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Abstract

On-road remote sensing (RS) is a rapid, non-intrusive and economical tool to monitor and control
the emissions of in-use vehicles, and currently is gaining popularity globally. However, a majority of
studies used a single RS technique, which may bias the measurements since RS only captures a snapshot
of vehicle emissions. This study aimed to use a unique dual RS technique to assess the characteristics
of on-road vehicle emissions. The results show that instantaneous vehicle emissions are highly dynamic
under real-world driving conditions. The two emission factors measured by the dual RS technique show
little correlation, even under the same driving condition. This indicates that using the single RS
technique may be insufficient to accurately represent the emission level of a vehicle based on one
measurement. To increase the accuracy of identifying high-emitting vehicles, using the dual RS
technique is essential. Despite little correlation, the dual RS technique measures the same average
emission factors as the single RS technique does when a large number of measurements are available.
Statistical analysis shows that both RS systems demonstrate the same Gamma distribution with > 200
measurements, leading to converged mean emission factors for a given vehicle group. These findings
point to the need for a minimum sample size of 200 RS measurements in order to generate reliable
emission factors for on-road vehicles. In summary, this study suggests that using the single or dual RS
technique will depend on the purpose of applications. Both techniques have the same accuracy in
calculating average emission factors when sufficient measurements are available, while the dual RS
technique is more accurate in identifying high-emitters based on one measurement only.

Keywords: Dual scope technique; Emission factors; Emission variability; On-road remote sensing;
Real driving emissions
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Highlights
e A unique dual RS technique is used to measure on-road vehicle emissions.
¢ Instantaneous vehicle emissions are highly dynamic under real driving conditions.
e The two emission factors measured by dual RS technique show little correlation.
e Emission factors converge to a Gamma distribution with over 200 RS measurements.

e Dual RS technique is recommended for accurate identification of high-emitting vehicles.



1. Introduction

Ambient air pollution poses a major threat to human health, causing over four million deaths yearly
due to chronic respiratory diseases, lung cancer, stroke and heart disease (WHO, 2020). There is no safe
level of air pollution as even exposure to low-level air pollution (such as those seen in Australia and
Japan) increases the risk of illness and mortality (Hanigan et al., 2019; Zhao et al., 2020). The road
transport sector, in particular diesel vehicles, is a main source of air pollution in many cities worldwide,
such as Sydney and Hong Kong (Anenberg et al., 2017; Huang et al., 2020b). For example, the latest
Air Emissions Inventory in New South Wales (NSW), the most populous state in Australia, reported
that on-road motor vehicles alone contributed 43.4%, 55.4%, 11.9% and 12.9% of the total
anthropogenic emissions of CO, NOx, PMyo and PM: 5, respectively in Sydney in 2013 (NSW EPA,
2019).

Significant effort has been undertaken to curb vehicle emissions, such as more stringent automotive
emission standards, new engine and vehicle technologies, better fuel quality and renewable fuels (He et
al., 2017; Huang et al., 2018a). However, the current effort mostly concerns new vehicles but lacks
control on in-use vehicles. Although new vehicles are manufactured to meet emission regulations, their
in-use performance may not achieve the same standards due to deterioration, improper maintenance,
tampering or failure of the engine components. Recent studies showed that some common faults in the
engine combustion and exhaust after-treatment systems could lead to much higher emissions than the
standard limits (Huang et al., 2019a; Organ et al., 2020). Therefore, it is of the same importance to
control in-use vehicle emissions as to introduce stringent emission standards for new vehicles. On-road
remote sensing (RS) technology is developed for this purpose. It emits infrared (IR) and ultraviolet (UV)
beams at a typical tailpipe height across a single lane road and measures the vehicle emissions via light
attenuation through the exhaust plume when a vehicle passes by, causing little interference to driving.
The on-road RS technology is a rapid, non-intrusive and economical tool for the monitoring and control
of in-use vehicle emissions, which has gained significant attention recently.

Bishop and Haugen (2018) analysed a large RS dataset collected in Chicago during 1989 to 2016.
Sharp reductions of emission factors (g/kg fuel) of light-duty vehicles were observed, with CO reduced
by one order of magnitude since 1989, HC by a factor of >20 since 1989 and NO by 79% since 1997.
Organ et al. (2019) evaluated the effectiveness of a high-emitter enforcement program for gasoline and
liquefied petroleum gas (LPG) vehicles using RS technology in Hong Kong. They found significant
overall reductions of 55.9% for HC, 50.5% for CO and 60.9% for NO during 2012 to 2016. Pujadas et
al. (2017) assessed the emissions performance of passenger cars in Madrid using RS. They found that
NO/CO: of diesel vehicles did not reduce with the introduction of increasingly stringent emission
standards and this trend differed greatly among various brands and engine models. Huang et al. (2018c)
further investigated the emission trends of the dominant diesel vehicle models in Hong Kong. They
observed a significant increase of NO emissions (g/kg fuel) from one dominant model during 2005 to
2011, which was caused by the change of fuel supply system from indirect to direct fuel injection. The
above studies observed opposite NO emission trends due to the different fuel types concerned, i.e.
gasoline and LPG vehicles in Bishop and Haugen (2018); Organ et al. (2019) vs diesel vehicles in Huang
et al. (2018c); Pujadas et al. (2017). RS studies showed that gasoline NOy reduced obviously in the past
15-20 years but diesel NOx did not reduce over the same period including those vehicles equipped with
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exhaust after-treatment systems for NOx control (Carslaw and Rhys-Tyler, 2013; Chen and Borken-
Kleefeld, 2014). Current RS studies mostly used a horizontal configuration and new RS systems are
being developed. Ropkins et al. (2017) evaluated the performance of a novel facing-down RS system
by using a simulated exhaust gas, a portable emission measurement system (PEMS) and a car chaser.
The experimental results showed high sensitivity and linearity of the facing-down configuration over a
wide range of vehicle speeds.

One main challenge in RS measurements is that the instantaneous tailpipe emissions are highly
dynamic under real-world driving conditions, while RS can only capture a snapshot of emissions when
the vehicle passes by a RS measurement site. A recent PEMS study on a Euro 6 diesel vehicle showed
that high instantaneous NOx events represented a large proportion of the total NOy although they only
accounted for a small proportion of the driving time (Mera et al., 2019). Transient chassis dynamometer
tests showed that the probability of extreme NO/CO: high-emitting event was generally evenly
distributed over different driving conditions (Huang et al., 2019b). Despite the large variations of
instantaneous emissions, all existing studies only analysed the emissions data of one RS system, except
for one early study which used two remote sensors to screen gross polluters for an immediate on-road
Smog Check (Beaton et al., 1995). There is a lack of investigation on how representative the snapshot
RS measurements are for evaluating the mean emission factors and their trends, although the existing
RS studies usually used a large number of measurements and it was believed that the random variations
were cancelled out when they were averaged (Austin et al., 2004).

The key innovation of this study is the use of a unique dual RS technique which deploys two RS
systems in tandem at any measurement site. The characteristics of a pair of emission factors measured
consecutively are investigated on the basis of a large sample size, i.e. 405096 valid pairs of emission
measurements of gasoline, LPG and diesel vehicles. The mean emission factors and trends derived from
the dual RS technique are evaluated against the conventional single RS technique. Further, statistical
analysis is conducted to determine the minimum sample size required for deriving converged results,
which provides a valuable guide for the accurate and effective use of the RS technology.

2.  Methodology
2.1. Dual RS technique

The RS systems ETC-S420 were provided by the Environmental Technology Ltd. Co. based on the
requirements from the Hong Kong Environmental Protection Department (HKEPD). The measurement
uncertainties of ETC-S420 are about £15%. HKEPD (2020b) has successfully used it to screen gasoline
and LPG high-emitters for emission enforcement from 1 September 2014. To set up a dual RS station,
two units of ETC-S420 RS systems (denoted by RSS1 and RSS2) were placed with a separation distance
of one second under the average driving speed of the measurement site. The exact separation distance
ranged between 3 and 20 m, depending on the site characteristics. A site with a higher average driving
speed had a longer separation distance. Choosing one second separate distance was to ensure that the
dual RS technique could measure two different engine conditions. The passing vehicle is very likely a
persistent high-emitter if both RS readings are high, which is the basis of the dual RS technique. The
setup of a dual RS measurement site is illustrated in Fig. 1. In each RS system, there are beam sources
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and detectors, a retroreflector, speed and acceleration sensors and a license plate camera. Measurements
are triggered when the beams are blocked by a passing vehicle, including the emissions of CO, COg,
HC and NO, the driving conditions of speed and acceleration, and the licence plate number. The license
plate number is used to acquire the vehicle’s registration information, such as its make, model,
manufacture year, and fuel type. The exhaust emissions after a vehicle are affected by a number of
factors such as vehicle speed, engine conditions, wind speed and wind direction. Therefore, remote
sensing is unable to measure the absolute emission concentrations. Instead, remote sensing can only
measure the relative emission ratios of CO/CO2, HC/CO2 and NO/CO. which are assumed to be constant
for a given plume in the near wake region after the vehicle tailpipe exit (Bishop et al., 1989; Burgard et
al., 2006; Huang et al., 2020a). For this reason, meteorological conditions are not measured in remote
sensing but are taken into account before proceeding with measurements. These emission ratios can be
used to evaluate the performance of a vehicle, such as for calculating the fuel mass-based emission
factors.

Remote sensing system 2

IR & UV sources & detectors

Retroreflector :
Speed & acceleration sensors

License plate

nare Remote sensing system 1

Fig. 1. Setup of a dual RS measurement site.

2.2. Data collection and treatment

In the present study, vehicle emissions were measured at 92 sites (Fig. S1, Supplementary
Information) across the Hong Kong city from 2 January to 31 December 2018. Measurement sites are
usually at highway on-ramps so that they are single-lane roads with slight uphill gradients. This is to
ensure that vehicle engines are under load to produce sufficient exhaust gas for measurement. In
addition, the sites are not close to traffic lights or intersections so that off-cycle emissions due to sharp
acceleration/deceleration can be avoided. The sites also have a busy but not congested traffic to collect
sufficient emissions data. At the beginning of each measurement day, both RS systems were calibrated
using a puff of a reference span gas with known pollutant concentrations to ensure that they were
working within the accuracy specifications (i.e. £15%). In addition, in-field calibrations were carried
out every 2 h during the measurement day. The data collected in the previous 2 h were omitted if either



RS system failed the field calibration, due to the high accuracy requirements of a legislative enforcement
program. Therefore, both RS systems correlated well in the calibration checks.

The one-year continuous measurement program collected 930433 and 932991 emission records by
RSS1 and RSS2, respectively. RSS1 was set up at upstream of the traffic direction so that it measured
vehicles approaching the measurement site, while RSS2 was at downstream measuring data when
vehicles departed from the site. A Matlab code (version R2018b) was used to pair the two datasets by
using the vehicle license plate number (unique to each vehicle) and the measurement time (time
difference within a few seconds). The Matlab code matched a total number of 904684 pairs of emission
records. One pair of emission records were considered valid only when both RS systems measured
sufficient CO2 exhaust plumes for determining the emission ratios of CO/CO, HC/CO, and NO/CO;
(Carslaw et al., 2011; Chen and Borken-Kleefeld, 2014, 2016; Huang et al., 2018c). In addition, the
driving conditions when passing by both RS systems were matched with the Hong Kong Transient
Emission Testing (HKTET) cycle (i.e. <90 km/h for speed and -5 to 3 km/h/s for acceleration) which is
the laboratory test for emission compliance check of in-use vehicles in Hong Kong (Huang et al.,
2019b). By applying the above two criteria, 405096 pairs of valid emission records were selected.
Equations (1-3) were applied to calculate the fuel mass based emission factors (EF) (Burgard et al.,
2006; Huang et al., 2018b).

28 €0/co,
EFco = 0.014 " 1+C0/C0O,+6HC/CO, [9/kg fuel] (1)
_ 2x44 HC/CO,
EFyc = 0.014 ~ 14+C0/C0,+6HC/CO, [9/kg fuel]  (2)
EFy, = — L [g/kg fuel]  (3)

0.014 ~ 1+CO/CO,+6HC/CO,

2.3. Sample characteristics

The characteristics of the valid emission dataset are given in Table 1. The dataset includes a total
of 405096 pairs of emission records for 182183 unique vehicles, including 125848, 37487 and 18848
unique gasoline, diesel and LPG vehicles, respectively. LPG vehicles are measured more frequently
(5.9 times per vehicle) than gasoline (1.6) and diesel (2.4) vehicles because LPG vehicles are used for
public transport in Hong Kong which are used extensively. The average model year of diesel vehicles
(2012.0) is obviously newer than that of gasoline (2010.4) and LPG (2010.2) vehicles. This is mainly
because older (pre-Euro IVV) commercial diesel vehicles are being progressively removed from roads by
a subsidised mandatory phasing-out program from 1 Mar 2014 to 30 Jun 2020 (HKEPD, 2020a). Table
1 also shows that the average engine size (4231 cc) of diesel vehicles are larger than those of gasoline
(2343 cc) and LPG (2182 cc) vehicles. This is because diesel vehicles are widely used for heavy duty
applications such as goods vehicles and buses. Table 2 shows the driving conditions of the sampled
vehicles when passing by RSS1 and RSS2. As shown in Table 2, most of the vehicles (97.2%) passed
by the two RS systems within 1 or 2 seconds. Only a small number of vehicles (2.7%) passed by RS
sites slowly due to either high traffic volumes or drivers deliberately driving slowly to avoid the
excessive emissions of their vehicles to be detected by the gasoline and LPG high-emitters enforcement
program. This can be seen in the averaged deceleration at RSS1 in Table 2.
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Table 1. Characteristics of the sampled fleet.

Engine No. of valid No. of unique Average measurements Average Average engine
type pairs (A)  vehicles (B)  per vehicle (A/B) model year  size (cc)
Gasoline 204193 125848 1.6 2010.4 2343

Diesel 90127 37487 2.4 2012.0 4231

LPG 110776 18848 5.9 2010.2 2182

Total 405096 182183 2.2 2010.7 2719

Table 2. Driving conditions of the sampled fleet.

Time interval

between No. of RSS1 average RSS1 average psso average RSS2 average
. . Percentage acceleration acceleration

RSS1 and valid pairs speed (km/h) (km/his) speed (km/h) (km/h/s)

RSS2 (s)

1 288594  71.2% 40 0.2 40 0.1

2 105451  26.0% 30 0.1 30 0.2

3 8664 2.1% 17 -0.1 18 0.3

4 1544 0.4% 13 -0.2 12 0.2

>5 843 0.2% 12 -0.4 11 0.3

3. Results and discussion
3.1. Characteristics of instantaneous vehicle emissions

With the dual RS technique, the emissions of one vehicle will be measured twice consecutively
within 1-2 seconds when passing by a measurement site. Fig. 2 plots the CO (a), HC (b) and NO (c)
emission factors measured by RSS1 against those measured by RSS2. Generally, the correlations
between RSS1 and RSS2 measurements are relatively weak, with R? values of 0.43, 0.13 and 0.52 for
CO, HC and NO, respectively. In particular, HC and NO emissions measured by RSS1 and RSS2 are
relatively independent, as shown in Figs. 2b and 2c. For CO emissions, however, Fig. 2a shows that
both measurements tend to have similar high emission levels when both RSS1 and RSS2 readings are
high (e.g. >200 g/kg fuel, as highlighted in the dashed box). The mean manufacture year is 2005.6 for
the measurements in the box, which is much older in comparison to the mean manufacture year (2010.7)
of the whole dataset. This indicates that the extreme CO emissions are from either pre three-way catalyst
(TWC) vehicles or vehicles with open loop control engines, both with less engine variabilities.
Nevertheless, the correlation between RSS1 and RSS2 is still weak even when both measurements are
above 200 g/kg fuel, with an R? value of 0.56 (Fig. S2).
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Refining the comparison by fuel types or driving conditions does not improve the correlations
between the emission factors measured by RSS1 and RSS2. Table 3 shows the derived R? values after
refining the comparison by fuel types (i.e. gasoline, diesel and LPG vehicles) and driving conditions. In
the refinement of driving conditions, only the emissions measured from vehicles having the same
driving conditions when they pass by RSS1 and RSS2 are used. Three typical driving conditions of
cruising (0 km/h/s), accelerating (2 km/h/s) and decelerating (-2 km/h/s) at 40 km/h (which is the
average driving speed, Table 2) are investigated. As shown in Table 3, the correlations between RSS1
and RSS2 are still relatively weak even for the same fuel type vehicles or under the same driving
conditions. This further indicates that the instantaneous vehicle emissions are highly dynamic under
real-world driving. The instantaneous vehicle emissions are mainly determined by the engine
combustion conditions and can be relatively stable when all engine operating conditions are constant,
such as in a steady-state engine dynamometer testing which controls the engine speed, load, intake air
flow, fuel injection and ignition. However, when it comes to real-world driving, the only measured
(controlled) parameters are the driving speed and acceleration. The engine may be under different
operation conditions although the driving speed and acceleration are the same, leading to different
instantaneous tailpipe emissions. PEMS tests showed that the emission concentrations are highly
variable even when the vehicle is driven under similar conditions (Huang et al., 2019c; Mendoza-
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Villafuerte et al., 2017). It should be noted that such high variability is not due to the testing methods,
but due to the vehicles themselves (Bishop et al., 1996). It is also worth mentioning that the RS
measurement sites are chosen at highway on-ramps with slight uphill grades. As a result, the vehicle
engines tend to be under load, which may lead to higher emission variabilities and thus lower
correlations. Nevertheless, Table 3 shows that the correlation is still small even when the driving
condition is unchanged.

Table 3. R? values of emission factors measured by RSS1 versus RSS2.

Sub-dataset * CO HC NO
All data (405096) 0.43 0.13 0.52
Gasoline (204193) 0.30 0.04 0.35
Diesel (90127) 0.12 0.02 0.43
LPG (110776) 0.54 0.22 0.51
Cruising (3831) 0.25 0.06 0.54
Accelerating (181) 0.63 0.54 0.52
Decelerating (33) 0.15 0.12 0.25

* Numbers in the parentheses are the numbers of data points for the plots.

3.2. Effect of sample size on emissions distribution

RS can measure the emissions of a large number of vehicles over a short time, which are widely
used to examine the emission trends as a result of various factors, such as more stringent vehicle
emission standards (Carslaw et al., 2011; Chen and Borken-Kleefeld, 2014; Lau et al., 2012; Pujadas et
al., 2017), engine technology advancement (Huang et al., 2018c; Sjodin, 1994), engine deterioration
(Borken-Kleefeld and Chen, 2015; Chen and Borken-Kleefeld, 2016) and other vehicle emission control
programs such as fleet renewal and inspection and maintenance (I/M) programs (Bishop et al., 2013;
Bishop et al., 2012; Organ et al., 2019; Stedman et al., 1997). These studies all used only one set of RS
system. However, section 3.1 shows that the instantaneous emissions of one vehicle are highly dynamic.
Therefore, a key question is if this would bias the emission trends derived from snapshot measurements.
Fig. 3 compares the variations of mean emission factors with manufacture year measured by the single
and dual RS techniques. In the single RS technique, the emission level of a vehicle is indicated by the
first RS system only (i.e. RSS1). In the dual RS technique, the emission level of a vehicle is indicated
by the average of two consecutive measurements by the first and second RS systems (i.e. RSS1 and
RSS2). As shown in Fig. 3, the emission trends are generally the same for both techniques, in particular
for vehicles manufactured in or after 2000. There are slight differences in the emission factors of
vehicles manufactured before 2000 due to their relatively small sample sizes (<1000 emission records
per data point). Small sample sizes also result in large uncertainties in the mean emission factors, as
evidenced by the large error bars.

10



140

a b 10
B «++ae++- Single RS technique ++--A-+-- Single RS technique

= 120 1 7% -=@--Dual RS technique T g ==@=-Dual RS technique
= >
& 100 - 2 4%
%D 80 ) iﬁ ? 6 1 ; |
o b T
8 g 355‘ 8 TS | &i
Y= [} s . s
ECE R & 5 4 %
2 - ' 2 |
g 40 A QE) h‘é
o O 2 A ““ll
© 20 1 -

0 0 T T T T T

1989 1994 1999 2004 2009 2014 2019 1989 1994 1999 2004 2009 2014 2019

Manufacture year Manufacture year
c 1 , )
«+<-As+++ Single RS technique
%; 1 - = =@ == Dual RS technique
% i é“h Fig. 3. Comparison of emission trends of
5 ° IR CO (a), HC (b) and NO (c) measured by the
~‘§ ?‘\, %@é \ single and dual RS techniques. Error bars
j§ ° % AX represent the 95% confidence internals. This
E 3 | M,“,“‘ figure is derived from the whole RS dataset, i.e.
= b‘.‘ 405096 RSS1 records for the single RS technique
0 . . . . . curves and 405096 pairs of RSS1 and RSS2

1989 1994 1999 2004 2009 2014 2019

" records for the dual RS technique curves.
anufacture year

Although instantaneous vehicle emissions are highly dynamic, the results in Fig. 3 illustrate that
dual RS technique will generate the same mean emission factors and trends as the traditional single RS
technique does when a large number of measurements are available (e.g. 405096 in this study). However,
in previous RS studies, the datasets varied in a large range from a few thousand measurements (Baum
et al., 2001; Stephens and Cadle, 1991) to over three million measurements (Bishop et al., 2000). As a
result, the number of measurements used to calculate the mean emission factors in each manufacture
year ranged from less than 100 to over 10000. Since RS only measures instantaneous vehicle emissions
within a half second, it is required to collect a sufficient number of measurements to generate reliable
and converged mean emission factors. Accordingly, a key question is how big a sample size is
considered sufficient. To answer this question, a Matlab code is used to randomly select a certain
number of pairs of emission factors from the whole dataset. Fig. 4 depicts the distributions of NO
emission factors of the randomly selected sub-datasets with difference sample sizes. The distributions
of CO and HC are shown in Figs. S3 and S4, respectively. No statistical distribution can be observed
for either RSS1 or RSS2 sub-dataset when the sample size is very small (e.g. 10). As the sample size
increases, both the randomly selected sub-datasets converge to the same distribution, which is highly
skewed towards the lower emission side. Such a skewed distribution can be well fitted with a Gamma
distribution curve I' (k, 8) (Zhang et al., 1994), the shape parameter (k) and scale parameter (6) of which
are shown in the individual subfigures.
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Since each randomly selected sub-dataset may show a different distribution, the Matlab code has

been run repeatedly to obtain 100 random sub-datasets for a given sample size to quantitatively evaluate

the effect of sample size on the convergence of emission distribution. The Gamma distribution curve is

used to fit the histograms of the sub-datasets. The maximum likelihood estimates (MLEs) algorithm is

used to calculate the two parameters. Fig. 5 shows the mean shape and scale parameters of the 100 sub-

datasets for NO emission factors. Generally, both RSS1 and RSS2 sub-datasets have very similar

parameters for a given sample size. For the shape parameter, it reduces quickly from 3.07/2.96 to

2.11/2.09 when the sample size increases from 10 to 50 for RSS1/RSS2. It then reduces slowly to
12



1.90/1.92 at sample size of 200 and finally becomes constant when the sample size is over 200. For the
scale parameter, it fluctuates when the sample size is smaller than 200 and then approaches a constant
value with further increase of the sample size. In addition, both the shape and scale parameters vary
significantly (indicated by the large error bars) among the random selections when the sample size is
smaller than 200. The uncertainties become relatively small (indicated by the small error bars) when the
sample size is over 200. Fig. 5 also shows that there are slight differences in the converged scale
parameters between RSS1 and RSS2. This is because the distributions of RSS1 and RSS2 datasets are
not exactly identical. The shape and scale parameters of the whole dataset (i.e. sample size of 405096)
are 1.86 and 4.20 for RSS1, and 1.88 and 4.12 for RSS2, respectively. However, such small differences
in the shape and scale parameters result in negligible difference between the two Gamma curves, as
shown in Fig. S5. The results in Fig. 5 indicate that a minimum sample size of 200 RS measurements
IS required to obtain a converged emission distribution, and in turn to get an accurate mean emission
factor. The Gamma shape and scale parameters of CO and HC emissions factors are shown in Figs. S6
and S7, respectively, which demonstrate similar variations and indicate the same minimum sample size
of 200 for converged emission distributions. This study agrees well with an earlier study by Chen et al.
(2019), who used Monte Carlo simulations to investigate the effect of sample size on emission mean
and variance and reported that no more than 200 RS records were sufficient to approximate the mean
NO emissions of Euro 4-6 diesel cars. Our study further demonstrates that the 200 minimum sample
size also applies to other emission species (i.e. HC and CO) and fuel types (i.e. gasoline and LPG
vehicles). 200 may be a conservative estimate, considering that the vehicle engines tend to be under
load due to the slight uphill grades of RS sites which may lead to larger emission variabilities. However,
RS sites require uphill grades to produce sufficient exhaust gas for valid measurements. Therefore, 200
is deemed a suitable estimate for RS applications.
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Fig. 5. Average shape and scale parameters of 100 randomly selected sub-datasets for NO emission
factors. The error bars represent the 95% confidence intervals.
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3.3. Implications

This study shows that the instantaneous vehicle emissions are highly dynamic under real driving
conditions. The two emission factors of one vehicle measured by the dual RS technique demonstrate
little correlation, even under the same driving conditions when the vehicle passes by the two RS systems.
This indicates that solely relying on the vehicle dynamics such as the speed and acceleration or even
the site road slope is insufficient to fully characterise their emissions. A vehicle emitting low (or high)
emissions when it passes by the first RS system does not necessarily guarantee that it will also emit low
(or high) emissions at the second RS system. Consequently, one snapshot measurement by RS is
insufficient to accurately indicate the emission level of a passing vehicle. In particular, when it comes
to on-road identification of high-emitting vehicles, using a single RS system without due consideration
of such real-world emission variability would result in false detections. Therefore, to increase the
accuracy of high-emitters detection, a dual RS technique is developed which incorporates suitable and
sufficiently high cutpoints to prevent false detections. A vehicle is considered as high-emitting only if
both measurements exceed the cutpoint.

Although the two instantaneous vehicle emissions are highly variable, both single and dual RS
techniques will achieve the same accuracy performance when a large number of measurements are
available. Further statistical analysis shows that RS measurements will converge to a Gamma
distribution when the sample size is over 200. This indicates that the uncertainties of snapshot RS
measurements are cancelled out and accurate mean emission factors can be obtained from a large RS
dataset. A sample size lower than 200 would result in biased emissions distribution and thus derive
inaccurate mean emission factors and trends. This study suggests that a minimum of 200 RS
measurements are required to derive an accurate and reliable mean emission factor for a given sampled
vehicle group (e.g. a specific vehicle class or fuel type).

4. Conclusions

This study investigated the emission characteristics of on-road vehicles using a unique dual RS
technique. A one-year continuous measurement program was carried to collect a substantial dataset of
on-road vehicle emissions. The program obtained 405096 valid pairs of emission records for 182183
unique vehicles. Statistical analysis was carried out to evaluate the characteristics of instantaneous
emissions measured by the dual RS technique and the effect of sample size on emission distribution.
The key findings of this study are:

1)  The two emission factors measured by the dual RS technique demonstrate little correlation even
when vehicle dynamics are taken into consideration, indicating that instantaneous vehicle
emissions are highly dynamic under real-world driving conditions. As a result, one snapshot
measurement from a single RS technique may be insufficient to accurately represent the emission
level of a passing vehicle. Using a dual RS technique is recommended to increase the accuracy of
identification of high-emitting vehicles.
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2)

3)

4)

Despite the little correlation, the dual RS technique measures the same mean emission factors and
trends as the conventional single RS technique. This is because the uncertainties of snapshot
measurements are cancelled out when a large number of measurements are available.

Statistical analysis shows that both RS systems demonstrated the same Gamma distribution with
200 or more measurements, leading to converged mean emission factors for a given group of
vehicles. Therefore, this study highlights that a minimum sample size of 200 RS measurements is
required to generate sufficiently accurate and repeatable mean emission factors.

This study suggests that using the single or dual RS technique will depend on the purpose of
applications. For evaluating the average emissions of any given fleet or individual vehicle, the
single and dual RS techniques have the same accuracy as long as sufficient measurements are
taken. However, for identifying individual high-emitters based on only one measurement, the dual
RS technique has a higher accuracy than the single RS technique.
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