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Abstract: The upcoming Euro 7 vehicle exhaust emissions regulation includes particle number (PN)
limits for all vehicles, not only those with direct fuel injection. It also sets the lower detection particle
size of the PN methodology to 10 nm from 23 nm. Recently, a commercial diffusion charger-based
PEMS added the possibility of switching the lower size between 23 nm and 10 nm. In this study, we
assessed the dual PEMS in the calibration laboratory using diffusion flame soot or spark discharge
graphite particles following the regulated procedures. Furthermore, we compared the dual PEMS
with a laboratory grade system (LABS) using soot, graphite, and vehicle exhaust particles. To put
the results into perspective, we added comparisons (validations) of two additional 23 nm PEMSs
with LABSs over a three-year period. The results showed that the differences of the 23 nm PEMSs
remained the same (around 35% underestimation) over the years and were similar to the dual PEMS.
This difference is still well within the permissible tolerance from the regulation (50%). We argued
that the reason is the calibration material used by the manufacturer (spark discharge graphite). We
demonstrated that calibrating with combustion soot could reduce the differences. The 10 nm PEMS
gave similar results but with much smaller differences, indicating that the calibration material is of
less importance for the Euro 7 step. The results showed that the measurement uncertainty has not
increased but rather decreased for the specific PEMS switching from 23 nm to 10 nm.

Keywords: particle number; Euro 7; calibration; condensation particle counter (CPC); diffusion
charger (DC); particle charge; measurement uncertainty; PEMS

1. Introduction

Air pollution was the second risk factor, after high blood pressure, for early death
worldwide [1]. Particulate matter (PM) contributed 90% to air pollution disease burden
or accounted for 7.8 million deaths. In addition to the health effects, PM is a concern due
to its environmental impacts as well [2—4]. In Europe, around 250,000 premature deaths
were estimated due to exposure to high PM [5]. There has been a significant decrease
since 2010 [6], which, to a large degree, can be attributed to the reduction in vehicles’
exhaust PM. The most important change was the introduction of particulate filters to diesel-
fueled vehicles. This was practically necessary because of the introduction of a stringent
particle number (PN) limit in the European regulation in 2011 (Euro 5b step). Vehicle
exhaust PM, typically called soot, consists of fractal-like aggregates with a mean diameter
of 40-80 nm [7]. The primary particles (or spherules) are 10-30 nm in size [8-10].

The PN methodology in the regulation requires the measurement of solid particles
with sizes larger than approximately 23 nm [11]. The aerosol is thermally treated and
diluted, and then a device with an efficiency of around 50% at 23 nm counts the particles.
Due to the steep counting efficiency requirements, practically all counting devices are
condensation particle counters (CPCs): they grow the particles with saturated alcohol
(typically butanol) vapor to sizes that can be detected by their optics. In 2017, with Euro 6c,
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the same PN limit was extended to all vehicles with direct fuel injection, not only on the
chassis dynamometers but also on-road under real driving conditions. The Euro 6c¢ step
practically necessitated particulate filters for all vehicles with direct injection engines [12].
The on-road measurements are conducted with portable emission measurement systems
(PEMSs). The PEMSs specifications are more relaxed compared to the laboratory-grade
systems (LABSs) as they must be light, small, and robust [13]. Thus, instead of CPCs,
some systems use diffusion chargers (DCs). DCs consist of a charger and an electrometer.
Typically, a unipolar corona charger produces ions that charge particles. The resulting
electric current of the charged particles is measured by a Faraday cup electrometer. An
electrostatic field in between (“trap”) captures excess ions and small particles. The DCs
usually keep the corona and electrostatic field voltages constant, but some models switch
them on and off (modulated DCs) [14]. Internal functions convert the current to PN [15].
Systems of this principle of operation have a higher measurement uncertainty due to the
dependency of the signal on the particle size. Furthermore, they have been found to be
influenced by the particle structure [16,17]. On the other hand, CPCs have a dependency
on the material affinity to the condensing liquid (butanol or isopropanol for on-road
systems) [18,19]. The additional measurement uncertainty of PEMSs compared to LABSs is
taken into account in the emission calculations with a so-called margin, which was 50% for
PN until Euro 6d and was decreased to 34% with the Euro 6e step in 2023 [20,21].

Vehicles with port fuel injection do not have any PN (or mass) limit. However, some
studies highlighted that they can emit high PN concentrations, in particular in the sub-
23 nm range [12]. The “Particle Measurement Programme” (PMP) group, which also
introduced the regulatory PN methodology [22], determined the technical specifications
for systems measuring below 23 nm. The lower size was proposed to be approximately
10 nm, as lower sizes would result in very high measurement uncertainties due to the
high particle losses in the setup and instruments. For LABSs, the technical specifications
defined by PMP were added in the global technical regulation (GTR 15), which includes
both 23 and 10 nm options [23]. For PEMSs, the PMP group presented the suggested
technical specifications, but no regulation includes them currently. Some studies presented
measurement uncertainties of the 10 nm PEMSs [20,24]. Nevertheless, discussions are still
ongoing regarding the applicability of the 23 nm systems’ margin to the 10 nm systems.

One other topic of discussion is the calibration material. For LABSs, the thermal
treatment unit and the CPCs are calibrated separately [11]. Any material can be used to
calibrate the thermal treatment unit as long as it is thermally stable. For the 23 nm and
10 nm CPCs, the calibration material has to be emery oil or soot-like. For PEMSs, the
material has to be soot-like. Soot-like particles include diffusion flame combustion soot and
graphite particles produced by the spark discharge of graphite electrodes.

Euro 7 Regulation (EU) 2024 /1257 entered into force in May 2024 [25]. The imple-
menting acts (i.e., the technical details) will be adopted in May 2025. The application dates
of new types of light-duty vehicles will be at the end of 2026, and for all vehicles before
the end of 2027. For the exhaust emissions part, there are no major changes compared
to Euro 6e [21], with one exception: the lower size of the particle number measurements
decreased from 23 nm to 10 nm and the PN limit will be applicable to all vehicles, not only
to those with direct fuel injection. Thus, it is of high interest to assess how commercial
10 nm systems, compliant to the PMP technical requirements, perform in the field, and
most importantly how they compare with the well-established 23 nm systems, in particular
the DC-based systems, which are supposed to have higher measurement uncertainty.

The aim of this paper is to assess a dual 23 nm and 10 nm system based on DC.
Thus, compared to previous studies [24,26-28] the relative changes in the measurement
uncertainty when changing the lower size from 23 nm to 10 nm will be assessed. In parallel,
the impact of the calibration material on the response of the instrument will be investigated.
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2. Materials and Methods

In this section, the experimental setup is described along with some theoretical back-
ground of the key instruments.

2.1. Laboratory and Portable Systems

The PN systems, both laboratory (LABS) and portable (PEMS), typically consist of the
following parts [11]:

Sampling line (optional), typically heated at a temperature of 100 °C.

Primary dilution unit, typically heated at a temperature of 150 °C.

Catalytically active tube, called a catalytic stripper (CS), typically heated at a tempera-
ture of 350 °C, to remove volatile particles.

Secondary dilution (optional).

Particle number counter or detector. For LABSs, this is a condensation particle counter
(CPC), while for portable systems, CPCs or DCs are used.

2.2. Theoretical Background of Diffusion Chargers

In a diffusion charger (DC), ions from a corona discharge attach to particles and an
electrometer measures their current. The measured quantity is called the active surface
area [29]. The active surface area measured by DCs is significantly lower than the geometric
surface [30]. Theoretically, in the free molecular regime, the measured current is propor-
tional to particle diameter squared (e.g., [31]), and in the continuum regime, proportional
to particle diameter. In the transition regime (20-200 nm), the exponent is 1.1-1.4 for most
commercial instruments [32]. The signal of the DC-based instrument can be influenced by
many parameters [32]:

e Ion properties: For example, if alcohol and water vapor attach to the ions, their mass
increases and their mobility reduces, with an impact of 10% on the theoretical average
particle charge.

o  Temperature: At higher temperatures the ion velocity increases, and larger particles
can acquire more charge. For example, an increase of +10 °C can increase the average
particle charge of 100 nm particles by 2%.

e  Pressure: Atlower pressures, the ion mobility increases and, consequently, the average
charge acquired by particles increases. Compared to ambient pressure, 100 mbar lower
pressure can result in a 3% higher average particle charge at 100 nm.

e  Dielectric constant (relative permittivity) of particles: The dielectric properties have
an effect on the image forces. For example, polystyrene latex particles have 15%
less average charge at 100 nm than metal particles. Graphite, black carbon, and
combustion soot have similar values, with graphite at the lower edge of combustion
soot’s values [33-35].

e  Morphology: Fractal particles acquire more charge than compact particles of the same
mobility (see, e.g., [36-39]). Differences of 10-30% can be observed for 100 nm particles.
Analysis indicated that the electrical capacitance of loose agglomerates is larger than
that of spherical particles with the same mobility; therefore, loose agglomerates can
gain more charges [16].

e  Pre-existing charge: If particles are already charged with the same polarity as the ions,
the final charging level can be higher (see, e.g., [40,41]).

e  Particle concentration: If the particle concentration entering the charger is high com-
pared to the ion concentration, ion depletion leads to a lower average charge per
particle.

2.3. PEMS Description

The PEMS of this study (MOVE from AVL, Graz, Austria) consisted of a hot diluter >
150 °C, an evaporation tube, a catalytic stripper at 300 °C, and a secondary diluter at 60 °C.
The particle detector (Automotive Partector from Naneos, Windisch, Switzerland) [42-45]
was a DC with a unipolar corona charger. A fraction of the charged particles was period-
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ically removed by a pulsed electric field. The space charge change was determined in a
Faraday cage. The user could set a 23 nm or 10 nm lower detection size in the software.
This was achieved internally by modifying the pulsing electric field. This was the light-duty
vehicle version without any neutralization technology upstream of the corona charger to
remove all charged particles (typically urea particles) [41].

2.4. Experimental Setup
The assessment was conducted following various setups (Table 1):

1. Monodisperse calibration with laboratory soot-like aerosol vs. reference CPC, accord-
ing to the calibration requirements described in Regulation (EU) 2017/1151 [46].

2. Polydisperse checks vs. reference CPC and reference LABS using laboratory soot-like
aerosol. This is a relatively fast check as a quality check, but it is not described in the
regulation [47].

3. Verifications vs. LABS at the tailpipe using vehicle exhaust. This check is not pre-
scribed in the regulations, because LABSs are not allowed to be used at the tailpipe
for light-duty applications. Nevertheless, the possibility to use LABSs at the tailpipe
was developed for future introduction in the heavy-duty regulation and is described
in a technical resolution [48]. It is common practice in engine laboratories [26-28].

4. Validations vs. LABSs at the dilution tunnel using vehicle exhaust. The procedure is
described in the regulation [46] as a check of the proper operation of the PEMS.

Table 1. Overview of the tests conducted. # refers to the code of PEMS.

Test Calibration Aerosol Ref. Instruments PEMS Setup
MOII.OdISP erse Graphite or combustion soot Ref. CPC #1 Figure 1a
calibration
Polydisperse checks Graphite or combustion soot Ref. CPC, SMPS, LABS #1 Figure 1b
Verifications Vehicle exhaust (1 x DPF, 1 x GDI) LABS at tailpipe #1, #2 Figure 2a
Validations Vehicle exhaust (many) LABS at CVS #1, #2, #3 Figure 2b

CPC = condensation particle counter; CVS = constant volume sampler; DPF = diesel particulate filter;
GDI = gasoline direct injection; LABS = laboratory-grade system; SMPS = scanning mobility particle sizer.

The description of the setup and the equipment follows. Figure la presents the
calibration setup for monodisperse calibration. Two particle generators were used to
produce soot-like aerosol:

e AVL particle generator (APG) from AVL, which includes a diffusion flame (mini
CAST) generator (model 6.203 from Jing Ltd., Zollikofen, Switzerland) [49]. More
specifically, the (mini) CAST generator produces particles by propane and air co-flow
diffusion flame. The flame is quenched by nitrogen to keep the particle concentration
high. Dilution stages reduce the particle concentration to the desired levels, while an
evaporation tube at 350 °C removes volatiles.

e High-voltage spark discharge graphite electrode generator (DNP 3000 from PALAS,
Karlsruhe, Germany) [50]. More specifically, due to the high-voltage spark discharge
between the two graphite electrodes, the graphite material is evaporated [51]. Nitrogen
transfers the vapors, which start to nucleate and coagulate. Dilution is used to reduce
the particle concentration to the desired levels.

Both generators produce fractal-like particles with variable sizes. The primary particles
of the diffusion flame generators are in the range 10-35 nm [52-54], while spark generators
produce primary particles with sizes < 10 nm [55,56]. It should also be emphasized that
spark discharge particles are already highly charged, as they acquire their charge in the
spark region from the ions produced by the spark or by photoemission [57]. More info
about the nanoparticles they produce can be found in the literature for spark discharge
generators [55,56,58,59] and CAST [52,53,60,61].
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Figure 1. Experimental setups with laboratory aerosol: (a) monodisperse calibration; (b) polydis-
perse checks. CPC = condensation particle counter, DMA = differential mobility analyzer; LABS
= laboratory-grade system; PEMS = portable emissions measurement system; SMPS = scanning
mobility particle sizer (=DMA + CPC).

The particle number concentration was adjusted in some tests by a dilution bridge. For
the monodisperse tests, a differential mobility analyzer (DMA) [62] with a model 3080 long
column (from TSI, Shoreview, MN, USA) and with a TSI 3077A 8°Kr neutralizer (370 MBgq,
beta) was used to separate particles of a specific electrical mobility size (typically 15, 23,
30, 41, 50, 70, 100, and 200 nm). The estimated activity of our 12 year-old neutralizer was
>45%. Neutralizers contain a radioactive source and, with diffusion charging, achieve
an equilibrium particle charge distribution [63-65]. At a specific selected DMA size, it
is possible that larger particles with more than one charge, but with the same electrical
mobility with the singly charged particles at the selected size, exit the DMA. These larger
and multiply charged particles will influence the calibration result. Carefully selecting
the generated size distribution with the peak of the concentration below the selected size
significantly reduces the concentration of multiply charged particles. In our experiments,
the doubly charged particles were <5%, except at 200 nm (9.6%).

Particles at the exit of DMA are positively charged particles (negative voltage is
applied to the DMA center electrode), and this could affect the charging efficiencies of the
PEMS. For this reason, downstream of the DMA, we used a neutralizer to “neutralize” the
aerosol (achieve an equilibrium charge distribution) (Grimm 5522, 4! Am, 3.7 MBgq, alpha
with estimated activity >96% for its age of 23 years). In the past, we measured 200-350 fA
downstream of the DMA for concentrations of 10,000-25,000 particles/ cm?® without a
neutralizer but only 60-70 fA with an additional neutralizer. The escaping ions from the
neutralizer also result in some current (60-70 fA), and for this reason, it was not zero.
Upstream of the instruments, high-efficiency particle air (HEPA)-filtered make-up flow air
was added. Finally, a TSI 3752 CPC (cut-off 4 nm) was used as a reference instrument to
check the absolute levels of particle number concentration. The reference CPC was fulfilling
the requirements for calibration of both the 23 nm and 10 nm PEMSs. The monodisperse
efficiency E of the PEMS at a particle size i is defined as follows:

E; pems = Ci pems/ CiREE 1)

where C; is the measured concentration at size i. The tests were conducted with both
the 23 nm and 10 nm configurations of the PEMS. The PEMS calibration certificates by
the instrument manufacturer included efficiencies following a similar approach, as it is
prescribed in the regulation. The generator used by the manufacturer was a spark discharge
graphite from PALAS, as was ours.

Figure 1b presents the setup for the polydisperse checks. The polydisperse aerosol
from the particle generators was diluted in an ejector dilutor, which provided enough
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flow for all instruments connected: the reference CPC downstream of a bifurcated diluter
(DDS 560 from TOPAS GmbH, Dresden, Germany) [66], a scanning mobility particle sizer
(SMPS) [67], the PEMS, and a LABS with both 23 nm and 10 nm CPCs.

For the polydisperse checks, the setup was similar to the monodisperse one but with-
out DMA. The additional SMPS, i.e., the combination of DMA and CPC with appropriate
software, could measure size distributions from 6 to 225 nm (sheath flow 15 Ipm and sample
flow 1.5 Ipm). The SMPS was used to provide the geometric mean diameter (GMD) of the
size distribution and to cross-check the measured concentration. The diffusion flame, as
well as vehicle exhaust soot, is bipolarly charged with an overall neutral charge [68], thus,
no neutralizers were used. For the spark discharge generator, which produces charged
aerosol [50,56,69], the 2! Am neutralizer was used in order to neutralize the highly charged
particles, but for some tests, it was removed in order to investigate the charge effect on the
PEMS efficiencies.

The polydisperse efficiency E for a size distribution with geometric mean diameter
GMD was calculated using the CPC concentration (corrected for dilution) as a reference con-
centration according to Equation (2). Additionally, the PEMS vs. the LABS concentrations
with the same cut-off (23 nm or 10 nm) were compared. Their difference D is an indication
of the expected differences for the vehicle tests, where no reference CPC is available.

)
(3)

Although the details are not given in the description above, attention was paid to
having conductive tubing to minimize electrostatic particle losses, choosing appropriate
tube lengths, and ensuring similar losses between the reference instruments and PEMS.

Figure 2a presents the setup using vehicle exhaust polydisperse aerosol. For the
verification checks, the LABS (APC 489 from AVL) was connected to the tailpipe next
to the PEMS. The LABS was connected to the tailpipe via a heated line (150 °C). At the
full dilution tunnel, an engine exhaust particle sizer (EEPS) (from TSI) accompanied by
a catalytic stripper measured solid particle size distributions. Two vehicles were used: a
Euro 6d-temp diesel equipped with a diesel particulate filter (DPF) and a Euro 6b gasoline
direct injection without a gasoline particulate filter (GPF). Note that the gasoline vehicle
had a 6 x 10'? particles/km limit and the diesel 6 x 10! particles/km.

Ecmp,rems = Comp,pEms / CGMD,REF

Dcmp = Cemp,pems/ Comp,raps — 1

constant volume sampling (CVS) constant volume sampling (CVS)

I
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Figure 2. Experimental setups with polydisperse vehicle exhaust aerosol: (a) verification with
laboratory system (LABS) at the tailpipe; (b) validation with LABS at the dilution tunnel with
constant volume sampling (CVS). CS = catalytic stripper; EEPS = engine exhaust particle sizer; PEMS
= portable emissions measurement system.

Figure 2b presents the validation setup. The main difference with Figure 2a is that in
the reference system, the advanced particle counter (APC 489, from AVL) was sampling
from the dilution tunnel with a constant volume sampler (CVS). These tests are described
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in the regulation as a PEMS quality check, and for this reason, we had many tests avail-
able with three DC-based PEMSs at 23 nm. A total of 64 tests were conducted in three
laboratories with 26 vehicles in the years 2021-2024.

3. Results
3.1. Laboratory Soot-like Aerosols

Figure 3a presents the 23 nm PEMS efficiencies (Equation (1)) using monodisperse
spark discharge graphite particles or diffusion flame combustion soot. Note that the x-axis
is the (electrical) mobility diameter. The efficiencies of the last five calibration certificates
are also plotted. There is a good agreement between the calibration certificates (using spark
discharge graphite) and our graphite results. The graphite results are within the limits
required by the legislation (small black lines). The combustion soot efficiencies are much
lower.

spark discharge graphite -----8

- % 200% -
= — . . X
. . D calibration
caI|b.r.at|on % ) ) £ certificate o
certificate g spark discharge graphite g 150% (graphite)
i : v |
(graphite) g o) )P
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- = o & 100% % él
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, o X
o} combustion soot = combustion soot
X
0%
40 80 120 160 200 0 40 80 120 160 200
Electrical Mobility Diameter Dp (nm) Electrical Mobility Diameter Dp (nm)
(a) (b)

Figure 3. Monodisperse calibration of dual PEMS (MOVE from AVL) according to Figure 1a. Different
symbol sizes indicate different repetitions on different days. The black lines give the limits from
the regulation: (a) 23 nm PEMS. Asterisks are the calibration certificate values and error bars give
one standard deviation of the last five calibration certificates. (b) 10 nm PEMS. Asterisks are the
calibration certificate values of one calibration certificate.

Figure 3b plots the monodisperse calibration results for the 10 nm PEMS with the two
soot-like aerosols, along with the PMP recommended future limits. There was only one
calibration certificate available. The graphite is within the limits, with one exception at
200 nm. This point may be higher due to the existence of multiply charged particles that
were not corrected. The combustion soot efficiencies are lower and, in most cases, below
the limits.

The checks with polydisperse soot-like aerosols are plotted in Figure 4a for the 23 nm
PEMS and Figure 4b for the 10 nm PEMS (efficiencies, Equation (2)). The figures also plot
the efficiencies of the LABS. Note that the x-axis is geometric mean diameter (GMD). The
geometric standard deviations were between 1.55 and 1.75.

The efficiencies with the combustion soot are very low, reaching only 50% at a large
GMD of 91 nm. The efficiencies with the graphite are higher but still lower than those of
the LABS. When the spark discharge aerosol was not neutralized, the efficiencies were
much higher. The material (combustion soot or spark discharge graphite) did not impact
the efficiencies of the LABS. The results were similar with the 10 nm PEMS. The agreement
with the neutralized spark discharge graphite was close to the LABS. The non-neutralized
aerosol, though, had a strong impact on the efficiencies.
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Figure 4. Polydisperse efficiencies of dual PEMS (MOVE from AVL) and LABS (APC 489 from AVL).
Setup in Figure 1b: (a) 23 nm systems; (b) 10 nm systems. Note that the x-axis is the geometric mean
diameter (GMD). The standard deviation was around 1.65. Squares (graphite) and circles (soot) are
the PEMSs; green X (graphite) and diamonds (soot) are the LABSs. Different symbol sizes indicate
different repetitions on different days.
The results of Figure 4 are also plotted in Figure 5, considering the respective LABS
(i.e., the differences to the LABS system, Equation (3)) as a reference instrument. Such
comparisons give a better indication of the differences that would be expected when
measuring vehicle exhaust aerosol, where no reference CPC is available but only the LABS.
For the 23 nm PEMS, the differences were on average —20% for neutralized spark discharge
graphite but —50% for combustion soot. For the 10 nm PEMS, the differences were 0% for
neutralized spark discharge graphite and —40% to —10% for combustion soot.
120% 120% a)
spark discharge graphite O
T 90% T 90% - not neutralized
£ £
0 60% spark discharge graphite S 60%
4 B not neutralized n
[aa]
< <
el 30% ogd ° 30% spark discharge graphite
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o . S 0% 2
£ 0 20 O 0 60 080 = 0 20 O 40 60 g0 ©
-30% ) " ) o combustion soot -30% - combustion soot
spark discharge graphite y °
. neutralized [} ©
—0l% GMD (nm) —60% GMD (nm)
(a) (b)

Figure 5. Comparison of PEMS with LABS measuring polydisperse soot-like aerosol (differences
according to Equation (3)). Setup in Figure 1b: (a) 23 nm PEMS; (b) 10 nm PEMS. Different symbol
sizes indicate different repetitions on different days.

3.2. Vehicle Exhaust

The previous results were obtained with laboratory soot-like aerosol. However, it
was not possible to determine which particle generator and kind of soot-like aerosol
better simulates vehicle exhaust for PEMS calibrations. Figure 6 presents the differences
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between the PEMS and LABS, both connected to the tailpipe, when measuring vehicle
exhaust aerosol from a gasoline-fueled vehicle with direct injection (GDI) and a diesel-
fueled vehicle equipped with a diesel particulate filter (DPF). Each point is a test cycle
(transient or at constant speed). The geometric mean diameter (GMD) was estimated from
the instrument at the dilution tunnel (EEPS at CVS, Figure 2a). The differences spanned
from —70% to —20% for the 23 nm PEMS and from —40% to +20% for the 10 nm PEMS.

20% a B
< 0% A B H
40 60 80 100 @ 0 20 40 & 80 100
GMD (nm) < AGMD(mI)A
S -20% A
% 3 L
= = -40%
% g ’
o
A —
A —60% AGDI
m EDPF
-80%
(a) (b)

Figure 6. Comparison of PEMS with LABS, both at the tailpipe, measuring the exhaust of one DPF
equipped and one GDI vehicle. Setup in Figure 2a: (a) 23 nm systems; (b) 10 nm systems.

Figure 7a plots the validation tests with three 23 nm PEMSs over the years 2021 to 2024.
The 23 nm LABSs were connected at the dilution tunnel, while the PEMSs were connected
at the tailpipe, as prescribed in the regulation [46] (setup in Figure 2b).

10% 741 (10 nm) #1 (23 nm) #2 (23 nm) #3 (23 nm)

X
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A PEMS #2 n
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-70% W Spark discharge graphite

LABS 23 nm/(#/km) @
(a) (b)

Figure 7. Comparison of three PEMSs with LABSs: (a) The 23 nm PEMSs were connected to the
tailpipe and the 23 nm LABSs were connected to the dilution tunnel with constant volume sampling
(CVS). Measurement over the years 2021 to 2024 with various vehicle technologies. Each point is a
test cycle. Dotted lines indicate Euro 6d permissible tolerance. Setup in Figure 2b; (b) Summary of all
measurements. Error bars give one standard deviation.

The differences of PEMSs and LABSs were consistent: around —20% to —40% at
emissions above 3 x 1010 particles/km. At lower emission levels, the differences became
positive and increased as the PEMSs had reached their detection limit. Only in one case
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was the difference outside of the 50% or 1 x 10! particles/km allowed tolerance pre-
scribed in the regulation (—79%). The Euro 6e regulation decreased the tolerance to 42% or
8 x 1010 particles/km, whichever is larger. With the new tolerance, two additional
points would fail the validation test (differences —44.6% and —42.8%). In all three cases,
DPF regeneration took place and the PEMS was saturated (i.e., reached its maximum
2.5 x 107 particles/cm?), partly explaining the underestimation. The differences of the
three PEMSs were consistent, indicating that there was nothing particularly different with
the dual PEMS.

Figure 7b summarizes the differences of the three PEMSs compared to LABSs with
different aerosol sources, presented in the previous figures. The mean differences of the
validation tests (all three 23 nm PEMSs at the tailpipe vs. LABSs at the CVS) were —28%
to —40% for emission levels > 3 x 10'° particles/km (results presented in Figure 7a). The
mean differences of the two 23 nm PEMSs vs. LABSs, both connected to the tailpipe, were
—33% and —41% (results presented in Figure 6a). The 10 nm PEMS had a —12% difference
compared to the 10 nm LABS (results presented in Figure 6b). Using laboratory aerosol, the
23 nm PEMS had a —32% difference with combustion soot and —17% with spark discharge
graphite (results presented in Figure 5a). The 10 nm PEMS had a —23% difference with
combustion soot and —1% with spark discharge graphite (results presented in Figure 5b).
The comparisons covered a GMD range of 20 nm to 90 nm for soot and 25 nm to 75 nm for
graphite.

4. Discussion

Euro 7 regulation (EU) 2024/1257 [25] reduced the lower detection size of the particle
number (PN) systems from 23 nm to 10 nm and extended the limit to all vehicles (not only
direct injection ones). The instruments are calibrated with monodisperse soot-like aerosol.
The most commonly used generators are the diffusion flame combustion aerosol standard
(CAST) and spark discharge based. The second one produces highly charged aerosols.
There are discussions ongoing whether the measurement uncertainty of the instruments has
remained the same or increased, especially for portable emissions measurement systems
(PEMSs). There is particular interest for those instruments that do not optically count the
particles, as conducted with condensation particle counters (CPCs), but charge them and
measure their current, i.e., diffusion chargers (DCs). Due to their dependency on the size
of measured particles, they can have higher measurement uncertainty; of course, other
parameters play a role, such as flow accuracy and internal losses. Recently, a commercial
DC-based system added the possibility of changing the lower detectable size from 23 nm
to 10 nm by the user. This modification has the advantage that the instrument can be used
with different lower detection sizes depending on the research purposes and/or the origin
of the vehicle. Currently, the 10 nm lower size will be applied only in Europe at the end
of 2026. In this study, we investigated this dual system with procedures following the
regulation or variations to assess whether the measurement uncertainty levels remained
the same. In parallel, we investigated the impact of the calibration material on the results.

One of the key findings was that the calibration material plays an important role for
DC-based systems. The diffusion flame soot (monodisperse) efficiencies were almost half
(45% lower) of the spark discharge graphite efficiencies for the 23 nm PEMS. Our calibration
results with graphite were in very good agreement with the manufacturer’s calibration data,
which were also based on graphite particles. The differences with monodisperse efficiencies
were also reflected with polydisperse aerosol. For example, the efficiencies at around
37 nm (geometric mean diameter) were almost half (45% lower) of the spark discharge
graphite efficiencies. The differences were even higher when the graphite particles were
not neutralized. This is well known, and many studies with DC-based instruments have
found impacts of the pre-existing charge on the response of the instrument [14,40,41]. Pre-
existing charge results in a higher average charge per particle (compared to calibration)
and consequently higher instrument response for the same particle number concentration.
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The sensitivity of the specific instrument to pre-charged particles was demonstrated also in
the past with laboratory aerosol or with urea charged particles [41].

What is more interesting, though, is the high difference in the neutralized graphite
particles with the diffusion flame soot. The PEMS keeps most of the parameters that can
affect its response relatively constant or under control (see Section 2.2). For example, the
sample humidity is kept low with the hot dilution in the instrument, the temperature of
the particle detector is constant, and the ion concentration of the corona charger is enough
for the concentrations at which the instrument can be challenged. In our tests, the ambient
pressure was also relatively constant. One may argue that the spark discharge graphite
particles were not neutralized adequately. However, the manufacturer used a tandem size
classification setup and a neutralizer, and we used a neutralizer, thus, these results indicate
the maximum neutralization that can be achieved with the current setups. Another reason
for the differences may be the different morphology and fractality of the particles. It is well
established that fractal particles are more efficiently charged than compact spherical/cubic
particles for the same mobility diameter [36,37,70]. DCs measure the particles’” charge
which depends on the surface area that is available for transport phenomena between
particles and gas, the so-called active surface area [71]. The active surface area can be
calculated by the mobility size of particles [72], with good agreement between direct active
surface measurements and active surface calculation via the mobility size [73]. Different
studies proposed that particles with the same mobility size but different morphology have
different active surface area [74] and thus different DC responses [17,75]. Even if both
diffusion flame and spark discharge fractal-like particles are formed via diffusion-limited
cluster aggregation and particles have similar morphology [76], it cannot be excluded that
different primary particle sizes produced by the two methods may result in morphological
differences. Indeed, the primary spark discharge spherules during generation are typically
small (<10 nm) [77], smaller than those from combustion soot (25 nm) [54,60]. Note that
the dependency of DCs on particle morphology is impacted also by the design of the DC
and can vary significantly [17,75]. Different responses of DCs for spark discharge graphite
(neutralized or not) and combustion soot particles have also been observed before [17].

The 23 nm PEMS was compared to a laboratory-grade system (LABS) with combustion
soot, graphite, and vehicle exhaust particles. The difference was around —15% with
graphite particles, —35% with diffusion flame soot, and —35% to —45% with vehicle
exhaust (26 tests with 14 vehicles). The differences with vehicle exhaust were higher than
typically measured [24,27,28] but well within the permissible tolerance of the regulation
(50% until Euro 6d or 42% from Euro 6e). Tests with the other two DC-based PEMSs also
gave differences of —35% for 15 vehicles (39 tests) over three years. These results indicate
that the diffusion flame soot results are closer to the real vehicle exhaust and should be
preferable. Similar conclusions were drawn for DC-based equipment for the periodical
technical inspection (PTT) of vehicles [17].

For the 10 nm PEMS, the results were quite similar. The graphite monodisperse
efficiencies were within the proposed limits, while with combustion soot, they were lower
(around 25 to 40% lower). Similarly, the combustion soot efficiency with polydisperse
aerosol with a geometric mean diameter of 33 nm was 35% lower than graphite. Compared
to a laboratory-grade system, the PEMS measured similar levels with graphite particles
but 20% less with combustion soot and 10% less with vehicle exhaust. The non-neutralized
graphite had a strong impact on the efficiencies, resulting in almost a 100% overestimation
of the levels. The advantage of combustion soot as a calibration material was not as evident
for the 10 nm PEMS, as the differences were much smaller. The results also support that
changing the lower detection size to 10 nm does not increase the measurement uncertainty
but rather decreases it, as deviations between instruments and /or calibration materials
became smaller for the specific PEMS. The findings of this study were communicated to the
instrument manufacturer and need further investigation with more combustion generators.
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5. Conclusions

In this study, we assessed a portable emissions measurement system (PEMS) that
can easily switch its lower size from 23 nm to 10 nm. We followed the (monodisperse)
calibration procedures as prescribed in the regulation and compared our results with the
manufacturers’ results using two aerosols: diffusion flame combustion soot and spark
discharge graphite. We also checked the efficiency of the instrument (i.e., response com-
pared to the reference instrument) with polydisperse aerosol. We finally compared it with
laboratory-grade instruments using the two aerosols and vehicle exhaust.

Our results were in good agreement with the manufacturer’s calibration certificate
with monodisperse spark discharge graphite particles. However, the response of the
23 nm instrument to monodisperse and/or polydisperse combustion soot was much lower
(—35%); although, it was still well within the permissible tolerance from the regulation
(50%). Such underestimation was also noticed with vehicle exhaust. Other validation tests
with two more PEMSs confirmed the findings. Thus, our results suggest that diffusion
flame combustion soot is closer to vehicle exhaust and should be preferred as a calibration
material. The results with the 10 nm PEMS were similar, with nevertheless much smaller
deviations between calibration materials and/or the two reference instruments. More
studies with different soot generators should confirm these findings.
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Abbreviations

APC advanced particle counter
APG  AVL particle generator
CAST  combustion aerosol standard

CpPC condensation particle counter
CS catalytic stripper
CVS constant volume sampler (dilution tunnel)

DC diffusion charger

DMA  differential mobility analyzer
DPF diesel particulate filter

EEPS  engine exhaust particle sizer

EU European Union

GDI gasoline direct injection

GMD  geometric mean diameter

GPF gasoline particulate filter

GTR global technical regulation
HEPA  high-efficiency particle air (filter)
JRC Joint Research Centre

LABS laboratory-grade system

PEMS  portable emission measurement system
PM particulate matter
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PMP  particle measurement programme
PN particle number

PTI periodical technical inspection
SMPS  scanning mobility particle sizer
TP tailpipe
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