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ABSTRACT
A solid particle number limit was applied to the European legislation for diesel vehicles in 2011.
Extension to gasoline direct injection vehicles raised concerns because many studies found particles
below the lower size limit of the method (23 nm). Here we investigated experimentally the
feasibility of lowering this size. A nano condensation nucleus counter system (nCNC) (d50% D
1.3 nm) was used in parallel with condensation particle counters (CPCs) (d50% D 3 nm, 10 nm and
23 nm) at various sampling systems based on ejector or rotating disk diluters and having thermal
pre-treatment systems consisting of evaporation tubes or catalytic strippers. An engine exhaust
particle sizer (EEPS) measured the particle size distributions. Depending on the losses and thermal
pre-treatment of the sampling system, differences of up to 150% could be seen on the final
detected particle concentrations when including the particles smaller than 23 nm in diameter. A
volatile artefact as particles with diameters below 10 nm was at times observed during the cold
start measurements of a 2-stroke moped. The diesel vehicles equipped with the Diesel Particulate
Filter (DPF) had a low solid sub-23 nm particles fraction (<20%), the gasoline with direct injection
vehicles had higher (35–50%), the gasoline vehicles with port fuel injection and the two mopeds
(two and four-stroke) had the majority of particles below 23 nm. The size distributions peaked at
60–80 nm for the DPF equipped vehicles, at 40–90 nm for the gasoline vehicles with a separate
nucleation mode peak at approximately 10 nm sometimes. Mopeds peaked at sizes below 50 nm
when their aerosol was thermally pre-treated.

EDITOR
Matti Maricq

Introduction

The Solid Particle Number (SPN) standard was intro-
duced in the European Union legislation for diesel light-
duty vehicles in September 2011 (Euro 5b), limiting the
number of solid particles emitted during the legislated
test cycle to 6£1011 p/km. The new standard effectively
necessitated the installation of high-efficient wall-flow
diesel particulate filters (DPFs) in all light-duty diesel
vehicles. The SPN standard was also introduced for
heavy-duty engines used in on-road applications in 2013
(Euro VI). The same standard was introduced for gaso-
line vehicles utilizing direct injection (G-DI) at Euro 6
stage (September 2014) initially with a limit of 6£1012 p/
km and from September 2017 with 6£1011 p/km. A SPN
limit will also be introduced in the Non-Road Mobile
Machinery engines regulation at Stage V (from 2017).

The SPN method is based on the findings of the Parti-
cle Measurement Program (PMP; Andersson et al. 2007;
Giechaskiel et al. 2008). Exhaust gas enters a volatile

particle remover (VPR), which consists of a hot diluter
(>150�C) and an evaporation tube (ET) at 350�C fol-
lowed by a diluter at ambient temperature. At the exit of
the VPR, a condensation particle counter (CPC) meas-
ures particles >23 nm (50% cut-point). In this article,
particles after thermal pre-treatment at approximately
350�C are called ‘solid’ by convention.

There were concerns whether the methodology
applied to diesel engines could be applied to gasoline
engines and other technologies. A literature survey
showed that solid nucleation mode of particles <23 nm
can be emitted and sometimes in high concentrations
(Giechaskiel et al. 2014). Summarizing the review, a lot
of studies have found a solid nucleation mode with older
and modern diesel engines, both at low and high loads
(Kittelson et al. 2006; R€onkk€o et al. 2007). Solid nucle-
ation mode was often observed at gasoline engines with
port fuel injection (G-PFI) and it was assumed to origi-
nate from the metals of the lube oil or from fuel additives
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(Mayer et al. 2010; Gidney et al. 2010). At G-DI vehicles
a small solid nucleation mode at 10–20 nm appeared
quite often in the size distribution (Khalek et al. 2010;
Szybist et al. 2011; Ntziachristos et al. 2013) but also dur-
ing decelerations conducted by engine braking (R€onkk€o
et al. 2014; Karjalainen et al. 2014). The percentage of
solid particles not measured (i.e., <23 nm) during a test
cycle has been reported to be on average 30–40% without
considering the particle loss in the sampling system
(Giechaskiel et al. 2014). Higher percentages were mea-
sured at low ambient temperatures or high ethanol fuels.
It should be mentioned that in some studies it was recog-
nized that the measured ‘solid’ nucleation mode was a
(volatile) re-nucleation artefact downstream from the
evaporation tube (Johnson et al. 2009; Zheng et al. 2011,
2012). Re-nucleation downstream from the evaporation
tube has been shown when sulfur (Swanson et al. 2009)
and/or ammonia is available (Amanatidis et al. 2014).
When the concentration of hydrocarbons is sufficient,
these particles grow to sizes detectable with commonly
used instruments (around 7–10 nm) (see, e.g., summary
in Giechaskiel and Martini 2014) and in some cases
>23 nm (Zheng et al. 2014; Giechaskiel et al. 2016). It
should be clarified at this point that in general, volatile
particles are not an artefact in real exhaust; they can
sometimes dominate the particle number (PN) emissions
as a separate nucleation mode (Kittelson 1998; Keskinen
and R€onkk€o 2010). Volatiles condensed on soot particles
are also part of the Particulate Matter (PM) as measured
with the gravimetric method. Here, we consider them as
an artefact only when they appear after the thermal pre-
treatment of the SPN measurement system.

The emissions of sub-23 nm particles have been
gaining a lot of attention over the last few years.
There are mainly two reasons: (1) sub-23 nm particles
might be more harmful to human health than bigger
particles as they have higher deposition efficiency in
the respiratory system and can translocate to other
areas such as the brain (Oberd€orster et al. 2004); (2)
the fraction is not negligible for vehicles not equipped
with a DPF (Giechaskiel et al. 2014). However, once
emitted small nanoparticles are transformed into big-
ger particles by coagulation processes. Thus, due to
their lower residence time in the atmosphere, the
sub-23 nm particles should have fewer possibilities to
be inhaled. Nevertheless, it should be kept in mind
that the diluted exhaust gas can reach citizens in a
few seconds/minutes at busy roads.

Researchers around the world are evaluating the pos-
sibility of reducing the lower size limit of the measure-
ment systems without affecting the measurement
uncertainty and reproducibility (Herner et al. 2007;
Zheng et al. 2012; Yamada et al. 2015). In the PMP

group, there are ongoing discussions on the possibility of
reducing the lower particle size below 23 nm for the
future World Harmonized Light Duty legislation
(Giechaskiel and Martini 2014). A Horizon 2020 call for
‘Technologies for low emission light-duty powertrains’
was launched with special emphasis on the sub-23 nm
particle measurements (Horizon 2020). There are three
groups that will investigate the topic in great detail:
DownToTen, Sureal-23, PEMs4Nano.

The current understanding of the feasibility of solid
sub-23 nm particle measurements for regulatory pur-
poses was summarized in the review paper by
Giechaskiel and Martini (2014). Lowering the cut-off
size of the SPN system to 3 nm can often lead to wrong
results due to the re-nucleation downstream from the
VPR with an evaporation tube (i.e., measuring volatiles
as solid particles): This could happen when the soot sur-
face is low (e.g., with particulate filters; Zheng et al.
2012), during regeneration (high exhaust gas tempera-
tures; Giechaskiel et al. 2016) or when the concentration
of organics is high (e.g., mopeds; Giechaskiel et al.
2015b). The re-nucleated particles are usually small in
size and do not grow more than 10 nm when the dilution
is high enough (typically, the primary dilution around
100 or higher; Yamada et al. 2015). However, high dilu-
tion is not required by the regulation; only a hot primary
dilution is required, and that the CPC measures in its
single particle count range. In addition, the solid particle
losses of existing commercial VPRs increase significantly
with a decreasing size and typically exceed 50% at
10 nm. For sub-10 nm measurements the final result is
very sensitive to the sampling setup (e.g., length of hoses,
flow rates, etc.) due to particle losses. Thus, so far, it
seems feasible to lower the lower size to around 10 nm
without significantly affecting the measurement uncer-
tainty and without introducing artefacts, but not lower
(Giechaskiel and Martini 2014). Lowering the 50% cut-
point of existing CPCs to 10 nm is relatively easy and
can be achieved simply with software modifications and
re-calibration. For measurements of particles >10 nm,
according to Giechaskiel and Martini (2014), a catalytic
stripper (CS; Khalekand Kittelson 1995; Amanatidis
et al. 2012; Otsuki et al. 2014) in place or in addition to
the Evaporation Tube (ET) is recommended to ensure
that hydrocarbons are oxidized and that no volatile re-
nucleated particles will grow at the 10 nm range. The
thermodenuder was not excluded, but there are studies
that have in some cases shown formation of solid par-
ticles (Swanson and Kittelson 2010). At this point, it
should also be mentioned that SPN measurements of
>10 nm (50% cut-off) will be introduced in the aviation
sector (Lobo et al. 2015). The particle losses in the sam-
pling and conditioning system will be corrected based on
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an estimation of the mean particle size from the non-vol-
atile mass and SPN measurements.

Although the 10 nm lower particle size limit would
cover the majority of the cases, it would probably leave
some vehicles that emit very small particles uncovered
(Alanen et al. 2015). Combustion studies have shown that
nanoparticles in the range of 1–5 nm are formed in large
concentrations (D’Anna 2009). Some studies have found
solid nucleation mode below 10 nm for heavy-duty diesel
(R€onkk€o et al. 2007) or G-DI (Khalek et al. 2010) engines.
To our knowledge, only one study has measured below
3 nm (Alanen et al. 2015). The reported losses in the par-
ticle measurement system for the 3 nm range were >65%
and the results typically have high uncertainty.

Although solid particles above or below 23 nm are of
high interest for regulatory purposes, total PN emissions
and size distributions from the dilution tunnel are under
investigation in the United States to provide an alterna-
tive to the regulated mass method, which has reached its
detection limit in modern vehicles equipped with a DPF
(Liu et al. 2009). Total particle concentrations are the
focus of atmospheric studies as well (see, e.g., review of
Morawska et al. 2008). In addition, special attention is
given to the fresh nucleation mode, which peaks at
around 20 nm and is mainly attributed to traffic; vehicles
contribute up to 90% on busy roads (Kumar et al. 2014).
In the laboratory, specific conditions that favour nucle-
ation mode and mimic ambient conditions can repro-
duce the concentration of the nucleation mode (within a
factor of 2–10) formed on the road at the tailpipe of
vehicles relatively well (see, e.g., review of Keskinen and
R€onkk€o 2010). However, these tests were conducted with
a porous type diluter directly at the tailpipe of a vehicle
and not in the dilution tunnel.

The primary objective of this article is to investi-
gate the capabilities of commercial systems for sub-
23 nm SPN measurements. Special attention is given
to the sub-10 nm range where existing systems have
high uncertainty. This is achieved by using different
sampling systems, CPCs with different cut-points and
the nCNC (>1 nm).

Based on the data collected for the characterization of
the sampling systems, the fractions of solid sub-23 nm
particles of two diesel vehicles equipped with a DPF, four
gasoline vehicles (two G-PFI and two G-DI) and two
mopeds (2-stroke and 4-stroke) are also presented. The
results are also compared with literature. Total PN con-
centrations, i.e., concentrations of all particles, including
volatile ones, and size distributions are also presented.

Experimental

The experiments were conducted with 8 different vehicles,
using several different dilution and conditioning (sam-
pling) systems and different particle counting technologies.

Vehicles used

The vehicles that were tested are presented in Table 1.
Diesel vehicles were equipped with DPFs and Diesel Oxi-
dation Catalysts. Two of the gasoline vehicles were with
Port Fuel Injection (G-PFI) and two with Direct Injec-
tion (G-DI), both equipped with a Three-Way-Catalyst.
The two mopeds with Continuously Variable Transmis-
sion (CVT) were 2-stroke and 4-stroke, respectively.

The vehicles were tested with the corresponding
type approval cycle: the New European Driving Cycle
(NEDC) for light-duty vehicles and the UNECE Reg-
ulation 47 cycle (R47) for mopeds. Details for the
cycles can be found elsewhere: e.g., Dieselnet (2016)
and Giechaskiel et al. (2015b). For the Euro 6 gaso-
line vehicles the future type approval World
Harmonized Light Duty Test Cycle (WLTC) was used
(GTR15 2016; Ciuffo 2015). In addition, a few future
type approval World Harmonized Motorcycle Tran-
sient Cycles (WMTC) and steady state cycles were
conducted with the mopeds. Fuels were reference
fuels with 5% biodiesel (B5) or 5% or 10% ethanol
(E5, E10). Lube oils were those from the manufac-
turers; the composition is unknown. Semi-synthetic
lube oil was used for the mopeds. For the 2-stroke
moped 2% of lube oil was mixed to the fuel.

Table 1. Characteristics of test vehicles.

Vehicle
ID

Engine and
aftertreatment technology

Engine capacity
[cm3]

Emission
limit

Rated power
[kW]

Odometer
[km] Fuels Cycles

DPF_1 Diesel, Diesel Oxidation Catalyst, Diesel particulate Filter 3000 6B 190 7200 B5 NEDC
DPF_2 Diesel, Diesel Oxidation Catalyst, Diesel particulate Filter 2000 6B 160 27200 B5 NEDC
G-PFI_1 Gasoline, Port-Fuel Injection, Three-Way-Catalyst 1600 5 75 57100 E5 NEDC
G-PFI_2 Gasoline, Port-Fuel Injection, Three-Way-Catalyst 1400 6B 57 7800 E5 WLTC
G-DI_1 Gasoline, Direct Injection, Three-Way-Catalyst 1200 5 63 7000 E5 NEDC
G-DI_2 Gasoline, Direct Injection, Three-Way-Catalyst 1600 6B 140 20000 E10 WLTC
Mo_2s Moped, gasoline, 4-stroke, CVT, carburettor, two-way-catalyst 50 2 2 <500 E5 R47, steady
Mo_4s Moped, gasoline, 2-stroke, CVT, carburettor, two-way-cat 50 2 2 <500 E5 R47, WMTC,

steady
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Description of emission measurement systems

The experimental setup is presented in Figure 1. All sys-
tems were connected to the full dilution tunnel with a
constant volume sampler (CVS) (hereinafter, the terms
dilution tunnel and CVS are used interchangeably). Par-
ticulate matter (PM) mass was measured on a filter sam-
pling 50 l/min from the CVS (TX40 Teflon-coated glass-
fiber filter) according to the regulation (temperature at
the filter <52�C). Tests were conducted with CPCs of
different 50% cut-points and a nano condensation
nucleus counter (nCNC) connected to an AVL particle
counter with a catalytic stripper (APC/CS) for the mea-
surement of solid particles. A dual ejector system with an
evaporation tube (EJ/ET) was used for a limited number
of tests in place of the APC/CS to investigate the effect of
the sampling system on the measured concentrations.
The nCNC was also connected to the CVS for a few tests
to measure the total PN > 1 nm. An engine exhaust par-
ticle sizer (EEPS) connected to the CVS tunnel measured
particle size distributions. The EEPS was used for a lim-
ited number of tests with a CS or a thermodenuder (TD)
to measure solid particles. The description of the systems
follows.

The APC (AVL Particle Counter 489; Giechaskiel
et al. 2010) is compliant with Regulation 83 (2015) for
light-duty vehicles that measures solid particles. The sys-
tem consists of a hot rotating disk dilution at 150�C, an
ET at 350�C and a secondary porous tube dilution at
ambient temperature. The APC/CS is the APC with a CS
downstream from the ET (before the secondary dilu-
tion). The specific CS was evaluated by Amanatidis et al.
(2012). It has an oxidation efficiency of >99% of decane,
and a sulfur trap with sulfur capacity of >6 mg (as mea-
sured with SO2).

For most tests, CPCs with 50% counting efficiency at
23 nm (TSI 3790), 10 nm (TSI 3771) and 3 nm (TSI

3025A) were connected to this system (Tuch et al. 2016).
The 23 nm CPC was connected with a 40 cm (din D
4 mm, flow rate 1 l/min, 2.5% particle losses at 23 nm)
silicon conductive tubing, while the 10 nm and the 3 nm
CPC with a 10 cm (din D 4 mm, flow rate 1 l/min, 2.5%
particle losses at 10 nm) and 40 cm (din D 4 mm, flow
rate 1.5 l/min, 5% particle losses at 10 nm and 20% at
3 nm) tubes respectively from the exit of the APC.

For some tests, a dual ejector dilution system was used
in place of the APC/CS. In the dual ejector system (EJ/
ET; Dekati), the first dilution was conducted with a
heated EJ (dilution air 150�C and blanket 150�C;
Giechaskiel et al. 2009). The diluted sample was further
heated in an ET (350�C) and then further diluted by a
secondary EJ at ambient temperature.

Particle size distributions from 5.6 to 560 nm with a
sizing resolution of 16 channels per decade (a total of 32
channels) were measured with an EEPS (TSI Engine
Exhaust Particle Sizer Spectrometer 3090). At the instru-
ment’s inlet, there is a cyclone with a 50% cut-size at
1 mm (inlet flowrate 10 lpm). By integrating the size dis-
tribution, the total PN concentration was estimated. As
the instrument was directly connected to the CVS, it was
considered that it measured volatile and non-volatile
particles of >6 nm (called total PN by convention) with
a 1.5 m (din D 6 mm) conductive silicone tube. For a few
tests with mopeds, a CS from AVL (Amanatidis et al.
2012) at 300�C or a high flow (10 l/min) thermodenuder
(Dekati) were used to remove the volatile particles. Their
50% penetration was around 10 nm. The difference in
concentration between the EEPS and the 23 nm CPC in
their common size range was between 20–25% (EEPS
measuring higher). This difference (20%) was corrected
in our results. The calibration details can be found in
Giechaskiel et al. (2015a). The recently-introduced inver-
sion ‘soot’ algorithm that was designed for fractal par-
ticles was used (Wang et al. 2016). We should also add
that the nucleation mode measured by the EEPS is some-
times underestimated (Xue et al. 2015).

The AirmodusnCNC (Airmodus A11 nano Conden-
sation Nucleus Counter) measures PN concentrations
starting from approximately 1 nm in diameter. It is a
combination of a particle size magnifier (PSM) and an
Airmodus butanol CPC. The PSM is used to grow par-
ticles and clusters that are below the detection limit of
the butanol CPC (5 nm) to detectable sizes (Vanhanen
et al. 2011). The PSM grows the particles by mixing the
sample turbulently with particle-free air heated and satu-
rated with diethylene glycol (DEG). This rapid mixing
activates and grows the particles by condensation of
DEG up to about 90 nm in electrical mobility diameter
(Vanhanen et al. 2011). Mixing type design allows the
user to change the mixing ratio and thus the lowest

Figure 1. Experimental setup. Dashed lines indicate optional
parts. APC D AVL particle counter; CPC D condensation particle
counter; CS D catalytic stripper; CVS D constant volume sampler;
DB D dilution bridge; EJ D ejector; ET D evaporation tube;
nCNC D nano condensation nucleus counter; TD D
thermodenuder.
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detection limit of the instrument. In this study, the
instrument was used in its lowest detection limit setting,
giving the nCNC system a cut-off diameter of about
1.3 nm (calibrated with tungsten oxide particles). The
cut-off diameter for any measurement technology that is
based on growing the aerosol particles with condensable
vapours is dependent on the composition of the particles
and the vapour that is used (Mamakos et al. 2013). The
effect of particle composition and, for example,
charge when studying sub-3 nm particles is discussed
elsewhere (Kangasluoma et al 2014, Lahtipalo et al.
2016). While the cut-off diameter for tungsten oxide
is 1.3 nm, it can be closer to 2 nm for organic com-
pounds with the same instrument settings. Due to inter-
nal losses inside the PSM and the CPC, the maximum
detection limit at plateau height is about 80% (as cali-
brated with NaCl particles by the manufacturer). The
instrument was connected to the sampling system (APC/
CS or ET/EJCDB) or directly to the CVS (without dilu-
tion or through the DB) with a 40 cm silicon conductive
hose (din D 4mm, 4% particle losses at 10 nm, 15% at
3 nm for 2.5 l/min). The results in this study were cor-
rected only by 20% to take the losses of the system at the
plateau region into account, unless otherwise specified.

Particle losses inside the sampling systems

We measured the aerosol penetration ratios for the APC/
CS and EJ/ET systems using silver particles up to 50 nm
produced with the evaporation-condensation method in
N2. We also thermally pre-treated them in a catalytic
stripper at 375�C in order to make them spherical (Ku
and Maynard 2006).

We also calibrated the EJ/ET system with graphite
particles produced with a spark-discharge particle gener-
ator (PALAS DNP 3000) at sizes 15, 30, 50 and 100 nm.
Particles were thermally pre-treated in a CS at 375�C in
order to have the same setup as with silver particles. The
APC/CS was calibrated with soot-like particles (from
propane diffusion flame AVL APG 499) by the manufac-
turer at 15, 30, 50, and 100 nm.

Penetration curves following the correction with the
mean particle number concentration reduction factor
(PCRF) of 30, 50, and 100 nm, as required by the legisla-
tion, are presented in Figure 2. The PCRF at a specific
size is the ratio of the upstream and downstream concen-
trations when measuring mono-disperse aerosol of the
specific size. Thus, the mean PCRF is basically the total
dilution of the system including the particle losses as
average losses at 30, 50, and 100 nm. This means that the
number concentration of size distributions with geomet-
ric mean diameters (GMDs) around 50 nm is measured
correctly (within 10%), because the mean PCRF is

optimized for sizes around 50 nm. The penetration effi-
ciencies at 100 nm are slightly higher than 100% and for
this reason the PN concentration of size distributions
with GMDs of >100 nm is overestimated. The PN con-
centration of size distributions with GMDs of <30 nm
are underestimated (Giechaskiel et al. 2012; Giechaskiel
and Martini 2014). This will be addressed in the Results
section, but in general, the results of size distributions
that peak at around 10–20 nm would need a correction
of a factor of up to 2, depending on the system.

The penetration efficiency through sampling tubing
between the sampling system and the counting instru-
ments is also given as a function of a particle size in
Figure 2 based on the diffusion loss equations (Gormley
and Kennedy, 1949). Error bars are given only for the
EJ/ET system with silver particles based on measure-
ments on two different days. The measurements have an
uncertainty of <5% at sizes �30 nm and 5–10% (in
absolute levels) for smaller sizes.

As presented in Figure 2, the penetrations of systems
at 10 nm are between 25% and 75%. Although we have
no experimental data, extending the penetration curves
based on diffusion losses of long tubes, we assume that
only the EJ/ET has a penetration of >15% at 3 nm. This
means that any sub-3 nm particles can be distinguished
only by the EJCDB system. For the APC/CS, the nCNC
(>1 nm) is expected to measure equally with the 3025A
(3 nm) even if there are sub-3 nm particles present.

Losses for the sub-30 nm particle in the sampling sys-
tems and sampling lines were not taken into account
(i.e., the results presented in this article were corrected
only with the 30, 50, and 100 nm mean PCRF), but the
effect will be discussed in the results section.

Figure 2. Penetration curves following the correction with the
mean PCRF (average of 30, 50, 100 nm). Symbols are experimen-
tal data. ‘Sample tubing’ refers to a hose of 40 cm length, inner
diameter of 4 mm and flow rate of 1.5 l/min. Dashed lines are
only there to help the eye. Open symbols are soot-like particles
(propane diffusion flame for APC/CS and spark-discharged graph-
ite for EJ/ET), while solid symbols are silver particles. Error bars
indicate min-max of two measurements on different days.
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Background concentration levels of the
measurement systems

Background levels were measured for the whole systems
consisting of the dilution, evaporation and the particle
counting instrument. Typically, background levels of the
systems are determined by measuring HEPA filtered air
at their inlet before any measurement. According to the
Regulation 83 (2015), the particle concentration must be
<0.5 p/cm3 (without PCRF/dilution correction) for the
23 nm CPCs. Such levels or lower were measured with
all CPCs (23 nm, 10 nm, 3 nm). For the nCNC (>1 nm),
the background was on average around 3 p/cm3, but
spikes could reach 10 p/cm3. Probably this is because
Particle Size Magnifier is tuned so close to homogeneous
nucleation threshold and thus, for example, humidity
and temperature changes create some background
(Vanhanen, 2011).

It should be noted that for some systems, background
levels of >1 nm (but not with the rest of the CPCs) were
>100 p/cm3 (up to 2000 p/cm3 in one case). Our
assumption for those 1–3 nm particles is that they are
formed from deposited materials (contaminants) inside
the evaporation tube and/or the cold dilution stage.
Another explanation is that this background is due to
heavy hydrocarbons from the dilution air, which are not
captured by the filter. The nCNC would also detect clus-
ters, i.e., clusters of molecules that might penetrate the
HEPA filter. The results of these systems are not dis-
cussed in this article. However, we assume that systems
with high sub-3 nm background are more susceptible to
nucleation when sulfur containing volatile material is
available.

Volatile removal efficiency

Volatile removal efficiencywas testedwithmonodispersete-
tracontane particles as prescribed in the legislation. All sys-
tems could remove 104 p/cm3 of 30 nm tetracontane
particles. Testswithpolydisperse aerosol ofGMD>100nm
(concentration >106 p/cm3) also showed efficiencies of
>99% for the APC/CS and CS, but not for the standalone
TD(Giechaskieletal. 2009,2015a).

Results and discussion

Volatile artefact

We evaluated the volatile artefact, i.e., formation of vola-
tile nucleation particles downstream of the evaporation
tube that are counted as ‘solid’ particles, by comparing
the ‘solid’ emissions of a system with the total emissions
for the specific vehicle.

We conducted a test with a 2-stroke moped with the
EJ/ETCDB system, where we measured emissions of
>400 times higher than the rest of the systems (even
higher than the EEPS that measures total particle con-
centration) when particles <23 nm were considered
(figure not shown). Placing a CS downstream from the
second diluter removed this volatile nucleation mode.
These results confirm the findings of other studies
(Giechaskiel et al. 2015b; Zheng et al. 2012) that volatile
artefact below 23 nm is possible with evaporation tubes
and for this reason we recommend a catalytic stripper
(as discussed in Giechaskiel and Martini 2014).

The use of catalytic strippers needs attention. Vola-
tile artefact of <10 nm was also noticed in a few
cases with the 2-stroke moped even when using the
APC/CS. Figure 3 shows emissions measured at the
beginning of the R47 cycle with different instruments.
The GMD at the beginning of the cycle was
>200 nm (mass >50 mg/m3). It was confirmed that
there were no particles of diameter <6 nm by mea-
suring with the nCNC at the CVS: EEPS and nCNC
measured similar concentrations (within the experi-
mental uncertainties of the EEPS and the repeatability
on different days). Concentrations of >10 nm follow-
ing thermal pre-treatment were close to the CVS lev-
els. However, >3 nm concentrations at the beginning
of the cycle were higher than the CVS emissions,
indicating a volatile artefact even downstream from
the CS. This could be due to inefficient evaporation
of volatile precursors in the evaporation tube
upstream from the CS and, consequently, reduced
oxidation efficiency of the CS (Amanatidis et al.
2012) or formation of sulfur particles due to SO2 to
SO3 conversion in the CS (Amanatidis et al. 2012).
The last explanation is highly unlikely at the tempera-
ture where the CS was operated, but it’s something
that requires investigation. The PCRF of the APC/CS

Figure 3. Real-time measurements in the cold start part of the
R47 with the 2-stroke moped using E5 fuel (Mo_2s). EEPS and
nCNC were measuring total PN, while the APC/CS was measuring
SPN.
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was 100£10 (primary, secondary dilution), and the
concentration of the CPC reached 90,000 p/cm3 com-
pared to the rest of the instruments, which measured
on the order of 10,000 p/cm3. Although 90,000 p/cm3

is still within the measurement range of the specific
CPC (3025A), the full flow CPCs usually measure up
to 10,000 p/cm3 in single particle count mode as
required in the legislation. Thus, this test would be
identified as non-valid.

Volatile artefact was also noticed when the EEPS was
used with the thermodenuder at the CVS. Even with
dilution ratio up to 50:1, a nucleation mode could be
seen. At dilution ratio 250:1, it disappeared (or it shrunk
below the detection limit of the EEPS due to the high
dilution used).

Volatile artefact of the PMP systems has already been
discussed in literature especially for sub-23 nm particle
measurements (Zheng et al. 2012; Mamakos et al. 2013;
Giechaskiel et al. 2015b). Recently artefacts for sizes
>23 nm have been reported: during the cold start of 2-
stroke moped (Giechaskiel et al. 2015b), during the
regeneration of heavy-duty vehicle using low PCRF
(Giechaskiel et al. 2016) and during on-road tests with a
heavy duty diesel truck driving uphill (Zheng et al. 2014).

Our results demonstrate and confirm the difficulty of
measuring ‘true’ solid particles below 10 nm, confirming
the conclusion of Giechaskiel and Martini (2014). The
key message of these tests is that future regulations have
to better define the volatile removal efficiency require-
ments (or capabilities) of the emission measurement sys-
tems. The case examined here is extreme: There was 2%
lubricant in the fuel and the exhaust aerosol of 2-stroke
engines includes unburnt fuel and lubricant. 2-stroke
engines do not have any SPN limit and until 2020, only a
feasibility study is foreseen (Giechaskiel et al. 2015b). In
addition, they tend to phase out due to the stringent
Euro 4 and 5 limits for L-category vehicles. Nevertheless,
the capabilities of the sampling systems should be well-
known: The systems should be capable of removing the
semi-volatile particle emissions of the applications stud-
ied when investigating solid particles of <10 nm. For
example in the review of Giechaskiel and Martini (2014)
nucleation mode with mass up to 1.5 mg/m3 at the CVS
has been reported for diesel vehicles, but it can be much
higher when no catalyst is used. Mopeds can exceed
50 mg/m3 at cold start (Giechaskiel et al. 2015b). During
a regeneration of a heavy duty diesel vehicle mass of
approximately 0.5 mg/m3 was measured in the CVS
(Giechaskiel et al. 2016). At the moment the volatile
removal efficiency requirement is >1£104 p/cm3 of par-
ticles 30 nm, which covers a very low mass (0.1 mg/m3).
Our proposal is to define a higher size and/or concentra-
tions of the test material (tetracontane) in order to check

mass >1 mg/m3. This mass can be reached for example
with polydisperse aerosol with size >50 nm and concen-
tration of 1£107 p/cm3. This mass can cover most of the
cases that would be encountered. The efficiency should
be checked with the lowest size measuring instrument
that will be used in tests.

Effect of the sampling system’s penetration on the
final results

In order to investigate the effect of the sampling system
on the final result of the sub-23 nm particle emission lev-
els, R47 cycles were performed with a 4-stroke moped
using the CPCs and the nCNC connected either at the
APC/CS or the EJ/ET. Figure 4a (cold part R47: first four
sub-cycles) and Figure 4b (hot part R47: last four sub-
cycles) show the SPN emission levels as they were mea-
sured by different instruments connected to the APC/CS
or EJ/ET systems (corrected with the mean PCRF of
30 nm, 50 nm, and 100 nm). The number concentrations
of the sub-23 nm particles were in addition corrected

Figure 4. Emission levels of the 4-stroke moped as determined
by different instruments for (a) cold part of the R47 cycle (first
four sub-cycles) and (b) hot part of the R47 cycle (last 4 sub-
cycles). Error bars show the variability of five tests conducted on
different days. Only one test was available for the EJ/ET system
and with the 3 nm CPC and the 1 nm nCNC. Arrows show the per-
centage differences between the two systems for uncorrected or
corrected loss concentrations. Details of the corrections
presented in the text.
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with the penetration of each size range: 50% APC/CS
and 90% EJ/ET for the 10–23 nm range, 10% APC/CS
and 50% EJ/ET for the 3–10 nm range. As the 3 nm CPC
and the 1 nm nCNC measured the same concentrations
we assumed that, whether or not any existed in the
diluted exhaust gas, no particles <3 nm penetrated the
sampling system.

Focusing on the results without particle loss correc-
tions, the measured number concentrations with the
10 nm and 3 nm CPCs are higher when the EJ/ET system
is used instead of the APC/CS. Although for the >23 nm
particles the differences between the two sampling sys-
tems are negligible, the difference of the two systems
almost doubles for the smaller particles (the EJ/ET mea-
sured C54% to C87% for the cold part R47 and C83% to
154% for the hot part R47 compared to the APC/CS). By
correcting the losses based on the penetration efficien-
cies, the differences decrease to <33% for all size ranges.
Thus, it can be assumed that the main reason for the dif-
ferences observed between the APC/CS and the EJ/ET
was the different level of particle losses.

Another reason that can result in differences between
sampling systems are the differences in volatile removal
resulting in a different size of particles and, consequently,
losses in the systems and counting efficiency in the coun-
ters. Finally, re-nucleation downstream from the evapo-
ration tube as discussed in the section above can result in
big differences.

Comparing measurements performed with systems
with different penetration curves needs attention.
Giechaskiel and Martini (2014) mentioned that the same
average (of 30, 50, 100 nm) PCRF could be used even
when the systems are modified to measure from 10 nm
in order to keep the link with past measurements. They
showed theoretically that this approach could work for
the typically encountered size distributions with GMDs
>40 nm. The suggested method could, however, lead to
big differences (>50%) when the sub-23 nm particle
fraction is high, as in the example of Figure 4. Yamada
et al. (2015), who used a 3 nm CPC as the particle
counter, reported that a better accuracy was achieved by
including the losses of <23 nm particles as the PCRF of
15 nm in the mean PCRF. In the aviation sector, an aero-
sol particle mean size is calculated based on mass and
number measurements, and an appropriate mean loss
correction is then applied.

There are not many sampling systems with high
volatile removal efficiency and low particle losses. To
our knowledge, only the thermodenuder in the studies
of Heikkil€a et al. (2009) and Alanen et al. (2015) has
high penetrations for the measurement of solid sub-
10 nm particles (33–68% penetration for 3 to 10 nm
diameter particles). We also assume that the system

of Khalek (2007) with a catalytic stripper would also
have high penetration efficiencies at the sub-10 nm
range, based on the presented >10 nm penetration
curve. Proper design of thermodenuders (Fierz et al.
2007; Mendes et al. 2016) or catalytic stripper-based
systems (Khalek 2007) can result in high penetrations,
but at the moment we are not aware of any commer-
cially available systems.

PM, total PN, and SPN emissions

Table 2 presents PM mass, total PN and SPN emission
levels for the examined vehicles. In general the PM mass
and SPN emission levels are in agreement with the litera-
ture and a detailed discussion is out of the scope of this
article (Maricq et al. 2002; Braiser et al. 2010; Mamakos
et al. 2012; Giechaskiel et al. 2012; Kim et al. 2013; Zhu
et al. 2016). The correlation of PM mass and SPN
>23 nm (not considering the 2-stroke moped) gives a
slope of 0.9£1012 p/mg which is at the low end of the
reported slopes (typically 1–4£1012 p/mg, see review
Giechaskiel et al. 2012; Zheng et al. 2014) indicating
smaller produced mean particle sizes or higher density.
Considering also the sub-23 nm particles, the correlation
would change to 1.5£1012 p/mg. The PM of the 2-stroke
moped consists of high percentage of volatiles due to
high scavenging losses, and the addition of the lubricant
in the combustion chamber (Ntziachristos et al. 2003).
In our case, based on the PN measurements the non-vol-
atile PM fraction is estimated to be only 25%. Using only
the non-volatile part of the PM the 2-stroke moped
would fall in the typical correlation values of PM-SPN.

Sub-23 nm fraction of solid particles

Table 2 presents the percentage of particles below a spe-
cific size. In this section the emissions of solid particles
will be discussed and in particular the sub-23 nm frac-
tions. As the nCNC and the 3 nm CPC number concen-
trations were within 15% for the 2-stroke moped and 4-
stroke moped, and the 1–3 nm particle penetration
through the measurement systems is expected to be very
low even with the EJ/ET system, no distinction is made
in the table for the 1–3 nm range.

The SPN emissions of vehicles equipped with a
DPF were low (<1£1011 p/km), and the 10–23 nm
and 1–10 nm percentages were also low <20%. The
1–10 nm percentage is not reported as the concentra-
tions were close to the background level of the nCNC
(3 p/cm3).

Only one test was available with the G-PFI_1 vehi-
cle, and the SPN percentage of 10–23 nm fraction
was 148%. This high percentage indicates that the
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mean particle size is around 23 nm. However, in
absolute levels the emissions are very low (0.77£1011

p/km). For the other G_PFI_2 vehicle the percentage
was lower (74%), but the absolute emissions higher
(2.1£1010 p/km). The G-DIs had emissions higher
than the future limit for G-DI vehicles (6£1011 p/
km) but lower than the current limit for G-DIs until
2017 (6£1012 p/km). Both the 10–23 nm and the
1–10 nm fractions were lower than 50%.

Regarding the 2-stroke moped, the percentage of par-
ticles below 23 nm is almost two times higher than
the >23 nm emissions. The sub-10 nm fraction is 150%.
The 4-stroke moped has sub-23 nm and sub-10 nm per-
centages of 70%. At steady states (no figure shown), the
10–23 nm fractions are even higher (see also Giechaskiel
et al. 2015b, sub-23 nm particle fractions of mopeds and
motorcycles).

In general, the percentages in Table 2 are in accor-
dance with the results of Giechaskiel et al. (2014) and
Giechaskiel and Martini (2015) plotted in Figure 5 for
particles of >10 nm. Note that the percentages of
Figure 5 are not corrected with the sub-23 nm losses;
applying the correction would increase the sub-23 nm
concentrations approximately 100% (Giechaskiel et al.
2014) (e.g., 46% would be 92%). Note also that in many
cases, these percentages would be higher if particles
of <10 nm were considered.

The DPFs are very efficient also at sizes between
10–23 nm, in accordance with other researchers that
have shown higher filtration efficiency for smaller
particles (Heikkil€a et al. 2009). High concentrations
of solid sub-23 nm particles have been measured with
diesel engines without aftertreatment devices or low
efficiency filters (Kittelson et al. 2006; R€onkk€o et al.
2007; Heikkil€a et al. 2009), but with high efficiency
filters they usually disappear (L€ahde et al. 2009). Par-
ticles can be formed by urea injection, and high sub-
23 nm percentages can be measured (100%), but in

absolute levels the concentration is low (Amanatidis
et al. 2014; Giechaskiel et al. 2016).

G-DI vehicles have sub-23 nm percentages on the
order of <50%. These percentages are in agreement with
Khalek et al. (2010) and Mamakos et al. (2013). G-PFIs
have higher sub-23 nm fraction but lower emissions in
absolute levels. Other researchers have found high per-
centages of sub-23 nm particles (Gidney et al. 2010;
Mayer et al. 2010, 2012). Alanen et al. (2015) measured
high concentration of solid sub-10 nm particles down-
stream from a thermodenuder with a 1999 gasoline
engine using natural gas. The percentages depend on the
mean size of the produced particles, which depends on
the combustion process; thus engine cold start, low

Table 2. PM mass, total PN, SPN emissions and their sub-23 nm particle fractions. The number after the instrument (EEPS, CPC, nCNC)
gives the 50% cut-point that was used for the calculations (1, 6, 10, or 23 nm). The APC/CS sub-23 and sub-10 nm fractions have been
corrected for losses (correction factor 2 and 10, respectively). Numbers in brackets give one standard deviation from the original
measurement multiplied by the loss correction factor. The two columns can be added up to calculate the total sub-23 nm fraction.

Total PN (EEPS) SPN

Vehicle
PM

mg/km EEPS23 [p/km]
(EEPS10-EEPS23)

/EEPS23
(EEPS6-EEPS10)

/EEPS23 CPC23 [p/km]
(CPC10-CPC23)

/CPC23
(nCNC1-CPC10)

/CPC23

DPF_1 0.09 1.2E10 30% 12% 1.1E10 20% (§2%) <det. limit
DPF_2 0.07 7.0E10 14% 3% 6.9E10 20% (§18%) <det. limit
G-PFI_1 0.11 8.1E10 128% 51% 7.7E10 148% (¡) n/a
G-PFI_2 0.25 2.2E11 183% 17% 2.1E11 74% (§10%) 0% (§10%)
G-DI_1 0.80 1.0E12 32% 14% 1.3E12 50% (§4%) 30% (§20%)
G-DI_2 1.66 1.4E12 12% 12% 1.4E12 36% (§8%) 0% (§5%)
Mo_2s 60.1 1.3E13 2% 1% 9.0E12 88% (§24%) 150% (§40%)
Mo_4s 0.70 1.1E12 34% 5% 4.2E11 142% (§34%) 70% (§50%)

Figure 5. Reported sub-23 nm fraction of solid particles for differ-
ent vehicles (from Giechaskiel and Martini 2015) as estimated by
the differences of the 10 nm and 23 nm condensation particle
counters (CPCs) of APC or APC/CS systems. Every point is an aver-
age of many tests with a specific vehicle, typically with the future
type approval cycles. Solid (and bigger) symbols are the results
of this study. All sub-23 nm fractions in this figure haven’t been
corrected for losses (i.e., a factor between 1.7 and 2 would be
needed, depending on the system used). Vertical dashed line
indicates the current limit of 6£1011 p/km for particles >23 nm
in diameter. The other line indicates the same limit for particles
>10 nm in diameter. All mopeds were 2-stroke unless otherwise
specified in the figure.
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ambient temperatures, fuel composition, driving style (or
test cycle) can have an effect (Maricq et al. 2000; Khalek
et al. 2010; Mamakos et al. 2013).

The fraction of sub-23 nm particles of mopeds and
motorcycles is typically high. For these technologies, the
sampling system can affect the result as the size of the
particles is close to or lower than the regulated limit of
23 nm. In addition, effects of pre-history (memory) from
the tubing between the motorcycle and the dilution tun-
nel can affect the results (Maricq et al. 1999). More
details can be found in Giechaskiel et al. (2015b).

The conclusion of this study is that the solid sub-
23 nm fractions can be significant; however, the sub-
23 nm absolute emission levels might be low. For exam-
ple, G-PFI vehicles are still below the SPN limit even
when including the sub-23 nm fraction. Thus, for regula-
tory purposes the current methodology still captures
high emitters for most of the cases (i.e., a vehicle that
passes with the 23 nm CPC would also pass with the
10 nm CPC and vice versa). A critical situation would be
to have many vehicles in the area between the two
dashed lines in Figure 5.

The other finding is that the sub-10 nm percentages
are relatively low for G-DI and diesel vehicles. Although
this conclusion cannot be extrapolated to other vehicles
or technologies (e.g., mopeds showed higher percentage),
taken together with high particle losses in the sub-10 nm
range and uncertainties of the measurements, it supports
the idea of decreasing the lower size to around 10 nm
with the current sampling systems, but not lower.

Sub-23 nm fraction of total particles

The total PN concentrations with sizes >23 nm and the
sub-23 nm fractions are presented in Table 2. With the
total number, we are here referring to the PN measured
without any thermal pre-treatment of the aerosol (i.e.,
the volatile particles are included). The solid and total
number concentrations of larger than 23 nm for cars are
comparable within the calibration and experimental
uncertainties. For mopeds the difference of solid and
total particle emissions larger than 23 nm is 50–100%,
indicating a high percentage of volatile particles even
above 23 nm. The fractions of total and solid particles
below 23 nm are similar for vehicles equipped with DPFs
and the G-DI vehicles, indicating a negligible volatile
nucleation mode. For the G-PFI vehicles, the sub-23 nm
fraction of total particles is higher than the solid particle
fraction, indicating a separate nucleation mode. For
mopeds, the total sub-23 nm fraction is very low, but as
mentioned above, the total concentrations of total and
solid particles are different, thus the volatile nucleation
mode is larger than 23 nm.

The comparison of the total PN emission with the lit-
erature is out of the scope of this article. Nevertheless,
the results are in line with results reported by Tzamkiozis
et al. (2010), Karavalakis et al. (2015), and Ntziachristos
and Galassi (2014). It should be noted though, that the
total PN concentrations and the reported fractions
between solid and volatile particles should be considered
with care: firstly, as mentioned in the introduction, dur-
ing our calibration measurements we found 20–25% dif-
ferences between the CPC and the EEPS when checking
the instruments with particles larger than 23 nm. This
difference was taken into account, but it doesn’t mean
it’s the same for all technologies or concentration levels.
Secondly, it is known that the formation of the nucle-
ation mode and its magnitude depend on the dilution
conditions (Khalek et al. 1999); thus, measurements
from the dilution tunnel with its variable dilution ratio
during a test makes it difficult to compare any nucleation
mode results with other studies or even with different
vehicles of the same lab. Sometimes the tests at the CVS
are affected by desorption from the tube between the
vehicle and the CVS (Maricq et al. 1999). Finally, the
EEPS has a lower size of 5.6 nm, and the contribution of
smaller particles is not taken into account in the total
concentration or the estimation of the GMD. Some cases
worth of mentioning are discussed below.

Figure 6 shows the real-time PN concentration of
nCNC (total PN >1 nm) and EEPS (total PN >6 nm
and >23 nm), both connected to the CVS at the start of
a WMTC cycle for the 4-stroke moped. The nCNC mea-
sured downstream from a diluter (dilution 300:1). Con-
centrations are corrected by the PCRF and dilution of
the measurement systems but not the CVS dilution (i.e.
concentrations refer to the CVS). The GMD as estimated
by the EEPS is also presented in the figure. For compari-
son, the SPN larger than 23 nm as measured by the

Figure 6. Real-time signals of various instruments connected to
the CVS with the 4-stroke moped (Mo_4s). Cold start WMTC. Con-
centrations refer to the CVS. The Geometric Mean Diameter
(GMD) is also shown on the right y-axis.
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APC/CS that is also connected to the CVS is presented.
At the beginning of the cycle, the GMD is 50–70 nm and
all instruments correlate relatively well. After the first
100 s, the GMD decreases, and concentration measured
by EEPS (>23 nm) is much higher than the APC/CS,
indicating a high number of volatile particles. The agree-
ment between nCNC and EEPS remains good (when
using the soot matrix for the EEPS data inversion), sug-
gesting that the nucleation mode is larger than 6 nm.
Note that using the original matrix, EEPS and nCNC
would have differences of 50% after time 150 s and
would lead to the wrong conclusion that there are par-
ticles smaller than 6 nm.

Figure 7 compares the nCNC and the EEPS (using
the soot matrix) measuring directly from the CVS
during an NEDC cycle with the G-PFI_1 vehicle. The
SPN larger than 23 nm and the total PN larger than
23 nm with EEPS are not presented for better read-
ability of the figure as they were very close to the
EEPS >6 nm line. The correlation between the instru-
ments is good for the first 1,000 s (note that the
nCNC was saturated at 5£105 p/cm3 and is calibrated
up to 1£105 p/cm3). At the end of the cycle, a big
difference is seen, suggesting the formation of a
nucleation mode with a GMD smaller than 6 nm.
This nucleation mode probably originates from
desorption of material in the catalyst and the tubes
that connect the vehicle to the CVS during the
increase of the exhaust gas temperature (Maricq et al.
1999). Note that in this example the nucleation mode
remained at relatively small sizes (majority <6 nm).

This example shows the importance of the lower cut-
size of the instruments when determining nucleation
mode particles; this is well known from atmospheric
studies where a small difference in the cut-point of the
CPCs can have a big effect on the result (Sipil€a et al.
2010). In addition, investigations of the origins of the

nucleation mode need instruments that measure from
the formation of the primary cluster (i.e., 1–2 nm). In
this size range though we approach the molecules’ sizes
and particles become indistinguishable from molecules.
Considering also the complexity of such measurements,
especially sampling systems, they are out of the scope of
the regulation.

Size distributions

Typical size distributions during events of high concen-
tration are presented in Figure 8. All size distributions
were taken with the EEPS measuring from the CVS, but
they were corrected with the dilution of the CVS, thus
the concentrations refer to the tailpipe. Modes of size
distributions of vehicles equipped with a DPF were
around 60–80 nm, while the modes for gasoline vehicles
were around 40–90 nm with a shoulder at the size distri-
bution at around 10 nm in some cases.

Based on the EEPS measurements, the Geometric
Mean Diameters (GMD) throughout a test cycle
(R47) for the two mopeds with and without thermal
pre-treatment are presented in Figure 9. The 2-stroke
moped has a GMD of around 150–200 nm at cold
start that decreases to 60–130 nm with a warm
engine. After thermal pre-treatment of aerosol, the
GMD of solid particles is 20–50 nm (75 nm at cold
start). The 4-stroke moped has a GMD of 50–130 nm
at cold start and 25–40 nm for the rest of the cycle.
After thermal pre-treatment of aerosol, the GMD of
solid particles is 25 nm, except at accelerations which
raise the GMD up to 50 nm. Note that the calcula-
tions of small GMDs (<30 nm) would result in
smaller GMDs if particles smaller than 6 nm were
also counted.

Figure 7. Real-time signals of EEPS and nCNC during an NEDC
with the G-PFI vehicle (fuel E5). Both instruments were connected
to the CVS. nCNC saturated at 5£105 p/cm3.

Figure 8. Size distributions measured at the full dilution tunnel
(CVS) with an EEPS. Concentrations refer to the tailpipe (i.e., cor-
rected with the CVS dilution of the specific seconds taken). ‘Start’
refers to the second acceleration and ‘end’ refers to the high
speed part of the cycles. ‘Min’ refers to the limit of detection of
EEPS (multiplied by the dilution at the CVS). The ‘Soot’ matrix
was used for data inversion.
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The size distributions are in good agreement with the
literature (references in Giechaskiel et al. 2012 and
2015b).

Conclusions

Particle emissions of several vehicles were measured,
focusing on the sub-23 nm size range. A nano Condensa-
tion Nucleus Counter (nCNC) system was used to mea-
sure particles of >1 nm in parallel with other
Condensation Particle Counters (CPCs) with 50% cut-
points at 3 nm, 10 nm, and 23 nm, all connected to vari-
ous sampling systems using evaporation tubes or cata-
lytic strippers to remove volatiles. It was found that
measuring sub-3 nm particle emissions is challenging
due to the background of some of the sampling systems.
A system had a background of particles with size <3 nm
that reached 2,000 p/cm3 (without dilution correction).
It was hypothesized that the high background of some
systems originated from contamination in the systems
from previous tests or from the dilution air. Some con-
taminants can evaporate from the sampling system walls
and re-nucleate before the particle detectors.

An AVL particle counter with a catalytic stripper
(APC/CS) and a Dekati ejector-based system with an
evaporation tube (EJ/ET) were selected to evaluate the
differences between systems with different concepts and
particle losses for measuring particle emissions below
23 nm. Penetration at 10 nm of the sampling systems
examined was 25% and 75%, respectively, while at 3 nm
only the ejector-based system had a >15% penetration.
It was shown experimentally with a 4-stroke moped that
the two sampling systems can have a difference of
around 50–150% for the sub-23 nm emissions when the
size of particles is also in the 10–20 nm range. Obviously,
this difference will depend on the mean size of particles,

and the case examined here is probably the worst one
(mean size around 10–15 nm). Thus, future regulations
have to better define the (minimum) permitted penetra-
tion at the sub-23 nm range in order to minimize the dif-
ferences between different sampling systems. We believe
that penetrations of >50% at 10 nm are necessary for
reliable measurements.

Another issue for sub-23 nm measuremens is the re-
nucleation downstream from the thermal pre-treatment
unit, the so called volatile artefact. Volatile artefact was
evident during the tests of a 2-stroke moped both at the
tailpipe and the CVS and gave artificially high emissions
of ‘solid’ particles. Volatile artefact was seen in the dilu-
tion tunnel with the thermodenuder at low dilutions and
even with the catalytic stripper during a cold start of the
2-stroke moped when measuring particles of
diameter <10 nm. Based on estimated volatile mass
emissions at the CVS, we recommend that the volatile
removal efficiency of the system should be checked with
a mass of 1 mg/m3 (at the moment, regulation requires
0.0001 mg/m3).

Based on the measurements of this study with the cat-
alytic stripper-based system (APC/CS), DPF vehicles had
a very low sub-23 nm fraction (<20%) over the tested
cycles. The G-DI vehicles had a fraction between 35 and
50%. The G-PFI vehicles and mopeds (2-stroke and 4-
stroke) had high percentages of sub-23 nm particles
(>75%). However, for G-PFIs the emission levels (0.7–
2.1£1011 p/km) were below the current limit of 6£1011

p/km while for the mopeds they were one order of mag-
nitude higher (4–90£1011 p/km). The fraction of sub-
10 nm was difficult to quantify due to the high loss cor-
rection factors, but was high only for the mopeds.

Similar sub-23 nm particle fractions were measured
for total and solid particle concentrations for passenger
cars, with the exception of the G-PFIs where a separate
nucleation mode existed. For one G-PFI, during the high
speed part of the cycle the nucleation mode had a mean
size <6 nm. Regarding mopeds, the sub-23 nm particle
fraction was very low and all volatiles were > 23 nm.

Size distribution measurements showed that the mode
of the DPF vehicles was around 60–80 nm (GMD 50–
75 nm), while for the gasoline vehicles it was around 40–
90 nm with a small shoulder at the size distribution at
around 10 nm (GMD ranging 20–90 nm). For mopeds,
the mode (and GMD) was 20–50 nm (after a CS), but in
the range of 50–200 nm without a catalytic stripper.

The findings of the study support that a lower limit of
around 10 nm for legislative purposes is feasible. The
sub-10 nm particle fraction can only be evaluated with
systems with better penetration efficiencies and volatile
removal efficiencies. In addition, the findings of this
study are based on measurements from the dilution

Figure 9. Geometric mean diameter throughout R47 test cycles
for mopeds as measured by an EEPS directly from the full dilution
tunnel (CVS) or through a catalytic stripper (CS). The ‘Soot’ matrix
was used.

AEROSOL SCIENCE AND TECHNOLOGY 637



tunnel, and thus the contribution of the tubing between
the vehicle and the dilution tunnel at the sub-23 nm par-
ticle measurements is to be investigated not only for total
particle but even for ‘solid’ particles.

Nomenclature

APC AVL particle counter
CPC condensation particle counter
CS catalytic stripper

CVS constant volume sampler
CVT continuously variable transmission
DB dilution bridge

DEG diethylene glycol
DPF diesel particulate filter
EEPS engine exhaust particle sizer

EJ ejector
ET evaporation tube

GMD geometric mean diameter
G-DI gasoline direct injection
G-PFI gasoline port fuel injection
NEDC new European driving cycle
nCNC nano condensation nucleus counter

PM particulate matter
PMP particle measurement program
PN particle number

PSM particle size magnifier
R47 Regulation 47 (UNECE)
SPN solid particle number
TD thermodenuder

VPR volatile particle remover
WMTC World Harmonized Motorcycle Transient

Cycle
UNECE United Nations–Economic Commission for

Europe

Disclaimer

The views expressed here are those of the authors and may not
be considered as the official position of the European
Commission.
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