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Abstract: Vehicle emission regulations in Europe and many Asian countries include a particle num-
ber limit. The number concentration is measured, typically, with condensation particle counters
(CPCs). For research purposes, the size distributions provide useful information. Scanning mobility
particle sizers (SMPSs) accurately provide the size distribution but are not suitable for transient
aerosol. Engine (fast) exhaust particle sizers (EEPSs) cover this gap, but with less accuracy. Fast size
distribution instruments are commonly used in the research and development of engines. In the last
few years, instrument algorithms have been improved, but studies assessing the improvements are
limited, in particular in their lower size range, around 10-20 nm, and for soot-like aerosol. In this
paper, we compared the three instruments using salt, silver, diffusion flame soot (CAST), and spark
discharge graphite particles. Moreover, vehicle exhaust number concentration measurements with
EEPSs over a seven-year period were presented. In terms of particle concentration, EEPS overesti-
mated, on average, 25% compared to CPC, in agreement with previous studies. Its accuracy for
mean particle size determination was better than 5 nm compared to SMPS. The agreement between
the instruments was satisfactory but the uncertainty increased at low concentrations and larger par-
ticle sizes, showing that there is still room for further improvements. Experimental challenges, such
as low concentration levels of modern vehicles, losses in the diluters, use of photometric mode by
the CPCs, and the material impact, are also discussed.
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1. Introduction

Air pollution, especially particulate matter (PM), is responsible for negative environ-
mental and health impacts [1]. Vehicle regulations in Europe have had limits for PM mass
since the 1990s for diesel vehicles [2]. Many research projects measured the mass distri-
butions [3,4]. The implementation of diesel particulate filters (DPFs) at the tailpipe of ve-
hicles rendered the mass method unsuitable for accurate determination of the emissions
[5]. European regulations introduced the particle number (PN) method and many other
Asian countries followed [6-8]. PN measurements are also conducted in the aviation field
[9] and are under discussion for brakes from vehicles [6]. The PN concentration is deter-
mined with a condensation particle counter (CPC) [10,11]. The lower size is around 23 nm
in order to include the smallest soot particles but avoid any volatile nucleation mode par-
ticles. In the aviation field, the lower size is 10 nm. Such decisions were based mainly on
size distribution measurements. The most used and studied system is the scanning mo-
bility particle sizer (SMPS), which is based on charging of particles, electrical classifica-
tion, and subsequent measurement with a CPC [12-14]. SMPS determines, with high ac-
curacy, the particle size distribution but, in some cases, high differences are reported be-
tween SMPS, which are attributed to the CPCs used, the charging efficiency of the neu-
tralizers, and the diffusion losses, depending on the flowrates used [15,16]. Due to the
slow time resolution (around 2 min) of the SMPS, measurements are only possible for
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constant conditions or speeds. Instruments that provide real-time size distributions are
the electrical low-pressure impactor (ELPI) (Dekati Ltd., Kangasala, Finland) [17], the dif-
ferential mobility sizer (DMS) (DMS500, Cambustion Ltd., Cambridge, UK) [18], and the
engine exhaust particle sizer (EEPS) (model 3090, TSI Inc., Shoreview, MN, USA) [19].
Vehicle or aircraft exhaust, indoor or outdoor ambient air, or workplace environment
measurements with such instruments are very common [20-23]. Many studies, however,
raised concerns regarding the accuracy of such instruments measuring aerosol with not-
well-defined properties, such as from vehicles or ambient air [24-27].

Even though the vehicle emission levels have decreased over the last few years, such
instruments remain necessary for research and development, e.g., for the optimization of
the combustion process, the assessment of cold start, regeneration, or different fuels [28-
35]. For regulatory purposes, size distribution measurements are necessary for determin-
ing the lowest size that needs to be measured. For example, for diesel vehicles, 23 nm was
considered the appropriate size, i.e., the smallest primary soot spherule [36]. Many stud-
ies, however, found particles below 23 nm for gasoline direct injection (GDI), port-fuel
injection (PFI) vehicles, motorcycles, compressed natural gas (CNG) vehicles, and even
diesel vehicle (e.g., urea particles) [37-40]. Furthermore, determination of the technical
requirements of the instruments for on-road testing, i.e., portable emission measurement
systems (PEMSs), needs an appropriate size range due to its impact to measurement un-
certainty and, thus, on the definition of conformity factors [41]. Similar discussions take
place also for the specifications of the recently introduced periodical technical inspection
(PTT) sensors [42].

The assessment of such real-time size distribution instruments, in particular with
soot particles, is limited [43]. There are many practical difficulties. For example, the emis-
sion levels of modern vehicles are very low, the size distributions do not necessarily re-
main constant, and there is not an appropriate reliable reference instrument or even ma-
terial. Consequently, most input comes from studies in the field of ambient air measure-
ments or personal exposure in workplaces [44,45]. Very often, the calibration material of
these instruments is performed with salt, silver, or emery oil and the impact on measure-
ments of soot particles is not well studied. There is a lack of studies with materials relevant
to vehicle exhaust and, most importantly, in the relevant size range (10-50 nm) for vehi-
cles or aircrafts.

The aim of this study is two-fold; to compare particle number concentrations meas-
ured by SMPS and EEPS to a CPC and to examine the preciseness of EEPS to determine
the mean size of particles compared to SMPS. For this scope, different materials, concen-
trations, and sizes are used, with special emphasis on small sizes and soot-like materials.
The laboratory measurements are compared with the literature and in-house data from
vehicles collected over a time span of seven years. The results of this study can be used to
put into perspective studies that use the abovementioned instruments.

2. Materials and Methods

The schematic setup is plotted in Figure 1. Various particle generators for salt, silver,
soot, and graphite were used with various settings to cover a wide range of particle types
and sizes. An ejector diluter, DI-1000 from Dekati [46], was used to reduce the particle
concentration and provide enough flow and identical conditions to the measurement in-
struments (CPC, SMPS, EEPS), independent from the generator and the settings. Thus, all
results are comparable. The diluter was based on the Venturi principle: pressurized air
through an orifice creates underpressure that sucks a sample from the generators, which
subsequently is mixed with the air. The instruments sampled the flow needed, while the
excess was vented from the ejector diluter. Furthermore, ejector diluters have negligible
impact on the size and losses of particles in the examined range in our study, i.e., 10-200
nm [46]. The lengths of the electrically conductive tubes to the instruments were chosen
to provide similar diffusion losses [47]. Details of the generators and instruments follow.
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Figure 1. Experimental setup. C.I. = Catalytic Instruments; CPC = condensation particle counter;
EEPS = engine exhaust particle sizer; GWG = glowing wire generator; LDMA = long differential
mobility analyzer; SMPS = scanning mobility particle sizer.

2.1. Particle Generators

The selection of the particle generators was based on the current requirements of ve-
hicle exhaust regulations: (i) soot-like particles are prescribed in the calibration of the PN
instruments for type approval, in-service conformity, market surveillance, and periodical
technical inspection (PTI); (ii) salt particles are used for the on-field calibration of PTI in-
struments; (iii) other materials (e.g., silver) can be used if they prove equivalency.

2.1.1. Salt Generator

The field calibration system (FCS 249, Topas GmbH, Dresden, Germany) generates
salt particles in an atomizer, dries them in a tube with silica gel, and optionally dilutes
them. An isotonic saline solution with 0.9 wt%. NaCl, purchased from pharmacy, was
used in the atomizer. The air overpressure can be adjusted to achieve different concentra-
tions. In our study it was set to 1.4 bar, producing the maximum concentration. The geo-
metric mean diameter (GMD) of the produced size distribution was around 60 nm.

2.1.2. Silver Generator

The silver particle generator (SPG, Catalytic Instruments GmbH & Co.KG, Rosen-
heim, Germany) produces silver particles via evaporation-condensation in a vertical tube
furnace [48]. The silver containing tube is heated at 1000-1100 °C and a 2 L/min carrier
gas flow (particle free air in our tests) transports and cools the silver nuclei to the main
flow tube, where they are optionally diluted with a flow of 0-20 L/min. The two settings
that were used were: 1000 °C with 15 L/min at the main flow that produced a size distri-
bution with GMD of 9 nm and 1100 °C with 15 L/min at the main flow that produced
GMD of 16 nm. The particles are called “silver oxidized” because air was used in the gen-
erator.

2.1.3. Diffusion Flame Soot Generator

The AVL particle generator (APG) is a modified mini CAST (model 6.203 C, Jing Ltd.,
Zollikofen, Switzerland) combined with a thermal pre-conditioning and dilution unit,
called volatile particle remover (VPR) [49].

The mini CAST is based on the principle of a laminar propane co-flow diffusion flame
with air as oxidizing gas [50]. The adjustment of propane fuel and oxidation air can adjust
the particle size. Quenching with inert gas N2 at a special height cuts off the chemical
reactions in the flame and “freezes” the particles in that condition. The mixing of nitrogen
(mixing gas) to the fuel propane gas can decrease the size of the particles. After quenching
with N, the dilution air at the burner exit affects the agglomeration process, thus, both
number concentration and size.

The VPR consists of two diluters based on the ejector diluter concept, with an evap-
oration tube heated at 350 °C in between. The first ejector diluter is also heated >150 °C.
Downstream of the second diluter there is a dilution bridge that can further decrease the
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concentration. In this study the sample was taken from the outlet of the mini CAST
(“Burner” position), the second ejector diluter (“VPR” position), or the dilution bridge
(“DB” position).

The settings of the mini CAST were varied in order to achieve a wide range of sizes
(10-90 nm) and both unimodal and bimodal size distributions (Table 1).

Table 1. Settings of the AVL particle generator (APG). PN and GMD refer to the inlet of the instru-
ments (i.e., after the ejector diluter).

Fuel Propane

Mixing N2 Oxidation Air Burner Air Sampling PN GMD

Setting (mL/min) (mL/min) (L/min) (L/min) Position  (#/cm?) (nm) Example

1 21 15 0.70 3 Burner 1.3 x 107 24*  Figure Alf
1 21 15 0.70 3 VPR  85x10° 24*  Figure Alh
2 21 5 0.70 3 VPR 7.0x10° 32* -

3 21 0 0.70 3 VPR  5.5x105 43 * Figure Alj
4 21 0 0.80 3 VPR 55x10° 76 -

5 21 0 1.00 3 VPR 47 x10° 85 Figure Ali
6 21 0 0.37 3 VPR 6.7 x10° 15 -

6 21

0 0.37 3 DB 1.2 x 105 16 Figure Alg

* Asterisk indicates bimodal size distribution. “#” is for number of particles. DB = dilution bridge;
GMD = geometric mean diameter; PN = particle number; VPR = volatile particle remover.

2.1.4. Spark Discharge Graphite Generator

In the DNP 3000 (Palas GmbH, Karlsruhe, Germany) high-voltage spark discharges
between two electrodes result in evaporation of the electrode material [51-53]. A carrier
gas transfers the vapors that subsequently nucleate and coagulate. Further dilution with
filtered air reduces the particle number concentration and “freezes” the size distribution.
In our case the electrodes were from graphite and the carrier gas was Na2. The two settings
used were: (i) for GMD around 25 nm: medium energy 3.0 kV, current 2 mA, N: carrier 3
L/min, mixing air 8 L/min; (ii) for GMD around 40 nm, medium energy 3.0 kV, current 5
mA, Nz carrier 3 L/min, mixing air 3 L/min.

2.1.5. Glowing Wire Generator

An in-house tungsten glowing wire generator (GWG) with silver filament around it
was used to generate silver particles [54,55]. Voltage applied (5.5-6.5 V, 2.3-2.4 A) to the
tungsten wire resistively heats it, resulting in evaporation of silver particles. The carrier
gas was 4 L/min of nitrogen to avoid oxidation of the tungsten wire and the silver parti-
cles. The carrier gas was mixed with 6 L/min nitrogen flowing around the tube. The par-
ticles are called “silver” because nitrogen was used in the generator and limited oxidation
is expected.

2.2. Measurement Instruments

The three instruments used were a condensation particle counter (CPC), a scanning
mobility particle sizer (SMPS), and an engine exhaust particle sizer (EEPS). These are the
most commonly used instruments in the vehicle exhaust sector. Details follow.

2.2.1.CPC

CPCs use light scattering to count particles after they have grown to micron size in a
supersaturated environment. The methods that are used to achieve supersaturation and
particle growth are adiabatic expansion of the aerosol-vapor mixture, conductive cooling,
or mixing of cool and warm saturated air [56]. The CPC of this study was the butanol-
based model 3752 from TSI with 50% efficiency at 4 nm [48,57]. A flow rate of 1.5 L/min
was selected. It has single particle concentration range up to 10° #/cm? while up to 107
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#/cm? uses photometric detection. In single-particle mode, one particle is detected each
time in the optical chamber, while in the photometric mode the light scattered by many
particles is converted to number concentration. According to the manufacturer, the parti-
cle concentration accuracy is +5% in single-counting mode and +20% in photometric
mode. In order to confirm these values, we compared the CPC 3752 measuring either in
photometric mode or in the single-counting mode with a DDS 560 Topas diluter upstream
of the CPC with the SMPS. Since the concentration of the SMPS remained the same during
the tests with and without the diluter upstream of the CPC, the ratio of the two concen-
trations to the SMPS readings is a good indication of the uncertainty in photometric mode.
The particle losses in the diluter were taken into account: 15% for the silver particles (10—
15 nm), no correction for salt (60 nm), graphite (30 nm), and soot (30 nm). The results are
summarized in Figure 2a, where the differences in the dilution-corrected CPC concentra-
tion to the SMPS concentration are plotted. For salt, soot, and spark discharge graphite
particles, the photometric mode uncertainty was in agreement with the manufacturer. The
results were within #20% with a small increasing trend for graphite particles. For silver
particles there was a clear effect: the difference reached -50% at concentration level of 10°
#/cm? or stated differently; the SMPS measured almost double the CPC. As nanoparticles
in the CPC grow to micrometer range with butanol condensation before detection, we
believe that the effect relates to smaller initial size of the silver particles (10-15 nm), com-
pared to salt, soot, and graphite, resulting in smaller droplet growth until detection at the
optics of the CPC.

FCS (salt) A DNP (graphite)
. 100% é A A
X GWG (silver)  OAPG (soot) N A
A A 80%
X X O I
X A X & A  60%
108 108 107 3
o °
CPC 3752 reading (#/cm?) £ 0%
A DNP (graphite)
20% ® GWG (silver)
single countin hotometric % 0%
& g P 0 20 40 60 80 100
made made D (nm)
(a) (b)

Figure 2. Control of reference instruments: (a) CPC 3752 photometric mode and single-counting
mode with various materials with sizes 10-15 nm for silver, 30 nm for soot and graphite, and 60 nm
for salt; (b) efficiency of CPC 3010 vs. CPC 3752 with various materials having applied the calibra-
tion factors: 6% at CPC 3752 and 10% at CPC 3010.

2.2.2. SMPS

In an SMPS, particles are initially neutralized, i.e., reach an equilibrium charge dis-
tribution. The polydisperse particles are then separated in a differential mobility analyzer
(DMA) according to their electrical mobility. At each specific voltage, only particles with
a specific electrical mobility are selected and counted by a downstream CPC. For our
measurements we used a SMPS (model 3936, TSI, Inc., Shoreview, MN, USA). It included
a 10-year-old 3077 A 8Kr charger (neutralizer 370 MBq, beta, TSI), with estimated activity
>50%, as its half-life is 10.7 years [12] and a butanol-based CPC model 3010 from TSI,
which has electrical mobility dso% around 10 nm [58]. The SMPS was operated with an inlet
impactor with a cut-off aerodynamic diameter of 710 nm. The SMPS was configured with
aerosol and sheath flows equal to 10 L/min and 1 L/min, respectively, an approximately
2.5 min sampling resolution (up scan 120 s, down scan 15 s), and, therefore, the measured
size distribution was from 7.4 to 289 nm, over 103 size bins. The data were analyzed with
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Full dilution tunnel with Constant Volume Sampling (CVS)

a TSI aerosol instrument manager (AIM), version 9.0.0, and both diffusion loss and mul-
tiple charge corrections were applied.

2.2.3. EEPS

The EEPS (model 3090, TSI Inc., Shoreview, MN, USA) with firmware version 3.11,
and software version 3.2.5.0. measures size distribution in real time (1 Hz collection rate
in this study) [19]. Note that this instrument is identical with the fast mobility particle
sizer (FMPS) (model 3091, TSI Inc., Shoreview, MN, USA), commonly used in ambient air
studies, except that the FMPS reports data up to 1 Hz while the EEPS reports data up to
10 Hz. The EEPS charges particles first in a negative unipolar corona charger to bring them
to a similar charge state independent of their initial charge distribution. Then they are
charged in a positive unipolar charger with high-ion concentration [19,59,60]. The charged
particles are classified by their electrical mobility and then detected using 32 multiple elec-
trometers, covering a size range of 5.6 to 560 nm. The currents are converted to number
concentrations and size distributions using an inversion “matrix”, which accounts for par-
ticle transport losses, charge distribution of particles, current detection by the electrome-
ters, image current interference, and delay times. The sample flow rate is 10 L/min and
the inlet cyclone has a cut-off diameter of 1000 nm. The measured size distributions were
exported using the three available matrices (“Default”, “Soot”, “Compact”) under the
user-selectable menu option for comparison reasons. The original “Default” matrix, which
describes the EEPS response to particles of different sizes, was developed based on theo-
retical considerations and experimental data with near-spherical particles: oil droplets,
salt particles, polystyrene latex spheres (PSLs). The “Compact” matrix was developed to
improve the “Default” matrix for compact particles, using lab-generated near-spherical
particles of sucrose, poly-a-olefin oil (PAO), and sodium chloride (NaCl) [59]. In 2015 the
“Soot” matrix became available to cover soot particles with fractal morphologies, which
acquire more charge than spherical particles of the same electrical mobility diameter [61].
It was developed using diesel engine exhaust particles as the calibration aerosol [62].

2.3. Vehicle Testing

The EEPS was compared to reference systems fulfilling the requirements of the light-
duty emissions regulations, both systems measuring in parallel (simultaneously) from the
full dilution tunnel with constant volume sampling (CVS) (Figure 3a). The measurements
were taken from 2014 until 2020. Most of the data are unpublished and only some of them
are partly presented [31,32,35,63-65].

X
I 100% $
Dilution air — X
L ———
conditioning iI2e W 80%
| T . T L ]
300°c|cs| =
1 S 60% »
flowmeter | 5
~ EEPS diluter % 40%
Filtered - APCIET - : ) :
air or ® EEPS diluter (silver, graphite)
AP 20%
(locr’]ﬁs % APC/CS (soot)
EEPS 0%
5.6-560nm 0 20 40 60 80 100
D (hm)
(a) (b)

Figure 3. Vehicle testing: (a) experimental setup; (b) instrument penetrations. APC = AVL particle
counter; CS = catalytic stripper; CVS = constant volume sampling; D = electrical mobility diameter;
EEPS = engine exhaust particle sizer; ET = evaporation tube.
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The reference systems were based on the particle measurement program (PMP) pro-
tocol using a 10 nm CPC and in most cases included a catalytic stripper at 350 °C [66],
otherwise a simple evaporation tube at 350 °C (APC 489, AVL, Graz, Austria) [67]. The
normalized penetration, i.e., with correction factor to reach 100% at the plateau region
(large sizes), was around 60% at 15 nm and >90% at 30 nm (Figure 3b).

The EEPS was connected to the dilution tunnel via a catalytic stripper at 300 °C and
a downstream porous mixer diluter to cool down the exhaust and provide the necessary
flow to the EEPS (“EEPS diluter”). The dilution was controlled with a throttling valve and
was adjusted to be around 10:1. The combination of catalytic stripper and diluter was a
prototype system from AVL, almost identical with the one in the APC from AVL. The
penetration was around 75% at 15 nm and close to 100% at 30 nm. Thus, for size distribu-
tions peaking below 30 nm the EEPS could be measuring around 25% higher (=75%/60%),
while for size distributions >30 nm, the differences should be negligible. The particle
losses were not corrected for two reasons: (i) both systems fulfil the penetration require-
ments of the regulation and no loss correction is applied for legislative measurements; (ii)
the objective of these tests was to monitor sub-23 nm particles and not the absolute levels,
which were monitored by the regulation-compliant system.

The EEPS “Default” matrix was used until 2016 and “Soot” afterwards (as soon as it
was officially available). It was not possible to re-process the old data with the “Soot”
matrix, due to non-availability of the original EEPS files. The old data were mainly mo-
peds and motorcycles, diesel without DPF, and high-emitting GDIs. The uncertainty in-
troduced by the diluter and the differences in the penetration curves of the two systems
have a high contribution to the differences and could be as important as the impact of the
EEPS inversion matrix.

2.4. Calibration and Controls

The CPC 3752 was calibrated less than 12 months before the testing and the calibra-
tion factor was taken into account (6%). The EEPS was calibrated three years before the
testing, but due to the COVID-19 pandemic it has not been used since the latest calibration.
Experience and tests with CPCs have shown that the calibration remains valid when they
are not in use [68]. The SMPS was not calibrated. Last check of the DMA with polystyrene
latex (PSL) particles was ten years before the tests and only the flows and the counter were
checked, which were within 2%. The counter model 3010 of the SMPS was 10% lower than
the reference CPC 3752 (see Figure 2b) and the 10% difference in the counter was taken
into account. The calibration procedure followed the methodology described in Regula-
tion (EU) 2017/1151. The APCs were calibrated yearly according to the requirements in
the regulation. Operational checks, such as inlet flow and zero check, were performed
before each measurement. Typical maintenance procedures, such as cleaning and flow
measurements, were performed regularly.

3. Results

Figure 4 plots the ratios of the SPMS and EEPS to the CPC in function of the concen-
tration levels. The values include all particles as measured by the instruments, i.e., the
SMPS measured from 7.4 to 289 nm, the EEPS from 5.6 to 560 nm, and the CPC from 4 to
a few micrometers. This should not be an issue for most of the size distributions examined,
but it could result in differences when measuring size distributions close to the lower cut-
off sizes of the instruments, as will be discussed below. Examples of size distributions are
given in Figure A1l in Appendix A. For the instruments measuring with 1 Hz frequency,
the average value during the SMPS scan was used. The stability of all generators was very
good: 2% on concentration and 1% on size, expressed as one standard deviation. There
was no particular difference between the generators regarding stability.
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Figure 4. PN concentration ratio (SMPS or EEPS to CPC) in function of the CPC concentrations for
various materials: (a) SMPS; (b) EEPS. “D” refers to the “Default” EEPS matrix (solid symbols), “S”
refers to the “Soot” EEPS matrix (open symbols). CPC in photometric mode, except silver points
indicated “with dilution”.

The SMPS was, in general, within +25% for the diffusion flame soot and spark dis-
charge graphite particles (Figure 4a). For salt particles, the difference was -40%, while for
silver and oxidized silver particles, around 50-60%. When some tests with silver particles
were repeated with dilution, the difference dropped to +25%, indicating that the uncer-
tainty of the CPC photometric mode was the main reason for this high difference, as ex-
plained in the “Materials and Methods” section. Inefficient neutralization is unlikely be-
cause the two instruments did not have high differences for the soot particles with similar
size and concentration and the oxidized silver particles from the evaporation—condensa-
tion technique are expected to be mostly neutral. There was no trend of the differences in
function of the concentration levels.

For EEPS, the differences were within +30%, except for silver particles, which had
differences >50%, for the reason described previously (Figure 4b). With solid symbols, we
plot ratios using “Default” EEPS matrix and with open symbols using the “Soot” EEPS
matrix. The “Soot” matrix did not change the differences much, except for silver particles,
which further increased the differences, reaching 125%. However, silver particles should
be near spherical at such low diameters and the use of the “Soot” matrix is doubtful. There
was no trend of the differences in function of the concentration levels.

Figure 5 plots the ratios of the SPMS and EEPS to the CPC in function of the geometric
mean diameter (GMD). The generated particles have big differences in their density: the
bulk density is 2.16 g/cm? for salt, 7.14 g/cm? for silver, around 2 g/cm? for soot, and 2.15
g/cm? for graphite. For aggregates, the effective density is lower [69,70]. Since the results
are based on mobility diameter, they should be independent from the material density. In
Figure 5a, the same tests and differences as in Figure 4a are plotted. For this reason, the
SMPS differences were as discussed previously: within +25% for the soot and graphite
particles and —40% for salt. Only silver tests performed in CPC single-particle mode are
plotted due to the increased uncertainty in the CPC in the photometric mode. There was
a small negative trend of the differences in function of the GMD, but the results remained
within experimental uncertainty. Figure 5b plots the same EEPS tests as Figure 4b, but in
function of the GMD, as determined by EEPS. There was a size dependency of the differ-
ences with the “Default” matrix, but this disappeared with the “Soot” matrix.
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Figure 5. PN concentration ratio (SMPS or EEPS to CPC) in function of the geometric mean diameter

(GMD) for various materials: (a) SMPS; (b) EEPS. “D” refers to the “Default” EEPS matrix (solid

symbols), “S” refers to the “Soot” EEPS matrix (open symbols). CPC in photometric mode, except
silver points indicated “with dilution”.

To exclude the uncertainty in the CPC due to the photometric mode, Figure 6a com-
pares EEPS with SMPS in function of the concentration and Figure 6b in function of the
GMD. The differences in the two instruments for silver and graphite particles were within
25%, 60% for salt particles with EEPS measuring higher, while for the soot particles, the
differences ranged from -35% to +90%. The “Soot” matrix reduced this range to —15% to
+60%. Figure 6b indicates that in the concentration range 10° #/cm? to 107 #/cm?, the particle
size is the main uncertainty contributor to the measurement of concentration; the higher
the GMD, the higher the overestimation of the number concentration by EEPS.
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Figure 6. PN concentration ratio (EEPS to SMPS) in function of: (a) the SMPS concentration; (b)
geometric mean diameter (GMD) of SMPS. “D” refers to the “Default” EEPS matrix (solid symbols),
“S” refers to the “Soot” EEPS matrix (open symbols).

Figure 7a correlates the GMDs of the SMPS and the EEPS with the “Default” (solid
symbols) and the “Soot” (open symbols) matrices. The slope improved from 0.91 with the
“Default” matrix to 0.95 with the “Soot” matrix and the R? from 0.950 to 0.996, respec-
tively, mainly due to the improvement in the diffusion flame soot points. Figure 7b corre-
lates the GSDs of the SMPS and the EEPS with the “Default” (solid symbols) and the
“Soot” (open symbols) matrices. The slope improved from 0.90 with the “Default” matrix
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to 0.97 with the “Soot” matrix and the R? from 0.442 to 0.873, respectively. The improve-
ment originated from the improvement in the diffusion flame soot points and slightly
from the salt points.
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Figure 7. Correlation between EEPS and SMPS: (a) geometric mean diameter (GMD); (b) geometric
standard deviation (GSD). Solid symbols refer to the “Default” EEPS matrix, open symbols refer to
the “Soot” EEPS matrix.

4. Discussion

In this study, we assessed two commonly used size distribution instruments: the
SMPS and the EEPS. In addition to other studies that compared the two instruments to
each other, here, we additionally used a CPC for the particle number concentration. The
CPC had a lower detectable size, much lower than of the two size distribution instruments
(4 nm vs. 5.6 nm or 7.4 nm); thus, all particles could be measured with detection efficiency
of unity.

The CPC was used in the photometric range. The concentrations for CPC using the
single-counting mode (<10° #/cm?) are not adequate for the size distribution instruments
that measure accurately at high concentrations (>105 #/cm?®). Combining the CPC with di-
luters (at least 50:1 dilution would be necessary) could be another solution, but the uncer-
tainty of the diluters, plus any size-dependent losses should be considered. This approach
was followed for a few tests. For example, our diluter had 15% losses at 15 nm and negli-
gible for sizes >30 nm. For this reason, this solution was not applied in our study. Accord-
ing to the manufacturer, the uncertainty in photometric mode is around +20%. Our dedi-
cated tests found uncertainty of +20% for salt, soot, and graphite particles, but much
higher for silver particles. At 10° #/cm?, the CPC was underestimating silver particles, ap-
proximately 50%. The difference was attributed to the small size of silver particles and the
smaller growth with butanol in the instrument, thus, affecting the light scattered. It is
known that the scattered light is different for different particle sizes (for the same concen-
tration) [2,71] and the final micrometer size in the CPC can depend on the initial size [72].
Based on these findings, we suggest that CPCs should be used in single-counting mode
only with a well-characterized-for-losses diluter. Such an approach is used in the automo-
tive field Regulation (EU) 2017/1151 and the recommendation for ambient air measure-
ments (CEN/TS 16976:2016).

The SMPS concentrations compared to the CPC were within +25% for the soot, silver,
and graphite particles, -40% for the salt particles (Figure 5a). As discussed before, the
photometric mode of the CPC is one reason for the differences. Another source of uncer-
tainty could be that the charge distribution of the particles in this study did not have the
equilibrium charge distribution of spherical particles assumed for SMPS. This has been
discussed in the literature for, e.g., fractal-shaped particles [73-75]. Another study found
that the inversion method of SMPS underestimates the total number concentration by
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about 15% to 27% when applied to diesel aggregates [76]. For small particles, around 10—
15 nm, such as the silver particles, the counting efficiency of the SMPS internal counter
might not have been taken into account accurately: a default curve is used in the software,
which could be different from the actual counter that was used at the SMPS. Furthermore,
high concentrations of small charged particles might not be neutralized efficiently [16,77].
For the salt particles, the higher difference cannot only be explained by the photometric
mode, as the control with salt particle in single-counting mode did not show much im-
provement (Figure 2a). A likely explanation is that the SMPS (with the 10-year-old neu-
tralizer used) did not properly neutralize the high concentration of highly charged salt
particles from the atomizer [78,79]. Another likely explanation is that butanol-based coun-
ters (as the one used in this SMPS) underestimate the salt particle concentrations. This has
been shown in many studies, where the plateau region is reached at very large sizes, with
the effect even more pronounced for low-temperature differences between saturator and
condenser [80]. Furthermore, the humidity also has an impact [58]. Other studies have
used water counters in SMPS, which detect salt particles with high detection efficiency
[15]. Water counters, however, underestimate the concentration of hydrophobic materials,
such as the soot and graphite particles used herein, and consequently, it was not an option
for our study [11,81,82].

The EEPS was, in general, within +35% from the reference CPC with the “Default”
matrix (Figure 5b). The “Soot” matrix narrowed the difference range to -10% to 30%. The
“Compact” matrix is not presented because it is not relevant for the particles in this study,
but the results can be found in Appendix A.

For EEPS, the size dependency was obvious with the “Default” matrix: the differ-
ences increased with increasing size, almost linearly. With the “Soot” matrix though, this
dependency significantly decreased compared to CPC (Figure 5b) or SMPS (Figure 6b).
This indicates that there is still room for improvement for the inversion matrix. It should
be noted that the SMPS also increased uncertainty with non-spherical particles because
the charge distributions are different than those assumed in the software. The EEPS “Soot”
matrix did not only improve the concentration levels, but also the shape of the size distri-
butions. The EEPS GMD was brought within 5% from the SMPS GMD and the GSD to 3%
(Figure 5). Interestingly, it also improved the correlation for <20 nm particles, but to a
smaller degree, expected to be near spherical. Thus, the “Soot” matrix should be preferred
with fractal-shape particles. For silver and salt particles, there was no obvious improve-
ment with the “Soot” matrix. This was expected, as these particles are near spherical or
compact [48].

To put the results of this study into perspective, Figure 8 summarizes the results of
other studies from the literature with similar materials and sizes: silver [83], salt
[15,44,45,84,85], vehicle exhaust [25,26,44,45,86,87], and ambient [25,26,88,89]. Table Al in
Appendix A presents the reference instruments, the particle materials, the GMD, and the
concentration of aerosols used in these studies. Figure 8a plots the concentrations ratio of
EEPS to reference instruments (CPC or SMPS) in function of the EEPS GMD. With the
exception of one study with vehicle exhaust [86] (symbols in black frame), the “Default”
matrix was applied. The silver particles (GMDs < 25 nm) were overestimated 50-75% by
the EEPS, the salt particles were underestimated 5-25%, while the vehicle exhaust parti-
cles were within #25% (those with the “Soot” matrix) or 25-50% higher (those with the
“Default” matrix). The results are very similar with the results of our study (presented in
Figures 5b and 6b). The ambient particles were, in general, within +25%.
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Figure 8. Overview of literature studies. (a) PN concentration ratio (EEPS to reference) in function
of the reference instrument (CPC or SMPS) concentration; (b) Correlation between EEPS and SMPS:
(a) geometric mean diameter (GMD). All studies used the “Default” EEPS matrix, except those with
a black frame that used the “Soot” EEPS matrix. Data from: silver [83], salt [15,44,45,84,85], vehicle
exhaust [25,26,44,45,86,87], and ambient [25,26,88,89].

Similarly, the GMD of EEPS was 17% lower with the “Default” matrix but only 2%
with the “Soot” matrix. The results are in very good agreement with our results (presented
in Figure 7a). There are a few more studies assessing the EEPS using other materials (e.g.,
particles from welding, cooking, nanomaterial production, ammonium nitrate) and the
“Default” matrix, which are more relevant to atmospheric or occupational health studies
and they were not included in Figure 6 [90-93].

For completeness, our internal data with vehicle exhaust are summarized in Figure
9. The figure compares solid PN emissions from EEPS and reference systems, both sys-
tems measuring from the full dilution tunnel with constant volume sampling (CVS). The
experimental details were given in the “Materials and Methods” section [31,32,35,63-65].
Each point is one vehicle and the error bars give one standard deviation of many (differ-
ent) tests with the specific vehicle.

75%
O 2s (moped)
O 4s (2-wheeler)
M Diesel (+DPF)
A GDI (+GPF)
<© PFI
CNG, LNG, LPG

50%

25%

o
=

EEPS,,/PMP,— 1

10 80 100

-25%

PMP,, (#/km) -50% EEPS GMD (nm)

(@) (b)

Figure 9. Overview of internal JRC data (details in the text). EEPS to reference PMP systems, both
measuring solid particles from around 10 nm. The EEPS was used downstream of a catalytic strip-
per. In function of: (a) concentration levels measured with the PMP system; (b) geometric mean
diameter (GMD). Both “Default” and “Soot” EEPS matrices are included. Each point is one vehicle.
Error bars give one standard deviation of many measurements with the specific vehicle. 2s = two-
stroke; 4s = four-stroke; CNG = compressed natural gas; DPF = Diesel particulate filter; EEPS = en-
gine exhaust particle sizer; GDI = gasoline direct injection; GMD = geometric mean diameter; GPF =
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gasoline particulate filter; LNG = liquefied natural gas; LPG = liquefied petroleum gas; PFI = port
fuel injection; PMP = particle measurement program.

Figure 9a plots the differences in function of the emission levels. For emissions >10"!
#/km, there was no obvious trend in function of the emission levels. It should be men-
tioned though that the results were filtered for emissions below 10 #/km, because the
differences were very high (>100%) as the EEPS was measuring at its background level.
The highest emissions were from diesel vehicles without DPF or with DPF when regener-
ating and 2-stroke mopeds. GDIs had high emissions because they were models before
the introduction of a particle number limit. There was no particular difference between
different vehicle technologies. The mean differences spanned from —15% up to +60%.

Figure 9b plots the differences in function of the GMD. The GMDs ranged mostly
between 20 nm and 65 nm. The diesel and GDI vehicles, on average, had higher GMDs.
There was no obvious trend in the differences in function of the GMD. Mopeds, motorcy-
cles, and gas engines had GMDs below 40 nm.

The EEPS trends are in agreement with the laboratory results: the EEPS seems to
overestimate the emissions by 25% on average. In the size range examined (20-70 nm),
there is no particular size dependency on the EEPS results. Many tests were not plotted
because the concentration levels were very low. With an average tunnel flow of 10 m?¥/min,
a dilution of 10:1 at the EEPS diluter, and a background of 2000 #/cm3, the EEPS back-
ground is 2.5 x 10" #/km, which is almost half of the current PN limit in the regulation.
Thus, for solid particle number measurements of future vehicles, another solution should
be applied, for example, using a high-flow catalytic stripper without dilution. A recent
review for total particle number measurements (i.e., solids and volatiles) suggested that
for regulatory purposes, the CPC should remain the basis, but the use of a real-time size
distribution instrument was recognized as an important addition to the setup for better
understanding of the results [22]. For total particles, both solid and volatiles, a wide range
of emissions has to be covered: from below the solid PN limit up to 3—4 orders of magni-
tude higher during regeneration events. This is challenging, but feasible for the size dis-
tribution instruments. It would, however, require controls with liquid particles mimicking
nucleation-mode particles. Furthermore, more studies are necessary comparing real-time
size distribution instruments from different manufacturers, because often, high differ-
ences are reported [86,94].

5. Conclusions

Three commonly used instruments for particle concentration and size distribution
were compared with particles of different material. Particle sizing instruments, EEPS and
SMPS, were in good agreement with a CPC, +25%, when measuring particle concentra-
tion. For high particle concentrations of silver particles, the difference between the differ-
ent instruments was higher due to the higher uncertainty in the CPC, which was measur-
ing in the photometric mode. It was shown that the uncertainty was around 20% for par-
ticles in a size range of 25-55 nm. For smaller particles of 10-15 nm, the CPC was under-
estimating the concentration 50%. These findings highlight the need for further research
on the photometric mode, when used.

Particle size distribution measured by SMPS and EEPS were in very good agreement
when the “Soot” matrix was used for EEPS. Comparison of the number concentration
measured with SMPS and EEPS with the “Soot” matrix gave differences of —~10% to 60%.
The differences were in function of the particle size for soot particles, with negligible dif-
ferences for small particles around 10-20 nm and reaching 60% at 80 nm. Different mate-
rials gave similar differences, as long as the appropriate matrix was used (“Soot” for ag-
glomerates, “Default”, or “Compact” for spherical particles).

The results were in agreement with the studies in the literature, which also demon-
strated improvements with the appropriate matrices. Our results expanded these conclu-
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sions for different materials, in particular, for soot and graphite particles, and most im-
portantly, for small particles around 10 nm. This is important for the upcoming vehicle
regulations that will require measurements from 10 nm.

Data collected over a 7-year period with various engine technologies gave similar
differences or slightly higher. This was attributed to calibration uncertainties in the dilu-
tion system that was used and the different penetrations of the sub-23 nm compared to
the reference system fulfilling the regulation requirements.

Concluding, this study showed that particle number concentration can be measured
accurately enough (mostly within +40%) and the size distributions are comparable with
the SMPS’s, within 5 nm. This uncertainty should be taken into account when using the
EEPS. Future evaluation with liquid particles and comparison of instruments from differ-
ent manufacturers is important.
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Appendix A

Table A1 summarizes the literature review with studies that evaluated the EEPS with
various materials, comparing it with CPC or SMPS.

Table Al. Overview of studies that compared EEPS with SMPS or CPC. SMPS with butanol CPC
unless stated otherwise: water CPC (wCPC).

Year Citation  Ref. Instrument Material EEPS GMD (nm) EEPS Conc. x 10° (#/cm?) Comment
2013 [83] SMPS (wCPC) silver oxidized 7-25 1.3-48.7

2017 [84] CPC and SMPS salt and others 37 - details not given
2009 [44] SMPS salt 30 1.4

2009 [85] SMPS (wCPC) salt 52 0.2

2013 [45] SMPS salt and others 41 0.1

2014 [15] SMPS salt and others 29-32 10

2013 [88] SMPS (wCPC) air 95 0.1

2014 [25] CPC and SMPS air 25 <0.8

2015 [26] CPC air 25 0.03-2.5

2021 [89] SMPS air 15-50 0.2

2007 [87] CPC Diesel 70 up to 1000

2009 [44] SMPS Diesel 70-80 6-20

2013 [45] SMPS soot 73 0.3

2014 [25] SMPS Diesel 70 1.0

2015 [26] CPC Diesel, GDI 70-80 0.3-1.7

2015 [86] SMPS Diesel, GDI, PFI 12-52 - From the CVS
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Figure Al presents the size distributions measured with the SMPS and the EEPS ap-
plying the three matrices (“Default”, “Soot”, “Compact”). The settings of the generators
can be found in the “Materials and Methods” section. The total concentration and geomet-
ric mean diameter (GMD) differences were discussed in the main text. The details can be
seen in Figure Al with the measured size distributions. The EEPS, in general, overesti-
mated the concentrations. The peak modes were in good agreement in most cases. For
example, focusing at the <20 nm range, for silver (Figure Ala,b) and soot (Figure Alg),
the difference in the peaks was <4 nm, while for oxidized silver (Figure Alc) and soot with
bimodal distribution, slightly more than 5.5. nm (Figure Alfh). The “Compact” matrix
had better agreement. In the 20-70 nm range, the modes have differences of 5 nm for salt,
graphite, and soot (Figure Ald—f). At the >70 nm range, the difference is around 10 nm
(Figure Ali,j).
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Figure Al. Size distributions measured with SMPS and EEPS applying the three matrices (“De-
fault”, “Soot”, “Compact”): (a) GWG silver; (b) GWG silver; (c) SPG silver (oxidized); (d) salt (dried);
(e) spark discharge graphite; (f) diffusion flame soot directly from the burner (setting 1); (g) diffu-
sion flame soot directly from the VPR (setting 6); (h) diffusion flame soot directly from the VPR
(setting 1); (i) diffusion flame soot directly from the VPR (setting 5); (j) diffusion flame soot directly
from the VPR (setting 3). Settings can be found in Table 1.
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