilution system or partial-flow dilution system. The dilution gas was filtered
by high-efficiency particulate filtration (HEPA) or activated carbon. After dilution, the temperature of
exhaust gas was controlled at 42-52 °C. The measurement size range was 0.023-10 um. However, due
to the presence of unburned gaseous organic compounds in the vehicle exhaust, new particles may
condense and grow to form during the dilution process, which may interfere with the measurement
results. High-temperature ELPI+™ heating unit can avoid the interference to measurement results
due to dilution and have improved sensitivity as no dilution systems. Meanwhile, the temperature
control function of the high-temperature ELPI+™ heating unit can reduce the effect of temperature on
the calibration of ELPI+™ (D50% values). The high-temperature ELPI+™ is insensitivity to variations
in sample pressure. The ELPI+™ measurement is based on the charging of particles and electrical
detection of charged particles in a low-pressure impactor. It was capable of measuring emission
particles with aerodynamic diameters between 6 nm and 10 pm and classified them into 14 stages
according to their sizes through particle charging and inertial classification mechanisms. The 50% of
aerodynamic particle diameter (D50%) and the geometric mean aerodynamic diameter (Di) for each
stage of ELPI+™ are presented in Table Al.

To avoid the condensation during the process of sampling, there was a heating sampling line
between the high-temperature ELPI+™ and the sample line. The temperature of the heating sampling
line was set to 195 °C. The temperature of the high-temperature ELPI+™ heating unit was set to 180 °C.
Keep the pressure under the 1st stage was 40 mbar. Then, zero the instrument and start testing when
the temperature of the heating kit reaching 180 °C. Due to the limited interior space, ELPI samples
were not installed on gasoline vehicles.

2.2. Test Vehicles

Road emission measurement tests were conducted in 2017 in Tianjin, China. Two gasoline cars
(Vehicle brand: DONGFENG-NISSAN), two diesel trucks (Vehicle brand: FAW-JIEFANG), two diesel
middle bus (Vehicle brand: JIANGLING), two diesel buses (Vehicle brand: YUTONG) and one liquefied
natural gas (LNG) bus (Vehicle brand: FAW-BUS (WUXI)) were selected in the present study. The
engine type of LNG bus was CA6SM2-35E4N (NG), a stoichiometric spark-ignition engine. Its engine
capacity and maximum power were 11.04 L and 261 kw. The stoichiometric air-fuel ratio (mass ratio)
was 17.2 at 1000-rpm full-load condition. The specifications of these test vehicles are depicted in Table 1.
The fuel composition are depicted in Table A2.
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Table 1. Information on the on-road tested vehicle.

Vehicle Mode Emission Mileage Power Curb Weight
Test No. Type Fuel Type Year Standard  (10° km) (kw) After-Treatment (kg)

1 Car Gasoline,92#  2011.3 China IV 140 106 MPLTWC 1610
2 Car (China V) 2011.11  ChinaIV 50 106 MPLTWC 1595
3 Truck 2014.4 China III 120 118 CIC,ECR, 5800
4 Truck 2015.5 China IV 90 118 CIC,ECR,CRT 5800

Middle Diesel,0# .
5 bus (China V) 2012.11.  China III 290 85 HPCR 3450
6 M}:’i‘:le 2014.6 China IV 200 95 HPCR,CRT 4100
7 Bus 2012.4 China III 240 180 CIC,ECR 10,890
8 Bus 2016.7 China IV 120 160 CIC,CRDISCR 9560
9 Bus LNG 2015.1 China IV 160 187 CIC 11,490

After-treatment: MPI: Multipoint efi; TWC: three-way catalytic converter; CIC: turbocharged intercooler; ECR:
electronic controlled common rail; HPCR: high-pressure common rail; CRDI: electrically controlled direct injection
common rail; CRT: EGR (exhaust gas recirculation) + DPF (diesel particulate filter); SCR: selective catalytic reduction,
in this paper represented by DOC (Diesel catalytic oxidation) + SCR.

2.3. Testing Route

Driving courses for on-board measurements were designed to simulate real traffic conditions
in Tianjin. The test routes of medium buses and cars were mainly located in the central urban area.
Trucks were tested in suburban areas between Jinnan and Dongli Districts, whereas buses ran on urban
areas and suburban areas around Jinnan District and primary urban areas. The total distance of the
urban area route was approximately 38-49 km, the length of the suburban areas between Jinnan and
Dongli Districts was 42—-66 km and the length of the suburban areas around Jinnan District and central
urban areas was 26—47 km. Trucks were mainly tested in suburban areas as they were not permitted to
enter the central city of Tianjin. Drivers followed other vehicles on driving routes, and the driving
cycle reflected actual driving conditions. Due to speed-limited sections and traffic jams, the average
speed of test vehicles was below 40 km/h. The time duration for one test route was between 3000 s
and 6000 s, and the length proportions of urban areas, suburbs, and expressways were approximately
20%, 70%, and 10%, respectively. Moreover, operating conditions, including rapid acceleration and fast
braking, reflected real-road traffic conditions (crowded and chaotic) in Tianjin. Test routes consisted of
elevated roads, highways, arterial roads, and residential roads. Driving condition parameters for each
test vehicle are presented in Table A3.

2.4. Data Processing

A PEMS measured the emission rates (g/s) of gaseous contaminants (CO,, CO, HC, NOx, PN,
and PM;5). Subsequently, pollutant concentrations, exhaust mass flow rates, and GPS data were
synchronized to emission rates and speeds.

As a function of vehicle speed, acceleration/deceleration, and road slope, VSP (unit: kW/ton) is a
practical measure of real-world driving emissions [33] and accounts for changes in kinetic and potential
energies associated with hill climbing, rolling resistance, and aerodynamic drag. The mathematical
expression of VSP is presented in Equation (1) [34].

i pm'erAZJ?’

VSP = (Fa + Fw + Fr + Fs)v/m = av(l+e¢) T

+ fugcosO + gusin® (1)
where Fa, Fw, Fr, and Fs are the resistances induced by vehicle acceleration, wind, rolling, and road
slope, respectively, v is vehicle speed (units: km/h in Equation (1) and m/s in Equations (2) and (3)), a is
acceleration or deceleration (m/s?), m is the actual mass of the vehicle (kg), ¢ is the moment of inertia
of rotational parts, such as bent axle and flywheels, p,;, is the density of air (kg/m3), Cd is the wind
resistance coefficient, A is the frontal area of the vehicle (m?), f is the rolling resistance coefficient, g is
gravitational acceleration (m/s?), and 0 is the angle of the gradient.
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The VSP for light-duty vehicles, such as LDGCs, can be calculated by Equation (2) [35]. In the
MOVES model developed by USEPA, the VSP for medium- and heavy-duty diesel vehicles is calculated
by Equation (3).

VSP = v (1.1a + 9.81tan6 + 0.132) + 0.000302v> )

VSP = 0.064v + 0.000265v° + av + gvsind @)

Depending on the vehicle state (deceleration, acceleration, idling, and cruising), the speed
(low-speed, medium-speed, and high-speed segments), and the range of VSP, 68 operation mode
bins were constructed, and the developed bins are presented in Table A4. The mean emission rate of
gaseous pollutants and particulate matters for every operation mode bin was first calculated, and the
summation of the obtained average values was then executed according to the probability value of
each operation mode bin. The average emission factor was calculated by the average value of the
emission rate and speed. The mean emission factor and rate for gaseous pollutants and particulate
matters for each test vehicle were estimated by Equations (4) and (5), respectively [36].

EF;: = 3600 ERi’L 4)
g 10007;
68 T 1 Ty
ER;; = Z T_n(T_kZERi,j,k) ©)
k=0 1

where Fl] is the average emission factor of pollutant j for test vehicle i (g/km), v; is the average speed
of test vehicle i during the driving cycle (km/h), Wt} is the average emission rate of pollutant j for test
vehicle i (g/s), T is the number of second-by-second data points for each vehicle in operating mode
bin k (s), Ty, is the number of second-by-second data points for each vehicle in the entire driving cycle
(s), and ER; j is the instantaneous emission rate of pollutant j for test vehicle i in operation mode bin
k (g/s).

Surfer 8.0 software (Golden Software, Golden, CO, USA) was used to establish the grid file with
pollutant emission rates at the Z-axis, speed at the X-axis, and VSP at the Y-axis based on the kriging
method. The grid file of Surfer 8.0 software (Golden Software, the United States) provided the data
that displayed the relationship between pollutant emission rates and speed-VSP of each test vehicle.
The pollutant emission rate for each grid node was calculated based on all test data of the test vehicle
adjacent to the node.

3. Results and Discussion

3.1. On-Road Driving-Based Emission Factors

Figure A1 (Appendix A) present the emission rates of CO, HC, NOx, and PN for each test vehicle
according to the operation mode bins in Table A4. The average CO, HC, NOx, PN, and PMj; 5 emission
factors and their 95% confidence intervals are presented in Table 2. Due to abnormal measurement
data, the PN and PM; 5 emission factors of No. 3 (diesel truck, China III) are not applicable.

As presented in Table 2, the CO, HC, and NOx emission factors of No. 1 (gasoline car, China IV)
were 74.4%, 14.3%, and 300% higher than those of No. 2 (gasoline car, China IV). No. 1 gasoline car,
China IV) and No. 2 (gasoline car, China IV) have a similar vehicle brand, vehicle type, model year,
and emission standards. However, the mileage traveled by No. 1 (gasoline car, China IV) was
approximately 2.8 times that of No. 2 (gasoline car, China IV). Therefore, the emission factors
were influenced significantly by the mileage traveled factor of the test vehicles because older or
higher-mileage vehicles present significant deterioration in their engine performance, vehicle parts,
or catalytic efficiency, which has been associated with higher emissions [37,38].
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To diesel vehicles, the gaseous pollutant and particulate matter emission factors of China IV test
vehicles (No. 4 (diesel truck, China IV), No. 6 (diesel middle bus, China IV), and No. 8 (diesel bus,
China IV)) were observed to be lower than those of the China III test vehicles (No. 3 (diesel truck,
China III), No. 5 (diesel middle bus, China III) and No. 7 (diesel bus, China III)). The PN emission
factors of diesel buses were the only exception. The CO, HC, and NOx emission factors of China IV
test vehicles were approximate 27.9-86.3%, 22.8-30.9%, and 48.0-74.1%, respectively, of those of China
III test vehicles. The PM, 5 emission factor of No. 6 (diesel middle bus, China IV) was 50.0% of that of
No. 5 (diesel middle bus, China III), and the PM, 5 emission factor of No. 8 (diesel bus, China IV) was
9.1% of that of No. 7 (diesel bus, China III). On the other hand, the PN emission factor of No. 8 (diesel
bus, China IV) was 232.4% higher than that of No. 7 (diesel bus, China III). This abnormal increase of
PN in comparison to No. 8 (diesel bus, China IV) might have been caused by the direct interaction of
NHj; with the catalyst material and the exhaust gas in SCR [39]. As a result, SCR could lead to the
emission of nanoparticles in high numbers, and it would not be possible to control the discharge of
these ultrafine particles using the currently available after-treatment system [39].

Moreover, the emission factors were also observed to have been significantly affected by the type
of fuel used in the test vehicles. The primary pollutant of the gasoline vehicles was CO, while the
primary pollutants for diesel vehicles were NOx and particulate matter. CO is a typical pollutant of
gasoline vehicles, while high emission of NOx and particulate matter could be considered to represent
the emission characteristics of diesel engine [40]. The primary pollutants of the LNG bus were NOx and
HC. LNG buses had significantly higher HC emissions because it is difficult for LNG pressed into the
crevice during the compression stroke to burn due to the high auto-ignition temperature of methane [41].
It resulted in a large amount of unburned methane in the crack of the combustion chamber. Therefore,
vast quantities of unburned methane were released from the combustor crevices [36]. LNG buses had
significantly higher NOx emissions because the two major factors for NO production were combustion
temperature and oxygen content, and the engine of LNG buses had higher combustion temperature
and oxygen content than those of diesel buses [36,42,43]. Among the diesel vehicles, diesel buses,
whose engine power was 1.5-2 times that of diesel trucks and diesel middle bus, presented the highest
gaseous pollutant emission factors. Despite having the same emission standards, the CO, HC, and
NOx emission factors of diesel buses were approximately 3.3-7.5 times, 1.03-1.83 times, and 1.8-3.2
times, respectively, of those of diesel trucks and diesel middle bus. It was demonstrating consistency
with the findings of a previous study [16]. No. 5 (diesel middle bus, China III) presented the highest
PN emission factors, while No. 4 (diesel middle bus, China III) registered the highest PM, 5 emission
factors. Different after-treatment systems, vehicle maintenance, or driving conditions might have
caused the PN and PMj; 5 emission factor of No. 4 (diesel truck, China IV) and No. 5 (diesel middle
bus, China III) to be larger than those of the other vehicles. The other deviations might have risen
from fuel quality, dilution method, accuracy of the PEMS, engine type, after-treatment system, and the
driving behavior.
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Table 2. Emission factors (average + 95% confidence interval) of test vehicles and comparison with previous studies.
. i H N PM P
Vehicle Type Emission Standards = Model Year i\ldgée;gs Fuel Type co C Ox N Source
(g/km) (g/km) (g/km) (g/km) (p/km)
China IV (No.1) 2011 140 G("‘Csﬁliﬁ‘;’\?f# 068+0.14  0.016+0.001 0.04 +0.009 N/A N/A This study
China IV (No.2) 2011 50 chsﬁliﬁf’\?f# 039+0.05 0.014+0002 0.01+0.002 N/A N/A This study
Gasoline car Euro IV 2008 139.7 Gasoline 1.77 0.12 0.09 0.004 N/A [44]
(Euro V)
Gasoline A/
Euro IV 2008 65.3 (Euro V) 0.7 0.03 0.07 0.002 N/A [44]
Gasoline A/
Euro IV 2012 487 (Euro V) 041 0.04 0.02 0.009 N/A [44]
Euro IV 20082010 N/A (C;l:ajfohi}f 040+021  0.02+001  0.05+0.03 N/A N/A [45]
Euro IV 2009 3.3-3.8 Gasoline 93# 059+084  002+001  002+001  0.004 £ 0.001 N/A [46]
(China IV)
: Gasoline, 93# /
China IV 2011 15-90 (China Iv) 0.9 0.08 0.08 N/A N/A [47]
China IV 20102012 195 Gf‘csﬁli;’:”\gff# 09+08 001+000  0.03+0.02 N/A N/A [48]
. Diesel, 0# .
China IIT (No.3) 2014 120 (China V) 073+007 0.123+0003 3.88+0.157 N/A N/A This study
Diesel truck China IV (No.4) 2015 90 (]foi'gg 063005 0038+0002 28 +0252 15220030 (3.91+038)x101  Thisstudy
Before JE V 1997 111 Ultra-low sulfur diesel 1.54 0.67 3.7 N/A N/A [16]
JEV 2008 54 Ultra-low sulfur diesel 0.49 0.008 2.64 N/A N/A [16]
JEV 2010 1.6 Ultra-low sulfur diesel 0.98 0.07 2.49 N/A N/A [16]
China III (No.5) 2012.11 290 (]for‘figg 165011 0219+0012 343+0208 0.06+0004 (227 +041)x 1015  This study
Diesel middle bus China IV (No.6) 2014.6 200 (]éffr‘f;(\)f) 046 +0.05  0.050+0.004 254+0.172 0.03+0.009 (1.03+0.99)x 101>  This study
Before JE V 2003 53.9 Ultra-low sulfur diesel 1.66 0.5 8.16 0.11 N/A [16]
JEV 2005 33.2 Ultra-low sulfur diesel 1.46 0.37 6.45 0.055 N/A [16]
China IIT (No.7) 2012 240 (]glﬁfigf) 545+0.88 0.225+0006 1090+0592 0.77+0.108 (340+0.37)x 104  This study
China IV (No.8) 2016 120 (Efffi’% 3204069 00670004 523+0690 0.07+0016 (1.13+022)x10'>  This study
Euro III 2005 32 Ultra-low sulfur diesel 464 0.15 142 0.066 N/A [16]
Diesel bus Euro III N/A 783 ( CE;EZ“’IIH) 6.7 0.14 12.1 2,955 N/A [49]
Diesel
Euro I1I N/A 81.6 (China ) 478 0.19 12.77 3.086 N/A [49]
China IIT 2008 124 Ultra-low sulfur diesel 5.97 0.09 14.1 0.053 N/A [16]
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Table 2. Cont.
. i H N PM PN
Vehicle Type Emission Standards = Model Year i\l/l(;;elzgf) Fuel Type co C Ox Source
(g/km) (g/km) (g/km) (g/km) (p/km)

China IV 2009 72 Ultra-low sulfur diesel 4.21 0.16 17.9 0.00045 N/A [16]
Diesel

Euro IV 2010 53.6 (Euro IV) 8.28 0.02 8.86 0.67 N/A [31]
Diesel

Euro IV N/A 59.2 (China IT) 1.311 0.05 11.97 0.409 N/A [49]

Euro IV N/A 109 Diesel 1.533 0.04 10.06 0.853 N/A [49]

g (China IIT) : - : -
. 0.0004 + " .
China IV (No0.9) 2015 160 LNG 0.34 +0.02 5.275 +0.421 15.63 +1.430 0.00008 (5.68 £ 0.10) x 10 This study

LNGb Euro IV N/A 40.3 CNG 4.14 0.25 3.22 0.006 N/A [49]

us Euro IV N/A 39.9 CNG 12.72 1.01 295 0218 N/A [49]

Euro V 2012 N/A LNG 12 15 3.16 N/A N/A [36]

Euro V 2012 N/A LNG 0.7 N/A 3.3 N/A N/A [36]

p/km: p represents the number of particles; CNG: compressed natural gas; Emission Standard: The China III vehicles in China is equivalent to the Euro III vehicles. The China IV vehicles
in China are equivalent to the Euro IV vehicles; Ultra-low sulfur diesel: the sulfur content is 10-20 ppm.
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Table 2 presents the data of average emission factors for different vehicle types from previous
literature. It is noticeable that the obtained values in the present paper are very close to the available
literature data. Hence, it indicates that the measurement data in the present study are true and
effective. For gasoline test vehicles, the calculated average emission factors (CO = 0.39-0.68 g/km,
HC = 0.014-0.016 g/km, NOx = 0.01-0.04 g/km) in this study are close to the previous studies in Table 2
(CO =0.81 + 0.35 g/km, HC = 0.046 + 0.30 g/km, NOx = 0.05 + 0.02 g/km). For diesel test vehicles,
the calculated average emission factors (CO = 0.46-5.45 g/km, HC = 0.038-0.225 g/km, NOx = 2.54-10.90
g/km, PM; 5 = 0.03-1.52 g/km) in this study are also very close to the previous studies in Table 2
(CO =3.35+1.38 g/km, HC = 0.189 + 0.110 g/km, NOx = 9.65 + 2.62 g/km, PM; 5 = 0.83 + 0.65 g/km).
However, LNG test vehicles in this study had more HC and NOx emissions, and fewer CO and PM; 5
emissions than those in previous studies. It can be attributed to different factors including sampling
equipment (SEMTECH-DS used by Zhang et al. and Aijuan et al. [36,49]), fuel type (compressed
natural gas bus tested by Aijuan et al. [49]), emission standards, mileage traveled, after-treatment
device (SCR used by Zhang et al. [36], and oxidation catalyst (Aijuan et al. [49])).

3.2. Transient Characterization of Pollutant Emission Rates

Figure A1 (Appendix A) presents the complicated relationship between the pollutant (CO, HC,
NOx, and PN) emission rates and the speed-VSP for each test vehicle. To describe the transient
emission characteristics, temporary test data of pollutant emission rates, speed, and VSP from each test
vehicle were collected. The speed and VSP from each test vehicle all changed over time in the real
world. Surfer 8.0 software (Golden Software, Golden, CO, USA) was used to obtain the image maps
that displayed the relationship between pollutant emission rates and speed-VSP of each test vehicle.

3.2.1. The Distribution of High-Emission Points

Figures 2-5 depict the image maps displaying the relationship between the pollutant (CO, HC,
NOx, and PN) emission rates and the speed-VSP for each test vehicle. Owing to the abnormal
measurement data, the PN image maps of No. 3 (Truck, China III) have not been presented. The
emission rates in the image maps have been indicated by using different colors. The black area indicates
that the emission rates were close to zero, the brown area indicates that the emission rates were equal
to half of the average emission rate (Wl] in Equation (4)) of the test vehicles, the blue area indicates
that the emission rates were equal to the average emission rate of the test vehicles, and the cyan, green,
yellow, orange, red, and ruby red areas indicate that the emission rates were approximately 1.5, 2, 2.5,
3, 3.5, and over 4 times the average emission rate, respectively.

Figures 2-5 depict the relationship between speed-VSP and CO, HC, NOx, and PN emission rates.
It demonstrated that the emission rates of the test vehicles did not increase or decrease monotonously
with their speed and VSP. In other words, the emission rates of the test vehicle reached its peak in
certain discontinuous speed-VSP intervals, and the emission rates here could be higher than those
in the surrounding speed-VSP intervals, even being 2—4 times higher than the average emission rate.
These intervals were known as the high-emission regions.

To further study the distribution characteristics of high-emission regions, we selected the 100
high-emission points from the high-emission regions, according to the data provided by the grid file
of each pollutant for each test vehicle. The emission rates of the 100 high-emission points were the
highest in the grid file of each pollutant for each test vehicle. Figure 6 illustrates the distribution of
these 100 high-emission points in the speed-VSP interval.
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Figure 2. The image maps of the relationship between speed-VSP and CO emission rates. CO emission
rates are represented by the colors. The black, brown, blue, cyan, green, yellow, orange, red, and ruby
red areas indicate that the emission rates are approximately 0, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, and over 4 times
the average emission rate, respectively. Speed is at the X-axis, and VSP is at the Y-axis.
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Figure 3. The image maps of the relationship between speed-VSP and HC emission rates. HC emission
rates are represented by the colors. The black, brown, blue, cyan, green, yellow, orange, red, and ruby
red areas indicate that the emission rates are approximately 0, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, and over 4 times
the average emission rate, respectively. Speed is at the X-axis, and VSP is at the Y-axis.
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Figure 4. The image maps of the relationship between speed-VSP and NOx emission rates. NOx
emission rates are represented by the colors. The black, brown, blue, cyan, green, yellow, orange, red,
and ruby red areas indicate that the emission rates are approximately 0, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, and
over 4 times the average emission rate, respectively. Speed is at the X-axis, and VSP is at the Y-axis.
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Figure 5. The image maps of the relationship between speed-VSP and PN emission rates. PN emission
rates are represented by the colors. The black, brown, blue, cyan, green, yellow, orange, red, and ruby
red areas indicate that the emission rates are approximately 0, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, and over 4 times
the average emission rate, respectively. Speed is at the X-axis, and VSP is on the Y-axis.

In the case of gasoline vehicles, their high-emission points of CO, HC, and NOx were mainly in
the region where the speed was greater than 70 km/h and VSP was below 0 kW/t. In the case of diesel
vehicles, their high-emission points of CO, HC and PN were mainly in the region where the speed
range was 20-80 km/h and VSP range was 0-12 kW/t. Some CO high-emission points of diesel vehicles
were distributed in the region where the speed range was 0-20 km/h and VSP was below -7 kW/t.
Their high-emission points of NOx were mainly in two regions. The first one was mainly in the region
where speed was greater than 90 km/h, and the VSP range was 0-18 kW/t. The second one was mainly
in the region where the speed range was 60-80 km/h and VSP range was 0-12 kW/t. In the case of
LNG vehicle, their high-emission points of CO and PN were mainly in the region where the speed
was greater than 80 km/h and the VSP range was above 0 kW/t. Their high-emission points of HC
were mainly in the region where the speed range was 20-60 km/h and VSP range was 0-9 kW/t. Their
high-emission points of NOx were mainly in two regions. The first one was mainly in the region where
speed was greater than 90 km/h, and the VSP range was 9-15 kW/t. The second one was mainly in the
region where the speed range was 60-80 km/h and VSP range was 0-9 kW/t.
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Figure 6. The distribution of these 100 high-emission points in the speed-VSP interval of each pollutant
for each test vehicle. (a) The high-emission points of CO; (b) The high-emission points of HC; (c) The
high-emission points of NOx; (d) The high-emission points of PN.

As stated earlier, the image maps depicted that the test vehicles could achieve the peak of CO,
HC, NOx, and PN emission rates in certain high-emission regions. This was consistent with the results
of the studies conducted by Chong et al. [50]. They evaluated the relationship between emission and
the vehicle speed and acceleration rates of gaseous emissions, and the diagram obtained demonstrated
similar discontinuous speed-acceleration intervals in which the gaseous pollutant emission rates were
higher than those in the surrounding areas. In regards to their distributions as depicted in Figure 6,
the high-emission points of test vehicles were mainly distributed mainly in two regions: the high-speed
region (speed > 70-90 km/h, VSP > 0 kW/t), the medium speed-acceleration region (20-30 km/h <
speed < 60-90 km/h, 0 kW/t < VSP < 12 kW/t). However, some CO high-emission points of diesel
vehicles were distributed in the low-speed region (0 km/h < speed < 20 km/h, VSP < —6 kW/t), and the
high-emission points of gasoline were mainly in the high-speed—deceleration region (speed > 70 km/h,
VSP < 0 kW/t).

In the case of gasoline vehicles, their CO, HC, and NOx high-emission points were mainly
distributed in the high-speed region. Owing to the high load of the gasoline engines at high speed,
the engine temperature increases, and the air-fuel ratio decreases. The fuel-rich operation results in
oxygen starvation and incomplete combustion, which is the main reason for a significant increase in the
CO and HC emissions. According to the extended Zeldovich mechanism, three NOx formation paths
exist, namely thermal NO, amidogen (NNH), and N,O routes [51]. Although the reaction of thermal
NO is blocked at low oxygen levels, the chemical reactivity of NO obtained from NNH and N,O
might increase at higher temperatures. Furthermore, the presence of HC and CO in the high-speed
(>80 km/h) interval could inhibit the oxidation of NO [52]. Their high-emission points of CO, HC and
NOx were mainly in the region where the VSP was below 0 kW/t. Because the fuel injection of engine
is cut off under the sharp deceleration conditions. Thus, the excess air coefficient of engine increases
and the indicated mean effective pressure of engine decreases [53] rapidly. Under the condition of
very low indicated mean effective pressure of the engine, the in-cylinder burning temperature is very
low [53]. This led to a sharp increase in CO and HC emission. The reason for the rise of NOx is not
clear, but it may be that the increase of excess air coefficient leads to the production of thermal NO
before the cylinder temperature drops.

The diesel test vehicles had a different distribution of the high-emission points compared to the
gasoline test vehicles. Their high-emission points of CO, HC, NOx and PN all were distributed in
the medium-speed region (20-30 km/h < speed < 70-90 km/h, 0 kW/t < VSP < 12 kW/t). Because the
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diesel engine changes its load by adjusting the amount of the fuel injection, while the amount of intake
air is basically maintained constant. Therefore, the concentration of the fuel in the mixture increases
with the increase in the engine load. A sudden acceleration of the engines at medium speed would
cause more amount of diesel to be injected into the engines, thereby increasing the concentration of the
air-fuel mixture [54]. In comparison to the gasoline engines, diesel engines operate by injecting diesel
into compressed air with a higher compression ratio and temperature, mixing rapidly, and igniting
spontaneously. As a result, the diesel engine has a higher air-fuel ratio and temperature of combustion
chamber and richer or leaner combustion regions than those of the gasoline engines. The air-fuel ratio
of engines decreased at the beginning of the acceleration process. The richer combustion regions of
engines are expanded and facilitate the production of unburnt CO, HC, and PN [50]. Subsequently, the
increase in the engine speed results in high peak flame temperatures in the O,-rich regions [55], in the
latter part of the acceleration process. The leaner combustion regions of engines are expanded and
lead to an increase in the thermal NO emissions [56]. Some CO high-emission points of diesel vehicles
were distributed in the region where the speed range was 0-20 km/h and VSP was below —7 kW/t.
Because the temperature of the combustion chambers was less than that in the medium/high-speed
regions, and the fuel was not supplied to the engine during deceleration, during which the air-fuel
ratio increases significantly [54]. The lean concentration of the fuel in the mixture and the cooling of
the engine lead to further incomplete combustion of CO [50,57,58]. Some high-emission points of NOx
were distributed in the high-speed region (speed > 90 km/h, 0 kW/t < VSP < 18 kW/t). Because the
increase in the diesel engine load led to the higher temperature of the combustion chamber compared
to those in the medium speed regions, in the high-speed region. The increase in the combustion
chamber temperature also increased the emission rate of NO [55].

The engine of the LNG bus applied a similar combustion method and higher thermal efficiency as
compared to those of the diesel engine. Therefore, the distribution of high-emission points for the
LNG bus was similar to those of diesel engine test vehicles. Its high-emission points of CO, NOx
and PN were mainly in the high-speed region (speed > 80 km/h, 0 kW/t < VSP < 15 kW/t). Because
the temperature of combustion chambers and the concentration of the air-fuel mixture were higher
as compared to the other speed regions. As a result, there could exist an amount of CO, NOx, and
PN. Some high-emission points of HC were distributed in the medium speed-acceleration region
(20 km/h < speed < 60 km/h, 0 kW/t < VSP < 9 kW/t). The emissions of unburned methane were
considered to be the source of HC [36]. Because the concentration of the LNG in the mixture increases
with the increase in the engine load, and it is difficult for methane pressed into the crevice during
compression stroke to burn due to the high auto-ignition temperature of methane [41]. At high speeds,
the high emissions points of HC begin to decrease due to the higher combustion temperature. Some
high-emission points of NOx were distributed in the high-speed region (speed > 90 km/h, 9 kW/t <
VSP < 15 kW/t), because of the higher combustion temperature in the high-emission region.

3.2.2. The Relationship between the Average Emission Rates and the Average Emission Rates of
High-Emission Points

The comparison of the average emission rates and the average emission rates of high-emission
points per test vehicles is shown in Figure 7.

In the case of gasoline vehicles, the CO, HC, and NOx average emission rates of No. 1 (gasoline car,
China IV) in the high-emission points were 4.35, 24.89, and 4.34 times of those of average emission rates.
The CO, HC, and NOx average emission rates of No. 2 (gasoline car, China IV) in the high-emission
points were 3.16, 3.69 and 4.20 times of those of average emission rates. The CO, HC, and NOx average
emission rates of No. 1 (gasoline car, China IV) were 1.61, 0.95 and 4.86 times of those of No. 2 (gasoline
car, China IV). The CO, HC, and NOx average emission rates of No. 1 (gasoline car, China IV) in the
high-emission points were 2.22, 6.43 and 5.01 times of those of No. 2 (gasoline car, China IV). In the
case of diesel vehicles, the CO, HC, NOx, and PN average emission rates of China III vehicles in the
high-emission points were 3.27-14.94, 1.92-2.56, 2.75-3.90 and 9.98-22.35 times of those of average
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emission rates. The CO, HC, and NOx average emission rates of China IV vehicles in the high-emission
points were 3.02-13.56, 2.46—4.92, 3.56-6.03 and 3.22-13.21 times of those of average emission rates.
The CO, HC, and NOx average emission rates of No. 3 (diesel truck, China III) were 0.96, 2.66 and 1.13
times of those of No. 4 (diesel truck, China IV). The CO, HC, NOx, and PN average emission rates of
No. 5 (diesel middle bus, China IIT) were 3.22, 3.91, 1.22 and 197.38 times of those of No. 6 (diesel
middle bus, China IV). The CO, HC, NOx, and PN average emission rates of No. 7 (diesel bus, China
III) were 31.16, 2.89, 1.78 and 0.26 times of those of No. 8 (diesel bus, China IV). By comparison, the CO,
HC, and NOx average emission rates of No. 3 (diesel truck, China III) in the high-emission points were
3.84,2.09 and 0.87 times of those of No. 4 (diesel truck, China IV). The CO, HC, NOx, and PN average
emission rates of No. 5 (diesel middle bus, China III) in the high-emission points were 3.47, 3.15, 1.03
and 1368.16 times of those of No. 6 (diesel middle bus, China IV). The CO, HC, NOx, and PN average
emission rates of No. 7 (diesel bus, China III) in the high-emission points were 37.34, 1.32, 1.51 and
0.19 times of those of No. 8 (diesel bus, China IV). In the case of LNG vehicle, the CO, HC, NOx, and
PN average emission rates in the high-emission points were 3.91, 3.78, 4.50 and 30.27 times of those of
average emission rates.

In comparison, we found that the emission rates of test vehicles in high-emission points were
significantly higher than their average emission rates. The CO, HC, NOx, and PN average emission
rates in the high-emission points could be 3.15-14.93 times, 1.93-24.89 times, 3.23-6.03 times and
3.22-30.27 times of those of average emission rates. In addition, the test vehicles with the highest
multiple were as follows. The CO average emission rate of No. 7 (diesel bus, China III) in the
high-emission points could be 14.94 times of that of the average emission rate. The HC average
emission rate of No. 1 (gasoline car, China IV) in the high-emission points could be 24.89 times of
that of the average emission rate. The NOx average emission rate of No. 8 (diesel bus, China IV)
in the high-emission points was 6.03 times of that of the average emission rate. The PN average
emission rate of No. 9 (LNG bus, China IV) in the high-emission points was 30.27 times of that of the
average emission rate. The fuel, mileage traveled vehicle type and emission standard significantly
influenced the relationship between the average emission rates and the average emission rates of
high-emission points.
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At first, mileage traveled demonstrated a significant influence. As shown in Table 1, the mileage
traveled by No. 1 (gasoline car, China IV) is approximately 2.8 times that of No. 2 (gasoline car, China
IV). The CO, HC, and NOx average emission rates of No. 1 (gasoline car, China IV) were 0.0026 g/s,
-0.000008 g/s, and 0.0031 more than those of No. 2 (gasoline car, China IV). By contrast, the CO, HC, and
NOx average emission rates of No. 1 (gasoline car, China IV) in the high-emission points were 0.016 g/s,
0.003 g/s and 0.001 g/s more than those of No. 2 (gasoline car, China IV). Therefore, the vehicles with
higher mileage had higher emission rates in high-emission points and the increase of average emission
rates in the high-emission points was more than 4 times of that of average emission rates. Moreover,
the increase of HC average emission rates in the high-emission points was the most significant.

The fuel of test vehicles was a significant influence, too. The CO average emission rates of
diesel vehicles in the high-emission points were 3.02-14.94 times of those of average emission rates,
higher than those of gasoline vehicles (3.16—4.35 times) and LNG vehicle (3.91 times). The HC average
emission rates of gasoline vehicles in the high-emission points were 3.69-24.89 times of those of average
emission rates, higher than those of diesel vehicles (1.93-4.92 times) and LNG vehicle (3.78 times). The
NOx average emission rates of gasoline, diesel, and LNG vehicles in the high-emission points were
4.20-4.34 times, 2.75-6.03 times and 4.50 times of those of average emission rates. They were relatively
close. The PN average emission rates of LNG vehicle in the high-emission points was 30.27 times of
those of average emission rates, higher than those of diesel vehicles (3.22-22.35 times). Therefore, the
improvement of emission standards did not significantly reduce the emissions at high-emission points.

Finally, the emission standard and vehicle type also influenced the relationship between the
average emission rates and the average emission rates of high-emission points. The CO average
emission rates of China III diesel vehicles in the high-emission points were 3.27-14.94 times of those of
average emission rates, higher than those of China IV diesel vehicles (3.02-13.60 times). However, their
HC and NOx average emission rates in the high-emission points were 1.93-2.52 times and 2.75-3.90
times of those of average emission rates, less than those of China IV diesel vehicles (2.46—4.92 times
and 3.56-6.03 times). The PN average emission rates of No.6 (diesel middle bus, China IV) in the
high-emission points were 3.22 times of those of average emission rates, less than those of No.5 (diesel
middle bus, China III) (22.34 times). On the contrary, the PN average emission rates of No.8 (diesel
bus, China IV) in the high-emission points were 13.21 times of those of average emission rates, more
than those of No.7 (diesel bus, China III) (9.98 times). The CO and HC average emission rates in the
high-emission points of No.4 (diesel truck, China IV) and No.6 (diesel middle bus, China IV) was
52.06-74.02% and 68.30-71.22% less than that of No.3 (diesel truck, China III) and No.5 (diesel middle
bus, China III). That of No.8 (diesel bus, China IV) was 24.48-37.34% less than that of No.7 (diesel bus,
China III). Furthermore, the PN average emission rates in the high-emission points of No.6 (diesel
middle bus, China IV) was 99.93% less than that of No.5 (diesel middle bus, China III), due to the
removal of particulate matter by DPF [59]. That of No.8 (diesel bus, China IV) was 415.21% more than
that of No.7 (diesel bus, China III), due to the direct interaction of NH3 with the catalyst material and
the exhaust gas in SCR [39]. However, the NOx average emission rates in the high-emission points of
No.8 (diesel bus, China IV) was 13.13% less than that of No.7 (diesel bus, China III), due to the removal
of NOx by SCR [60]. That of No.4 (diesel truck, China IV) was 13.99% more than that of No.3 (diesel
truck, China III), and that of No.6 (diesel middle bus, China IV) was 3.14% more than that of No.5
(diesel middle bus, China III).

3.3. The Number Distribution of Particulate Matter

3.3.1. The Average PN Size and Particle Mode Distribution

Figure 8 illustrate the difference in PN average emission characteristics among test vehicles. Based
on the geometric mean aerodynamic diameter of each stage, the PN emission rates were classified into
14 diameter segments. Moreover, the particles were divided as follows: nucleation-mode particles
(Nucleation), Aitken-mode particles (Aitken), accumulation-mode particles (Accumulation), and coarse
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mode particles (Coarse). Figure 6 shows the average PN size and particle mode distribution of each
test vehicle. Generally, No. 5 (diesel middle bus, China III) demonstrated the highest emission rates
of nucleation (2.36 x 1013 p/s). No. 7 (diesel bus, China III) showed the highest emission rates of
accumulation (3.06 x 101 p/s) and coarse (2.24 X 108 p/s). No. 8 (diesel bus, China IV) demonstrated
the highest emission rates of Aitken (1.32 X 1012 p/s). Among them, the nucleation (1.85 X 10° p/s),
Aitken (2.15 x 10° p/s), accumulation (4.86 X 108 p/s), and coarse (1.17 X 10° p/s) of No. 9 (LNG bus,
China IV) were the lowest. For the same vehicle type of diesel buses, the China IV vehicle demonstrated
higher PN emission rates in stage 1-2 particles (aerodynamic diameter < 30 nm). It was the reason that
the nucleation and Aitken of the China IV vehicle were more abundant as compared to those of the
China III vehicle. For diesel middle bus, the China IV vehicle showed higher PN emission rates in stage
2-3 particles (6 nm < aerodynamic diameter < 54 nm) and stage 8-14 particles (aerodynamic diameter
> 250 nm). Therefore, the Aitken and Coarse of the China IV vehicle were higher as compared to those
of the China III vehicle.

In summary, most of the particles emitted from the diesel and LNG test vehicles focused on
nucleation-mode particles and Aitken-mode particles. Figure 8 shows the mode particle of each test
vehicle with different control technologies of engine and exhaust emissions after the treatment. The
highest PN emission rate and nucleation proportion were displayed by No. 5 (diesel middle bus, China
III), without CIC (turbocharged intercooler), DPF (diesel particulate), or SCR. The PN emission rate
and nucleation of No. 7 (diesel bus, China III) with CIC was 87.68% and 93.38% less than those of No. 5
(diesel middle bus, China III), respectively. It was because the higher combustion temperature and the
air-fuel ratio of the engine with CIC [61] led to the complete burning of semivolatile organic compounds
(SVOC), which inhibited the formation of nucleation. On the contrary, the PN emission rate and the
nucleation of No. 6 (diesel middle bus, China IV) with EGR + DPF were 99.06% and 99.52% less than
those of No. 5 (diesel middle bus, China III), respectively, which were found to be consistent with the
reported studies [62-64]. Simultaneously, the EGR significantly decreased the average temperature of
in-cylinder and inhibited the oxidation of S (elemental sulfur) into SO, (sulfur dioxide), thus reducing
the formation of nucleation-mode particles [65]. Similarly, the PN emission rate and the nucleation of
No. 4 (diesel truck, China IV) with CIC and EGR + DPF was 97.91% and 99.66% less than those of No.
5 (diesel middle bus, China III), respectively. Moreover, No. 9 (LNG bus, China IV) with CIC displayed
similar nucleation, Aitken, accumulation, and coarse proportions to those of No. 7 (diesel bus, China
III) and No. 6 (diesel middle bus, China IV). However, as compared to No. 7 (diesel bus, China III),
the PN emission rate and the nucleation of No. 8 (diesel bus, China IV) with CIC and SCR increased
by 266.13% and 496.20%, respectively. No. 8 (diesel bus, China IV) displayed higher PN emission
rates in stage 1-2 particles (aerodynamic diameter < 30 nm), which were observed to be consistent
with the previous studies. In many studies, in SCR operations, an increase in PM [66,67], the total
number of particles [68,69], and the number solid particles of > 23 nm [66] up to three times [39] has
been reported. The reason for this was that SCR devices could form new nonvolatile particles in the
exhaust pipe of diesel vehicles because of the direct interaction of NH3 with the catalyst material and
the exhaust gas. On the other hand, No. 6 (diesel middle bus, China IV) showed higher Aitken and
accumulation proportions as compared to other test vehicles without EGR. It was because the use
of EGR inhibits the oxidation of large particles, thus resulting in an increased number concentration
of Aitken and accumulation [65], which are caused primarily by the collision, agglomeration, and
adsorption of nitrates, sulfate, organics, or soot particles [70]. In other words, part of nucleation might
be prompted by EGR to convert into Aitken or accumulation. No. 7 (diesel bus, China III) and No. 9
(LNG bus, China IV) showed a higher Aitken proportion than other test vehicles without CIC. Because
the use of CIC increases the combustion temperature of the engine which is considered to be beneficial
for the formation of Aitken originating from the cracking of diesel at higher temperatures [71]. No. 4
(diesel truck, China IV) with both CIC and EGR and DPF showed higher Aitken and accumulation as
compared to No. 6 (diesel middle bus, China IV) and No. 7 (diesel bus, China III).
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Figure 8. The PN average emission characteristics of test vehicles. (a) The average PN size distribution

(average + 95% confidence interval) of each particle mode; (b) The average emission rates (average +
95% confidence interval) of each particle mode.

3.3.2. The Relationship between Speed, VSP, and the PN Size Distribution

To describe the transient characteristics of PN size distribution, we compared the PN size
distribution in 9 speed-VSP Bins. The 9 speed-VSP Bins displayed several typical driving conditions.



Atmosphere 2020, 11, 64 23 of 39

They were as follow: Binl: Speed < 40 km/h, VSP < -5 kW/t; Bin2: Speed < 40 km/h, -5 kW/t < VSP <
5 kW/t; Bin3: Speed < 40 km/h, VSP > 5 kW/t; Bin4: 40 km/h < Speed < 80 km/h, VSP < -5 kW/t; Bin5:
40 km/h < Speed < 80 km/h, —5 kW/t < VSP < 5 kW/t; Bin6: 40 km/h < Speed < 80 km/h, VSP > 5 kW/t;
Bin7: Speed > 80 km/h, VSP < —5 kW/t; Bin8: Speed > 80 km/h, —5 kW/t < VSP < 5 kW/t; Bin9: Speed >
80 km/h, VSP > 5 kW/t. Figure 9 shows the PN size distribution in different speed-VSP bins.
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Figure 9. Comparison of the PN size distribution in 9 speed-VSP bins. The speed-VSP intervals: Binl:
Speed < 40 km/h, VSP < -5 kW/t; Bin2: Speed < 40 km/h, =5 kW/t < VSP < 5 kW/t; Bin3: Speed < 40
km/h, VSP > 5 kW/t; Bin4: 40 km/h < Speed < 80 km/h, VSP < -5 kW/t; Bin5: 40 km/h < Speed < 80
km/h, -5 kW/t < VSP < 5 kW/t; Bin6: 40 km/h < Speed < 80 km/h, VSP > 5 kW/t; Bin7: Speed > 80
km/h, VSP < -5 kW/t; Bin8: Speed > 80 km/h, —5 kW/t < VSP < 5 kW/t; Bin9: Speed > 80 km/h, VSP >
5 kW/t. (a) No. 4 (diesel truck, China IV); (b) No. 5 (diesel middle bus, China III); (c) No. 6 (diesel
middle bus, China IV); (d) No. 7 (diesel bus, China III); (e) No. 8 (diesel bus, China IV); (f) No. 9 (LNG
bus, China IV).

In summary, the particles emitted from the diesel and LNG test vehicles were mainly distributed
in nucleation and Aitken. The PN emission rates of the diesel and LNG test vehicles increased with
speed and VSP. The PN size distribution of No.4 (diesel truck, China IV), No. 5 (diesel middle bus,
China IIT) and No.9 (LNG bus, China IV) changed little with the change of speed-VSP bins. The
nucleation and Aitken of No.6 (diesel middle bus, China IV) increased more than 10 times with the
Bin7-Bin9 (speed > 80 km/h); bin1-bin6 (speed < 80 km/h), and their accumulation-mode particles
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(stage 8-10, 0.48-1.23 um) increased significantly in Bin7 (Speed > 80 km/h, VSP > 5 kW/t). By contrast,
the Aitken and accumulation of No.7 (diesel bus, China III) increased significantly with the Bin7-Bin9
(speed > 80 km/h).

Figure 9 shows that the PN emission rates of the diesel and LNG test vehicles increased with
speed and VSP, but their PN size distribution are less affected by the speed-VSP bins, in general. The
nucleation and Aitken of No.6 (diesel middle bus, China IV) increased significantly in Bin7-Bin9
(speed > 80 km/h). Figures 3-5 shows the high-emission regions of HC, NOx, and PN are similar in the
high-speed region (speed > 80 km/h). Therefore, the increasing nucleation and Aitken were likely to be
derived mainly from the formed through the nucleation of organic, nitrate or sulfur compounds during
the dilution and cooling processes [72-75]. In addition, their accumulation (stage 8-10, 0.48-1.23 pum)
increased significantly in Bin7 (Speed > 80 km/h, VSP > 5 kW/t), because of the cooling of the engine
led to more incomplete combustion PN [50,57,58], during sudden deceleration [53]. The Aitken and
accumulation of No.7 (diesel bus, China III) increased significantly when its speed was above 80 km/h).
The reason for this result requires further study.

3.3.3. The Relationship between Speed, PN Emission Rates, and Each Particle Mode

The average nucleation, Aitken, accumulation, and coarse proportions of test vehicles are shown
in Figure 10. The figure illustrates that most of the particles emitted from the diesel and LNG test
vehicles are observed to be concentrated on nucleation-mode particles and Aitken-mode particles,
which is found to be similar to the result of Ge Yunshan et al. [30]. In most of the test vehicles, generally,
the change of PN emission rates was divided into three stages, with an increase in the speed, except No.
8 (diesel bus, China IV) that had two stages. In the first stage, the PN emission rates increased rapidly
in the low-speed range (0 km/h < speed < 10-50 km/h). For No. 8 (diesel bus, China IV), the first stage
was found to be in the speed range of <70 km/h. In this stage, the PN emission rates could increase
by 35.28-109.09% per speed interval with an increase in the speed. During this stage, the nucleation
proportions increased rapidly, except for No. 4 (diesel truck, China IV) whose proportions of Aitken
increased rapidly. Therefore, the elevated rate of PN emission rates decreased in the medium speed
range (10-50 km/h < speed < 65-85 km/h). For No. 8 (diesel bus, China IV), the second stage was found
in the speed range of 70 km/h < speed < 90 km/h. In the second stage, the PN emission rates might
increase by 1.13-19.73% per speed interval and they even might decrease with an increase in the speed
in some speed range. The nucleation proportions decreased whereas the Aitken and accumulation
rates increased in the second stage. The PN emission rates began to increase rapidly again in the
high-speed range (65-85 km/h < speed < 85-90 km/h) in the third stage. The PN emission rate increased
by 11.24-213.92% per speed interval in this stage. For most of the test vehicles, nucleation proportions
quickly increased again, as in the first stage, except for No. 4 (diesel truck, China IV) and No. 7
(diesel bus, China III). The accumulation of No. 4 (diesel truck, China IV), as well as the Aitken and
accumulation of No. 7 (diesel bus, China III), increased in the third stage. Finally, the nucleation-mode
particles of each test vehicle previously had a negative correlation with the Aitken and accumulation.

To sum up, the proportions of nucleation, Aitken, and accumulation varied significantly with
different speed intervals. For most of the test vehicles, the rapid increase in PN emission rates is
primarily caused by nucleation in the low-speed stage and high-speed stage (speed < 10-50 km/h or
speed > 65-85 km/h). The heat release rate is observed to be very fast at low engine load, which indicates
that the temperature combustion is low [65]. In contrast, more fuel is injected into the combustion
chamber with an increase in the engine load, which increases the degree of incomplete combustion [76].
These factors inhibited the oxidation of particles at low- and high-speed stages, which directly affect
the increase in the nucleation rate. In the medium speed stage (10-50 km/h < speed < 65-85 km/h),
the increase of the PN emission rate was lower as compared to that in the low- and high-speed stages
and the proportions of Aitken and accumulation increased. In the medium-speed stage under better
combustion conditions, it was quite evident that the small increase in PN emission rates was due to the
reduction of nucleation. For No. 7 (HDDB, China III), the increased Aitken and accumulation increased
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the PN emission rates in the high-speed stage. This phenomenon showed that the CIC prompted more
Aitken to be produced with an increase in speed. For No. 4 (HDDT, China IV), the increased Aitken led
to an increase in the PN emission rate in the low-speed stage, and the rapid increase in accumulation
caused the PN emission rates to increase in the high-speed stage. This phenomenon indicated that EGR
might change nucleation to Aitken in the low-speed stage, and in the meantime, the CIC produced
Aitken. As the speed increased, the EGR caused more nucleation into accumulation instead of Aitken.
The EGR inhibits the cracking of diesel by reducing the combustion temperature, and consequently,
it reduces the emission of Aitken in the high-speed stage. For No. 8 (HDDB, China IV), more urea is
expected to be injected, which results in higher nucleation emissions [39]. However, the growth rate of
Aitken starts to exceed that of nucleation when the speed is more than 70 km/h.
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Figure 10. The relationship between speed, PN emission rates (average + 95% confidence interval), and
each particle mode of each test vehicle. (a) No. 4 (diesel truck, China IV); (b) No. 5 (diesel middle bus,
China III); (c) No. 6 (diesel middle bus, China IV); (d) No. 7 (diesel bus, China III); (e) No. 8 (diesel bus,
China IV); (f) No. 9 (LNG bus, China 1V).

4. Conclusions

This study was conducted to investigate the transient characterization of automotive exhaust
emissions of different vehicle types on the real-world emission of Tianjin. To estimate the emissions of
nine test vehicles, including heavy-duty diesel trucks, heavy-duty diesel buses, medium-duty diesel
buses, light-duty gasoline cars, and a heavy-duty LNG bus, a PEMS was applied. The conclusions of
this study are primarily summarized as follows:

o  The emission factors were influenced significantly by the mileage traveled, emission standard,
and fuel factor of the test vehicles. The primary pollutant of the gasoline vehicles was CO, those of
diesel vehicles were NOx and particulate matter, and those of the LNG bus were NOx and HC.
The emission factors of gasoline vehicles whose mileage traveled were 140,000 km were 14.3-300%
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higher than those of gasoline vehicles whose mileage traveled was 50,000 km. The emission factors
of China IV diesel vehicles were approximately 9.1-86.3% of those of China III diesel vehicles.

e  Under transient conditions on the road, the test vehicles probably peaked their CO, HC, NOx,
and PN emission rates in some speed-VSP intervals. Here, the emission peak could be far more
than those in the surrounding speed-VSP intervals. Selected the 100 high-emission points whose
emission rates were the highest from the high-emission regions. The high-emission points of test
vehicles were mainly distributed mainly in two regions: the high-speed region (speed > 70-90
km/h, VSP > 0 kW/t), the medium speed-acceleration region (20-30 km/h < speed < 60-90 km/h,
0 kW/t < VSP < 12 kW/t).

e In high-emission points, the emission rates of vehicles rose several times. The CO, HC, NOx,
and PN average emission rates in the high-emission points could be 3.15-14.93 times, 1.93-24.89
times, 3.23-6.03 times and 3.22-30.27 times of those of average emission rates. The CO average
emission rate of diesel bus (China III) in the high-emission points could be 14.94 times of that
of the average emission rate. The HC average emission rate of gasoline car (China IV, mileage
traveled: 140,000 km) in the high-emission points could be 24.89 times of that of the average
emission rate. The NOx average emission rate of diesel bus (China IV) in the high-emission points
was 6.03 times of that of the average emission rate. The PN average emission rate of LNG bus
(China IV) in the high-emission points was 30.27 times of that of the average emission rate.

e  Furthermore, the improvement of emission standards did not significantly reduce the emissions
at high-emission points. The CO average emission rates of China III diesel vehicles in the
high-emission points were 3.27-14.94 times of those of average emission rates, higher than those
of China IV diesel vehicles (3.02-13.60 times). However, their HC and NOx average emission
rates in the high-emission points were 1.93-2.52 times and 2.75-3.90 times of those of average
emission rates, less than those of China IV diesel vehicles (2.46—4.92 times and 3.56-6.03 times).
The PN average emission rates of diesel bus (China IV) in the high-emission points were 13.21
times of those of average emission rates, more than those of diesel bus (China III) (9.98 times).

e  Fuel, mileage traveled vehicle type, and emission standard significantly influenced the relationship
between the average emission rates and the average emission rates of high-emission points. For
example, the gasoline vehicles (China IV, mileage traveled: 140,000 km) had higher emission rates
in high-emission points and the increase of average emission rates in the high-emission points
was more than 4 times of that of average emission rates.

e  According to the particle size distribution, it can be observed that most of the particles emitted
from the diesel and LNG test vehicles were nucleation-mode particles and Aitken-mode particles.
The PN emission rates showed higher growth at low speeds. Finally, their growth decreased at
medium speeds and then again increased at high speeds. During this period, the increased PN of
most diesel and LNG vehicles was primarily caused by nucleation. When the speed was above
80 km/h, the nucleation-mode particles and Aitken-mode particles of diesel middle bus (China IV)
increased more than 10 times, and the Aitken-mode and accumulation-mode particles of diesel
bus (China III) increased significantly, too.

e  The EGR + DPF could effectively inhibit the Aitken output caused by CIC. The SCR might produce
more nucleation-mode particles.

Under some urban driving conditions, the above results may explain an underestimation of
vehicle emissions. The characterization of automotive exhaust emission from different vehicle types
could not be extensively analyzed due to the limitations of the number and types of test vehicles
that could be tested in our study. Finally, we suggest further study with more samples to obtain
greater insight.
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Appendix A

Figure A1l present the emission rates of CO, HC, NOx, and PN for each test vehicle according to
the operation mode bins in Table A4. It shows that the pollutant emission rates of each test vehicles all
fluctuates with the operation mode bins of VSP and there are two or three peaks in VSP bins of bin3 to
bin23, bin25 to bin45 and bin47 to bin67, no matter in Urban, Suburb, or Express way Cruising. Error
bars correspond to 95% confidence interval.
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Figure A1. The emission rates of pollutants for each test vehicle according to the operation mode bins.
Appendix B

Table A1 present the particle size classification of ELPI+™. It includes D50% and Di for each
stage of ELPI+™, the particle size classification of nucleation mode, Aitken mode, accumulation mode,
and coarse mode and the particle size classification of PM; 5 and PMj.

Table A3 present the length, proportion of each driving condition, average value (AVG) and
numerical range (NV) of VSP, average value, and numerical range of speed and duration of the
test vehicles.
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Table A1l. The particle size classification of ELPT+™.

Stage # D50% Di Definition by Mode ~ Definitionby PN Definition by PM

(um) (um)

1 0.006 0.010 Nucleation mode PNo.01

2 0.016 0.020

3 0.030 0.040 Aitken mode PNo.01-0.1

4 0.054 0.070

5 0.094 0.120

6 0.150 0.190 PMy5

7 0.250 0.310

8 0.380 0.480 Accumulation mode PNp1-2

9 0.600 0.750

10 0.940 1.230

11 1.620 2.000

12 2.460 2.990

13 3.630 4.400 Coarse mode PNp_g PMz5-10

14 5.340 7.310

The calibration of ELPI+™ can be found in [77]; Definition by mode: refer to [34,70].
Table A2 present the fuel composition of test vehicles in this paper.

Table A2. The fuel composition of Gasoline,92#, Diesel 0# and LNG.

Fuel Composition Gasoline,92# Diesel,0# LNG
Density (20 °C, kg/m3) 733.5 833.0 0.714 (Gas)

Vapor pressure (kPa) 58.6 NA NA

10% evaporation temperature (°C) 59.5 205.2 NA

50% evaporation temperature (°C) 100.0 252.0 NA

90% evaporation temperature (°C) 163.5 330.0 NA

Figure Octane number 92.6 NA 130

Cetane number NA 52.6 <10

Sulfur (mg/kg) 6.3 6.1 NA

Olefin (V/V, %) 9.1 NA NA

Benzene (V/V, %) 0.6 NA NA

Methane (V/V, %) NA NA >99

Aromatic hydrocarbon (V/V, %) 23 NA NA

Fatty Acid Methyl Ester (V/V, %) NA <0.01 NA

Oxygen (m/m, %) 1.9 NA NA

Methyl alcohol (m/m, %) 0.1 NA NA

PAHSs (m/m, %) NA 2.7 NA

Ash (m/m, %) NA 0.001 NA

Undissolved substance (mg/100 mL) NA 0.9 NA
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Table A3. Driving condition parameters of the test vehicles.

34 of 39

Proportion of

Proportion of

Proportion of

Number L(el?rﬁ:h Urban Areas (%) Suburbs (%) Express Ways (%) N\(/k(;:,/Vt)SP AVG am(ikﬁyh;)f Speed Duration (s)
(V <40 km/h) (40 <V < 80 km/h) (V > 80 km/h)

1 39.72 19.66 70.45 9.89 1.34 (=52.55 to 36.50) 35.37 (0 to 112.49) 4042

2 49.39 24.56 69.41 6.03 1.18 (—47.67 to 26.22) 38.56 (0 to 89.64) 4610
3/1 66.42 18.70 80.28 1.02 1.36 (=38.67 to 17.82) 37.01 (0 to 84.33) 6459
3/2 42.06 21.89 78.11 0.00 1.09 (-38.64 to 20.97) 32.65 (0 to 79.82) 4637
411 62.35 17.88 78.11 4.01 1.61 (-37.43 to 16.22) 43.06 (0 to 84.81) 5212
4/2 42.07 20.05 75.15 4.80 1.25 (=25.64 to 21.13) 39.86 (0 to 83.85) 3799
51 43.19 20.34 73.69 5.97 1.23 (-21.66 to 19.76) 38.83 (0 to 93.66) 4004
52 43.29 18.17 74.37 7.45 1.39 (=38.12 to 18.63) 39.45 (0 to 94.15) 3950
6/1 41.77 20.92 73.70 5.38 1.35 (=103.76 to 18.63) 37.64 (0 to 98.01) 3994
6/2 46.31 21.32 78.68 0.00 1.41 (-22.19 to 16.53) 42.68 (0 to 76.12) 3905
7/1 38.96 27.66 66.48 5.86 0.99 (-17.91 to 21.42) 33.79 (0 to 94.90) 4150
7/2 46.58 26.45 71.20 2.35 1.08 (-23.11 to 17.00) 32.51 (0 to 84.45) 5157
8/1 39.74 23.04 70.33 6.63 1.50 (=26.79 to 18.55) 38.95 (0 to 89.40) 3672
8/2 27.83 29.10 53.35 17.55 1.19 (=25.36 to 20.19) 33.04 (0 to 96.00) 3031
I 38.83 24.54 66.03 9.43 0.69 (-18.15 to 15.81) 19.75 (0 to 97.30) 7079
9/2 45.50 18.62 70.09 11.29 1.59 (-22.81 to 16.15) 42.40 (0 to 86.99) 3862

V: Speed of vehicle during the test; AVG: average value; NV: numerical range; No. X/Y: X is the test number of vehicles in Table 1 and Y represents the number of test routes.



Atmosphere 2020, 11, 64 35 of 39

Table A4 present the interval division of 68 operation mode bins depending on the acceleration,

speed, and VSP of the test vehicles.

Table A4. The interval division of 68 operation mode bins depending on the acceleration, speed, and
VSP of the test vehicles.

Deceleration Bin0 (Acceleration < —1 m/s?)
Idling Bin1 (0 < Speed < 1.6 km/h, Acceleration = 0 m/s2)
Urban Cruising Suburb Cruisin; Expressway Cruisin;
VSP (W/D) X)Cfelsngii: :%l::/lg;)' (40 < Speed < 80 kr%l/h) (gpeed Z}EIEO km/h)g

(—00,—18) bin2 bin24 bin46
[-18,-16) bin3 bin25 bin47
[-16,—14) bin4 bin26 bin48
[-14,-12) bin5 bin27 bin49
[-12,-10) bin6 bin28 bin50
[-10,-8) bin7 bin29 bin51
[-8,—-6) bin8 bin30 bin52
[-6,—4) bin9 bin31 bin53
[-4,-2) bin10 bin32 bin54
[-2,0) binl1 bin33 bin55
[0,2) bin12 bin34 bin56
[2,4) bin13 bin35 bin57
[4,6) bin14 bin36 bin58
[6,8) bin15 bin37 bin59
[8,10) binl6 bin38 bin60
[10,12) binl17 bin39 bin61
[12,14) bin18 bin40 bin62
[14,16) bin19 bin41 bin63
[16,18) bin20 bin42 bin64
[18,20) bin21 bin43 bin65
[20,22) bin22 bin44 bin66
[22,+0c0) bin23 bin45 bin67
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