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Abstract 
 
This paper mainly focused on the comparison of nanoparticle size distribution and number concentration level char-

acteristics with gasoline and diesel fueled light duty vehicles. In the engine research, particle size distribution and num-
ber concentrations were analyzed by a DMS500 with engine parameters. Time-resolved particle number concentration 
levels from test vehicles were measured by a golden particle measurement system (GPMS) as recommended by a Par-
ticle Measurement Programme (PMP) on certification modes such as New European Driving Cycle (NEDC), Federal 
Test Procedure (FTP)-75, and Highway Fuel Economy Test (HWFET). In addition, particle emission characteristics 
from vehicles were analyzed by DMS500 during transient and high-speed driving conditions. From the results, we 
found that the formation of particles was highly dependent on vehicle speed and load conditions for each mode. The 
diesel vehicle equipped with a particulate filter showed substantial reduction of the total particle number whose number 
concentration was equivalent to that of the gasoline vehicle. The nucleation mode particles from gasoline fuel were 
mainly emitted; however, the accumulation mode particles from the diesel fuel were generally analyzed. 
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1. Introduction 

Recently, environmental researchers and the gen-
eral public have increasingly focused their attention to 
internal combustion engines. Small particles causing 
fine dust formation in the atmospheric environment 
are known to reduce visibility. From epidemiological 
studies carried out by a number of research groups, 
particles can have a negative effect on human health 
[1-4]. In addition, many studies have stated that at-
mospheric particles comprise one important factor 
where mortality and morbidity are concerned [5].  

Particle number and mass concentration levels 
from state-of-the-art engines tend to exhaust much 

lower than older engines. This is a result of improve-
ments in engine design, quality of combustion, fuel 
spray angle, and atomization of fuel by high pressure 
injection, as well as the development of advanced 
technologies for fuel and oil formulations [6-8]. In 
vehicle exhaust emissions, particulate matter (PM) 
consists of tiny solid particles and liquid droplets 
ranging from a few nanometers to around one mi-
crometer in diameter [9].  

Among others, the advantages of diesel-powered 
engines include their ability to increase engine power 
output, fuel economy, and high durability compared 
to park ignition engines. Diesel engines are widely 
used in heavy-duty trucks, buses, and light-duty vehi-
cles as they have fewer penalties in terms of perform-
ance and emission [10]. Although diesel engines emit 
considerably higher concentrations of particulate 
mass than gasoline engines, the total number of vehi-
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cle miles traveled by gasoline-fueled vehicles in ur-
ban areas greatly exceeds that of diesels, in which 
case gasoline vehicles may contribute up to 68% of 
the vehicle engine-generated particulate mass and 
90% of the particulate number [11]. 

Current PM standards regulate particle emissions in 
terms of the total mass of PM emitted per kilometer 
traveled. This regulation is an effective way of con-
trolling larger-sized particle emissions because finer 
particles contribute little to the total mass of PM 
emissions [12, 13]. Many studies have shown that, for 
internal combustion engines, the decrease in total 
particle number concentration does not accompany 
the reduction of particle mass. Toward solving such 
problems, over the past 10 years, efforts have been 
devoted to the development of a particle measurement 
method and the analysis of particle characterization 
through the UN-GRPE Particle Measurement Pro-
gramme (PMP). This is a collaborative program oper-
ating under the auspices of the UNECE (United Na-
tions Economic Commission for Europe) / GRPE 
(Working Party on Pollution and Energy) group, with 
the strong involvement of the governments of the UK, 
Germany, Sweden, France, and lately, Japan and Ko-
rea. This program aims to focus on the development 
of a new approach to PM measurement in vehicle 
exhaust emissions, which may be used to replace or 
complement the existing mass-based system used for 
regulatory purposes [14-17].  

The work presented here aims to evaluate particle 
size distribution characteristics and number concen-
tration levels emitted from gasoline and diesel fueled 
engines with various operation conditions, as well as 
light duty vehicles on the NEDC, FTP-75, and 
HWFE driving modes. 
 
2. Experimental apparatus and methods 
2.1 Gasoline and diesel engine experimental system 

Figs. 1 and 2 show the schematic diagram of the 
gasoline and diesel engine experimental apparatus 
used to analyze the particle number concentration and 
size distribution characteristics for the start phase and 
steady operation condition.  

The gasoline engine is a double overhead camshaft 
(DOHC), in-line four cylinder, 2.0 liter SI engine 
equipped with a continuously variable valve timing 
(CVVT) device. Fuel injection pressure is constantly 
controlled to 3.5 bar by the pressure regulator installed 
inside the fuel pump in the fuel tank and maintained 

 
 
Fig. 1. Schematic diagram of the gasoline engine experimen-
tal system. 

 

  
Fig. 2. Schematic diagram of the diesel engine experimental 
system. 

 
tained through the fuel supply line. The throttle angle 
is automatically controlled by an electronic servomo-
tor, which can be managed using time steps to eliminate 
throttle angle variation during fast transient operation.  
The diesel engine is a single overhead camshaft 
(SOHC), in-line four cylinder, 2.2 liter variable ge-
ometry turbocharged (VGT) common rail direct in-
jection (CRDI) engine with electronic throttle control 
(ETC) and catalyzed particulate filter (CPF). Fuel is 
supplied from a fuel tank to a high-pressure pump 
through a low-pressure pump. The common rail pres-
sure is controlled by a high-pressure pump with en-
gine-operating conditions. Detailed engine specifica-
tions are given in Table 1. Particle size distribution 
and number concentration characteristics are analyzed 
by a differential mobility spectrometer (DMS500) 
through an engine test. In the transient test, the en-
gines are decoupled by a dynamometer to simulate a 
very aggressive transient operation.  
 
2.2 Vehicle experimental system  

Two light-duty vehicles meeting which are ULEV  
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Table 1. Specifications of test engines. 
 

Engine 
Type 

In-line, DOHC 16V 
(Gasoline) In-line, SOHC (Diesel)

Displace-
ment 1,998 cc 2,188 cc 

Bore x 
Stroke 86 mm x 86 mm 87 mm x 92 mm 

Compres-
sion ratio 10.5 : 1 17.3 : 1 

Valve 
timing 

IVO: variable, IVC: vari-
able 

EVO: BBDC 34°CA, 
EVC: ATDC 10°CA 

IVO: BTDC 7°CA, IVC: 
ABDC 35°CA 

EVO: BBDC 52°CA, 
EVC: ATDC 6°CA 

Fuel injec-
tion Multi Point Injection Common Rail Direct 

Injection 
Exhaust 
system WCC+UCC DOC+DPF 

 
Table 2. Specifications of test vehicles. 
 

Vehicles Gasoline (ULEV) Diesel (EURO 4)

Engine Type L4-VVT L4-VGT 

Engine Displacement 1,998cc 1,991cc 

Transmission AT4 AT4 
Aftertreatment Equip-

ment WCC+UCC DOC+DPF 

Injection Type MPI CRDI 

Max. power (hp/rpm) 144/6,000 151/3,800 

Weight empty (kg) 1,460 1,581 

Model Year 2007 2008 

Odometer (km) 24,586 17,114 
 
and EURO 4 regulations were tested on a chassis 
dynamometer to evaluate particle number concentra-
tion and particle mass emissions under the NEDC, 
FTP-75, and HWFET modes. The specifications of 
the test vehicles and the schematic diagrams of the 
vehicle experimental apparatus are presented in Table 
2 and Fig. 3.  

The flow rate of the diluted exhaust gas through the 
constant volume sampler (CVS) tunnel was 20 
m3/min at standard reference conditions (i.e., 20ºC 
and 1 bar). Relative humidity was constantly main-
tained around 32% with a thermo-hygrostat. The pri-
mary dilution air was allowed to pass through a high 
efficiency particulate air (HEPA) filter to minimize 
particle effect in the background level of an emission 
facility. The number of particles emitted from the test 
vehicle was counted using the golden particle meas-
urement system (GPMS) upon the recommendation 
of the PMP. The volatile particle remover (VPR) 
comprises a first particle number diluter (PND1), an 

 
 
Fig. 3. Schematic diagram of the vehicle experimental system. 

 
evaporation tube (ET), and a PND2. A sample particle 
was diluted with the particle-free dilution air at 150°C 
inside the rotating disc diluter (MD19-2E). After the 
first dilution, the sample flow was moved to the ET, 
which was maintained at a temperature of 300°C. A 
3010D condensation particle counter (CPC) manufac-
tured by TSI was used to measure the time-resolved 
particle number concentrations at three different driv-
ing modes. In addition, a DMS500 fast particulate 
spectrometer was installed at the tail pipe location to 
analyze the particle number characteristics under 
transient and steady driving tests (from 80 km/h to 
120 km/h). To minimize fuel variation during the test 
periods, gasoline and diesel fuels were supplied from 
the same filling station with one batch preparation. 
The octane number and sulphur contents were 93.2 
and 18 mg/kg for gasoline fuel, respectively, while 
the cetane number and sulphur contents were 55.9 
and 6 mg/kg for diesel fuel, respectively. 
 
3. Engine experimental results 
3.1 In-cylinder pressure characteristics for gasoline 

and diesel engines 

A combustion analyzer with a spark plug-type sen-
sor for gasoline engine and a glow plug-type sensor 
for diesel engine was used to analyze the in-cylinder 
pressure of the No. 1 cylinder. In-cylinder pressure 
was continuously measured throughout 200 cycles, 
after which the average value was obtained. Spark 
timings for the gasoline engine varied from BTDC 
50°CA to BTDC 20°CA in 10°CA units, while the 
fuel injection timings of the diesel engine were ad-
justed between BTDC 6°CA and ATDC 9°CA in 
3°CA intervals. In-cylinder pressure traces with vari-
ous spark timings and fuel injection timings are pre-
sented in Figs. 4 and 5. In case of the gasoline engine, 
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Fig. 4. In-cylinder pressure characteristics with various spark 
timings of the gasoline engine. Test conditions are λ=1.0, 
IVO=BTDC 35oCA, 2,400 rpm, BMEP 3.0 bar, and a fully 
warmed up condition. 

 

 
 
Fig. 5. In-cylinder pressure characteristics with various injec-
tion timings of diesel engine. Test conditions are 1,400 rpm, 
BMEP 4.0 bar, and a fully warmed up condition. 

 
the value and location of the peak cylinder pressure 
for BTDC 20°CA are about 15 bar and ATDC 20°CA, 
respectively, while those for BTDC 50°CA are about 
29 bar and ATDC 10°CA. 

On the other hand, the in-cylinder pressure values 
of the diesel engine are higher than those of the gaso-
line engine. The value and location of the peak cylin-
der pressure for BTDC 6°CA are about 55 bar and 
ATDC 15°CA, respectively, while those for ATDC 
9°CA are about 47 bar and ATDC 5°CA. Curve (a) 
shows the increasing cylinder pressure by compres-
sion stroke, and curve (b) indicates the cylinder pres-
sure profiles by main fuel injection. As the spark tim-
ing and fuel injection timing become advanced, in-
cylinder pressure is gradually increased because the 
combustion quality is improved for the gasoline en-
gine and the premixed combustion phase is shortened 

for the diesel engine [18]. 
 

3.2 Particle size distribution and number concentra-
tions with engine parameters at steady condition 

Generally, PM size distributions are classified as 
trimodal, mainly consisting of the nucleation, accu-
mulation, and coarse modes. These modes are distin-
guished by the particle diameter, with the nucleation 
mode being less than about 50 nm and the accumula-
tion mode ranging from 50 to 1000 nm. Finally, the 
coarse mode rarely emitted in an internal combustion 
engine is composed of particles with diameters 
greater than 1000 nm [9]. Fig. 6 shows the particle 
size distribution and number concentration behavior 
with excess air ratio (λ) and spark timings for the 
gasoline engine at a steady operating condition. The 
highest particle emissions were measured at a rich 
operating condition (λ=0.8). From the test result, it 
can be seen that the nucleation mode was largely 
emitted more than the accumulation mode. In the case 
of lambda of 0.8, the nucleation and accumulation 
modes are over one order of magnitude higher than 
that of lambda of 1.2.  

As spark timing advanced from BTDC 20°CA to 
BTDC 50°CA, the particle number concentrations 
also increased. The PM number concentrations at 
BTDC 50°CA are over one order of magnitude higher 
than that of BTDC 20°CA, which is around 10 nm. 
However, the particle number concentration over the 
range of spark timing test was not distinctively ob-
served compared to the mixture ratio. The effect of 
PM number reduction by retarding spark timing can 
be explained by the exhaust gas temperature. The 
exhaust gas temperature is highest for late spark tim-
ing, so particle number levels as well as THC concen-
trations decrease because the amount of post-flame 
oxidation is increased by retarded spark timing [19]. 

The effect of the aftertreatment for gasoline and 
diesel engines on the particle size distribution and 
number concentration characteristics is presented in 
Fig. 7. The PM size distribution measured in the 
gasoline engine was bi-modal, consisting of the nu-
cleation and accumulation modes. When compared 
with the upstream and downstream particle number 
concentrations, an order of magnitude is similar at 
various load conditions except at BMEP 4.0 bar. Par-
ticle number concentrations with diameters around 10 
nm were largely emitted. On the BMEP 4.0bar condi-
tion, such particle number concentrations decreased a 
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Fig. 6. Particle size distribution and number characteristics 
for gasoline engine: (a) Air-fuel ratio; (b) spark timings. Test 
conditions are 2,400 rpm, BMEP 3.0bar, and a fully warmed 
up condition. 
 
 
maximum of two times at the downstream of the cata-
lytic converter. 

Fuel injection timing for the diesel engine varied by 
increments of 3°CA units from BTDC 6°CA to 
ATDC 9°CA, while engine operation conditions 
(BMEP 4.0bar at 1,400 rpm) remain fixed. As the 
fuel injection timing was retarded from BTDC 6°CA 
to ATDC 9°CA, nucleation mode levels decreased 
along with the increase in accumulation mode con-
centration levels. Accumulation mode particles 
mainly consist of carbonaceous agglomerates gener-
ated shortly after the start of combustion. Retarded 
fuel injection timing at a low part load condition re-
sults in an incomplete combustion, leading to an in-
crease in unburned hydrocarbons. In addition, injec-
tion timing affects the residence time for primary soot 
particle oxidation. As injection timing is advanced, 
accumulation mode particles are supposed to be re-
duced due to an increase of residence time for soot 
oxidation. 

3.3 Particle size distribution and number concentra-
tions during the start phase 

Time-resolved particle size spectra characteristics 
during cold start and fast transient operations using 
DMS500 for gasoline and diesel engines are illus-
trated in Fig. 8. From the particle spectra, the nuclea-
tion mode was mostly emitted by the gasoline-fueled 
engine, while the accumulation mode was observed in 
the upstream of DPF for the diesel engine. 

In Fig. 9, nucleation and accumulation modes are 
widely distributed and largely emitted during cold 
start and fast acceleration. Particle number concentra-
tions were emitted a maximum of 3.0E+8 parti-
cles/cm3 at the upstream of DPF, and a maximum of 
1.0E+4 particles/cm3 at the downstream of DPF for 
the diesel engine during the cold start and transient 
operation. From the gasoline engine test, particle 
number concentration levels were analyzed at a a 
maximum of 2.0E+7 particles/cm3 during the cold 
start and fast transient operation. 
 

4. Vehicle experimental results 

4.1 Particle emission characteristics during transient 
and steady driving conditions 

Fig. 10 shows the time-resolved particle emission 
characteristics during dynamic operation for gasoline 
and diesel vehicles. Maximum particle number con-
centrations during cold start were 7.5E+6 parti-
cles/cm3 for the gasoline vehicle and 4.5E+5 parti-
cles/cm3 for the diesel one. Particle emissions are 
related to engine speed, load, coolant temperature, 
aftertreatment temperature and many others. Particle 
number levels from the gasoline vehicle are higher 
than those from thediesel vehicle due to rapid engine 
speed acceleration during cold start in order to pro-
mote the catalyst light-off. Particle concentration 
levels were reduced to below 1.0E+3 particles/cm3 for 
the gasoline engine after cold start. In contrast, parti-
cle emissions from the diesel vehicle equipped with 
DPF were constantly maintained at 1.0 ~ 2.0E+5 
particles/cm3 after cold start.  

There are several particle deposition mechanisms in 
a filter. Specifically, nucleation mode particles are 
trapped in the filter by diffusion. Diffusion deposition 
occurs due to a particle emission concentration 
gradient (∆C). Here, the Peclet (Pe) number is used to 
explain this characterization. Pe number can be an 
effective parameter in comparing filtration at low 
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temperature DPF [20]. The filtration efficiency (ED = 
2Pe-2/3) due to diffusion is a function of the di-
mensionless Pe number (Pe = dfU0/D). In addition, 
this parameter is inversely proportional to the diffu-
sion coefficient (D) which increases with temperature 

[21]. Therefore, nucleation mode particles are not 
deposited on the filter surface emitted through the 
porous environment inside the filter. This is because 
the diffusion velocity (VD ~ D · ∆C) of the particle is 
dropped due to insufficient DPF temperature. 

 
 
Fig. 7. Particle size distribution and number characteristics: (a) upstream of TWC; (b) downstream of TWC; (c) upstream of 
DPF; and (d) downstream of DPF. Test conditions are λ=1.0, S/A=MBT, 2,400 rpm and a fully warmed up condition for the 
gasoline engine and 1,400 rpm, BMEP 4.0 bar, and a fully warmed up condition for the diesel engine. 
   

 

Fig. 8. Particle size spectra during the cold start and transient operation: (a) gasoline engine; (b) upstream of DPF for diesel 
engine; and (c) downstream of DPF for the diesel engine. 
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In the steady and transient test, particle concen-
trations sensitively increased with the variation of 
engine speed for gasoline and diesel vehicles. Es-
pecially, particle concentration levels were con-
stantly maintained at 1.5E+5 ~ 2.0E+5 parti-
cles/cm3 at a high speed condition (120 km/h). 
Particle emission from the diesel DPF vehicle at 
120 km/h could be explained by the natural regen-
eration of particles (partial oxidation of loaded 
soot) brought about by the high temperature 
(measured temperature: 330ºC) inside the parti-

culate trap during the high-speed operating condi-
tion.  

 
4.2 Comparison of the continuous particle number 

concentration in the NEDC, FTP-75, and 
HWFET modes 

Total particle number (N) emissions for the vehicle 
driving modes were calculated by means of the fol-
lowing equation in accordance with the particle num-
ber measurement procedure of Regulation No. 83 
[22]. 

 
 
Fig. 9. Particle size distribution and number characteristics: (a) cold start and (b) transient. 
 
 

 
 
Fig. 10. Particle emission characteristics during dynamic operations with two vehicles: (a) cold start for the gasoline vehicle; (b) 
cold start for the diesel vehicle; (c) steady state for the gasoline vehicle; and (d) steady state for the diesel vehicle. 
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310V C DRmix avg totN

d

× × ×
=    (1) 

In Eq. (1), N (particles/km) is the particle number 

emission expressed in particle per kilometer, Vmix is 
the volume of the diluted exhaust gas in liter per test, 
Cavg is the average concentration of particles in di-
luted exhaust gas in particles per cubic centimeter, 
DRtot is the total dilution factor of the diluter, and d is 
the distance corresponding to the test mode in kilome-

 
 
Fig. 11. Time-resolved particle number concentration characteristics during the NEDC mode with two vehicles: (a) NEDC 
mode; (b) Engine speed and lambda for the gasoline vehicle; (c) Engine speed and lambda for the diesel vehicle; (d) Cold ECE 
mode; and (e) EUDC mode. 

 

 
 
Fig. 12. Time-resolved particle number concentration characteristics during FTP-75 mode with two vehicles: (a) FTP-75 mode; 
(b) Engine speed and lambda for the gasoline vehicle; (c) Engine speed and lambda for the diesel vehicle; (d) Cold state (phase 
1); and (e) Hot state (phase 3). 
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ter.  
Fig. 11 shows the time-resolved particle emission 

traces measured by CPC for gasoline and diesel pas-
senger vehicles in the NEDC mode. The levels of PM 
number emissions showed a close relationship with 
the driving condition of the vehicle testing modes. 
Particle number concentrations from gasoline and 
DPF diesel vehicles were highest during the cold start 
phase, whose level was 1.0E+3 particles/cm3. After 
the engines warmed up, particle number concentra-
tions were emitted by 2 ~ 4 particles/cm3 at the all-
accelerating duration for gasoline and diesel vehicles. 
Particle number concentrations emitted from gasoline 
and diesel increased along with the acceleration con-
dition in the high-speed driving cycle, which was 
represented by the extra urban cycle.  

Particle emissions were gradually reduced after the 
second mode of economic commission for Europe 
(ECE) 15 urban driving cycle and then maintained 

below 4 particles/cm3, except for the accelerating 
duration of the extra urban driving cycle (EUDC) 
condition. Total particle number concentration and 
particle mass were 1.44E+10 particles/km and 0.004 
g/km for the gasoline vehicle, respectively. On the 
other hand, those for the diesel vehicle were 
1.09E+11 particles/km and 0.003 g/km, respectively. 
In the case of the diesel-fueled vehicle, the DPF sys-
tem demonstrated a potential to reduce the particle 
number and mass emission enormously.  

Fig. 12 presents the time-resolved particle emission 
behaviors of the FTP-75 mode. Particle formation 
increased in a manner similar to the NEDC mode 
during vehicle speed up. However, in this study, the 
concentrations were largely emitted at the cold state 
phase because the vehicle speed gradient was steeper 
than that for the NEDC mode. However, total particle 
number and mass of the FTP-75 mode showed simi-
lar levels compared to those of NEDC. To verify the 

 
 
Fig. 13. Time-resolved particle number concentration characteristics during HWFET mode with two vehicles: (a) HWFET 
mode; (b) Engine speed and lambda for the gasoline vehicle; (c) Engine speed and lambda for the diesel vehicle. 

 

 
 
Fig. 14. Comparison of total particle number concentration and particle mass in different driving modes. 
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vehicle speed effect on particle formation, the 
HWFET mode was also tested.  

Fig. 13 represents the time-resolved particle emis-
sion behaviors of HWFET. Comparing NEDC and 
FTP-75 to the HWFET mode, the engine reached a 
fully warmed up condition and its average speed 
reached about 77.7 km/h (NEDC: 33.6 km/h, FTP-75: 
34.1 km/h). The orders of particle number concentra-
tions were 3.25E+10 ~ 1.50E+11 particles/km for the 
gasoline and diesel vehicles, respectively. The test 
results for total particle number concentration and 
particle mass are summarized in Fig. 14. 
 

5. Closing remarks 

This research aimed to evaluate the particle number 
and size distribution characteristics of the gasoline 
and diesel light duty vehicles which are meted by 
ULEV and EURO 4 regulations under different en-
gine operating conditions and vehicle certification 
modes, such as NEDC, FTP-75, and HWFET. The 
PM size distribution measured in the gasoline and 
diesel engines was bi-modal, consisting of the nuclea-
tion and accumulation modes. The nucleation mode 
(dp < 50 nm) in a gasoline engine was mainly emitted, 
while the accumulation mode (dp > 50 nm) in a diesel 
engine was generated. As the spark timing for the 
gasoline engine became retarded, particle number 
concentration gradually decreased because of the 
oxidation of unburned fuel during the expansion 
stroke. However, as the fuel injection timing became 
retarded for the diesel engine, particle emissions were 
increased because of an incomplete combustion. The 
aftertreatment of the gasoline engine had a small ef-
fect on PM reduction at various part load conditions, 
and particle number concentration levels were re-
duced by a maximum of 3 orders of magnitude into 
the DPF downstream for the diesel engine.  

Gasoline and diesel fueled vehicles, regardless of 
aftertreatment, both emit PMs during transient opera-
tion including cold start operation, heavy acceleration 
phase, and high speed period. In particular, particles 
were constantly emitted due to the natural regenera-
tion of DPF in high-speed driving conditions. In addi-
tion, particle formation was dependent on the degree 
of transient operating cycle in the vehicle test modes, 
such as acceleration, deceleration, and vehicle speed. 
The order of magnitude of total particle concentra-
tions with various test modes for gasoline and diesel 
shows similar levels. Particle concentration of the 

DPF diesel is below 6.0E+11 particles/km, which is 
well within the particle number emission regulations 
enacted at EURO 5 and EURO 6.  
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