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Abstract

Gasoline direct injection and diesel vehicles homologated in EU have to fulfil a particle number (PN)
limit. The current PN methodology counts solid particles >23 nm. However, many studies found a high
fraction of particles below 23 nm, especially for port fuel injection engines (gasoline and gas engines).
In order to assess the possibility of lowering the size from 23 nm to 10 nm, an inter-laboratory
comparison exercise was conducted in 10 emission laboratories

The exercise was divided in two parts: an European part (EU) consisting of seven different laboratories
and an Asian part comprising three different laboratories. In the exercise a light-duty gasoline direct
injection vehicle and two reference solid particle number measurement systems and an additional
particle number counter for >10 nm particle counting were circulated in the laboratories. Solid particle
number concentrations were measured from the full dilution tunnel in parallel with reference systems
including both >23 nm and >10 nm particle number counters (PN23, PN10) and the laboratory solid
particle number measurement system (PMP) also including both >23 nm and >10 nm particle number
counters. The reference systems were equipped with catalytic evaporation tubes while the laboratory
systems had evaporation tubes.

The determined average PN10 and PN23 emissions were the same for all the instruments within the
inter-laboratory coefficient of variance (s;), separately for different test cycles in the first exercise
parts (EU). In the second part, the low number of laboratories affected the results; yet, the PN10 and
PN23 results for different instruments were within 20%. In general, reproducibility coefficient of
variance (Sz) were at the same level for PN10 and PN23, thus suggesting that PN10 measurements are
feasible with the reference methods.

The results of this study supported the introduction of the 10 nm PN methodology in the GTR 15 (Global
Technical Regulation for light duty vehicles).



1 Introduction

Light passenger and commercial vehicles solid particle number emissions (PN) are regulated in
Europe since 2011 when the Euro 5b emission standard came into force. The solid particle number limit
(PN-limit) was at first directed only to vehicles applying a compression ignition engine but in 2014
(Euro 6) it was extended to all light duty vehicles applying a direct fuel injection [1], thus covering now
also positive ignition Gasoline Direct Injection (GDI) vehicles. The solid particle number limit set for
positive ignition vehicles was at first 6 - 102 1/km subject to request from the vehicle manufacturers.
Now the PN-limit is 6 - 101* 1/km for all direct injection vehicles.

The PN-measurement methodology (PMP) was developed for repeatable and reproducible solid
particle measurements by the UNECE coordinated Particle Measurement Programme informal
working group (PMP IWG) [2,3]. The PMP-measurement system comprises, simplified, a Volatile
Particle Remover (VPR) and a Particle Number Counter (PNC). In VPR there is, in sample flow direction,
a particle number diluter (PND), a non-catalysed Evaporation Tube (ET) and another PND. In the current
regulation, the first PND wall temperature is required to be within 150 to 400 °C and the ET wall
temperature between 300 and 400 °C, to ensure evaporation of the volatile particles. The PNC was
required to have 50% efficiency at 23 nm (PNC23) in order to count particles from the soot unit with
particle sizes (at the time 20 nm) up to micrometers as well as to avoid counting of volatile particles
(volatile artefacts) formed between the VPR and PNC to the PN [4-7].

Nevertheless, there has lately been an increasing interest in the solid particle emissions in the particle
size range below 23 nm. Notable levels of <23 nm diameter solid particles are detected for various
vehicle/engine applications with various measurement methods [6,8-12]. The excess of PN measured
with a PNC, having 50% detection efficiency around 10 nm (PNC10,PN10) compared to PN23 emissions
(Sub23nm-fraction), is shown to reach levels of over 500% for certain engine and vehicle applications
[13,14]. When considering PN-emissions measured over test cycles for light duty vehicles with a
method compliant with current SPN-regulation, the Gasoline Direct Injection (GDI) vehicle emission
Sub23nm-fraction is shown to vary between 0% to 50%, the Port Fuel Injection vehicle (PFI) Sub23nm-
fraction from 0 to 140 % and the DPF equipped diesel vehicle Sub23nm-fraction around or below 50 %
[6,11,12,15-17]. In light of the recent findings of vehicle exhaust particle emission characteristics, the
possibility for decreasing the regulated PN-limit diameter to <23 nm in a post-EURO 6 PN-regulation
is now considered [18].

The new PN-methodology for <23nm particle measurement was approved during the 81 session of
the UNECE Working Party on Pollution and Energy (GRPE), 9-11 June 2020, as an amendment to the
Global technical regulation No. 15 annexes 5, 6, and 7 [19]. In the new methodology, hereafter referred
as PN10-methodology, the main differences to the current PN-methodology are the requirement of a
catalysed evaporation tube (CS) in the VPR and the change of the PNC counting efficiency to 65% + 15%
at 10 nm. A CS is required in the system to avoid volatile artefacts [20-22]. Otherwise, the PN10-
methodology is similar to the current methodology. This approach was chosen as there was a
consensus in the PMPIWG that the new methodology has to be economical and, additionally, feasible
for <23nm measurements|[23].

As a part of the PN10-methodology development, an inter-laboratory comparison exercise in 9
different emission laboratories was conducted. The aim of the exercise was to explore how different
laboratories compare when the SPN10 is measured with current methodology PN-systems and with
systems complying with the approved PN10-methodology (labelled SPN23 and SPN10) [19]. The
objectives of this study are:

e Determine and compare the reproducibility of PN23 measurement with current methodology
SPN-system and with a system optimized for PN10-measurements.

e Compare PN10 measured with current methodology and optimized systems
e Compare the PN results between the laboratories and different PN-systems,

e Compare the Sub23nm-fractions between the laboratories and between the different PN-
systems



2 Experimental

This report covers a two-parts exercise: the first part including 7 European emission laboratories and
the second part including 1 European laboratory and two Asian laboratories. The JRC participated in
both of the parts conducting the measurements at the beginning and at the end of each part.

Exercise in general

The PN-measurements were conducted in this exercise with a Gasoline Direct Injection vehicle (GDI
with three different solid particle measurement systems (PN-system). The measurements were
conducted in test laboratories via driving test cycles on a chassis dynamometer and by sampling from
the dilution tunnel (CVS). The vehicle, two of the PN-systems and three additional PNC's (Golden
system) were circulated to the laboratories.

The results are anonymised; the participants are in alphabetical order: BOSMAL, EMPA, ENI, FORD,
JRC, NIES, PSA, VETC, and VTT

The companies that provided the instruments for the measurement setup are in alphabetical order:
Airmodus Oy (Finland), AVL List GmbH (Austria), Horiba ltd. (Japan), and TSI Inc. (US). In addition, the
JRC provided the necessary parts of the sampling setup

Vehicle

The vehicle was a 2017 Opel Astra Turbo with a Gasoline Direct Injection (GDI) engine (displacement
999 cm?, rated power 77 kW). It had manual gears, front wheel drive and a three-way catalyst as tailpipe
after treatment (no particulate filter) and it complied with an emission standard of Euro éb.

Fuel

In the first part (Labl-Lab7), E5-market fuel from the same batch was delivered to the laboratories,
while in the second part (Lab A, B, C) each laboratory acquired their own European reference type E10-
fuel, see fuel characteristics data in Table 1.

Table 1. Some Fuel characteristics

Parameter Unit Labl1-Lab7 LabA-B LabC
TI0 °C 52.6 52.8
T50 °C 98.4 90.1
T90 °C 159.3 164.8
Olefins %vol 7.3 13 8
aromatics %vol 32.2 31.8 28.1
Ethanol %vol 5 9.5 9.4
density at 15 °C kg/m?3 745.6 747.3
oxygen m/m % 0.91 35 35

Source. JRC, 2021.



Measurement setup

The measurement setup included three different PN-systems and three additional Particle Number
Counters (PNC), see setup in Figure 1. Additionally, each laboratory used their own, current regulation
compliant PN-system [24] (named here after as PMP) in the tests. The PMP-systems Volatile Particle
Remover (VPR) included a non-catalysed Evaporation Tube (ET). The PNC in the PMP-system had a
counting efficiency of 50% + 12% at 23 nm and over 90% at 41 nm (PNC23). The PMP systems were
additionally equipped with a PNC having 65 = 15% detection efficiency at 10 nm and >90% at 15 nm
(PNC10), Figure 1. The PMP system PN10 (PMP10) is measured with Airmodus A20 CPC as TSI 3792E.
CPC was applied as a control PNC when other measurement systems were malfunctioning. Parallel to
the PMP-system, two PN-systems with PNC10, PNC23 and catalysed evaporation tube (CS) were used.
These systems are named hereafter CS1 and CS2. The Golden instruments are listed in Table 3. In
addition to golden instruments and exhaust, particle distributions for the vehicle were determined with
an Engine Exhaust Particle Sizer (EEPS, TSI 3090, TSI Inc.) in one monitoring campaign at the JRC. The
sampling system for the EEPS consisted of a porous tube diluter and catalytic evaporation tube (CS)
and the sampling was done directly from the CVS, Figure 1. The daily protocol provided to each
laboratory can be found in Appendix 1.

The measurement sampling setup was different in each laboratory, Table 2. The characteristics of the
transfer line may have an enhanced effect on the PN results when <23 nm particles are considered.

Table 2. Sampling setup details in the laboratories. Here, Anaconda stands for a flexible tube between
the tailpipe and transfer line. “Tailpipe to dilution” marks the over-all length from tailpipe to dilution
(CVS tee).

Anaconda
CVS Diameter | Length | Insulated Tailpipe to
Lab flow, 9 Heated ) p. P notes
3/ mm m m dilution, m
m?/min
2m,
1 8.8 460 55 35 50 °C 55
5.8,
2 5.9 100 6 5.8 113 °C 6.3
3 6.3 270 4.5 1.5 3'0180 6
€l 4 | 73 85 11 11 1 mixing tee
“l 5 8.8 ENI
6m,
6 8.0 150 6 6 80 °C 9
Part of
51m, exhaust
7 8.05 65 2.7 0.5 170 °C 7.6 transfer
line heated
15.5 273 0.5 6 6 mixing tee
N
| B 9.3 -
&
57m,
C 7.8 150 6 78 °C 8.7

Source: JRC, 2021.




Table 3. Circulated measurement equipment.

Instrument Abr. Details

Airmodus A20 CPC PMP10 10 nm cut-off diameter, installed after PMP

AVL Particle counter CS1 10 nm and 23 nm cut-off diameter CPCs included, CS
Horiba SPCS CS2.10 10 nm cut-off diameter CPC included, CS

TS13791 CPC CS2_23 23 nm cut-off diameter, installed to Horiba SPCS
TSI 3792E CPC 10 nm cut-off diameter, installed after PMP

Source: JRC, 2021.

Figure 1. Measurement setup. The PNC sampling points are marked with arrows, and the equipment
shipped to the laboratories are circulated with a dash-dot-line.
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PN loss correction

The reported PN-emissions are corrected with an average Particle Concentration Reduction Factor
(PCRF) for particle losses and dilution in the PN-system following the current regulation [25]. In the
current regulation, the PCRF is calculated as a product of an average of 30 nm, 50 nm and 100 nm
particle losses and dilution ratio.

In the PMP-systems the PNI0 measurements were conducted in parallel with the PMP23, yet,
generally, PMP-systems did not possess an optimized sampling position for the PNC10. Thus, in most
of the laboratories sampling losses were not known for the PMP PN10. In addition, as the PNC10 was



an additional system in the laboratories, the sample temperature or pressure were not collected for
the PNC. In laboratories 1, 4 and 6 in the first part of the exercise, PMP PN10 sampling was conducted
from the PMP-system dilution air exhaust. For these systems the external sampling position losses
may be estimated and they are for 15 nm particles around 20% higher than in the internal sampling
position. The enhanced losses of the external sampling position in laboratories 1, 4 and 6 may be
corrected with equation PN10.,, = PN23 + k;5(PN10 — PN23) [26]. Here PN23 and PN10 are the
emissions calculated with average PCRF and loss correction factor k;5 = 1.2.

Test cycles

Each laboratory was requested to provide results for 3 cold start WLTP-cycles (WLTC), 5 hot start
WLTP-cycles and 1 hot start steady speed test, see the speed profiles and division of the cycle in four
phases in Figure 2 and some details of the tests in Table 4. In cold start tests, the oil temperature was
required to be within 23 + 3 °C while in a hot start test the oil temperature requirement was >80 °C.
The steady speed test was driven with hot start temperatures following the WLTC-phase timing for
different speed-gear combinations. More details about the test protocol can be found in a letter
provided to each Lab, Annex 2.

Figure 2. WLTP-cycle (solid black line) and Steady speed test (solid grey line) speeds, and WLTP-phase
limits (dashed, black, vertical lines)
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Source. JRC, 2021.

Table 4. Test cycles for each laboratory

TEST Engine Condition Number Oil temperature Test Cell
Temperature

WLTC Cold start 3 23+/-3°C 20-26 °C

WLTC Hot start 5 >80 °C 20-26 °C

Steady Speed Hot start 1 >80 °C 20-26 °C

Source: JRC, 2021.



3 Definitions and data validation

The solid particle emissions were calculated with equation

_ NV;o¢
D

Where N (1/m3) is the average of PCRF corrected particle number over distance D (km) and Vior (M)
total volume flow in the CVS during the same period. Both N and V,,; were normalized to 273 K for all
the instruments in all the laboratories. The particle emission measured with PNC having 50% cut-off
diameter (d50) of 10 nm is named here as PN10 and the particle emission measured with 23nm cut-off
diameter PNC is named as PN23. The standard deviations of the PN results in each laboratory is
considered here as uncertainties for PN. For the inter-laboratory average PNs, the inter-laboratory
coefficient of variance is considered as the uncertainty (see below).

PN

The Sub23nm-fraction was calculated as excess of PN10 over PN23,

Sub23nm = (PNlO 1) x 100%
ub23nm = {50 0

The approach of PN-uncertainties (above) is adopted for the Sub23nm-fraction results.

Validation of data and statistical analysis

The data in each lab was first screened manually for measurement errors, such as zero time series,
incomplete time series or high background particle concentration levels, see details in the laboratories
in Appendix 3. Second, a statistical analysis of outliers was conducted to further screen the data
validity. Cochran and Grubbs tests were applied to test PN10 and PN23 emission results of all the
instruments for variance and average outliers, respectively,[27].

The Cochran statistics, C, was calculated with equation

2
_ Smax

Xi St

Where §;, is the within laboratory standard deviation in each Lab is, Sy,4, is the highest within
laboratory standard deviation in the set and p is the number of the laboratories. The laboratory results
are suspected to be an outlier if C is greater than its 1% significance value critical value, Cyo.

The Grubb's statistics, Gp was calculated with equations

p

14
1 1
Gp,max = (xmax - Jz)/S; Gp,min = (f_xmin)/S; X = ;Z Xi;S = ij(xi - f)z
i=1 i=1

Where Gp max and Gy min @are maximum and minimum value Grubb’s statistics, X set average, X;in,
Xmax S€t min and max. The laboratory result is considered susceptible if Gy, in OF Gp max IS greater
than the 5% significance critical value, G, 5. The critical values for Grubb’s and Cochran’s tests are
given in IS0 5275-2 (1994) [27]. A Grubbs test was conducted only if the Cochran test raised suspicions.

At the end, the decisions of the further analysis was based on the screening of systematic errors as
clear differences in functioning of the PN-systems in the laboratories were detected.

In CS2, an internal filter was plugged gradually during the measurement campaign and the results with
and without plugged filter deviated as much as 20%. The plugging happened twice. In Lab3, a leak was
detected in the CS2 internal PNC10 and it was replaced with another PNC10 (TSI 3792). These problems
were considered as part of the experimental uncertainties and the results were included in the final
analysis.



On the other hand, in Lab2, the PMP10 PCRF was determined erroneously and the reported emissions
were extremely high and dependent on the used PCRF. In Labb, the PN measurements suffered from
high background concentrations. In Lab1, the CS1_23 suffered from an unreported error and the time
series of CS1_23 was often zero. These results were excluded from the further analysis as they were
clear (human) errors, which would have been detected and excluded in normal emission
measurements.

The only tests excluded from the further analysis were those mentioned above (LAB2 PMP10 and Lab5).
Although, the Lab7 WLTC COLD start CS2_23 was ruled as an outlier in the Cochran test, the result
was considered to represent a typical PN-emission result as CS2 was sent to Lab 7 directly from
maintenance. Similarly, Lab1 CS1_23 results where CS1_23 functioned properly are kept in the analysis

although the number of cycles is low.
The reproducibility coefficient of variance s}% = sf + sf was calculated following ISO 5725-2 (1994).

The inter-laboratory coefficient of variance sf is calculated with equation

p
Sf=—i ! Znij()_’—f’) — st
nj|(p—1)

i=1

where s2 is the repeatability variance, p number of laboratories, n;; number of approved data points,
y intra-laboratory average, y inter-laboratory average and n; is given as

p P2

_ 1 n D=1 N
T "y — 1) E j= 5P
®-D\& =17

And repeatability variance sf with
p 2
2 - 2 (nig — 1)s?
r— §p
z:i:1("ii - 1)

Where sl-zj is the intra-laboratory coefficient of variance. Below the coefficient of variances are given

normalized: reproducibility, sg = /sﬁ/)_/ -100%, repeatability, s, = \/s—f/)_/ 100%, and the inter-

laboratory sy, = \/s_f/)_/ 100%.

Stability of the vehicle and PN measurement systems

The vehicle emission stability was monitored by measuring the PN emissions at the JRC at two
different Vehicle Emission LAboratories (VELAT JRC4 VELAZ2:JRC1,JRC2 during each part of the
exercise), Figure 3. The uncertainty between the laboratories is around 20%. Unfortunately,
maintenance, including oil change, was conducted before the third monitoring campaign at the JRC,
and the results of this campaign are not representative. Nevertheless, in the Figure, the difference of
CS1 and PMPPN in campaigns 1, 2 and 4 to average over these campaigns is shown. There is a
decreasing trend in the PN. For PMP PN23 the difference was as high as 40% points between the first
campaign and the last campaign. For CS1 PN and PMP PN10, the difference between these campaigns
was at maximum 20% points. Between the first two campaigns the PN23 difference was around 20%-
points, while for CS1 and PMP10 the difference remained below 10% points, suggesting stabile vehicle
functioning over the European exercise part. The JRC data were treated similarly to the other
laboratories and only one measurement campaign was included in the data-analysis for both exercise
parts (campaigns 2 and 4).



Figure 3. Comparison of HOT and COLD start WLTC PN emissions at the JRC for the CS1 instrument.
Measurements are compared to the average over each exercise part separately.
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4 Laboratory results combined

Here the results from all the laboratories are analysed together. The pre-analysis of the results for
each separate laboratory can be found in Appendix 1.

PN emissions over WLTC

PN23 (1/km) and PN10 emissions for all the instruments in all the laboratories (part 2 marked as LabA,
LabB and LabC) over hot and cold start WLTP-cycles are shown in Figure 4. The vertical lines show
the intra-laboratory standard deviation for each instrument. Additionally, differences between the
average PN over all the laboratories in the exercise part and the results in each laboratory are shown
in a separate axis (diff. (%)) above the axis presenting average PN-emissions. The difference was
calculated separately for each instrument. The Part 1 laboratories and Part 2 laboratories are treated
here separately. Lab5 and PMP10 in Lab2 results are excluded from the analysis and from the figure.
PMP PN was considered here together with the reference instruments CS1and CS2 to show how the
PN measured with different instrument in each laboratory relates to the reference instruments
circulated in each laboratory.

Figure 4. PN23 and PN10 emissions over cold start (top) and hot start (bottom) WLTP-cycles for all the
instruments in all of the laboratories (Lab5 excluded). Black, vertical lines show standard deviations
within laboratories. Exercise Part 2 laboratories are labelled with A, B and C. Also the difference (diff.
(%)) between the results in the laboratories and the average over all the laboratories for each
measurement system is shown (PN10 red, PN23 blue).
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Source. JRC, 2021.

Some systematic differences can be pointed out from Figure 4. The PN10 and PN23 are clearly below
average for Lablin COLD start WLTC for all the instruments while in hot start tests they are close to
the averages. Similarly, all the instruments of Labé are at or below the average for all the tests. On
the other hand, most of the data in Lab3 is above the average, and most of the PN-data of Lab4 is
above averages in cold start WLTC. In part 2, all PN-equipment results of LabA were below the average,
while in other laboratories the PN results varied more between PN-equipment.

Also PMP PNI10 corrected for the external sampling position losses (PN10cor) for Lab]1, Lab4 and Labé
are shown in Figure 4 (grey bars). The effect of the loss correction on PN10 is minimal as it may be
expected, see Paragraph 0.

1



Average PN23 and PN10 over all the laboratories, separately for the first and second exercise part,
were the same within inter-laboratory coefficient of variance, S;, for all the instruments both in hot
and cold start WLTP-cycles, Table 5.

For the cold start WLTP-cycle, in the first exercise part, average PN23 over all instruments was 4.1 -
102 1/km and the inter-laboratory average PN23s of different instruments differed from the average
maximum of 6% (3.9 - 102 1/km - 4.3 - 10%21/km) while the inter-laboratory coefficient of variance (s;)
was between 12% and 25%. For the same test, the average of PN10 over all instruments was 4.8 - 102
1/km and the instrument’s average PN10s varied maximum 4% while s; varied between 13% and 23%. In
the second exercise part WLTC cold start, the average PN23 over all instruments was 2.7 - 1012 1/km
and the inter-laboratory average PN23s of different instruments differed from the average maximum
of 3% while s, was from 6% to 22%, for PN10 the overall average was 3.3-10%? 1/km instrument
averages differing max. 10% and s;, varying from 9% to 17%.

For hot start WLTP-cycle, in the first exercise part, average PN23 over all instruments was 1.8 - 102
1/km and the inter-laboratory average PN23s of different instruments differed from the average
maximum of 8% (1.7 - 1022 1/km - 2.0 - 10*21/km) while the inter-laboratory coefficient of variance (s;)
was between 8% and 17%. For the same test, the average of PN10 over all instruments was 2.5 - 1012
1/km and the instrument’s average PN10s varied maximum 5% from the average while s; varied
between 7% and 15%. In the second exercise part WLTC hot start, the average PN23 over all instruments
was 1.4 - 10'2 1/km and the inter-laboratory average PN23s of different instruments differed from the
average maximum of 3% while s; was between 8% and 13%. The overall average PN10 was in the hot
start WLTC 2.0 - 102 1/km and the PN10 different instruments where within 8% while s, was between
9% and 28%.

When representability of the PN results of the different exercise parts is considered, the number of
laboratories and tests driven in each exercise part has to be taken into account. In the first exercise
part, six laboratory results were approved in the analysis and 65 tests were driven in them while in
the second part, there were 3 laboratories and 23 tests. Given the larger set of the first exercise part,
the results of the first part are considered more representable than the second part results.

From the data presented in Table 5, one can also point out the following:

PN10 variability s, was at the same level with PN23 s, for most of the test

o PNI10 variability between the laboratories (s;) was even lower than PN23 s; in both
exercise parts. This is expected as PN10 was measured with the same PNC in each lab
while PNC23 was different in each lab.

e (ST appeared to be stable over the whole exercise with PN s; between 8% and 13% in all other
tests than in the second exercise part hot start WLTC, where it was 24% for PN23 and 19% for
PNI10.

o Some issues for CS1 were detected in LabC

e The natural variability of the PMP systems (different in each lab) was detected in the first
exercise part with 24% s, for PN23 and 16% for PNIO while it was surprisingly low in the second
part (6% for PN23 and 9% for PN10).

o The low s, of PMP in the second part may be connected to the small sample size.

e (CS2variability was at the same level with PMP in the first exercise part, and clearly highest in
the second part

o CS2 variability was affected by the internal filter problems.

The PN emissions were clearly lower in the 2" part of the exercise than in the 15t Part, Table 5. In cold
start WLTP-tests the average PN10 and PN23 were 28% to 39% lower in the second exercise part than
in the first part, the exact difference depending on the PN-system. In hot start WLTP-tests the PN10
and PN23 were in the second exercise part around 14% to 28% lower than the emissions in the first
exercise part. The only clear difference between the exercise parts was the used fuel. In the first part,
E5-market fuel from the same batch was delivered to the laboratories, while in the second part each
laboratory acquired their own European reference type E10-fuel. At the end, the PN emissions were
clearly lower for a fuel with oxygen concentration around 3.5 mass-% (E10, 2" Ex.) compared to fuel



with Oxygen content of 0.91 mass-%(E5, 1 Ex.). A moderate increase in fuel oxygen content in low
oxygen content fuels is connected to a decrease in GDI PN23 [28-30]. Yet, for high oxygen content fuels
(Ethanol>20%-v), the increase in oxygen content may lead to an increase in PN.

Table 5. Average PN-results, inter-laboratory coefficient of variance, S;, and reproducibility, Sk, over
all laboratories for all instruments and tests in both parts of the exercise (Part 1: European; Part 2:
Asian).

Part 1 Part 2
w PN23, 10'21/km PN10, 1/1012 PN23, 10'21/km PN10, 1/1012
(@]
&} PN23 | S, (%) | Sk (%) | PNIO | S, (%) | Sx (%) | PN23 | S, (%) | Sg (%) | PN0 | S, (%) | Sk (%)
o
E 4.3 23 24 4.8 16 17 2.6 6 7 3.0 9 10
T
9
U) —
o 8 42 12 14 5.0 13 14 2.7 13 14 35 13 14
o
o
§ 3.9 25 26 4.7 23 24 2.7 22 23 3.4 17 17
o
E 2.0 17 19 25 15 18 1.4 18 19 1.8 9 1
T
8 —
g 8 1.8 8 13 25 7 1 1.4 24 25 2.1 19 20
I
g 1.7 13 17 2.3 1 15 1.5 36 36 2.0 28 28

Source: JRC, 2021.

Reproducibility over WLTC

The reproducibility coefficient of variance, Si, was between 14% and 26% for the cold start WLTP-cycles
and from 11% to 19% for the hot start WLTP-cycles for all the instruments in the T part of the exercise,
Table 5. In the second part, the cold start Sz was from 7% to 23% and for the hot start from 11% to 36%.
Thus, while in the first part with a larger set of laboratories and tests, the hot start WLTP-test PN-
emissions were more reproducible than the cold start PN, in the 2" part with 3 laboratories the results
were opposite. Such a change may be explained by the small number of labs and related possibility for
bias in the 2" part of the exercise.

The reproducibility of different PN-systems was similarly different in the different parts of the exercise.
In the first part, S was lowest for CS1 and higher for PMP and CS2 while in the 2" part, the PMP S,
was clearly lowest, and the CS1 S; and the CS2 Si the highest. In fact, CS2 suffered some internal
problems in both parts of the exercise and therefore enhanced the variability between the laboratories
and, thus, Si. Independent of the reason of the variability, the PN23-system maximum S; was 36% for
PN23 and the PN10-system maximum S, was 28% for the cold and the hot start WLTP tests, Figure
5.The maximum reproducibility coefficient of variance Sz was in this study at the same level or slightly
lower than the studies before[3,31,32]. In the literature, the S, determined for light-duty diesel
passenger cars[3,32] PN23 are shown to be at or above 40% and for heavy-duty diesel engines[31] at
or above 50% for the CVS-measurements, yet in both of the inter-laboratory studies [3,31] the diesel
particle filter condition affected the repeatability. In a more recent study [33], a variability of 15% to 30%
between PN-systems complying the future PN10 method was detected. In the study [33] sampling was
conducted from the tailpipe and measurements were conducted for a plurality of vehicles, thus, the



sources of variability [34] differ in the study from the data presented here, yet the variability levels of
PN10 are in them at the same level, <30%.

Figure 5. (left) PN23 and (right) PN10 CS2 and PMP as a function of CS1PN for all the laboratories. The
vertical and horizontal lines related to markers show the intra-laboratory standard deviation for each
test and instrument. Red, dash-dot lines and data label show the maximum reproducibility coefficient
of variance for PN.
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Sub23nm-fraction over WLTC

Figure 6 shows the Sub23nm-fractions determined for all the devices in hot (right) and cold (left) start
WLTP-tests. Here the PMP10 data of Lab2 and all the data of Lab5 from first exercise part are excluded,
see above. The PMP Sub23nm-fractions appear lower than those of the reference systems CS1 and
CS2. In the cold start test, the PMP Sub23nm-fraction is even negative for Lab3 and closing in to zero
in Lab4 and Labé of the 15-part of the exercise and LabB of the 2"-part. Also the PMP average
Sub23nm-fractions are clearly lower than those determined with CS1 or CS2 (Table 6). For the CSI1
system, the average Sub23nm-fraction was in the 15-part of the exercise for the cold start WLTC (18 =
4)% and the hot start WLTC (39 = 6)%. The average Sub23nm-fraction determined with PMP systems
was 8 to 19% percentage points lower than that determined with the reference system CS1. The
difference for the Sub23nm-fractions between PMP and CS2 was similar.

For Lab1, Lab4 and Labé, the Sub23nm-fraction is shown also for the corrected PN10, grey bars, Figure
6 (see paragraph 0). The corrected Sub23nm-fraction for the internal losses of the PMP systems was
still lower compared to the rest systems (CS1, CS2). In Lab1, the PMP Sub23nm-fraction difference to
CS1Sub23nm-fraction became smaller. Thus, the internal losses (i.e. sampling position of the external
10 nm CPC) do not alone explain the differences between the PMP and the reference system Sub23nm-
fractions.

Figure 7 shows the PMP PN10 and PN23 normalized to the reference system CS1 PN23 and PNI10,
respectively. Sub23nm-fractions determined with CS1 was the most stable (lowest inter-laboratory
deviation) of all the instruments in both parts of the exercise, Table 6, and thus it was selected as
reference for the qualitative comparison below. In the first part of the exercise in Lab3, Lab4 and in
Labé, PMP23 exceeds clearly C51_23 and PMP10 is similarly lower than CS1_10, Figure 7. In the second
part, Lab2 and Lab3, both PMP10 and PMP23 are lower than CS1_10 and CS1_23, respectively. Thus, the
differences in the calibration of PNC23 in the exercise laboratories may affect the Sub23nm-fraction
in addition to enhanced PN10-losses.

Interestingly, the inter-laboratory standard deviation was around 4% to 8 % for CS1, 10% to 20% for PMP
and 8% to 15 % for CS2. When considering the problems detected with CS2 and the variability between
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the different PMP systems, the accuracy of the determination of the Sub23nm-fraction with the PN-

measurement method may be taken from the CS1 results (4% to 8 %).

Figure 6. Sub23nm-fraction for cold (left) and hot (right) start WLTCs for all PN instruments. Solid
vertical lines represent the uncertainty. Exercise Part 2 laboratories are marked with A, B and C.
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The average Sub23nm-fraction was higher for the 2"-part of the exercise than for the 1-part for all
the equipment (Table 6). For CS1, the excess of PN10 over PN23 was 10%-points higher in the 2"-part
both in hot and in cold start. This suggests that not only there is a decrease in the emissions but also
in the particle size from the first to second part of the exercise. The decrease may be connected to the
higher fuel oxygen content in the 2" exercise part but also the oil change may affect the emission

characteristics[35].
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In both exercise parts, average Sub23nm-fractions over the cold or hot start WLTC were clearly lower
for PMP than for the reference systems. Given the high variability of the PMP-system results, this data
does not provide evidence to rule if the differences in the Sub23nm-fractions were caused by the
evaporation tube characteristics (catalysed or non-catalysed).

Table 6. Sub23nm-fraction (PN10 excess over PN23, %) for hot and cold start WLTC, for all the PN
instruments in both exercise parts. The given uncertainty is the inter-laboratory standard deviation.

Sub23nm-fraction %
PN- Cold start Hold start
system
Part 1 Part 2 Part 1 Part 2
PMP 10 £ 12 1310 26 =20 3015
CS1 18+ 4 303 396 49 +8
CS2 20 £13 24 + 8 36 £15 37 £13

Source. JRC, 2021.

PN emissions in WLTC-phases

For cold start WLTP, PN-emissions were clearly highest in the 1% phase of the cycle for all the
instruments and laboratories in both parts of the exercise, Figure 8. For both of the exercise parts, all
of the equipment, around 40% of the total PN-emissions was counted in the 15'-phase of the exercise
in cold start WLTC. In the hot start tests, on the other hand, around 40% of the total PN-emission took
place in the 4"-phase of the test cycle. These proportions are normalized to total distance driven. The
average PN-emissions differed clearly between the 15t and the 2™ exercise parts in first three WLTC-
phases while being about the same level in the 4"-phase, see data labels in Figure 8. Thus, the
differences between the PN-emissions in different exercise parts appeared in low to high speed
phases (the first three phases), but not in the extra-high speed phase (fourth phase).

Figure 8. Average PN-emissions in hot and cold start WLTP-cycle phases, both exercise parts. Vertical
lines are inter-laboratory variances, horizontal lines show the averages over all the devices, data
labels (%) are the difference between the average PN in exercise part 1and 2.
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Reproducibility in WLTC phases

The reproducibility coefficient of variance, Sg, was generally highest in the 1*-phase and lowest in the
4'h-phase of the WLTP-test cycle, in the first part of the exercise, for both hot and cold start WLTC.
Thus in the first part of the exercise, the variability of the results is connected to the start of the cycle,
although the first peak emissions dominating the cold start are missing in the hot start WLTC and the
variability decreases as the cycle goes on. The reproducibility data were more scattered for the second
part of the exercise. In the second part of the exercise, CS2, cold start WLTC, the Sy is lowest in the
first phase of the cycle, then varying but decreasing towards the fourth phase. For CS]1, on the other
hand, the Sy is highest in the 2"-phase of the cycle then decreasing towards the end of the cycle. Based
on the 1s'-exercise part, which is more statistically robust due to the higher number of labs involved,
the variability of PN in the exercise is higher in the beginning of the cycle than in the end. This could
be due to more stops-and-goes at the urban parts of the cycle, compared to the relatively steady
driving during the motorway phases.

Figure 9. Reproducibility coefficient of variation, S CoV (%), for all the instruments in the 15t and 2m-
part of the exercise in different phases of the COLD and HOT start WLTP-cycles
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Sub23nm-fraction in WLTC phases

There are obvious differences between the PN equipment Sub23nm-fractions in the different phases
of the WLPT-cycle, Source: JRC, 2021.

Figure 1. In the Figure, the PMP Sub23nm-fraction is negative for all other laboratories except Lab7
and LabA in the 1*-phase of the cold start cycle. For Lab3 and LabB the PMP Sub23nm-fraction is
negative also in the 2"-phase of the cold start and for Lab3 (15-part) also in the 1*-phase of the hot
start WLTC. The Sub23nm-fractions are lower and more scattered for PMP than for CS1 or even CS2.
In case of Lab3, the PMP PN23 was clearly higher than CS1PN23, suggesting that the calibration levels
of PNC23 have a strong effect on the Sub23nm-fractions.

For all the instruments, there is an increasing trend of the Sub23nm-fraction especially along the cold
start WLTC-phases but also in the hot start WLTC-phases: the Sub23nm fraction is lowest in the 15'-
phase and increases towards the 4"-phase. In the first phase of the cold start tests, the reference
instruments average Sub23nm-fraction varied between 4% and 8% in the first part of the exercise and
was around 11% in the second part. Thus, the Sub23nm fraction is low in any case in the first WLTC-
phase and small differences in calibration of PNC10 and PNC23 may lead to a negative Sub23nm
fraction detected for PMP.
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The exhaust particle size distribution concentrated in larger particle diameters in cold start compared
to the hot start especially in the first phases of the WLTP-cycle, In case of PMP and CS2, the average
Sub23nm-fractions of part 1 and part 2 were the same within the standard deviations of the data. With
the CS1 system, the sub-23 fractions were higher at part 2 than part 1. As the PMP equipment had a
natural variability in the exercise and the CS2 reference system had some internal filter issues in both
of the exercise parts, the CS1 results appear to be the most reliable PN-system. For the CS1 results,
the Sub23nm-fraction was higher in the first exercise part than in the second in all phases of hot start
and cold start WLTC. Thus, the increased fuel oxygen content or lubricant characteristics may lead to
smaller exhaust particle sizes.

Figure 10. The Figure shows average density plots of exhaust particle concentrations measured with
EEPS over cold (top, 3 runs) and hot (bottom, 3 runs) start WLTP-cycles in the first exercise part at
the JRC. In the density plots, the colours from blue (low) to red (high) present the relative concentration
in each test. The black circles show the Geometric Mean Diameters (GMD) determined for 10 s average
distributions. Green horizontal lines and the data labels show the median GMDs over each WLTC phase.
White lines show the vehicle speed (right y-axis). In the cold start WLTC, the GMD decreases steadily
from the first phase (81 nm) to the fourth phase (42 nm) levelling close to the hot start average GMD
(42 nm) at the fourth phase. In the hot start test, the average GMD is slightly higher (52 nm) in the first
phase than in the other phases (44 nm-42 nm). In the cold start, the maximum GMD is around 135 nm
while in the hot start it is around 108 nm, both in the first WLTC-phase. The density plots of In case of
PMP and CS2, the average Sub23nm-fractions of part 1 and part 2 were the same within the standard
deviations of the data. With the CS1 system, the sub-23 fractions were higher at part 2 than part 1. As
the PMP equipment had a natural variability in the exercise and the CS2 reference system had some
internal filter issues in both of the exercise parts, the CS1 results appear to be the most reliable PN-
system. For the CS1 results, the Sub23nm-fraction was higher in the first exercise part than in the
second in all phases of hot start and cold start WLTC. Thus, the increased fuel oxygen content or
lubricant characteristics may lead to smaller exhaust particle sizes.

Figure 10 and the GMD determined from the data suggest that in the cold start cycle first three phases,
exhaust particles are focused on large particle sizes and this causes naturally the low Sub23nm-
fraction.

In case of PMP and CS2, the average Sub23nm-fractions of part 1 and part 2 were the same within the
standard deviations of the data. With the CS1 system, the sub-23 fractions were higher at part 2 than
part 1. As the PMP equipment had a natural variability in the exercise and the CS2 reference system
had some internal filter issues in both of the exercise parts, the CS1 results appear to be the most
reliable PN-system. For the CS1 results, the Sub23nm-fraction was higher in the first exercise part
than in the second in all phases of hot start and cold start WLTC. Thus, the increased fuel oxygen
content or lubricant characteristics may lead to smaller exhaust particle sizes.

Figure 10. Density plots for cold start (top) and hot start (bottom) WLTC. Logarithmic right y-axis shows
particle diameter (nm) and the colours from blue (low) to red (high) the relative concentration
separately for hot and cold start. Black circles show the unimodal, lognormal fit geometric mean
diameters, each for 10 s average distribution. Green lines and data labels show median GMD within
WLTC phases. The white line shows the speed (km/h) (left y-axis)
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Figure 1. Sub23nm-fraction in cold (left) and hot start (right) WLTP-phases for all laboratories. Note
average Sub23nm-fraction in 1%-exrcise part (red) and in 2"-part (black) horizontal line and the related
inter-laboratory standard deviations as thick, vertical lines.
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PN-emissions in steady speed test

In the steady speed test, the PN emissions were measured at four different steady speed conditions
(Figure 12). Most of the laboratories were able to conduct the measurement with given speeds, with
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maximum of 1.3 km/h deviation from the target speed, except Labl, where speeds were 4 km/h to 7
km/h lower than the expected speeds. The reason for these Labl results is unknown, but most likely
Labl used a speedometer reading, instead of roller speed in the tests. For the rest of the laboratories
the 1.3 km/h variation is probably due to usage of the cruise control, which did not allow an accurate
speed setting.

Steady speed test PN10 and PN23 with PMP, CS1 and CS2 for all the laboratories are shown in Source:
JRC, 2021.

Figure 13. The steady speed PN23 emissions were mostly close to the average PN for the laboratories,
yet Lab7 PMP23 and CS2_23 were for all the instruments at or below the average emissions while in
Labé all the instruments’ PN23 were clearly above the average in all other speeds except at 50 km/h,
gear 2. PN10 data was generally less scattered than PN23. For PNI10, only the Lab4 and Labé (1t-part)
CS2 is clearly above the average in a couple of data sets. The PN23 relation between the different
exercise parts is totally opposite for the steady speed test than it was for the WLTP-tests. In steady
speed test, the PN was on the average at the same level or higher in the second part than in the first
part of the exercise. One reason for this is clearly the low number of laboratories and related poor
statistical representability of the second part results. CS2 PN10 was also missing in LabC in the steady
speed tests.

The Sub23nm-fractions behaved similarly in the steady speed tests as in the WLTC-cycles. Thus, the
difference between PMP and CS1 or CS2 is not coming from variating driving styles between the
laboratories. The Sub23nm-fractions were generally lower for PMP than for CS1and CS2 and similarly
the PMP Sub23nm-fraction results varied more between the Labs than the CS1 and CS2, Figure 14.
PMP10 or PMP23 were unfortunately missing from two of the laboratories in the first exercise part as
was CS2 PN10 from LabC from the 2"-part. In the 1-exercise part, the Lab7 PMP Sub23nm-fraction
was again the highest, reaching levels from 40% to 60% with the steady speeds, while in the other
laboratories the PMP Sub23nm-fractions were around or below 20%. This adds markedly to the
variation in the PMP Sub23nm-fractions, which are close to 20% at all steady speeds. The low
Sub23nm-fractions determined in steady speed tests with PMP compared to CS1 suggests that the
issues detected with PMP are not related to the transient nature of the cycles, but to the applied
measurement setup itself.

Figure 12.Steady speed test speeds in laboratories
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Figure 13 PN in steady speed tests for all laboratories. Horizontal lines show averages over all
laboratories in the first exercise part for PN23 (black) and PN10 (green) and in the 2"-part PN23(red)
and PN10 (blue) and the related vertical lines show the inter-laboratory standard deviations
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Figure 14. Sub23nm-fraction in steady speed tests. Horizontal lines show averages over all
laboratories in the first (green) and second (red) exercise part and the related vertical lines present
the inter-laboratory standard deviations
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5 Conclusions

Solid Particle Number emissions (PN) of a Golden GDI vehicle were measured in seven different
European laboratories and two different Asian laboratories with three different PN-systems in each
laboratory. The measurements were conducted by driving on a chassis dynamometer and by sampling
from the full dilution tunnel (CVS). Here, the European part is referred as first part and the Asian part
as second part, in chronological order. The main difference between the exercise parts was that in the
European part an E5-market fuel from the same batch was delivered to the laboratories, while in the
Asian part each laboratory acquired their own European reference type E10-fuel. The aim of the
exercise was to examine the feasibility of measuring PN emissions below the currently regulated size
range.

In the exercise, laboratories used their own PN-systems (PMP). The PMP systems included a Particle
Number Counter (PNC) with particle detection efficiency of 50 + 12% at 23 nm and over 90% at 41 nm
(PNC23, PN23). Additionally the PMP systems were equipped with an extra “reference” PNC having
particle detection efficiency of 65 = 15% at 10 nm (PNC10, PN10). The PMP systems were compared to
two “reference” PN-systems with PNC10 and PNC23 (CS1 and CS2). In the PMP-system a Volatile
Particle Remover (VPR) was equipped with a non-catalysed Evaporation Tube (ET) while in the CS1and
the CS2 the VPR included a catalysed evaporation tube (CS).

The WLTC average PN10 and PN23 emissions were the same within the inter-laboratory coefficient of
variance (s, ), separately in cold and hot start WLTC and different exercise parts, for all the instruments.

For the cold start WLTP-cycle, in the first exercise part, the inter-laboratory average PN23 emissions
of different instruments differed from the average PN23 (4.1 - 1012 1/km) less than 6% while the inter-
laboratory coefficient of variance (s;) was between 12% and 25%. For the same test, the average of
PN10 over all instruments was 4.8 - 1012 1/km and all the instrument’'s PN10 was within 4% from it while
the s, varied from 13% to 23%. In the second exercise part, the WLTC cold start, the average PN23 over
all instruments was 2.7 - 10?2 1/km and the PN23 emissions of different instruments where within 3%
while the s, was from 6% to 22%, for the PN10 the overall average was 3.3 - 102 1/km, the instrument
averages differing max. 10% and the s; varying from 9% to 17%.

For the hot start WLTP-cycle, in the first exercise part, the average PN23 over all instruments was
1.8 - 102 1/km and the different instruments where within 8% from the average while the s, was
between 8% and 17%. For the same test, the average of PN10 over all instruments was 2.5 - 1012 1/km
and the PN10 emissions varied maximum 5% while the s;was 7%-15%. In the second exercise part, the
WLTC hot start, the average PN23 was 1.4 - 102 1/km, the instrument average PN23s within 3% while
the s, was between 8% and 13%. The overall average PN10 was in the hot start WLTC 2.0 - 1012 1/km
and for the PN10 the different instruments where within 8% while the s, was between 9% and 28%.

CS1 appeared to be stable over the whole exercise with the s; was between 8% and 13% in all other
tests than in the second exercise part hot start WLTC, where it was 24% for the PN23 and 19% for the
PN10. The natural variability of the PMP systems (different in each lab) was detected in the first
exercise part with a 24% s, for PN23 and 16% for PN10 while it was surprisingly low in the second part
(6% for PN23 and 9% for PN10). The low s; of the second part may be connected to the small sample
size in that part. For CS2, having internal filter problems, the variability was at the same level with
PMP in the first exercise part, and clearly higher in the second part. In the whole exercise, the PN10
variability s; was at the same level with the PN23 s; for most of the test.

PN emissions where higher in the first part of the exercise than in the second part. The PN emissions
were 29% to 39% lower in cold start and 14% to 28% lower in hot start WLTP in the second part compared
to the first part of the exercise. This was attributed to the different fuels between the two parts (E5 vs
E10, with different oxygen content) yet, also different lubricants may increase the difference between
the emissions. The difference of the PN emissions between the different exercise parts was shown to
appear in the first three phases of the WLTP-cycle: in the fourth phase of the WLTC the PN emissions
were almost equal between the exercise parts.

The reproducibility coefficient of variance s; differed between the instruments. The current
methodology (PMP23) had a variability of 7-24%, and the addition of a 10 nm counter did not increase
the levels (10-18%). CS1 had the lowest variability for PN10 with values ranging between 11-20% and for
PN23 between 13-25%. The CS2 PNI10 s had a variability of 15-28% and for PN23 17-36% due to some
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technical issues during the exercise. The higher values of all systems were typically detected at the
second (Asian) part due to the small number of laboratories (3), compared to the first part (7). The sg
was highest in the first phase of the cycle then decreasing towards the end of the cycle, again for both
cold and hot start WLTC. This trend was more distinct in the first part of the exercise than in the second.
In general, the PN23 and PN10 reproducibilities were at the same level.

In the first exercise part, the inter-laboratory average Sub23nm-fractions were in a hot start WLTP-
cycle (26 = 20)%, (39 = 6)% and (36 = 15)% for PMP, CS1 and CS2-systems, respectively, and in a cold
start cycle they were (10 = 12)%, (18 = 4)% and (20 = 13)%. The inter-laboratory average Sub23nm-
fractions were slightly higher in the second part of the exercise. In the second part the cold start
fractions were (13 = 10)% for PMP, (30 = 3)% for CS1and (24 = 8)% for CS2 while in hot start they were
(30 £ 15)%, (49 = 8)% and (37 = 13)%, respectively. In both exercise parts, the PMP average Sub23nm-
fraction was clearly lower than the fraction from the reference instruments CS1or CS2. The Sub23nm-
fractions were lower in cold start than in hot start WLTP. In the first exercise part, the Lab3 Sub23nm-
fraction was even negative in the cold start test, implying issues in determination of either PN23 or
PN10. The correction of PN10 for external sampling position losses did not improve the difference
between the PMP and the reference PN-system Sub23nm-fractions. Thus, the low or even negative
Sub23nm-fraction may be connected as well to a variation of the PNC23 calibration. As the sub-23 nm
fractions were lower with the PMP systems and they had high variability, this data did not provide
means for estimating the need of a catalytic evaporation tube over the non-catalysed evaporation tube
in PN-system.

The Sub23nm fraction was lowest in the 1®-phase and increased towards the 4'"-phase in the WLTC
tests. Negative Sub23nm-fractions were detected in the 1s-phase of the cold start WLTC for PMP
equipment in 7 laboratories out of 9. For some of the laboratories, negative Sub23nm-fractions were
detected also in 2"-phase of the cold start test. The negative Sub23nm-fractions in the first phase of
the WLTP-cycle were shown to be caused by the combined effect of calibration levels of PNC23,
enhanced losses in PN10 sampling and the relatively large size of the particles in the first phase (low
PN <23nm). The Sub23nm in WLTC phases was higher in the second part of the exercise than in the
first part, when reference system CS1 results were considered.

Given the reproducibility results with the well-functioning reference system CS1, it is clear that the
regulatory measurements with the suggested PN10-methodology produce repeatable results in the
>10nm size range. Nevertheless, the results from the PMP systems, where a >10nm PNC was added
without consideration of losses, suggests that the >10nm systems should be calibrated and used
appropriately to achieve repeatability.
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List of abbreviations and definitions

CPC condensation particle counter

CPCx CPC with 50% counting efficiency diameter at x nm
CS Catalytically active evaporation tube

CVS Constant Volume Sampling

DG Directorate General

DI Direct Injection diesel

DTT Sampling and conditioning systems developed in DownToTen H2020-project
ES 5% Ethanol on Gasoline blend

EC European Commission

ETAPC APC with evaporation tube as VPR, current PN-regulation
EUDC  Extra Urban Driving Cycle (Part 2 of the NEDC driving cycle)
Euro#  European Emission Standard for light-duty vehicles

FFV Flexi Fuel Vehicle

GDI Gasoline Direct Injection

GPF Gasoline Particulate Filter

GRPE  UNECE Working Party on Pollution and Energy

H2020 EU Research and Innovation programme

JRC Joint Research Centre

LPM litres per minute

MPI MultiPort fuel Injection

NEDC  New European Driving Cycle

PCRF Particle Concentration Reduction Factor

PFI Port Fuel Injection

PM Particulate Matter mass

PMP Particle Measurement Programme

PN Particle Number

PNC Particle number counter

PNx Solid particle Number emissions measured with CPCx

Sub23_x Excess of PNx over PN23 (%) (PNx/PN23-1)*100

TWC Three Way Catalyst

ubc Urban Driving Cycle (Part 1 of the NEDC driving cycle)

UNECE United Nations Economic Commission for Europe

VELA Vehicles Emission Laboratory at JRC

VPR Volatile Particle Remover

WLTC  Worldwide Harmonized Light Vehicles Test Cycle according to WLTP

WLTP  Worldwide harmonized Light vehicles Test Procedures, published as UNECE Global technical
regulation No 1
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Annex 1.

Daily protocol for PN measurement equipment
Switch on HORIBA SPCS, AVL APC, and the external CPCs (TSI 3791, TSI 3792E, Airmodus).

AVL APC, and the CPCs (TSI 3791, TSI 3792E, Airmodus) are used with same HP laptop, Username:
administrator and no password. DELL laptop is used for HORIBA.

HORIBA SPCS main switch is located at the back of the equipment, switch the front switch on too
(Yellow light), keep the AVL APC external CPC on all the time, use only main switch in front of AVL APC

Check that all the CPCs have butanol reservoirs connected on them.

AVL APC
Open Internet explorer and go to address: 192.168.0.10
Accept the fw.jnlp and the usage of the JAVA (2-3 popup windows will appear: press allow)

K@ A website wants to open web content using an
outdated program on your computer

o the online guide for furth

© AVL List GmbH 2016. All rights reserved.

Source:AVL, 2021.

Go to configuration tab, system subtab select Import configuration and select file (AVL_Particle
Counter_configuration_GOLD.cfg). Overwrite the old one.

T — s T

=//localhost34518/#/details/canfiguration/ system P-BCX H & AVL Activelink Device Cent L ‘ T
JE 0< & %
Monitar
AVL Particle Counter } Configuration ) System
A PNC-Hirmware Version: ULUULS =
3
3 c lo:
e 2 PNC-Serial No 1 ek Besoninoe
PNC k-Factor: 1002
g Calibration Date (DD/MM/YYYY) 23/05/2018
H
- |2
a User Settings Network Settings
+00 3 DwiceMame e
& DeviceType:  we Il
G o
Orr. MAC Address:  owesss ‘
-
+00 3 DHCR: e el
B Ae P Addresss ~~ wes ‘
2|8
= PCR... § Cr— NetworkMaste ~ wes
+00 Gateway Address. e
<
pecm g TcPAPPOE s
v
. PCR...
+00 L - — - Start Logging
picem

1 Time  _ Versions Systen Interface Settings Otiens Service Data log.  Measurement Dat..

Source: AVL, 2021.
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Go to service data logging subtab.

™ jre-stul028
R AR 0L & .

ﬁ System ) AVLPartice Counter ) Configuration ) Service Data Logging

7S P— R
i Actste Senvce Data Logaing Lock Resource
User: 2
State: Pause | Logrie
2| Destination: sars\jre-5tul028) Documents\ AVLVAVL Particie Counter
£
Conc. PNC A E | FileName Ipcz 18092107 002
0.00 E+00 * | Format T Format v
i g i New log file on each start
Conc. PCRF Corr. £
0.00 E+00 5| - Channel Selection
Bleem o | @ TmeThggersd: [1omr
Integ. Conc. PCR... z Value Triggered: | acar 5
0.00 E+00 - Available Channels >
pieem 5
Mean Conc. PCR...
0.00 E+00 Start Logging
o/ccm
v

- - Versions System Interface Settings Options Service Data Log... | Measurement Dat...
Intanratinn Tima =

Pending | History

| & | Raised | From
| & [18/09/201713:2429 | AVL Particle Counter

Source: AVL, 2021.

Change Service Data Logging filename to one you prefer

Scroll down, now the selected channels should include for example Ref. Conc. PCRF. Corr. ETC, PCRF
etc.

— T T — T —

tp:/flocalhost:34519/%/details/ configuration/serviceLogging P-BeX H (& AVL Activelink Device Cent... %

|
yJEl or &

AVL Particle Counter ) Configuration ) Service Data Logging
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+00 v . o I
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(o) E b
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pleem | |ES
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c. PCR... g g i prENoA M
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+00 - e - Start
plcem =
1 Time Versions System Interface Settings Opticns Service Data Log..  Measurement Dat..

Source: AVL, 2021.

Select the Measurement subtab

Change Measurement Data Logging filename. (Note that Measurement data file does not include
External CPC data and, thus, it is not useful for our purposes) . The naming is done so that there are
no extra files. Measurement Data logging can also be turned off (Activate measurement data logging).
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Source: AVL, 2021.

Then select Lock Resource (right column)

- [ D
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Source: AVL, 2021.

Press lock the resource, AVL APC is first in Pause state, to start measurement select first Standby
and then Measurement and when measuring remember to start data logging. Select Home to see the
data visualization

APC saves the data to a folder C:\Users\Administrator\AVL\AVL Particle Counter
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HORIBA SPCS
Start HORIBA SPCS (Main switch at the back of the equipment, ON/OFF button in front)

Start the computer connected to HORIBA SPCS, select user HORIBA, the software for using the HORIBA
SPCS should start automatically as you have logged in. Otherwise choose the MEXA-2000 on the
desktop.

Set HORIBA SPCS to ready mode,

HORIBA MEXA-2300 SPCS
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o0
85
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& =
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Source: HORIBA, 2021.
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After HORIBA SPCS has warmed up, proceed to daily checks:

HORIBA MEXA-2300 SPCS

HORIBA MEXA-2300 SPCS Calendar Timer OFF IReaﬂv @ aLarm
100 Alarm
o5 TEMP : Standard #1, #2, #3, #4, #5, #5

TEMP : Option | #6
20

a5
80 Particle Number Concentration

o Count x PCRF

70

. 0.000E+00M

&0

o L
E
s E Dilution Factor
& g - .
® ko ‘g 0.0000000 ——= 3 Dilution Factor Setting SetUp
£
OFed O w @
o Primary Diluter (PND1)
< 40
35
25
= EARL DO AT m
= Status
0 |Without DU
5 Butanol Auto Fill: ON
Min,
4000 -B00 800 700 500 500 400 300 200 400 O 100
Time (s} Data Logging
- ON OFF
kcpc count] Fitter|  [¥] Daily Chieck » CPC Status Check
X-axis (3sto 12005 ) 1200 |s Calibration » System Status Check
- CANCEL CPC Sample Check
CPC Linearity Check
Measure Purge Reset I Check | sys. Linearity Check
CANCEL

Source: HORIBA, 2021.

Daily checks for Horiba:

1. Select Check — Daily Check — CPC Status Check

2. Select Check — Calibration - CPC/CFO Flow Cal.

3. Select Check — Calibration — Diff. Pressure Cal.

4. Select Check — Daily Check — System Status Check

Select the preferred filename for HORIBA SPCS data Utility — Condition setup — Data logging setting—
Save As.

41



HORIBA MEXA-2300 SPCS

HORIBA  MEXA-2300 SPCS

0.0000000

Qct 1

Calendar Timer OFF IRaady

ne Alarm

-

100

o5

20

25

a0
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70
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55

CPC Count #cm3)

30

25

20
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Time (s)

EPC Count]

Fitter| ame 4]

| mtarm:

rParticle Number Concentration————————————

000E+00 M=

Dilution Factor

Dilution Factor Setting

sindu| xny

Primary Diluter (PND1)

Secondary Diluter (PND2)

Total Dilution Factor

Status
Without DEU
Butanol Auto Fill: ON

~Natal nnning———
Monitor 4 |
Condition Setup ¥

fal N} |
CPC Setting

Measure ‘

X-axis (3sto 1200s )

Purge I

Reset I

iz s

Check

Data Logoing Safiing
Analog Input/Output
Calendar Timer
Purge Timer

Result r
CANCEL

Utility!

User Level Setting
PTT Flow Setting

CANCEL

Source:HORIBA, 2021.

HORIBA MEXA-2300 SPCS o X
HORIBA| MEXA-2300 SPCS ottt Calendar Timer OFF IReady ‘ - IOFF—Iine | - no Alarm
Data Logging Setting |
rSetting
LoggingTime | 2880 ., Interval 1s Save As wela2_12102017_001_HORIBA_D1.td
rLogging Item
~Particle Number Concentration Dilution Factor -Line Temperature Option Line Temperature —
CPC Count Total Dilution Factor Hanterire
[¥] Count x Total DF PND1 Dilution Factor PND2 Dilution Factor ¥ Orifice Block
[v] Count x PCRF [ Diluter SbRL ek
¥| PND1 Sample Flow | PND2 Sample Flow ilution Ai
nt. CPC Count i 0 [] Dilution Air
V| il. Al v il Al i i
nisag inplE [»] PND1 Dil.Air Flow [¥] PND2 Dil.Air Flow Evaporation Unit
[C] CH1 Analog Input [¥] PND1 Makeup Air Outlet of Orifice Block | | [¢] DSU Cyclone
|_] CH2 Analog Input PND1 Abs. Press. [¥] PND2 Abs. Press. Outlet of PND2
["] CH3 Analog Input PND1 Diff. Press. [¥] Inlet of CPC
L] CH4 Analog Input -CPC-100 PCRF ~SFC
Others [v] Sample Pressure [v] Saturator Temp. PCRF [ PTT Flow
Status [¥] Cabinet Temp. [¥] Condenser Temp. [¥] Return Flow [¥] Makeup Flow
~Option Line2 Temperature
[test1 [test3
[Ctest2 [testd
Save Quit
Measure Purge Reset Check ‘ Utility | Exit

Source:HORIBA, 2021.

Select Measure to measure and put the data logging on. After measurement purge the sampling line
by pressing purge.

42



TSI CPCs

TSI CPCs can be used also with inLab-programs or hyperterminal like software. If this is not possible,
below is guide how to use the xls-macro.

TSI CPC software can be found from folder:
C\Users\Administrator\Documents\PMPRR\LabNAME\TSICPC. The macro to be copied, renamed and
used is named COPYnRENAMENUSE_THIS_FILE4_TSICPC.xlsm. Please copy the folder LabNAME with
empty folders inside and rename the folder (LabNAME) accordingly.

TSI CPC software (excel-macro) needs a special attention.

e Always copy a new file and rename it before you start it and start excel.
e When started, enable macros

Acquire PN Data_Galden comparison_160820127_003 - Excel

Developer  Inset  Pagelayout  Formulas  Data  Review  View  Q Tell mewhatyouv

o . el | B2 =
& Cut Arial o« A A - EPWiapTedt General N ? o L‘.J g =X 3 AutoSum éY p
P BB Copy - Condtionsl Formatas Cell | | Delete Forn i Sort& Find &
aste ¥ e O =35 ElMegeBilenter - | $ - % » |58 §§ | Conditional Formatas. Cel nsert Delete Format ort & Fin
- ¥ Format Painter T = - g *" | Formatting~ Table~ Styles~ - - n [ ey Filter - Select -
Clipboard 5 Font [ Alignment i Number " Styles Cells Editing
1 SECURITY WARNING Macros have been disabled Enah\a(untent\
E25 - fe

CLEAR ALL DATA DISCONNECT ALL

Source: TSI, 2021.

e Disconnect all (1.)
e Clear all data (2.)
e Select connect for test unit 1(3.)

@d 7 VELAZ 20102017_004_ GOLDENCPC = WicrosoR Excel W
Home | et Pagelmout Fomuss Revew | View
10 AN Ty @
I U- - 9 A EFFE EE
ClassifiersN  ~ £e| min=60 v
2 3 4 5 3 7 8 9 10 11 12 13 14 BT

1
2
3 CLEARALLDATA
4
5
6 Ref. CPC Test Unit 1 Test Unit 2 Test Unit 3
7 Sample Time (s) Time (s) m [ covecr [ cowecr |
L == o 1
9 2000 Elapsed:[ 2000 | Model .. | Model 3791 %] Model[ 3792E Model .
10 min = 60 Remaining [ 0 | SN[ | SN SN SN
11 ™ax=3600
12
3 Concentration (#lcar) Wem) #lcm) (#lem®)
u —1 [ ] ] L ]
15
16
i verago Vo Fow L)
18
19
20 Status.
21 (Pending/Done) Reference Test Unit 1 Test Unit 2 Test Unit 3
2
2% Average Concentration - 1em* = em* = tem* e 1em*
2 Std Dev (30s) tiem® - Vem? e teme tiem*
% v (305) ==
2
2
23
30 COMMUNICATION v

Controls Data ,_Enter Flows 2 L] »

Source. TSI, 2021.

e In opening pop-up, select connect and the parameters should be as in following figure (or
instrument 3792E) COM PORT 2 and COM PORT 9 are used for CPCs in current computer.
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Source: TSI, 2021.

e Connect also test unit 2. DO NOT connect Ref. CPC.

e Choose a sample time that is long enough for the cycle measurement 2100 or 2000 seconds
should be enough as long as the measurement is started at maximum 200 or 300 seconds
before the cycle starts. The measurement time of the xls-macro is preselected and it cannot
be changed during measurement.

o DO NOT STOP THE MACRO DURING THE TEST or after the test or you will lose THE DATA.

e ALWAYS shut down excel-program between the measurements and start new measurement
with new, renamed xls-macro.

e Remember to SAVE THE DATA (save the xls-macro) after the cycle

e When starting a new measurements, repeat the steps.

1. Copy and rename xls-macro

2. Open the macro and excel

3. Enable macros

4. Disconnect all

5. Clear all data

6. Connect to test unit 1

7. Connect to test unit 2

8. Select sample time 2000 s or more
9. Select Run

10. Wait for the measurement to stop (couple seconds after sample time is full)
1. Save xls-macro

12. Close xls-macro and excel

13. Gotostep 1

Airmodus

Start AX2 software from start menu. After the program is launched press run arrow at the upper left
corner to start it.

L

File Edt Operste Took Wndow  bep

3+ |8

Display | Sattings & parameters

AIRMODUS e

51AE+2
SE+2

g 4.9E+2
£ 4.8E+2

Source: AIRMODUS, 2021.
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Go to settings and parameters tab. Choose the comport 14 and set the filename. The data logging starts
when display tab is activated

AZX 151

Display Settings & parameters

SETTINGS TEMPERATURES & PRESSURES| OTHER

E_‘a‘_" folde_r. . T Saturator T Saturator setpoint P Critical Orifice Liquid level
C:\DATAPMP10 34.98 35 86 M
|fi|.EI'I-a._1'I‘.IE. — TCendenser T Cond setpoint P Nozzle Laser level
[BOSMAL_14122017_ 20 20 2 ‘39
CPC serial port \ T Optics T Optics setpoint P Absolut Dead time correction
Scomia ~ 36 36 97 1

Save meta-data T Cabin DC compensation state
Q ﬁ) 126.15 0

Avg time (1 - 60) Nominal flow rate [Ipm]
o 1 11.000

Measured CPC flow rate
“11.000

= = ) ||| | p— I =T [ | T —— 1

Source: AIRMODUS, 2021.
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Annex 2.
About Light Duty-PMP- 2017/2018 Sub23nm inter-laboratory exercise
Draft Version: 2, 12/12/2017

Authors & contacts: Tero Lahde, Barouch Giechaskiel

Vehicle

The golden vehicle chosen for the Light Duty-PMP- 2017/2018 Sub23nm exercise has a 999 cm?,
gasoline direct injection engine, and it has a front wheel drive but No GPF. Details of vehicle are shown
in enclosed excel-file (Dyno info and vehicle.xlsx).

TEST CYCLES

The vehicle is tested in each laboratory with 3 cold start condition WLTC-cycle, 5 hot start condition
WLTC-cycle and 1 hot start condition steady speeds, which is driven with WLTC-cycle dynamometer
settings (see Table 7-10). The vehicle tests are conducted with non-rolling rear axle. The gear shifting
protocol and dynamometer parameters (road load) are shown in the enclosed file (Dyno info and
vehicle.xlsx)

Table 7 Practical details of test cycle

e Pressure front tires 3 BAR

e One axle (front) rotating only

e No addition of rotating mass

e Battery charged overnight for the cold WLTC

e Qil Temperature at hot WLTC-cycles>80C

o (Gear switch strategy, see enclosed excel

e Vehicle is measured STOP-START ACTIVATED

Source. JRC, 2021.

Table 8 WLTC road load parameters for the dynamometer (before coast down, with vehicle).

WLTC-parameters

Inertia kg 1451
FO (N) 125.16
F1 (N/km/h) 0.232
F2 (N/(km/h)2) 0.03479

Source. JRC, 2021.
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Table 9. Test cycles for the Light Duty-PMP- 2017/2018 Round Robin

TEST Dynamometer Engine Number Oil temperature Dynamometer
. Condition of room
Condition
repeats Temperature

WLTC WLTC Cold start 3 23 +/-3°C 20-26 °C
WLTC WLTC Hot start 5 >80 °C 20-26 °C
Steady WLTC Hot start 1 >80 °C 20-26 °C
Speed

Table 10. Steady speed test

Source. JRC, 2021.

WLTC Duration (s) Speed (km/h) Gear
Phase
1 589-10 100 4
2 433-10 120 5
3 455-10 100 3
4 323-10 50 2

The steady speed test protocol. The steady speeds are driven with cruise control

1.

2.
3.
4.

See an example of a test protocol below, Protocol should include 3 cold start WLTC, 5 hot start WLTC

Source: JRC, 2021.

Warm up the engine to oil temperature above 80 °C (at JRC the oil temperature was from 82
°C to 84 °C) at speed 100 km/h, gear 4

When the oil temperature is reached, start WLTC cycle

Always change to following speed-gear combination 10 s before phase change
At the end of phase 4, vehicle speed run down can be started 10 seconds before end of cycle

and one steady speed test (WLTC settings). Steady speed test should be run as a last cycle.

Installation
warm up

coast down

Hot start WLTC 1

Cold start WLTC 1
Hot start WLTC 2
Hot start WLTC 3
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Day 3

1. Cold start WLTC 2

2. Hotstart WLTC 4

3. Hot start WLTC 5

4. (Hot start WLTC)
Day 4

—_

Cold start WLTC 3
2. (Hot start WLTC)
3. steady speed test (WLTC-settings

The gasoline provided with the vehicle is meant for the 8 WLTC cycles and for the one steady speed
test, including pre-conditioning and warmups, etc. No other gasoline should be used. For additional
tests, please contact JRC (contacts at the end of this letter). There is a possibility to run -7 °C cold start
WLTC if the participating labs desire (see enclosed questionnaire).

MEASUREMENT SETUP

The measurement setup includes an AVL Particle Counter, named hereafter as APC, a Horiba MEXA-
2300SPCS, named hereafter as SPCS, and three additional condensational particle counters (CPC): TSI
3971, TSI 3972E and Airmodus A20 CPC named as TSI23, TSI10 and AM10, respectively. The SPCS and
APC are both equipped with Catalytic-strippers and both of them include internal CPCs with 10 nm cut-
off diameter. APC includes also an external CPC with 23 nm cut-off diameter. From the additional CPCs,
TSI23 cut-off diameter was 23 nm and TSI10 and AM10 cut-off diameters were 10 nm. The laboratory
PMP equipment is called from here after as LabPMP. This measurement equipment setup is referred
hereafter as GOLDEN instruments. A simplified schema of measurement setup is shown in Figure 15.

Table 11. Measurement equipment. The so called GOLDEN instruments.

Equipment included to RR Abbreviation Additional info

Airmodus A20 CPC AM10 10 nm cut-off diameter,
installed after LabPMP

AVL Particle counter APC 10 nm cut-off diameter CPC
included, Cat-stripper

23nm CPC externally

Horiba MEXA-2300SPCS SPCS 10 nm cut-off diameter CPC
included, Cat-stripper

TSI 3791 CPC TSI23 23  nm cut-off diameter,
installed after SPCS

TSI 3792E CPC TS0 10 nm cut-off diameter,
installed after LabPMP

Source: JRC, 2021.
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Figure 15. Measurement setup schema. The sampling point as well as PN equipment vacuums are
shown in figure with red font.
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Source. JRC, 2021.

In addition to PN measurements with the equipment indicated in Figure 15 also measurement of

e Particle mass from cold start WLTC cycles,
e Dynamometer data at 10 Hz frequency,

e (O3 at real time, from the dilution tunnel

e Gaseous compounds (bag and/or real time),

are required.

The dynamometer data as well as CO; real time data are used in the exercise to ensure the repeatability
of the measurements. The dynamometer data and the CO; real time data are requested to be recorded
in all runs, including the first conditioning

TEST FUEL

The fuel used in the tests is an E5 gasoline provided by JRC. Fuel is transported to laboratories by JRC
and JRC has a reservoir of the fuel. Please inform JRC, if the fuel seems to be running out. Our current
plan is to send refill to fourth laboratory, see list of laboratories.

The planned schedule for the measurement setup is shown below. It would be nice if each laboratory
informs the next laboratory in the list as well as JRC, when they are/ when they aim to be finished with
the tests and the date when the golden setup is sent.

DATA

The measurement data should include all the data measured with golden instruments as well as simple
notes what the data files include. The naming of the data files should be consistent, e.g.
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JRC_WLTC_HOTSTART_DAY_2_001_APC. In the best case, the data is provided in the following folders,

Table 12.

Table 12. Preferred data folders and file naming

Folder name All Data | Example filename
fro”.” LABname _DATE_testno CYCLE_condition _equipment.xxx
device

TSICPC TS0, JRC_15102017_001_WLTC_HOTSTART_TSICPC.xlsm
TSI23

AIRMODUS AM10 JRC_15102017_001_WLTC_HOTSTART_AM10

APC APC JRC_15102017_001_WLTC_HOTSTART_APC.xxx

SPCS SPCS JRC_15102017_001_WLTC_HOTSTART_SPCS.xxx

LabPMP LabPMP | JRC_15102017_00T_WLTC_HOTSTART_LabPMP.xxx

Source. JRC, 2021.

The delivered data set should also include CVS-/dynamometer-data comprising, in minimum, CVS
flowrate and actual driving speed. The oil temperature and dynamometer room temperature would
also help further analysis. In addition to raw data, a result summaries are also welcome. Please, name
the results file, if delivered, as RESULTS.

The data for the golden vehicle should be submitted within 1 week of the measurements. Results, if
delivered, and data for other vehicles, if tested, should be delivered in within 4 weeks after the
measurements. See contact details below.

TRANSPORTATION

The transported setup consist of at least three pallets and the vehicle, see Table 13. The golden setup
should be transported to the following lab as soon as possible. The transportation expenses are
covered by the sending laboratory.

Table 13 Pallet sizes, gross weight

L W H G/W
127 126 94 250
168 15 102 107

93 86 138 108

Possibly additional packages for CPC:s (AM10,TSI10 and TSI123)

CONTACT DETAILS

Tero Lahde, Barouch Giechaskiel

Source: JRC, 2021.
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Annex 3.

Here preliminary reports, provided for all participating laboratories after the measurement campaign,
are listed. The reports were used in dialogue between the laboratories and project coordinators, and
errors found are corrected for the final report but not necessarily to preliminary reports below.

Data from Lab1

Test validity at Lab1

Some problems were encountered with CS1_23 in Labl. The CS1_23 measurements were lost for 3 hot
start WLTC and two cold start WLTC, resulting in 2 hot start and only 1 acceptable cold start tests with
the instruments. The problems resulted most probably from failed butanol filling due to the pressurized
CPC inlet. Additionally in Lab1, CS2 responded slowly to changes in emissions and failed to reach the
minima and maxima when compared to the time series measured with CS1and PMP, see Figure 16 and
Figure 17. Generally, the emissions calculated for CS2 in Lab1 were lower for both PN23 and PN10 when
compared to PMP and CS1.A plugged internal filter that needs periodical maintenance was later
identified to be the cause of the detected problems of CS2 in the manufacturer's maintenance. In
addition to the problems with the CS instruments, PMP10 was missing from the steady speed tests in
Labl. Despite of the problems, both CS1and CS2 results are analysed in the following section.

Table 14. Number (n) of valid PN23 and PN10 measurements for PMP, CS1, and CS2 in HOT and COLD
start WLTC

HOT WLTC COLD WLTC STEADY
PMP CSI CS2 PMP CSI CS2 PMP CSI CS2
n,PN23 5 2 5 3 1 3 1 1 1
n,PN10 4 4 5 3 3 3 - 1 1

Source. JRC, 2021.

Results at Labl

The measured average PN23 and PN10 time series (1/s) for PMP, CS1 and CS2 equipment are shown in
Figure 16 and Figure 17. In the figures, the upper axis shows the average PN (1/s) for the HOT start
WLTCs and the lower axis for the COLD start WLTCs. C52_23 shows different time characteristics than
other instruments (PMP_23, CS1_23) both in HOT and COLD start conditions. This is due to the plugged
internal filter and related problems in dilution. The PN23 time series of CS1_23 and PMP_23 show
comparable emission characteristics both in HOT and in COLD start WLTCs.

The average time series of PMP_10 and CS1_10 instruments showed comparable characteristics, yet
CS2_10 differed from them.

The average PN23 emission levels measured at Lab1 for HOT start WLTC were from 1.5E+12 1/km to
1.9E+12 1/km, the emission being higher for CS1 and PMP and lowest for CS2. The COLD start PN23
emissions were in line with the HOT start PN23 emissions, the emission was for CS1_23 3.5E+12 1/km,
for PMP_23 3.4E+12 1/km and for CS2_23 2.9E+12 1/km, , see Figure 18 and Table 15.

The average PN10 emission levels measured at Lab1 for HOT start WLTC were from 2.0E+12 1/km to
2.6E+12 1/km, the emission being higher for CS1and PMP than for CS2. The COLD start PN10 emissions
were highest for CS1_10 (4.0E+12 1/km) Then for PMP_10 (3.8E+12 1/km) and again the lowest for CS2
(3.2E+12 1/km), see Figure 18 and Table 15.
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Figure 16. The average PN23 time series for PMP23, CS1and CS2 equipment measured in the Labl. The
shadowed area represents the variation of the time series within the runs. The vertical dashed lines
represent the WLTC phase boundaries
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Figure 17. Average PNI10 time series for PMP10, CS1 and CS2 equipment measured in the Labl. The
shadowed area represents the variation of the time series within the runs. The vertical dashed lines
represent the WLTC phase boundaries.
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Figure 18. PN10 and PN23 emissions (1/km) for both HOT start (top left) and COLD start (top right)
condition WLTCs for the three used PN-equipment (PMP, CS1, CS2). Bottom graph represents the
Sub23nm-fraction (%) of the SSPN-emissions of the instruments at HOT and COLD start condition
WLTCs. The vertical lines represent the standard deviation.
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Table 15. WLTC cycle (HOT and COLD start) average PN23 and PN10 emissions measured at Labl. ¢
stands for uncertainty. Relative PN stands for PN normalized average of all instrument (PMP, CS1, CS2)
PN emission.

(PN10 = d)
10121 Relative (PN23 £d) | Relative | Sub23nm =d
Cycle | Instrument /km PN10 (%) 1012 1/km | PN23(%) (%)
PMP 2.4 0.2 104 19+0.2 107 25 £ 4
WLTC
HOT CS1 26+0.2 12 1.9+0.2 108 35+H
CS2 2002 84 15+0.2 85 28+5H
PMP 38=+0.2 98 3.4+0.2 99 12 £ 1
WLTC
COLD CS1 40+0.2 102 3.5 101 13«1
CS2 3202 83 29+02 82 13 +1

Source: JRC, 2021.

The PMP-instrument average PN10 emissions were (25 + 4) % higher than the PN23 emissions in HOT
start condition WLTC. For the CS1 instrument in the HOT start WLTC, the Sub23nm-fraction was (35 =
5) % and for CS2 (28 = 5) %. In the COLD start conditions, PMP Sub23nm-excess was 12-13% + 5%
for all the instruments. The Sub23nm fractions were, thus, clearly higher in HOT start than in COLD
start condition.

A closer look on the PN emissions at the WLTC is here taken by comparing the PN-emissions of the
PN-instruments at different phases of the WLTCs. In Figure 19, (top row) Average PN10 and PN23
emissions for four different phases of WLTC (HOT and COLD start) are shown and in the bottom row
Sub23nm-fraction for the emissions in the phases is shown.
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Both PN10 and PN23 emissions were highest in the 4" —-phase of HOT start WLTC while In COLD start
WLTC the highest emissions were detected in the first phase of the WLTC. As in the whole WLTC, the
CS2.10 and CS2_23 were lower in each WLTC phase than the CS1and PMP emissions.

The Sub23nm-fraction was, in each WLTC phase, lower for PMP and CS2 than for CS1, Figure 19 and
Table 16. In hot start WLTC, the Sub23nm-fraction was clearly lower in the 15-phase than in the last
three, for all of the instruments. In cold start WLTC, Sub23nm fraction increased with WLTC phases,
reaching the levels detected for hot start WLTC only in the last, fourth phase. Interestingly, PMP
Sub23nm-fraction was negative in the 15-phase of cold start WLTC, while both CS1and CS2 Sub23nm
were barely positive (2-3 % excess of PN10). The Sub23nm-fractions for the phases are shown in Table
16.

Figure 19. WLTC phase PN10 and PN23 emissions (1/km) with different instruments (top row). PN23 is
plotted with dotted lines. Sub23nm-fraction in different phases for the instruments (bottom row). The
vertical lines represent the standard deviation within the different runs.
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Table 16. Sub23nm-fraction at different phases of HOT and COLD start WLTC for all the PN-instruments.
HOT (Left) and COLD (Right) start WLTCs are separated by vertical line (I) in the table.

Sub23nm (%), HOT| COLD
Phase PMP CSI CS2
1 14 +3|-2 %1 22+ 4[2 %1 20713 £1
2 24 = 410 =1 39 = 417 %1 27713 2
3 26 = 4]22 £ 2 41+5]30 2 29+5|21+3
4 29 +2]28 £ 1 39 2|40 1 30+ 4252

Source. JRC, 2021.
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