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HIGHLIGHTS

o Gini coefficient was used to quantify the inequality of emission within fleets.

e Multi-pollutant control strategy needs to control vehicle emissions.

e There exist high emitters even in newer vehicle fleets.

o Identification and removal of high emitters is a cost-effective emission control.
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Vehicle emissions are an important source of urban air pollution. Diesel fuelled vehicles, although
constituting a relatively small fraction of fleet population in many cities, are significant contributors to the
emission inventory due to their often long mileage for goods and public transport. Recent classification of
diesel exhaust as carcinogenic by the World Health Organization also raises attention to more stringent
control of diesel emissions to protect public health. Although various mandatory and voluntary based
emission control measures have been implemented in Hong Kong, there have been few investigations to
evaluate if the fleet emission characteristics have met desired emission reduction objectives and if
adoption of an Inspection/Maintenance (I/M) programme has been effective in achieving these objectives.
The limitations are partially due to the lack of cost-effective approaches for the large scale characterisation
of fleet based emissions to assess the effectiveness of control measures and policy. This study has used a
plume chasing method to collect a large amount of on-road vehicle emission data of Hong Kong highways
and a detailed analysis was carried out to provide a quantitative evaluation of the emission characteristics
in terms of the role of high and super-emitters in total emission reduction, impact of after-treatment on
the multi-pollutants reduction strategy and the trend of NO, emissions with newer emission standards.
The study revealed that not all the high-emitters are from those vehicles of older Euro emission standards.
Meanwhile, there is clear evidence that high-emitters for one pollutant may not be a high-emitter for
another pollutant. Multi-pollutant control strategy needs to be considered in the enactment of the
emission control policy which requires more comprehensive retrofitting technological solutions and
matching [/M programme to ensure the proper maintenance of fleets. The plume chasing approach used in

this study also shows to be a useful approach for assessing city wide vehicle emission characteristics.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction
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fuelled vehicles of different fleets dominate in European countries
(Schipper et al., 2002), while they constitute only a smaller fraction
of total fleet in other areas serving mostly for goods and public
transport due to their higher power rate compared with other
fuelled vehicles. However, they have a disproportionally major
contribution in the inventory because of their longer mileage of
operation and significantly higher particulate matter (PM) emis-
sions than vehicles using other fuels (Gertler, 2005). Furthermore,
the International Agency for Research on Cancer recently classified
diesel engine exhaust as a Group I carcinogen based on its associ-
ation with lung cancer (Attfield et al., 2012; Silverman et al., 2012),
which raises significant concerns for the public health of urban
populations who tend to have frequent exposure to air pollutants
from diesel exhaust. Hong Kong is a large and densely populated
city, which experiences high levels of air pollution both in terms of
pollutants generated on roads and that transported from the
increasingly industrialised Pearl River Delta (Hagler et al., 2006;
Louie et al., 2005). In 2016, tighter air quality objectives will
come into force that will bring the city in line with WHO guidelines.
Nevertheless the exposure patterns of Hong Kong residents, who
largely live in crowded urban areas and take public transport along
crowded city streets are exposed to particular combinations of
pollutants that originate from traffic (Yang et al., 2015).

The government of the Hong Kong Special Administrative Re-
gion is aware of the importance of roadway vehicles as a source and
has, over the years, introduced a range of regulations to reduce
vehicle emissions, especially targeting diesel vehicles, as shown in
Table S1. After these mandatory and voluntary based emission
control measures have been successfully implemented (HKEPD,
2011, 2013), the Hong Kong Environmental Protection Depart-
ment (HKEPD) has been assessing the effectiveness of the measures
from the air quality data gathered by its monitoring network.
However, there have been few investigations targeting their effects
on on-road fleet emissions. A few studies have also pointed out the
importance of proper vehicle maintenance in the effective opera-
tion of emission control devices (Edesess, 2011; Ning et al., 2012),
but there has been little evidence of how Inspection/Maintenance
(I/M) implementation affects aggregate fleet emissions.

The limitations are partially due to the lack of cost-effective
approaches for the large scale characterisation of fleet-based
emissions to assess the effectiveness of control measures and pol-
icy. For example, the chassis dynamometer method can provide
comprehensive emission characteristics of individual vehicles in
laboratory operation conditions (Pakbin et al., 2009), but is unable
to cost-effectively test a large number of vehicles to represent the
variation of emissions among the vehicle fleet (Franco et al., 2013).
Portable Emissions Measurement System (PEMS) has the advan-
tage of simulating real-world driving conditions and providing high
resolution emission data (Rubino et al., 2010; Weiss et al., 2012), but
the long turnover time of vehicle tests limits its application for large
scale vehicle tests (Franco et al., 2013). A remote sensing system
using infrared and ultraviolet absorption has proved efficient in
capturing a large number of emission data in a short time (Chan
et al., 2004; Ning and Chan, 2007), but there is still limitation in
its application in measuring PM emission from diesel fuelled ve-
hicles (Moosmiiller et al., 2003). Recently, we have adopted a new
plume chasing approach and sampled a range of vehicle fleets in
Hong Kong to investigate the inter- and intra-fleet emission char-
acteristics (Ning et al., 2012).

The current study presents a more comprehensive plume
chasing campaign in Hong Kong targeting on-road diesel vehicles
and also links the emissions of individual vehicles with the corre-
sponding registration information. The principal objectives of the
study are to develop a quantitative understanding of the fleet
emissions issues and to elucidate the effectiveness of local emission

control measures and policy. The fleet based PM and gas emission
factors are presented with a quantitative measure of Gini coeffi-
cient introduced to compare the distribution of BC and NOy emis-
sion factors and to identify the role of high-emitters in contributing
to total emissions. We also investigate the degree of overlapping of
high-emitters for different pollutant emissions to evaluate the
effectiveness of retrofitting for emission control. Lastly, we evaluate
the role of ozone in secondary NO, formation inside plume and
present real-world ratios of primary NO, and NOyx from the
measured heavy duty diesel.

2. Experimental methodology
2.1. Mobile platform setup

The plume chasing measurements were performed using the
On-road Plume Chasing and Analysis System (OPCAS), that has
been developed by our group for high time resolution on-road air
quality and plume measurements. OPCAS comprises three major
components: power supply module, sample analysis module, and
data acquisition and processing module. Schematic diagram of
OPCAS was depicted in supplementary data of the previous studies
(Ning et al., 2012). It is powered by an Uninterrupted Power Supply
capable for about 5-h operation. The sample analysis module was
set up with separate sampling lines — one for gaseous pollutants
which include CO;, NO/NO; and O3 and the other for particulate
pollutants which include PM,s5 mass, ultrafine particle (UFP)
number, and black carbon (BC). Teflon tubing and fittings were used
for the gas line while conductive tubing and stainless steel fittings
were used for PM measurements. The details of all the measuring
devices are listed in Table 1. In this study, the OPCAS was configured
with an inlet installed in the front of a mobile platform towards the
direction of driving to capture the plume of the target vehicle. Black
carbon was measured with an Aethalometer (Model AE33, Magee
Scientific) which features a parallel light absorption measurement
on two sampling channels (from the same inlet stream) with
different rates of aerosol accumulation to compensate filter loading
effect (Drinovec et al, 2015). PMy5 mass concentration was
measured by DustTrak Il with PM, 5 inlet connected inline and the
concentrations were presented without a correction factor. The
data presented in this study serves only as a reference for inter-
comparison among different fleets and not intended to compare
with gravimetric PM emission standards. Isokinetic sampling was
not considered here because particulate pollutants emitted from
vehicles are of submicron size range (Morawska et al., 2007; Ning
et al., 2013), with insignificant isokinetic sample error (Baron and
Willeke, 2001). The ozone concentration was measured by scrub-
berless dual beam UV spectrometry and a Teflon filter and holder
(Apex Instruments) was equipped upstream of the inlet as we
found the presence of high particle concentration, especially in on-
road conditions, produces biased data due to particle penetration
into the gas chamber. NO and NO, concentrations were measured
by single channel chemiluminescence method and the analyser
was set with a cycle of 4s for NO and 4s for NOy as instructed by the
manufacturer for high resolution NOyx measurement.

Additionally, a high resolution Global Positioning System (GPS)
was used to collect vehicle location data and speed. A camera was
installed in the front window to record the on-road conditions for
quality assurance while post-processing the plume chasing data,
for example confirmation of on-road traffic conditions and indi-
vidual emission events etc. The information on registration plate
numbers of chased vehicles was recorded in the software used for
chasing and voice recording was taken for quality control in case of
typing error. Each day after the field operation, flow checks were
performed for all the particle instruments. The gas analysers were
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