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Abstract This study analyzed the characteristics of
nanoparticle emissions from a light-duty diesel vehicle
in NIER-06 and NIER-09 test cycles, which include
acceleration, deceleration, and idling phases without
cruise driving phase and thus simulate urban driving
patterns during rush hour in South Korea. In general,
the tested diesel vehicle emitted more particles as accel-
eration increased. Since NIER-06 test cycle showed a
higher average acceleration than NIER-09 test cycle, the
tested diesel vehicle emitted more particles, by 17–31%,
per unit distance traveled in NIER-06 test cycle than in
NIER-09. When the acceleration phases of NIER-06
and NIER-09 test cycles were categorized into two
groups by considering gear shift change, the tested
diesel vehicle emitted more particles, by approximately
60%, per unit distance traveled at the acceleration
phases with the speed change of lower than 20 km/h,
i.e., where it was assumed that gear shift change did not
occur during acceleration, than at the acceleration
phases with the speed change of higher than 20 km/h,
i.e., where it was assumed that gear shift change oc-
curred more than once. Achieving a high average ve-
locity of traffic flow or minimizing sudden acceleration

for smooth urban traffic will be of great help in reducing
particle emissions from light-duty diesel vehicles.

Keywords Aerosol . Diesel vehicle emission . Particle
number . Particle mass . Driving test cycle .

Environmental and health effects

Introduction

The development of the automotive industry has drasti-
cally increased the portion of on-road mobile source for
air pollution sources. Many countries around the world
have endeavored to reduce automobile emissions. Emis-
sion standards are one of the products of such an at-
tempt. South Korea, Europe, Japan, and the USA ini-
tially applied regulations based on mass-based emission
(MBE) from diesel vehicles. However, since the imple-
mentation of EURO 5b standard in 2011, number-based
emission (NBE) regulation has been enforced along
withMBE regulation. In South Korea, particulate matter
(PM) emission from road mobile source accounts for as
much as about 10% of total PM emission (National air
pollutants emissions 2015, NIER). Also, in foreign
countries, vehicle emissions have been identified as a
major source of urban air pollution (Ross et al. 2011).
PM emissions from automobiles are harmful to the
human body and may cause a respiratory or cardiopul-
monary disease and cancers (Sydbom et al. 2001;
Ristovski et al. 2012; Ema et al. 2013; Chio et al.
2014; Oravisjärvi et al. 2014).
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To solve this problem, various researches are on the
way not only to improve fuel quality but also to develop
post processing devices. PM in diesel emissions is usu-
ally controlled by a diesel particulate filter (DPF) which
is a post processing device. Since the first commercial-
ization in 2000 (Salvat et al. 2000), the number of diesel
vehicles with DPF increased drastically and regulatory
authorities worldwide came to an agreement on vehicle
PM limits (US EPA 2001). According to Bergmann
et al. (2009) and Tente et al. (2011), the use of DPF
can reduce PM in exhaust gas by about 90%.

For this reason, many studies have been conduct-
ed to investigate characteristics of PM emissions
from diesel vehicles (van Gulijk et al. 2001; Park
et al. 2003; Sharma et al. 2005; Fujitani et al. 2006;
Giechaskiel et al. 2007; Kamimoto et al. 2007;
Biswas et al. 2008; Karavalakis et al. 2009; Oanh
et al. 2010; Ushakov et al. 2013; May et al. 2014;
Quiros et al. 2014). However, most of those studies
focused on the number concentration distribution or
total mass concentration measured from PM holder
installed in the rear end of a constant volume sam-
pler (CVS) tunnel. In other words, mass concentra-
tion of PM emissions from a diesel vehicle has not
been directly measured but indirectly estimated
through a measuring instrument for size and number
concentration such as engine exhaust particle sizer
(EEPS), electrical low-pressure impactor (ELPI),
scanning mobility particle sizer (SMPS), DustTrak,
and Dekati mass monitor (DMM). In the most of the
existing studies, mass concentration was converted
from number concentration. On the contrary, there
have been relatively much fewer cases where mass
concentration was directly measured (Fujitani et al.
2006; Lu et al. 2013). Fujitani et al. (2006) used a
Dekati low-pressure impactor (DLPI) and a Nano-
MOUDI which are instruments for measuring real
mass concentration. However, even in this case, real
mass concentration from a diesel vehicle was com-
pared under only one cruise driving condition and
one acceleration condition.

According to Faiz et al. (1996), air pollutant emis-
sions from a vehicle running on roads depend on weight
of the vehicle, engine performance, types of fuel, driv-
ing pattern, environmental factor (e.g., weather), road
gradient, and post processing system. Therefore, it is
necessary to develop driving test cycles that reflect
dominant driving styles and patterns in each country.
In 2005, the South Korean government made it

compulsory to install DPF on a diesel vehicle. However,
this regulation only applies to large cities. For this
reason, there are two groups of diesel vehicles running
on roads depending on whether DPF is installed or not.
National Institute of Environmental Research (NIER)
test cycle has been prepared by the NIER to reflect
driving patterns and habits currently widespread in
South Korea. A few studies have been conducted to
analyze the NIER test cycle, but all of them focused
on number concentration distribution and total mass
concentration (Myung et al. 2014; Jang et al. 2015).
Unfortunately, few studies have been made on real mass
concentration distribution. The NIER test cycles ad-
dressed in the present study were NIER-06 and NIER-
09. These test cycles do not include any cruising phase
but consist mainly of acceleration, deceleration, and
idling phases. Besides, the test cycles have low average
and maximum velocities. For these reasons, the test
cycles are suitable for predicting particle emissions from
vehicles running on roads during rush hour, unlike the
Federal Test Procedure (FTP-75) and the New European
Diving Cycle (NEDC).

Many studies have reported that diesel emission par-
ticles are harmful to the human body (Sagai et al. 1993;
Ichinose et al. 1995; Steerenberg et al. 1998; Singh et al.
2004; Brito et al. 2010). Especially, nanometer-sized
diesel emission particles are known to be more toxic to
the human lung (Nemmar et al. 2003; Block et al. 2004).
Therefore, it is of great importance to investigate the
characteristics of nanoparticle emission from a light-
duty diesel vehicle during test cycles simulating urban
rush-hour driving patterns. Diesel emission has been
regulated in terms of not only particle mass but also
particle number since the implementation of EURO 5b,
but total mass concentration and total number of parti-
cles emitted per unit distance traveled have been regu-
lated without considering particle size. It is thus needed
to investigate the size distribution of particles emitted
from a light-duty diesel vehicle and also the effect of the
use of a DPF in removing diesel emission particles,
especially nanometer-sized particles. This study evalu-
ated the characteristics of nanoparticle emission from a
diesel vehicle mounted on a chassis dynamometer in
terms of number concentration and mass concentration.
These evaluations were conducted with or without
installing a DPF, while the vehicle was being simulated
to be running on roads according to the NIER-06 and
NIER-09 test cycles simulating urban rush-hour driving
patterns in South Korea.
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Experimental setup

For this experiment, a diesel vehicle with common rail
engine was selected. Table 1 presents the specifications of
the vehicle. Figure 1 shows the experimental setup for
measuring particle emission from the diesel vehicle. The
experimental setup was composed of a chassis dynamom-
eter (ROADSIM 48^ MIM CAR, AVL Ltd., Graz, Aus-
tria), a constant volume sampler (CVS-ONE, Horiba Ltd.,
Kyoto, Japan), a solid particle counting system (SPCS,
MEXA-2000, Horiba Ltd., Kyoto, Japan), an engine ex-
haust particle sizer (EEPS 3090, TSI Ltd., MN, USA), a
Dekati low-pressure impactor (DLPI, Dekati Ltd.,
Kangasala, Finland), and a PM holder.

In the case of NBE measurement, the particle number
concentration emitted from the diesel vehicle was diluted
through CVS tunnel, and then it passed particle number
diluters (PND1 and PND2) and heated tubes. Finally,
SPCSmeasured the particle number concentration accord-
ing to the Particulate Measurement Program of the
UNECE-GRPE working group. In the same way, NBE
was also measured using EEPS according to particle size.

In the case of MBE measurement, the particle emis-
sions from the diesel vehicle were captured directly
from the tailpipe by DLPI, or the PM holder installed

at the rear end captured the particles which had passed
the CVS tunnel. Two diffusion-dryers containing silica
gels were connected in series and used to remove mois-
ture emitted from the tailpipe. Each of 13 stages of DLPI
wa s equ i pp ed w i t h Te f l o n - c o a t e d f i l t e r s
(TX40HI20WW 25 mm, Pall Ltd., New York, USA).
The cut-off sizes of the DLPI stages were 10, 6.8, 4.4,
2.5, 1.6, 1.0, 0.65, 0.4, 0.26, 0.17, 0.108, 0.06, and
0.03 μm. A larger-sized Teflon-coated filter
(TX40HI20WW 47 mm, Pall Ltd., New York, USA)
was installed to capture particles finally passing out of
DLPI, i.e., particles smaller than 0.03 μm. In order to
measure total mass concentration of particles that had
passed through CVS tunnel, a PM holder was used. A
2.5-μm-cut cyclone separator was installed at the fore-
end of the PM holder. The Teflon-coated filter
(TX40HI20WW 47 mm, Pall Ltd., New York, USA)
was also installed at the PM holder. The filters used in
DLPI and PM holder were weighed using an ultra-micro
balance (MSA2.7S-000-DF, Sartorius Ltd., Göettingen,
Germany). The amount of captured PMwas determined
by the mass difference before and after each experiment.

In this study, the number and mass concentrations
were measured for the particle emissions from the diesel
vehicle in NIER-06 and NIER-09 test cycles. In NIER-

Table 1 Specification of the test diesel vehicle

Engine type Displacement Max. power Max. torque Weight

l4 2.5 VGT 2497 cm3 175 hp/3800 rpm 46 kg m/2000 rpm 2280 kg

Fig. 1 Schematic diagram of particle measurement system
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06 test cycle, the average velocity is 19.5 km/h, the
maximum velocity is 60.1 km/h, the driving time is
846 s, the driving distance is 4.51 km, the ratio of
acceleration phase to total driving time is 37.3%, that
of deceleration phase is 37.1%, and that of idling phase
is 25.6%. In NIER-09 test cycle, the average velocity is
34.1 km/h, the maximum velocity is 70.9 km/h, the
driving time is 926 s, the driving distance is 8.74 km,
the ratio of acceleration phase to total driving time is
43.4%, that of deceleration phase is 44.9%, and that of
idling phase is 11.7%. In compliance with EU regulation
test method, each experiment was conducted after
parking the diesel vehicle for more than 6 h in a room
which was maintained at the temperature of 20–30 °C
with the humidity of 50%. NBE and MBE were

measured for NIER-06 and NIER-09 test cycles respec-
tively with or without installing a DPF.

Results

Figure 2 shows cases where DPF was removed. The
figure shows variation of vehicle speed over driving
time of NIER-06 and NIER-09 test cycles respectively
(line) and also presents temporal variation of number
concentration of particles (symbol), which were emitted
from the diesel vehicle running in NIER-06 and NIER-
09 test cycles and measured by EEPS and SPCS. EEPS
seemed to measure number concentration of particles
better than SPCS. It may be because EEPS could detect

Fig. 2 Variations of vehicle
speed and particle number
concentration over driving time
(without a DPF). a NIER-06 test
cycle. b NIER-09 test cycle
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particles of smaller sizes than SPCS could. During the
acceleration/deceleration phases of NIER-06 and NIER-
09 test cycles, both EEPS and SPCS could clearly
identify the tendency of number concentration of parti-
cles emitted from the diesel vehicle, which increased or
decreased in correspondence to the acceleration/
deceleration phases. During the idling phase, both driv-
ing cycles emitted particles with the similar levels of
number concentration.

Figure 3 compares total number of particles emitted
per unit distance traveled between EEPS and SPCS
measurement data for the diesel vehicle without a
DPF, running in NIER-06 and NIER-09 test cycles.
Since EEPS measured particle size distribution, for the
EEPS measurement data, two histogram bars were used
to display total number of particles smaller than 100 nm
and those larger than 100 nm. It was found that the
number of emitted particles smaller than 100 nm was
higher than the number of emitted particles larger than
100 nm. In addition, EEPS showed a higher value of
total number of particles per kilometer than SPCS. It is
because EEPS can measure particles as small as 5.6 nm
in diameter, while the measuring range of SPCS is 50%
± 12% in 23 nm and 90% in 41 nm. However, EEPS and
SPCS showed the same tendency. It turned out that
NIER-06 test cycle generated a higher level of total
particle number per unit distance traveled than NIER-
09 test cycle.

In Fig. 4, NBE was measured by EEPS during the
acceleration phases of NIER-06 and NIER-09 test cy-
cles, when DPF was removed. According to gear shift
schedule shown in Blagojević et al. (2017) and Parmar

et al. (2017), the gear shift change occurred when a
vehicle’s speed-change exceeded roughly 15–20 km/h.

Fig. 3 Comparison of total
number of particles emitted per
unit distance traveled between
NIER-06 and NIER-09 test cycles
(without a DPF)

Fig. 4 Number of particles emitted per unit distance traveled
during the acceleration phases of NIER-06 and NIER-09 test
cycles (without a DPF). a With vehicle-speed-change of less than
20 km/h. b With vehicle-speed-change of more than 20 km/h
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Therefore, in the present study, the acceleration phases
were categorized into two groups, i.e., one group with
vehicle-speed-change of less than 20 km/h as listed in
Table 2, and the other group with vehicle-speed-change
of greater than 20 km/h as enumerated in Table 3. Not
only acceleration but also velocities at the beginning and
end of each acceleration phase are listed in these tables.
Figure 4a plots the data in Table 2, and Fig. 4b displays
the data in Table 3. In this study, it was assumed that the
gear shift change did not occur in the acceleration
phases shown in Fig. 4a, whereas it occurred more than
once in the acceleration phases depicted in Fig. 4b.
Generally, a large acceleration, in other words, sudden
acceleration tended to cause more particles. This is
because the increase of acceleration also increases en-
gine load. The trends of NIER-06 and NIER-09 test
cycles appeared to overlap, making it possible to obtain
linear regression lines. From the comparison of linear
regression lines, the acceleration phases with vehicle
speed change of less than 20 km/h were found to gen-
erate more particles per unit distance traveled than those
with vehicle speed change of larger than 20 km/h.

Figure 5 shows average number concentration dis-
tribution which was measured by EEPS for NIER-06
and NIER-09 test cycles during total driving time,
while DPF was removed. The peak of the number

concentration distribution of each test cycle ap-
peared around 0.07 μm, and NIER-06 test cycle
had a higher level of number concentration than
NIER-09 test cycle, like in Fig. 3. Especially,
NIER-06 test cycle generated more particles of >
0.04 μm than NIER-09 test cycle.

Figure 6 presents the mass concentration distribution
which was converted from the number concentration dis-
tribution of Fig. 5. The particle mass was calculated by Eq.
1, which used effective density by assuming spherical
particles.

mp ¼ π
6
d3pρe ð1Þ

Here, dp is the mobility particle size measured by EEPS, ρe
is the effective density determined by Eq. 2 (Maricq and
Xu 2004).

ρe ¼ ρ0
dp
d0e

� �d f −3

ð2Þ

Here, ρ0 is the density of primary particles, d0e is the size of
primary particles, and df is the fractal dimension. As for the
values of Eq. 2, ρ0 = 2 g/cm3, d0e = 0.02 μm, and df = 2.3
were used, as proposed byMaricq andXu (2004). It turned
out that the converted mass concentration distributions of

Table 2 Number of particles emitted per unit distance traveled when the diesel vehicle was accelerated with vehicle-speed-change of less
than 20 km/h

Test cycle Vehicle
acceleration (m/s2)

Velocity before
acceleration (km/h)

Velocity after
acceleration (km/h)

Velocity change during
acceleration (km/h)

Number of particles emitted
per unit distance traveled
(particles/km)

NIER-06 0.1697 31.8 39.2 7.4 3.79E+12
0.1908 32.8 35.5 2.7 7.28E+12
0.1930 41.0 43.0 2.0 8.65E+12
0.2834 40.0 44.1 4.1 1.43E+13
0.3196 31.3 46.3 15.0 1.27E+13
0.3458 41.9 54.4 12.5 1.50E+13
0.3996 0 11.6 11.6 1.30E+13
0.4105 38.1 45.5 7.4 1.42E+13
0.4399 0 11.1 11.1 3.00E+13
0.4587 18.8 25.4 6.6 1.42E+13
0.6155 18.3 27.2 8.9 2.88E+13
0.7781 15.8 32.6 16.8 1.66E+13

NIER-09 0.2198 33.6 43.8 10.2 3.81E+12
0.2277 37.1 42.9 5.8 5.92E+12
0.2574 16.0 29.8 13.8 2.75E+12
0.2719 45.6 48.5 2.9 8.68E+12
0.3300 43.2 59.9 16.7 3.09E+12
0.3868 27.8 44.6 16.8 7.65E+12
0.3888 27.7 44.4 16.7 8.13E+12
0.5168 42.6 53.8 11.2 9.96E+12
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NIER-06 and NIER-09 test cycles had their peaks around
0.1 μm. In general, NIER-06 test cycle generated more
mass of particles than NIER-09 test cycle.

Figure 7 shows actual mass concentration distribu-
tion of particles sampled directly by the filter of each
stage of DLPI from the tailpipe of the diesel vehicle. The
geometric mean particle size of the graph was obtained
from the cut-off sizes of neighboring impactor stages.

The geometric mean particle size of 0.136 μm, which
corresponds to 0.107-μm cut-off size of impactor stage,
showed the peak, and this result matches almost the
peak of the mass concentration distribution converted
from the number concentration distribution which was
measured by EEPS in Fig. 6. However, the actual mass
concentration distribution shown in Fig. 7 appeared to
be much broader than the converted mass concentration

Table 3 Number of particles emitted per unit distance traveled when the diesel vehicle was accelerated with vehicle-speed-change of more
than 20 km/h

Test cycle Vehicle
acceleration (m/s2)

Velocity before
acceleration (km/h)

Velocity after
acceleration (km/h)

Velocity change during
acceleration (km/h)

Number of particles
emitted per unit distance
traveled (particles/km)

NIER-06 0.3183 0 41.2 41.2 3.54E+12
0.3854 3.8 45.5 41.7 5.23E+12
0.5382 0 21.4 21.4 9.61E+12
0.5395 0 60.1 60.1 2.48E+12
0.5405 0 41.0 41.0 8.72E+12
0.5779 0 52.0 52.0 2.64E+12
0.5995 7.5 50.7 43.2 8.89E+12
0.6888 0 44.8 44.8 7.48E+12
0.7543 0 46.1 46.1 7.84E+12
0.7948 9.2 49.4 40.2 1.53E+13
0.9623 0 31.3 31.3 2.95E+13

NIER-09 0.2716 6.9 61.7 54.8 1.66E+12
0.3338 24.1 70.9 46.8 1.91E+12
0.4149 40.5 60.0 19.5 2.61E+12
0.4380 0 52.1 52.1 3.95E+12
0.4669 35.9 66.1 30.2 6.02E+12
0.4672 0 28.5 28.5 3.31E+12
0.5258 30.4 68.2 37.8 3.17E+12
0.5992 0 23.6 23.6 5.59E+12
0.6035 0 39.9 39.9 4.29E+12
0.6170 0 68.9 68.9 3.34E+12
0.6354 0 52.6 52.6 4.49E+12
0.7814 0 36.7 36.7 4.68E+12

Fig. 5 Number concentration distribution measured by EEPS for
NIER-06 and NIER-09 test cycles during total driving time (with-
out a DPF)

Fig. 6 Mass concentration distribution converted from the aver-
age number concentration distribution of Fig. 5 (without a DPF)
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distribution displayed in Fig. 6. From the comparison
between Figs. 6 and 7, many particles of > 0.2 μm, in
reality, were emitted from the diesel vehicle, and this
might be because diesel soot particles of primary size
grew by agglomeration before being exhausted.

Table 4 presents PM fraction of particles emitted
from the diesel vehicle running in NIER-06 and NIER-
09 test cycles, i.e., the fractions PM1/PM10, PM1/PM2.5,
and PM2.5/PM10, while the DPF was removed. The total
mass of particles was larger for NIER-09 than that for
NIER-06. However, NIER-06 test cycle showed higher
mass of particles emitted per unit distance traveled than
NIER-09 test cycle. In addition, NIER-06 test cycle
generated relatively smaller particles compared to
NIER-09.

Figure 8 shows the comparison of actual mass of
particles emitted per unit distance traveled, mea-
sured by the PM holder installed at the rear end of
CVS tunnel, while DPF was removed. Due to the
2.5-μm-cut cyclone that was installed before the PM
holder, the diesel soot particles captured by the PM
holder had the aerodynamic sizes of < 2.5 μm.
These particles showed the same tendency of mass,
as shown in Fig. 7. In other words, NIER-06 test
cycle generated more particle mass per unit distance
traveled than NIER-09 test cycle.

Figure 9 shows the measurements of total number
of particles emitted from the diesel vehicle with DPF
installed. EEPS and SPCS were used for measurement.
The first two histogram bars display total number of
particles smaller than 100 nm and those larger than
100 nm, measured by EEPS. These results show the
same tendency as those of Fig. 3 where DPF was
uninstalled. In comparison with the results of Fig. 3,
in regard to the measurements of total particle number,
the results of EEPS and SPCS showed the reduction
by 1 order and about 3 orders, respectively. The reason
for this is as follows. The installation of DOC-DPF
system is known to increase non-volatile nanometer-
sized particles of nucleation mode (Johnson et al.
2009; Young et al. 2012). The detection size limit of
EEPS is lower than that of SPCS. Therefore, more
non-volatile nanometer-sized particles could be mea-
sured by EEPS. Thus, when DPF was installed, more
diesel particle emissions were measured by EEPS.
Figure 10 shows actual mass of particles emitted per
unit distance traveled, measured by the PM holder
installed at the rear end of CVS tunnel, while DPF
was installed. The results of Fig. 10 show the same
tendency of those of Fig. 8 where DPF was removed.
The particle mass emitted by the diesel vehicle was
much reduced owing to the use of the DPF.

Fig. 7 Actual mass concentration distribution of particles sampled
directly by the filter of each stage of DLPI from the tailpipe of the
diesel vehicle (without a DPF)

Table 4 PM fraction of particles emitted from the diesel vehicle running in NIER-06 and NIER-09 test cycles

Test cycle PM1 PM2.5 PM10 PM1/PM10 PM1/PM2.5 PM2.5/PM10

NIER-06 997.7 μg (221.2 μg/km) 1040.5 μg (230.7 μg/km) 1046.9 μg (232.1 μg/km) 95.3% 95.9% 99.4%

NIER-09 1680.6 μg (192.3 μg/km) 1795.4 μg (205.4 μg/km) 1833.7 μg (209.8 μg/km) 91.7% 93.6% 97.9%

Fig. 8 Comparison of actual mass of particles emitted per unit
distance traveled, measured by the PM holder installed at the rear
end of CVS tunnel (without a DPF)
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Table 5 compares NBE and MBE according to par-
ticle size range based on aerosol measuring instruments,
depending on whether or not the DPF was installed.

Since the EEPS can measure size distribution, PM0.1

and PM0.5, that is, particles smaller than 0.1 μm and
those smaller than 0.5 μm, were obtained for each test
cycle. By considering the NBE without DPF and the
NBE with DPF, the collection efficiency of the DPF,
from the EEPS measurement data, was estimated to be
approximately 93–94% in NIER-06 test cycle and 95–
96% in NIER-09 test cycle. Meanwhile, the SPCS can
measure particles with the detection efficiency of 50%
± 12% in 23 nm and 90% in 41 nm, and thus it was
assumed that most of the particles detected by the SPCS
were larger than 40 nm and PM>0.04 denoting particles
larger than 0.04 μm was compared. The collection effi-
ciency of the DPF for particles larger than 0.04 μm was
estimated to be more than 99.9% from the SPCS mea-
surement data, but it should be noted that a lot of
particles in the order of 1010 particles/km were emitted
even when the DPF was installed. Similarly, the MBEs
without or with DPF were compared. Since a 2.5-μm-
cut cyclone was used before the PM holder, the particles
collected on the filter placed in the PM holder were
assumed to be smaller than 2.5 μm, that is, PM2.5. From
the PM holder measurement data, the collection effi-
ciency of the DPF was estimated to be about 95% in
NIER-06 test cycle and 93% in NIER-09 test cycle. In
case of the DLPI measurement data without DPF, the
masses of particles collected on filters placed at some
impactor stages were lower than the detection limit of
the microbalance used in this study and thus was not
available. From the data obtained by the EEPS or PM
holder, the DPF used in this study was estimated to have
collection efficiency of about 93–96% for particles
smaller than 2.5 μm. However, when the SPCS mea-
surement data was considered, the DPFwas evaluated to

Fig. 9 Comparison of total number of particles emitted per unit
distance traveled between NIER-06 and NIER-09 test cycles (with
a DPF)

Fig. 10 Comparison of actual mass of particles emitted per unit
distance traveled, measured by the PM holder installed at the rear
end of CVS tunnel (with a DPF)

Table 5 Number-based emission and mass-based emission of particles measured by different instruments, depending on whether or not the
DPF was installed

Test cycle NIER-06 NIER-09

Number-based emission (particles/km) PM0.1 (EEPS) Without DPF 7.46E+13 6.67E+13
With DPF 5.49E+12 2.84E+12

PM0.5 (EEPS) Without DPF 1.01E+14 7.68E+13

With DPF 5.87E+12 3.59E+12

PM>0.04 (SPCS) Without DPF 6.56E+13 5.61E+13
With DPF 1.73E+10 4.52E+09

Mass-based emission (mg/km) PM2.5 (PM holder) Without DPF 31.27 18.06

With DPF 1.54 1.24
PM10 (DLPI) Without DPF 0.174 0.097

With DPF Not available Not available
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have collection efficiency of more than 99.9% for par-
ticles larger than 0.04 μm. As a result, the collection
efficiency of the DPF used in this study was assumed to
be very low for particles smaller than about 0.04 μm,
including primary diesel particles and semi-volatiles.
This implies that the DPF needs to be improved to
collect even the particles smaller than about 0.04 μm.

Conclusions

This study examined the characteristics of fine particle
emissions from a light-duty diesel vehicle in NIER-06
and NIER-09 test cycles, which are certification test
cycles in South Korea. NIER-06 and NIER-09 test
cycles are composed mainly of acceleration, decelera-
tion, and idling phases without a cruise driving phase.
Therefore, these test cycles can simulate urban rush-
hour driving patterns in South Korea. NBE was mea-
sured by EEPS and SPCS, while MBEwas measured by
DLPI and PM holder. Especially, DLPI measured actual
mass concentration of particles emitted from the tailpipe
of a diesel vehicle.

By considering gear shift change, the acceleration
phases of NIER-06 and NIER-09 test cycles were
categorized into two groups, i.e., one group with
vehicle speed change of less than 20 km/h and the
other group with vehicle speed change of more than
20 km/h. Without regard to test cycle, more particles
were emitted, by approximately 60%, per unit dis-
tance traveled when the diesel vehicle was acceler-
ated with the speed change of less than 20 km/h, i.e.,
where it was assumed that gear shift change did not
occur during acceleration. For both groups of accel-
eration phases with and without gear shift change,
particle emission per unit distance traveled generally
increased with increasing vehicle acceleration. Since
the average acceleration of NIER-06 test cycle was
0.49 m/s2 and that of NIER-09 was 0.41 m/s2,
NIER-06 test cycle had 17–31% higher values of
NBE and MBE per unit distance traveled than
NIER-09 test cycle, and both test cycles showed
the same tendency with or without DPF. In addition,
as for the actual emission of PM1, PM2.5, and PM10,
NIER-06 test cycle generated a higher portion of
PM1, which indicated that during low-velocity driv-
ing or heavy road traffic, ultrafine particles are more
likely to be generated. Accordingly, the driving pat-
tern needs to avoid sudden and drastic acceleration

as much as possible, and the driving habit needs to
be formed such that NBE and MBE from light-duty
diesel vehicles are minimized. In other words,
achieving a high average velocity of traffic flow or
minimizing sudden acceleration for smooth urban
traffic will be of great help in reducing particle
emissions from light-duty diesel vehicles. In addi-
tion, the DPF needs to be developed to more effi-
ciently collect nanoparticles, e.g., smaller than
0.04 μm.
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