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Abstract

This report presents the results of Phase Il evaluation of Particle Number (PN) Portable Measurement Systems (P!
PN-PEMS were compared with legislation compliant PN systems connected to the tailpipe and the dilution tunnel (¢
total 7 GasolineDirect Injection (GDI), 3 Port Fuel Injection (PFI), 2 Diesel Particulate Filter (DPF) equipped vehicle
and 3 motorcycles were tested with >130 test cycles. The results confirmed the findings of Phase I: Diffusion Char
(DC) based systems arefaasible option to measure PN and thermal pr@atment is necessary to avoid volatile
artefacts. At leasttwo of the DC based®NPEMS showed good agreement with the reference PMP systén¥8j. Athird
one (#4) also had very good behaviour, but higheatter. The best performing RIREMS had differences from the
reference instrument at the tailpipe withir25% and +30% with a scatter of 20%.. The differences from the reference
system at the dilution tunnel were withir85% and +50% (scatter 25%fincluding all technologies tested}klightly higher
due to the particle transformation processes that take place between the tailpipe and the dilution tunnel, exhaust fl
accuracy and time alignment. It was also shown that a well calibratedFENMS can cover aige range of engine
technologies with similar differences to the reference system. Based on the experimental data ne€RERM$ efficiencies
were recommended for the technical requirements. The CPC basdeHRIS had issues (prototypes). However, one C
based PNPEMS, which arrived late in the program, had behaviour equivalent to the reference systems and better r
time comparability with the reference systems compared to the DC based systems. Further evaluation of the syste
the campaign with anothetO vehicles confirmed these findings.
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1 LYUONRRdAzZOUOAZY

The newest Euro 6 cars meet stringent emission limitior regulated pollutants.
However, these emission limits are evaluatedith a standard test performed under
predefined conditions in a chassis dynamometdaboratory (Franco et al. 2013). There
is evidence that the actuabn-road emissionsare higher compaed to the laboratory
test.

On-road emission measurements can be conducted witRortable Emission
Measurement SystemsREMS. PEMS are relatively simple and inexpensivi® purchase
and maintain in comparison to a full dynamometer test cell, and they hatbus become

a popular tool for scientific studies. In recent years, they have also beapplied for
regulatory purposes. US authorities have introduced additional emissions requirements
AAOGAA OPI 1T 0%-3 OAOOET C AT A OEA dhisdiols O AGAA
averaged over a time window must not exceed specified values for regulatpdllutants
while the engine is operating within a control area under the torque curve (I3. EPA
2005). In Europe, PEMS are being used to verify the-service conformity of EuroV and
Euro VI heavyduty vehicles with the applicable emissions standards (EC 2012012),
and the Ruropean Commissionis working with stakeholders in the Real Driving
Emissions(RDE) from light-duty vehicles groupto include PEMS testing as partfahe
type-approval process of Euro 6 passenger cars (Weiss et al. 201Bhe RDE procedure
was approved in May 2015 as part of th&uro 6 legislation, Appendix IllA of 692/2008
4EA OOCA 1T &£ 0%-3 AT A OCGR EDADAPRADOAOCECOI A& OHAA
on Regulation 715/2007 where it was stated thatrevisions may be necessary to ensure
that real world emissions correspond to those measured at type approval. According
Regulation 459/2011 atention should be given to the particle emissions of positive
ignition vehicles under real driving conditions and the development of respective test
procedures. The Commission should develop and introduce corresponding
measurementprocedures at the latest three years after the entry into force of Euro.6

PEMS typically measure instantaneous raw exhaust emissions of 200, NQand total
hydrocarbons. Portable particle massanalysershave recently become commercially
available afte extensive testing (Mamakos et al. 2011 )Portable particle number (PN)
analysers(PN-PEMS)are under investigation. At the momentthere are no systems
compliant to the requirements of the legislation for onboard usageFirst of all, there
can be no fulldilution tunnel for on-board testing. Nevertheless, preliminary
investigations showed that measuring raw exhaust gives similar results to the tests
from the dilution tunnel (Cavina et al. 2013 However, he main concern is the
robustness of the condensabn particle counters (CPCs) when used in the car. For this
reasonanother principle was evaluated recently {.e. diffusion chargersDQ. In
November 2012 the interest for PNPEMS was announced and in April 2013 the kiekff
meeting took place.

In a preliminary study (Giechaskiel et al. 2014 theoretical evaluation was conducted
and showed that DCs are an acceptable alternative. However, due to their size
dependency an extra uncertaintyaround 50% isintroduced for typical size
distributions with geometric mean diameters(GMD)of 40-90 nm. Tests with laboratory
soot confirmed the findings, but some DCshowed higher uncertainty due to their
higher dependency on size and/or calibratioruncertainties of the DC andhe dilution
system. Based on the findings of tht study, the response requirements of the DCs in
function of size were drafted.



At a next step(end of 2013) various prototype PN-PEMS (based on DCs) were evaluated
in a chassis dynamometer lalbo assess ad validate the application and performance of
portable PN instrumentation (Riccobonoet al. 2014). The systems were measuring
from the tailpipe and were compared to referencd®Nsystems at the tailpipe and the
CVSThe results showed thathe best performing PN-PEMSwas within 60% compared
to the reference systemwhile for the second best around 100%. Another important
finding of the study was that the systems needed thermal preatment of the sample

in order to get rid of volatile nucleation mode partides. The minimumtemperature
requirement was 200°Cuntil the sensor or theprimary dilution.

Basedon the findings of the previous studies, som&chnical requirements were
drafted. In this report the evaluation of the second generation of RREMS(which fulfils
those) will be presented. Main targets are to confirm the findings of the first phase and
finalise the technical requirements.

The topics that were examined for each PIREMS were:

Calibration

Real time signal

Comparison with PMP systems
Dependencyon particle size
Ambient temperature effect
Challenge aerosol (solid sut23 nm)
Volatile removal efficiency (moped 2stroke)
Regeneration (DPF)

Bias and precision

PASS or FAIL success rate
Calibration at the CVS

The main findings can be found in the nextages. A more detailed overview can be
found at the last chapter.

=4 =4 8 -4 -5_9_4_4_4_-4._-2

1.1 Main findings

1.1.1 Lab calibration

In Phase | PNPEMS were calibrated with monodisperse aerosol. Their normalized

efficiency (response function) to 100 nm had to fulfil some requirements &5 for 23

nm, <25for 200 nm) (Table 1-1). Then an extra calibration factor was allowed to

Ol POEI EUAG OEAEO PAOA Oi ATAA AEnOnhasBEAAT OAE
based on the experimental datathis factor was found to be th€monodisperse) 70 nm

calibration factor or the optimization with 55 nm polydisperse distribution (Chapter

14). The new normalized to 70 nm efficiency requirements are shown imable 1-1.

Check(not calibration) of the PNPEMSIn a chassis dynamometer with a hot WLTC was

alsoshown to bepossible, but not reliable enough to calibrate a sysm.

In Phase Il there was on®Csystem (#3) and a multielectrometer spectrometer
(EEPS) that could fulfil more strict efficiencieslue to the internal corrections of the size
information they have (Table 1-1). Their real time performance wasonly marginally
better than the well-calibrated DCs based systemgonsidering also the uncertainty that
is introduced when tailpipe measurements are conduetd. However, such efficiencies

10



minimize the size dependency of the DC based systerSsichefficiencies can only be
achievedby DC systemsvith internal size info or flat size dependencyThe CPC based
systems fulfil them easily of course.

Table 1-1: Phase |, Phase IIPN-PEMS efficiency Erequirements . Future feasible requirements are also shown.

Size 23 nm 50 nm 70nm | 100 nm | 200 nm Extra
Phase | <0.5 >0.4 - 1.0 <25 Yes
Phase li(new) <0.6 >0.6 1 <16 <37 No
Phase lI(to confirm) <0.6 >0.6 0771307713 <2.0 No

The volatile removal efficiency of the PNPEMS was investigated with evaporation
condensation tetracontane particles and atomized emery oil. The systems that were
AGATl ET AA | Nc Hcoyldtha@ndleddnderslaf magritade higher tetracontane
mass than what is required in the legislation. The atomized oil tests showed that high
mass of oil caronly be handled by systems with catalytic stripper (15 mg/n§) but much
lower when only anevaporation tube exists(Annex C)

1.1.2 Chassis tests

In Phase II 7 GDI, 3 PFI arZiDPF diesel vehicles were tested. In additioh moped and )
3 motorcycles were used to challenge the PR %- 3 x EOE A @O ORhapgter OAT T AE «
2, Annex A)

Initially two referencelegislation compliant PN systems were compared to each other
(one at the tailpipe and one at the dilution tunnel) (PMPTP vs PMPCVS) Chapter 3).
Mean dfferences up to 20% were foundwith standard deviation of the differences of
15%) due to agglomeration (0-15%), thermophoresis(0-5%), exhaust flow estimation
(x10) andtime alignment issues(0-10%) (Annex B).

Then the PNPEMS systems were compared with the reference system at the tailpipe
(PMP-TP). The differences of the best performing systes(#1, #3, #2 (CPC))were
between-25% and +30% (with standard deviation lower than 20%).The CPC based
system was even closer to the reference system, especially the second by second data.

At a next stepthe PNPEMS were compared with the PMEVS The diferencesof the

best performing PNPEMSwere between-35% and +50% (with precision less than

25%). These values refer to differences from reference PMP systems at the CVS over a
cycle (>10 min duration). These values include the tests with motorcycles amdopeds
where the GMD was on the order of 25 nm. For GDIs the results were in general within
30% (20%). The second by second data have higher differences.

The sensitivity of PNPEMS to smaller than 23 nm (solid) particles was assessed by
measuring exhaust gsof motorcycles The results showed that most CPC based PN
PEMS were only slightly affected. The DC based-PEMS actually were slightly
underestimating the emissions

The volatile particle removal efficiency was assessed by measuring exhaust aerosah of
2-stroke moped For the systems tested there was no indication of overestimation of
emissions thus the PMHMike thermal pre-treatment was found to be sufficient

11



Regeneration of a DPF also was measured without any volatile artefact interfererfce
all CPC and DC based FREMSHowever,the DC based systerhad higher deviations
from the reference systems

In general, the results showd that the PNPEMS, with a few exception$iad a high
success ratg>90%) and were able to catch a PASS or FAdt. emission levels close to
6x10711 p/km . When this was not the case, they had similar success rates with the
PMRTP (Chapters 413).

At the end of the campaign two PNPEMS were furtherevaluated with 10 more vehicles,
mostly from the dilution tunnel, confirming the previous findings: The DC based system
had differences of £40% to the reference systems35% to +15% with sizeestimated
PN) and the CPC based £15%. The CPC based systemvieay good comparability with
the reference system regardinghe secord to second data (Annex D).

Finally it should be noted that some of the PRPEMS had issues during the
measurements (e.g. due to condensation, drift etcJhis resulted in underestimation of
the emissions in the case of drift and underestimation in the casof malfunction of the
thermal-pretreatment unit. This means that special attention should be given from the
instrument manufacturers for the long term robustness of the systems for the

OACCOAOOEOAG Agbdadeapplicaiohd AT A OEA 11
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2 9ELISNXYSyil

The tests were conducted in the Vehicle Emission Laboratories (VELA) of the Joint
Research Centre (JRC) in Ispra, Italy. VELA 1 is a single axis roller dynamometer used
mainly for motorcycles. VELA 2 is a double axis roller dynamometer that was mainly
used for the tests conducted in this report.

2.1 Instrumentation

In total 8 PNNPEMSwere used. PNPEMS #4 was the same (also same unit) that was
used in Phase |. PNPEMS #3 was the same (in terms of principles) as in Phase I, lut
different unit. The rest PNPEMS were second generation RREMS indicated with AT O
after the number). Most of them were DC based, except ®\N%- 3 Mxd j 111 U
PNO%- 3 MNMud j AT OE $# Al A-0#0# Hic 0O xOAIORD
with DC, the other with CPC)instrument manufacturers did the commissioning and
training for their instrument swhich were then ran by JR@ersonnel. During the
campaignthey were free to join and check their instruments. This was the case for PN
0%-3 MNubo%BIA My68 SPAPEMS tad belfodhd O Ehe corresponding
chapters.

Two PMP compliant systers were used: Onavas connected to thalilution tunnel of

VELA 1 and the other of VELA @PC489 from AVL) (PCRF always 100x10(jfrom now

on PMRCVS) AnotherPMP systenone wasconnected to the tailpipe Nanometfrom
Matter Aerosol/Testo AGQ (PCRF always 125x4{from now on PMRTP). AnEngine
Exhaust Particle SizerEEP$ from TSldownstream of a catalytic stripper(prototype

from AVL)was used to measure solid size distributions from the CVBased on the size
distribution the Geometric Mean Diameter (GMD) was calculated for every second. In
real time figures, the 5 s moving average is plottedh figures where aggregated results
are plotted, the average of the whole cyclis plotted. The results presented hee used

the original inversion matrix of the instrument. The new fractal matrix was available

only at the end of the campaign and was evaluated for a limited number of tests.

~. 2z ~n

#0#
AIORA®

2.2 Setup

Initially the PN-PEMS were connected to thdilution tunnel for some first comparisons
with the PMP systemhere (PMP-CVS). Then the PFREMS were connected to the
tailpipe where another PMP system was also measuring (PMIP) (Figure 2-1). All
systems were measuring from multihole probesspaced7 cmand atan angle of85° to
each otherto minimise any influence. Preliminary tests showed that there was no
measurable eféct between the different locations (Phase 1).

The effect of the multithole probes on the absolute emission levels was not investigated,
but it is expected to be similato all instruments measuring at tailpipe.

2.3 Vehicles

In total 7 Gasoline Direct Injecton (GDI) vehicles were tested, 2 Port Fuel Injection
(PFIs), 2 diesel with Diesel Particulate Filter (DPF), 1 moped and 3 motorcycles. Five of
the GDIs were certified as Euro 6 and one of the DPF equipped vehicles. The vehicles
were selected such as to havemissions close to the Euro 5B diesel limit (6x10711

13



p/km). Another 10 vehicles were used for the evaluation of two PAPEMS after the end
of the campaign (Annex D).

Figure 2-1: Example of PN-PEMS connected to the tailpipe.

2.4 Protocol

The protocol consisted of 35 tests per daywith the total tests exceeding 130 The tests

were either steady state speeds or cycles like the NEDC, WLTC, Artemis and Rando
DrivingCycles8 /11 U OEA EZEOOO OAOO 1T &£ OEA AAU xAO
warm (typically the time between tests is around 20 min due to the bag analysis). Some

tests were conducted at test cell temperature of 8°C, in order to investigapetential

issues with the PEMS at relatively low temperaturegTable 2-1). The detailed protocol

can be foundin AnnexA. There was a preparation / commissioning period, the main

campaign and some extra evaluation period.

2.5 Calculations

For the systems at the CV#)e CVS flow rate and the distance travelled were used to
calculate the emissions in p/km. For the systems at the tailpipe, the particle
concentration was time aligned with the exhaust flowate and then they were
multiplied with each other. The sum was drided with the distance to give p/km.The
exhaust flow in all tests presented wagstimated fromthe difference of the total flow of
the dilution tunnel minus the dilution air flow.

14



Table 2-1: Summary of tests conducted.

Code EU | Dates Lab Testo AVL | Horiba | Testo | Pegasor | Sensors Shimadzu | Maha
2014 PMP-CVS PMP-TP |[Mp o |MN¢d |#3 #4 Mo o Moo ny o

Preparation phase

Moto #1 | 2 17/10 VELA 1 CVS CVsS

PFI #1 5 6-7/8 VELA 2 CVS

PFI #2 6 11-26/8 VELA 2 CVsS

GDI#1 |6 28-29/10 VELA 2 CVsS CVsS

Moto #2 | 3 30/10-4/11 |VELA1 CVS TP TP (issues) | TP TP

GDI #2 6 05/11 VELA 2 TP TP TP TP

Main campaign

GDI#3 |5 |6-7/11 VELA 2(8°C) | TP TP TP TP* TP TP==

GDI #4 6 11-14/11 VELA 2(8°C) | TP TP TP TP TP TP TP**

GDI#5 |5 18-24/11 VELA 2 CVsS

PFI #3 5 18-24/11 VELA 2 CVsS

GDI #2 6 25-28/11 VELA2 (8°C) | TP TP TP TP TP* TP TP

GDI#6 |6 1-5/12 VELA 2 TP TP TP TP TP TP* CVS TPr**

Extra evaluation

Moto #1 | 2 9-10/12 VELA 1 CVS | CVS CVS CVsS CVsS

GDI #7 6 11-12/12 VELA 1 CVS | CVS CVS CVS

GDI#7 |6 12-16/12 VELA 1 TP TP TP TP CVsS TP

Moto #3 | 2 17-18/12 VELA 1 TP TP TP TP TP TP CVS TP

Moto #4 | 3 19-23/12 VELA 1 TP TP TP TP TP CVS TP

DPF#1 |5 28-30/1/15 |VELA?2 TP TP TP

DPF#2 |6 15/3/15 VELA 2 CVS CVsS CVsS CVsS

On road evaluation

GDI#3 |5 |[17-24/11 | Onroad | Yes | Yes

* issues CPC
** issues at 8°C
*** CPC replaced
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Before the discussiorfor the PN-PEMS the behaviour of th€MPsystemswill be
discussed

3.1 Calibrationof PMP systems

The PMP system at Vela APC 489PMP-CVS) was recently calibrated by the
manufacturer (AVL).

The PMP system at Vela @PC 489PMRCVS)was only validated and was found within
specifications:2.5% (the VPR) andB% the CPC. This PMP system was also used at Phase
| (no modifications). During Phase the wick from the CPC was exchanged to ensure the
proper operation without any drift. The total efficiency of the PMP system versus a
reference CPC3025A) using spark discharge graphite particles can be seenkigure

3-1. The results are in agreement with the validation results (i.e. the PMP is only slightly
overestimating the emissions, <5%).

The PMP system that was connected at the tailpip@ésto, PMRTP) wasvalidated with
spark discharge graphite particles. The results are shown faigure 3-1. The PMP
efficiency reached slightlyabovethan 90% for particles larger than 80 nm Sincethe
difference was lower than10%, the calibration factor was notadjusted.By not
correcting (and having systems from different manufacturers) the maximum
differences between tailpipe and dilution tunnel are expected; other studies should
have better agreement between tailpipe and dilution tunnel.

100% -
¢ PMP-TP 8
s ¢ ¢ o
g0y | /PMP-CVS - ?
-
S 60% -
& @
S
£ Jo0% %
20% -
0% o . . S
10 100

Mobility Diameterd, [nm]

Figure 3-1: Efficiency of the PMP systems.

3.2 Real time (CVS)

A comparison of bothPMPsystems at the CVS can be seen in thgure 3-2. Generally
the agreement of the two systems was excellent.
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Figure 3-2: Comparison of PMP-systems connected at the dilution tunnel

3.3 Real time (TP)

(20141205 -01-WLTC cold, GDI #6).

The comparison of the PMFCV&at the dilution tunnel and PMRTP at the tailpipe can be
seen inFigure 3-3. The PMRCVS is corrected with the CVS flow rate, while ti&MP-TP
with the exhaust flow rate. The agreemat is quite good. A closer looKseeFigure 3-4)
revels that the PMPCVS is smoother and especially at the beginning tiet cycles many

particles are lost (e.g. to the cold walls).
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Figure 3-3: Comparison of PMP-CVS at the dilution tun nel with PMP -TP at the tailpipe (20141106 -01-NEDC
cold, GDI #3).
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Figure 3-4: Detail of previous figure. GMD is a 5 s moving average.

The crosscorrelation of the two PMP systems isnedium (R?=0.84) and the slope quite
high (1.42) (Figure 3-5). Indeed, for the specific test the PMPP was30% higher than
the PMRCVS. In any casé,is important to highlight that the crosscorrelation cannot
be used to assess a system at the tailpipe. Even two PMP systems cannot have an
excellent correlation (i.e. >0.95). The main reason is the different location of the two
systemswhich results in different emission profilesdue to the different residence time
of the exhaust gasn the tube in between (which depends on the vehicle exhaust
flowrate). Differences in response times of the systems can amplify this effect.

1.0E+12 -
1 y=1.4175x-4E+09
1 R2=0.8426
1.0E+11 -
L8
o ] ™
= ] 'o’ . K
&1.0E+10 - ‘ '
(=9 7
= ilhe 2%
o ]
1.0E409 -
| S0g0%*
1!0E+08 T T T T T TTT] T T T T TTTT] T T T T T TTT] T T L |
1.0E+08 1.0E+09 1.0E+10 1.0E+11 1.0E+12

PMP-CVS [p/s]

Figure 3-5: Cross correlation of PMP -CVS and PMPTP for the test cycle of the previous figure .
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3.4 Emission levels

The differences of the two PMP systems were also plotted in function of teenission
levelswhen both measuring at the dilution tunnel(Figure 3-6) or one at the tailpipe and
the other at the dilution tunnel (Figure 3-7). No clear tendency can be .

50% -
@ GDI #6 X
A GDI #7 5
. ¥ Moto #1 X )E(
$25% - | x Moto #2
§ > Moto #3 X
° X
(%)
c
o X PMP-TP at CVS
E O% T T T T TTT ‘ T T T T T |A ]
8  10E+10 1.0E441 1.0E+12 1.0E+13
o o
- o s =
<
-25% -

Figure 3-6: Differences of PMP systems (both at the dilution tunnel).

50% -
AGDI #2
< GDI #3 %
2 C1GDI #4 ¢
25% - *»
277 || ecpius | * o o 200 A XX X
<] * . 54%
& O DPF #1 *
® X 24
c
@ \ 4
5 z’ PMP-TP [p/km]
EO% T T T T T 1117 T Iollll\ T T T T T T T T 1
9 1.0E+10 1e5+11 ¢ 1.0E412 1.0E+13
%O ) » O O
O
-25% - X

Figure 3-7: Differences of PMP systems.

Another way of evaluating thesystemsis by plotting the results of thePMP-TPvs the
PMRCVS. By setting the limit values one can visualize which tests would give a correct
results (i.e. PASS when the PMEVSwould give PASS or FAIL when the PMEVS

system would give FAIL) or wrong (PASS fdfAlL or FAIL for PASSFigure 3-8 gives all
results andFigure 3-9 focuses m the 6x10711 p/km range. There are a few tests where
the PMRTP gave wrong result FAIL instead of PAS$ and as mentioned previously this
had to do with theoverestimation of the emissions when it was connected to the
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tailpipe. The dotted lines contain aiost all data and represent the 0.85x and 1.45x
lines.

PMP-TP 7| - Moto #1
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1.0E+12 -||OGDI#4 !
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Figure 3-8: PASS/FAIL overview.
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Figure 3-9: Detail of previous figure.

FAIL/PASS PMP-CVS [p/km]

3.5 Size dependency

The differences of the two PMP systems were also plotted in function of the mean size
(GMD) of each sufxycle tested in Vela 2Kigure 3-10). There is no size dependencyraf
any, it iscoveredby the scatter of the differences of the two systems.
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Figure 3-10: Differences of PMP systems in function of mean size of each sub -cycle (Vela 2).

3.6 SummaryPMP

The differences between the PMHAP and the PMRCVSare summarized inFigure 3-11
(VELA 1) andFigure 3-12 (VELA 2)

In VELA 1 Figure 3-11) no differences were observed. Generally the two PMP systems
were within 20% when measuring at the same locatioifigreen points). This difference
seems rather high but it has to do with the ntare of the exhaust of motorcycles. There
are many particles <23nm, thus small differences in the cubff size (=dsox in this

report) of the CPCs can have a big effect.

50% -

VELA 1 T Moto GDI

40% -
30% -
20% -

10% -

TP/ CVS-1

0% t . .
#2 #1 (o #3 #3 (TP)
-10% -

*
-20% -

-30% -

¢
#7  #7(TP)

Figure 3-11: Comparison of PMP-CVS(VELA 1) with PMP-TP connected to the tailpipe (TP) or dilution tunnel
(no brackets) for different vehicles.
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For VELA 2 Figure 3-12, green point9, when both systens were connected at the
dilution tunnel the PMP-TP system was underestimating the emissions approximately
15% in agreement with the calibration results Figure 3-1). When the PMPTP was
connected to the tailpipe, it was overestimating the emissions 120% (Figure 3-12,
blue points). This was attributed to the exhaust flow estimaibn, time alignment
uncertainties, thermophoretic losses and coagulation until the CVS (Giechaskiel et al.
2010). A more detailed analysis can be found iAnnexB. As the C&results show, parts
of the differences can be attributed to the exhaust flow ratencertainty (tests with
similar trends, see e.g. blue pointkor GDI #3 and DPF #}, but since theCQ tests with
the PMRTP system at the CVS were similar with the re¢see e.g. GDI #6 at the CVSdan
TP), the 20% difference has to do with uncertaintieslue to particle losses.In the
following analysis the PNPEMS will be compared to both the PMEVS and PMHAP
systems. In addition any comparison of the PIREMS with the PMFCVS will be judged
based on the differences of PMFPto the PMRCVS for the sameefsts.
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Figure 3-12: Top: Comparison of PMP-CVS (VELA 2) with PMRTP connected to the tailpipe (TP) or dilution
tunnel (CVS) for different vehicles. Bottom: The same tests comparing the real time CO 2 emissions from the
tailpipe and dilution tunnel.
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An Engine Exhaust Particle Sizer (EEPS, TSI 3090) was used to measure size

distribution in real time. It was always connected to the CVS via a catalytic stripper (CS)

in order to remove volatile particles. Extra dilution (typically between 510) was
conducted at the exitof the CS in order to reach the flow required by the EEPS.

To better understand the results of the EEPS, it$ze distributionswere compared with

a Scanning Mobility Particle Size(SMPS)usinglab aerosol. The total concentration that
was given by the EEPS (>23 nm) was also compared with the concentration given by the
AO OEA #638 &ET Al 1 U ObhdsedBmO 3

0-0
PEMS.

4.1 Monodisperse calibration

The EEPS was calibrated as a DC. Because the EEPS was always used in combination
with a CS, the whole system was calibrated. The results for monodisperse aerosol can be

OUOOAI

seen inFigure 4-1 (total current of the device) andFigure 4-2 (PN as estimated by

EEPS)The tests were conducted in the lab using soot particles from propane diion
flame or graphite particles from spark discharge. For some tests a neutralizer was used
downstream of the DMAThe normalized efficienciesusing the total currentfulfil the
original PN-PEMS efficiency requirementgTable4-1).
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. Graphite (w/o neutralizer)
|| DGraphite (with neutralizer) &
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K oa® .
10 100
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Figure 4-1: Normalized efficiency to 100 nm of total current (factors for graphite x5.5, for soot x 7).

Table 4-1: Normalized efficiencies of CS+EEPS

dp [nm] 23 nm 50 nm 100 nm 200 nm
Ecurrent 0.10 0.37 1.00 2.00
Epn(original) 0.52 0.86 1.00 -
EpnNractal) 0.61 1.00 1.00 -
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The efficiencies using the estimated PN from EEPS at big siaes off, especially for the

graphite (Figure4-2A Q8 4EA AOOT O EO €pnnb AO OEUAO €pnmn
(soot matrix called in the softwareof EEP$the agreement is better, especially for soot.

The graphite particles are still overestimated. Probably they acquire more charge due to

their smaller primary size. It can be seen that for soot there is a 50% overestimation of

the PN at big sizes. At smaller sizehe losses in the CS result in efficiencies smaller than

100%. The normalized efficiencies are given iTable4-1. A correction factor of 1.5 was

needed to normalizethem to 100 nm.
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50% - : % !
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Figure 4-2: Efficiency of PN (estimated by EEPS) a) original matrix b) fractal matrix

The size estimation can be seen iRigure 4-3. The set monodisperse diameter set at the
DMA is plotted versus the EEPS GMBote that monodisperse particles will spread over
5 channelsand will appear as polydisperse size distribution. fie agreementof the set
monodisperse size and the measured EEPS GMDelatively good until 50 nm but
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completely off at big sizes. The second panel plots the GMD as estimated by using the
fractal matrix. There is a small improvement but the differences main big at big sizes.
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Figure 4-3: Estimated size from EEPS vs DMA set diameter a) original matrix b) fractal matrix

4.2 Polydisperse comparisons

At a next step the EEPS was compared with an SMM8n measuring polydisperse
aerosol (Figure 4-4). The geometric standard deviation (GSD) was 1.72+0.Eor soot
particles the agreement is quite good for GMDs betwae80 and 70 nm At bigger sizes
the difference remains <50%. It becomes better using the fractal matrikor graphite
particles the agreementis quite good only for sizes between 40 and 50 nm. The
difference becomes >50% for sizes bigger than 60 nrdsingthe fractal matrix the size
effect becomes smaller.

The overestimation of the emissions of the EEPS should be also noted. It becomes more
pronounced using the fractal matrix.
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Figure 4-4: Comparison of EEPS with SMPS measuring polydisperse aerosol a) original matrix b) fractal
matrix .

The comparison of the GMDs from the EEFand the SMPS are compared Figure 4-5.
EEPS is underestimating the GMD for particles >45 nm and this underestimation
becomes bigger with increasing size. Thus any diameter plotted in this report, which
was based on the EEPS, is underestimating the true GMD. In addition any size
dependency repoted for the DCs is in reality smaller.

Using the fractal matrix the results become much better. Especially for soot particles the
agreement is quite good even for bigger sizes.

To convert the GMI2epsto the GMDBvpsthe factors plotted inFigure 4-6 can be used. It
AAT AA AOOOI AA OEAO OEA 031106 AOOOA EO OEA
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Figure 4-5: Comparison of SMPS with EEPS Geometric Mean Diameters (GMD)
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Figure 4-6: Relative difference between SMPS and EEPS GMDs.
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4.3 Vehicle resul

A real time plot can be seen ifrigure 4-7. The agreement is quite good with small
differences at the cold start.
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Figure 4-7: Real time signals (20141107 -NEDC, GDI #3)

The summary of the comparisons of the EER&3 nmwith the PMP-CVS can be seen in
Figure 4-8 for the GDIs and the DPF and ilrigure 4-9 for the motorcycles and the PFIs.
Typically the EEPS was overestimatinthe PN concentration by20-40% and the

standard deviation of the differences was 15%The good agreement of the EEPS with
the PMRCVS has to do with the GMDs of the vehicles tested: they were aro@®d50

nm (average of a test cycleneasured with EEP$5 OET ¢ A 00- 08 OEUA
penetration for the EEPS would further improve the results (approximately 5%). This
could be donee.g. by the manufacturer in the future when PMP like measurements are
done. However, using the fractal matrix woulgrobably increase the difference as it

was noted previously.
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i
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o
=
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Figure 4-8: Difference of PN concentration by EEPS (>23 nm) from the PMP-CVS system.
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Figure 4-9: Difference of EEPS (>23 nm) from the PMP-CVS system.

Note that if the calibration procedures recommended in Phase | were followed a
correction of 1.5 would be needed at the results and thus the EEPs results would be 10
30% lower than the reference systems.

All results in this report were with the original matrix of the EEPS and are presented
without any corrections, unless otherwise speified.

The key message from this chapter is thatveryO A A O AT A Aell 8ystémgavél A O
results within 20% and 40% with standard deviation of differencesof around 15%.
Applying the calibration procedures, the differences would be-30% to -10%. These

values give an indication of the maximum expectations for advanced DC based systems.
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5.1 Description

PN-PEMS #B(AVL) consists of a VPR and a D@ddified particle detector, Partector,
from Naneos).The VPR is connected to the tailpipe with short (0.7 m) heated line at
150°C. TheVPR consists o& two stage dilutionwith an evaporation tube and a catalytic
stripper in between (both set at 300°C). The primary dilution is 2:1andthe secondary
5:1. For the upstream dilutionthe dilution air is heated at 150C. The downstream
dilution is performed with dilution air at 60° C, to minimize nucleation potentialThe
diluted sample istransferred to the DC ina 0.8 m heatedline at 60°C.The VPR and the
DC were calibrated separately by the manufacturer. EnDC(Fierz et al. 2014 gives
Lung Deposited Surfacérea(LDSA] E B/cmg. IA constant factorCof 300 wasusedto
convert the LDSA to particle number (reading). This value, which wagven by the
manufacturer, was based on comparisons of the device with a PMP system for different
vehicles, thus it should also account for thparticle losses in the system. Thus the
reading R of the instrument was:

'Yf, O000"Y O U ,O“YE)

5.2 Calibration

The PNPEMS was calibrated at the end of the measurement campaign with
monodisperse spark discharge graphitgarticles. For details see Giechaskiel et al.
(2014). The results can be seen iRigure 5-1.
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300% - %
¢ PN-PEMS

250% 7 mpmp-T .

200% -

150% - g i
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100% -
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0% I —

10 100
Mobility Diameterd, [nm]

Figure 5-1: Efficiency of PN-PEMS with monodisperse spark -discharge graphite.

The ratios of the efficienciesvith monodisperse aerosolwere compared withthe older
units (Table5-1). PN-PEMS #1 was the prototype of Phase 1, FREMS #1b was the
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prototype of Phase land PN %- 3 MNpd xAO OEA AAOQHel OTEO
results are quite similar and fulfil the draft requirements. The calibration factor of the
manufacturer corresponds to approximately75-80 nm monodisperse normalization

which was acceptable, and thusvas not adjusted (Figure 5-1).

It should be noted that applying the suggested calibration procedure (normalization at
100 nm and then applying an extra factor to optimize the 70 nm monodisperse size or a
polydisperse distribution of 55 nm) would give very similar value with the one with the
manufacturer (10% higher), thus the results with the correction factor will not be
presented separately.

Table 5-1: Ratios of efficiencies of PN-PEMS. Units #1 and #1b were evaluated in Giechaskiel et al. (2014).

d, [nm] 23 30 50 80 100 200
#1 0.07 0.15 0.40 0.77 1.00 2.24
#1b 0.17 0.24 0.47 0.79 1.00 211
#1' 0.06 0.17 0.38 0.79 1.00 2.17

Then the PNPEMS was compared with the PMP system measuring polydisperse spark
discharge graphiteparticles (Figure 5-2). One of tle systems was the PMHP system,
the other was the SMPS applying a theoretical counting efficiency of a PMP system (see
Giechaskiel et al. 2014)The differences range from40% to +100% for GMDs ranging
from 30 to 105 nm.The differenceto the PMP systems minimized at approximately 60
nm. In this size range differenceamongvehicles should be expected. The biggest
contribution is the size dependency of the PNPEMS; however diffeences between PMP
systems can also contribute up to 2&. In the specific graph the reason of the big
deviation between the PMP and SMPS 23 ntould be that the CPC that was used
downstream ofthe SMPS was overestimating the emissions (the 3025A), or th&P-TP
was underestimating the emissions By mrrecting the PMP with a factor that gives
counting efficiency100% at 100 nm (seeFigure 5-1) the differences become very small

105% - s
90% - SMPS 23nm
a
759% B PMP 23nm
0 PMP 23nm (corr) ©
_60% -
% 45% -
5 30% - H
E &
S 15% - =
@ GMD [nm]
O% T T - T v T T 1
0 20 0 60 80 100 120
-15% ﬁ @
5y ©
-30% -

Figure 5-2: PN-PEMS and PMP systems comparisons with polydisperse aerosol.
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5.3 Real time

Initially the PN-PEMS was connected to the Gvand was compared with the PMEVS
system(Figure 5-3). The PNPEMS follows the PMECVS system closely especially when
the mean size is around0 nm. At higher sizes the emissions are overestimated (after
time 800 s, difference in response compared to PMR the real time figures the GMD is

a moving average of 5 s.
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Figure 5-3: Comparison of PN-PEMS with PMP-CVS both connected to the dilution tunnel

cold, GDI #5).

(20141119 -NEDC

Similar behaviour was shownwhen the PNPEMS was connected to the tailpipg¢Figure

5-4) and with other GDIs(Figure 5-5):
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3.0E+07 - ! j b &l i ?
. : L 40 g
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Figure 5-4: Comparison of PN-PEMS with PMP-TP, both connected to the tailpipe (20141106 -01-NEDC cold,

GDI #3).
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Figure 5-5: Comparison of PN-PEMS with PMP-TP, both connected to the tailpipe (20141203 -01-WLTC,GDI
#6) .

5.4 Comparison tPMRCVS

Figure 5-6 summarizes the results wherthe PN-PEMS was connected to the CVS. The
differences areapproximately from -25% to +40%for emissions ganning from less
than 10711 p/km to higher than 10713 p/km.
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Figure 5-6: Comparison of PN-PEMS with PMP-CVS for different vehicles. The PN-PEMS was connected to the
CVS.

Then the PNPEMS was connected tthe tailpipe for different vehicles. The comparison
with the PMP system at the CVS (PMPVS)can be seen irFigure 5-7. The differences
range approximately from -50% to +50% for different emission levels.
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Figure 5-7: Comparison of PN-PEMS with PMP-CVS for different vehicles. The PN-PEMS was connected to the
tailpipe.

5.5 Comparison tPMRTP

The difference of the PNPEMSfrom the PMP at the tailpipe (PMPTP) can be seen in the
Figure 5-8. The differences range from45% up to +10%

30% . | ®GDI#3 GDI #3 (8°C)
B GDI #4 [JGDI #4 (8°C)
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a X XXX

-30% -

-40% - X
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Figure 5-8: Comparison of PN-PEMS with PMP-TP for different vehicles. The PN -PEMS was connected to the
tailpipe.

5.6 Particle size effect

The size dependency of the PIREMS response can be seenkhiigure 5-9. The effect is
<20% for a 10nm change of the particle sizeSimilar trend was observed comparing the
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PN-PEMS with the PMPTP (Figure 5-10). In these figures the GMD is average of the

cycle.
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Figure 5-9: Particle size dependency of PN -PEMS.PN-PEMS was sampling from the tailpipe.
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Figure 5-10: Particle size dependency of PN-PEMS.PN-PEMS was sampling from the tailpipe.

Combining the data of the PNPEMS at tailpipe and CVS the trend is confirmégigure

5-11).
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Figure 5-11: Summary of particle size dependency on PN-PEMS.Coloured symbols when PN -PEMS was
connected at the dilution tunnel; grey refer to the tailpipe.
5.7 Ambienttemperature

No effect of the ambient temperature down to 8°C was observéé&igure 5-12). The
behaviour was thesame as during the 23°C tests.
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Figure 5-12: Ambient temperature effect on PN -PEMS.

5.8 Challenge aerosol (matcycles)

The PNPEMS was used also to measure exhaust aerosol of motorcychMeto #3 is a 4

stroke 50 cm3 moped with max speed around 30 km/h (modified). Moto #4 is a4

stroke 125 cm3 motorcycle with max speed around 90 km/h.The specific motorcycles

were producing particles with meandiameter smallerthan 20 nm. Thus the PNPEMS

AT O1 A T OAOAOGOEI AGA OEA AI EOOGEIT T O j AAAAOOA
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sizes) or underestimate the emissions (because the response function decreases with
size). Thus the differences could be large and in any directiomevertheless, he
comparison of PN-PEMSwith the PMRTP gavedifferences of approximately-40% to

+20% with a few

80%
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B
(=]
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20%

exceptions(Figure 5-13).
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Figure 5-13: Behaviour of PN-PEMS with motorcycles aerosol.

also plottedas afunction of particle size (Figure 5-14). No clear size

dependeng could be observed at sui80 nm sizes.
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Figure 5-14: Behaviour of PN-PEMS with motorcycles aerosol.
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5.9 Volatile removal efficiency

The volatile removal efficiency of the PNPEMS was evaluated by measuring diluted
aerosol from a 2stroke 50 cm3 moped (Moto #1) from the CVSThe size distribution at
the CVS has a measizearound 90 nm. After thermd pre-treatment the meansize
decreases to <20 nm. The results (with the previous motoycles) are shown inFigure
5-15. The PNPEMS measures 50% less than the PMI/Sndicating that the size of the
particles was efficiently decreased and there was no r@ucleation that could influence
the results. The underestimation has to do with the small size of particles.
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Figure 5-15: Behaviour of PN-PEMS with motorcycles aerosol.

5.10 DPF Regeneration

The PNPEMS was connected to the tailpipe of a diesel vehicle equipped with a DPF
(#1), in parallel with the PMRTP system. An EEPS was measuring from the dilution
tunnel. Figure 5-16 compares all systems, after correction with the dilution factor at th
dilution tunnel. EEPS was measuring >10"8 p/cfh However, he GMD of the nucleation
mode was around 12 nmso only a small percentage is >23 nm. The two PMP systems
were very close to each other. The RREMS was measuring 40% lower than the PMP
TP. During normal cycles (e.g. Artemis or WLTC) the PREMS was measuring similarly
with the PMP systemat TPfor the specific vehicle This indicates that either the soot
particles that were emitted during the regeneration were smaller or that the catalytic
stripp er of the PNPEMSoxidizes more efficiently some of the particles emitted during
the regeneration that cannot be removed with the PMP protocol. ASgure 5-16 shows,

AEEEAOAT O o#2&0 1 £ OEA 0-0 OUOOAI AEAT 60 AEA

particles were really nonvolatiles and not an artefact.
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Figure 5-16: Regeneration tests with DPF #1.

5.11Summary

Figure 5-17 summarizes the differences of the PNPEMS from the PMECVSand PMRTP
for all GDI cases examinedkigure 5-18 examines the rest cases (PFDPFand
motorcycles). For GDIs, when the RIREMS was measuring at the tailpipe, the mean
differences are-25% to -5% with a variability (expressed as +standard deviation)of
+20%. When the PNPEMS was at the CVS, the differermamngedfrom +5% to +25%,
but the variability was smaller (£10%) and this had to do with the higher mean size of
particles from these carsThe DPF equipped vehicle anche motorcycles gave similar
results wit h the PMP systemwith the exception of Moto #1 (which was
underestimated). Assuming that when the error bars cross the 0% the RREMS is
equivalent with the PMRCVS,n most cases the PNPEMS measures equivalently with
the PMRCVS.
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Figure 5-17: Overview of differences of PN -PEMS from the PMP-CVS. Error bars are one standard deviation.
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Note that applying the correction factor according to the recommended calibration
procedures would give10% higher results and then theywould be very close to the
reference systems.
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Figure 5-18: Overview of differences of PN -PEMS from the PMP-CVS. Error bars are one standard deviation.

Another way of evaluating the N-PEMS is by plotting the results of the PIREMS vs the
PMPR-CVS. By setting the limit values one can visualize which tests would give a correct
results (i.e. PASS when the PMP would give PASS or FAIL when the PMP system would
give FAIL) or wrong (PASS forFAIL or FAIL for PASSFigure 5-19 gives all results and
Figure 5-20 focuseson the 6x10711 p/km range. There are a few tests where thBeN-
PEMS gave wrng result (PASS instead of FAIL) and as mentioned previously this had to
do with the calibration factor that was used and was underestimating the emissions.
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Figure 5-19: Overview of all PASS/FAIL results.
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Figure 5-20: Detail of previous Figure.

Table5-2 shows the PASS/FAIL results of the PMPP and the PNPEMS compared to
the PMRCVS assuming a 6x10"11 p/km limit. The success rate (i.e. catching a FAIL as
FAIL or a PASS as PASS) is very hagid similar to the PMRTP.

5.12 Adjustment of PNPEMS
The PNPEMS based on DCs have an inherent uncertainty due to their dependency on

DAOOEAI A0 OEUA8 wOAT xEAT AAI EAOAOAA EO EO E
particles in a different size mnge. The topic was investigated by conducting different
cycles in one day and comparing the difference of the FREMS to the PMECVS.

The results for all subcycles (each symbol is a subycle) are presented inFigure 5-21.

The specific vehicle emits particles with a higisMDat the beginning of the test. Thus,

the PNPEMS is overestimating the emissions >40% (first part of the WLTC). At the

subsequent subcycles the N-PEMS is underestimating around 20%. For the next

WLTC in the afternoon a similar behaviour is observed. The next hot WLTC has even

Oi Al 1 A0 AEEAAO T £ OEA ET EOEAI OOAOO 1T &£ OEA A
from -30% to -15% approximately. The behaviour of the car on the road is expected

i T OA OEI El AO-AWIATI ADB GEIODS AOBMT EAOAOGET 1T xEOE
Ei DOT OA OEA OAEAOE8 (1 xAOGAO OEEO AOOOI POEIT 1
ofthe carontheroad. N OA OEAO OOET ¢ OEA OAI-RENMSwould 4# OI
give wrong calibration factor (+23% average of the cycle).

The same evaluation was followed for other vehicles. Similar behaviour was observed:
4EA OEIT 06 Al EOOET 1-16% to AWAGDA E2PEgurdE=22) 04086 U
(GDI#4) (Figure 5-23) or -50% (GDI #3) (Figure 5-24). The results are summarized in
Figure 5-25. The mean correction factors are approximately30% to -15%. An
interesting observation is that the variability of the correction factor between the
vehicles (15%) is not much higher than the variability of the correction of the different
OET 08 AUAI AOG 1T &£ OEA OAI A AAO jupbQs
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Table 5-2:

PASS/FAIL success rate. In red percentages <90%.

Vehicle Lab Category | # of tests PMRTP | PNNPEMS
GDI #3 VELA 2 | PASS 0 - -
VELA 2 | FAIL 34 100% 100%
GDI #4 VELA 2 | PASS 9 78% 100%
VELA 2 | FAIL 41 100% 67%
GDI #2 VELA 2 | PASS 13 62% 100%
VELA 2 | FAIL 31 100% 84%
GDI #6 VELA 2 | PASS 26 92% 100%
VELA 2 | FAIL 12 92% 92%
GDI #7 VELA 1 | PASS 2 100% 100%
VELA 1 | FAIL 4 100% 100%
GDI #7 (only CVS) VELA 1 | PASS 3 - 100%
VELA 1 | FAIL 6 - 100%
GDI #5 (only CVS) VELA 2 | PASS 0 - 100%
VELA2 | FAIL 12 - 100%
PFI #3 (only CVS) VELA 2 | PASS 22 - 100%
VELA 2 | FAIL 7 - 86%
Moto #1 (only CVS) VELA 1 | PASS 0 - -
VELA 1 | FAIL 4 - 100%
Moto #4 VELA 1 | PASS 6 100% 83%
VELA 1 | FAIL 0 - -
Moto #3 VELA 1 | PASS 30 100% 100%
VELA 1 | FAIL 8 75% 75%
DPF#1 VELA 2 | PASS 100% 100%
VELA 2 | FAIL 0 - -
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Figure 5-21: Differences of PN-PEMS and PMPCVS over the day.Each symbol is a sub-cycle.
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Figure 5-22: Differences of PN-PEMS and PMPRCVS over the day.
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Figure 5-23: Differences of PN-PEMS and PMRCVS over the day.
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Comparing the factors fromFigure 5-17 and Figure 5-25, similar factors can be seen.
The reason is that the cold start effect is minimized by the big number of hot sulycles

O

included.
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Figure 5-24: Differences of PN-PEMS andPMP-CVS over the day.
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Figure 5-25: Summary of correction factors of PN -PEMS for hot cycles.
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6.1 Description

PN-PEMS #® | #nfodifigd TSI NPEY) consists of a VPR and a CPC. The VPR consists
of a cold dilution 10:1 at the tailpipe, a 3n line that brings the diluted aeosol to the

main cabinet, a catalytic stripper at 350°@n the main cabinet a second cold dilution
around 10:1,followed by an isopropanotbased CPC with 28m cut-off. The CPC was
optimized for on-road measurements anchas anenvironmental operating temperature
ranging from -10°Cto +40°C. The PNPEMS was calibrated by the manufacturewith

GDI particlescomparingit with a CPC

The system is compliant with the technical specificationenly for ambient temperatures
of 20°C (noncondensing aerosol) The system arrived only after the end of the
measurement campaign, so it was evaluated onlyith a few tests.Nevertheless more
tests were conducted after the end of the measurement campaign (Annex D).

6.2 Calibration

PNO %- 3 TM¢d j #0#Q x A Otoheé\proEeluted dedcAbeddirAGiechaski&l 1 C
et al. (2014) with monodisperse spark discharge graphite. The results, in comparison
with the PMP system that was connected to the tailpipe (PMPP), can be seen irFigure
6-1. The counting efficiency is almost flat down to 80 nm, then it starts to decrease, and
it is approximately 60% at 23 nm and 20% at 15 nm.

120% -
+ PMP-TP
_100% = [ pN-PEMS #2' (CPC) - $ 3 ¢ 8
>
2 80% - ¢
g ’
S
£ 60% - m @
oo
£
=] _
: 40% .
Q
20% - m
O% ’ T T T T I T
0 100

Mobility diameter d, [nm]

Figure 6-1: Calibration of PN -PEMS with monodisperse aerosol (spark discharge graphite).

Then the PNPEMS was compared with other instruments measuring polydisperse
aerosol (Figure 6-2). Compared to the PMPTP (PMP 23hm) the PNPEMS is measuring
5-10% higher and the difference increases as the GMD decreases. Compared to a
simulated PMP curve from the SMPS size distribution (see details in Giechaskiel et al.

45



2014) the trend is different but the differenceis 5-10% less. Thus the PNPEMS is
expected to have differences between these two curves for most cases. In the same
figure, the difference compared to a 10 nm CPC is shown. As the GMD decreases, the
difference decreases, confirrmg that the PNPEMS has a 50% counting efficiency lower
than 23 nm but higher than 10 nm.

40% -

- SMPS 23nm
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£ 8 ¢ X
£ 10% - [
[ ]
5% - o
, B3
O% T m T T T 1
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(1] x @
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Figure 6-2: Difference in counting efficiency between PN-PEMSand other instruments measuring
polydisperse aerosol (spark -discharge graphite) as a function of the GMD of the patrticles .

6.3 Real time

Initially the PN-PEMS was connected to the CVS and was compared with the PCAFS
system(Figure 6-3). The PNPEMS follows the PMECVS system closely.
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Figure 6-3: Comparison of PN-PEMS with PMP-CVS. Both instruments at the dilution tunnel (20141211 -01-
NEDC cold, GDI #7)
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Similar behaviour was shown when the PNPEMS was connected to the tailpipérigure
6-4). The GMD is the § moving averagdor the real time figures.

3.0E+07 ——— PMP-TP - 140
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Figure 6-4: Comparison of PN-PEMS with PMP-TP. Both instruments connected to the tailpipe (20141215 -03
NEDGC GDI #7).

6.4 Comparison to PMECVS

Figure 6-5 summarizes the results wherthe PN-PEMS was connected to the CVS. The
differences arearound 10% for GDI #7. The Moto #1 will be discussed isection5.9.
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Figure 6-5: Summary of results of PN-PEMS vs PMPCVS when connected to the dilution tunnel.
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Then the PNPEMS was connected to the tailpipe for different vehicles. The comparison
with the PMP system at the CVS (PMPVS)can be seenn Figure 6-6. The differences
range approximately from -20% to +50% for different emission levels.
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Figure 6-6: Summary of results of PN-PEMS vs PMPCVS PN-PEMS wasconnected to the tailpipe.

6.5 Comparison to PMHAP

The difference of the PNPEMS from the PMP at the tailpipe (PMPP) can be seen in
Figure 6-7. The differences range from10% up to +20%.
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Figure 6-7: Summary of results of PN-PEMS vs PMPTP. Both connected to the tailpipe.
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6.6 Particle size effect

No size dependency of the PNPEMSs expected Indeed, whenthe differences of the
PN-PEMS from the PMRCVS were plotted in function of mean particle sizgigure 6-8),
no size dependencyould be seenAt sizes <20 nm the vanrbility increases because
these sizes are lower than the cubff of the CPCs at both the RREMS and the PMIEZVS.
In this figure the GMD is theaverage of cycle

200% Moto #1 (CVS)
¥ GDI #7 (CVS)
150% WGDI #7 (TP)
» #GDI #6 (TP)
G 100% - Moto #3 (TP)
E > Moto #4 (TP) X
(=
g S0% - * »
g L t 4
2 0%2?*__4**
a 0 10 20 30 40 50 60
-50% - 5 GMD [nm]
-100% -

Figure 6-8: Particle size dependency of P N-PEMS.

6.7 Ambient temperature
Not investigated.

6.8 Challenge aerosol (motorcycles)

The PNPEMS was used also to measure exhaust aerosol of motorcycles. Moto #3 is a 4
stroke 50 cm3 moped with max speed around 30 km/h (modified). Moto #4 is a4

stroke 125 cm3 motorcycle with max speed around 90 km/h. The specific motorcycles
were producing particles with mean around 20nm. Thus the PNPEMS couldjive

wrong results due to differences in the cubff size of the CPCThe PNPEMS compared

to the PMRTP can be seem Figure 6-9. Thedifferencesare within 20% for sizes >30

nm. There are a few tests where the RREMS measured 480% higher. As it can be

seen inFigure 6-9, these were tests where the GMD was around 2% nm. In this size
range there is high uncertainty for boththe PNPEMS and the PMP. Abové®3im no size
dependencycould beobserved.
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Figure 6-9: Size dependency of PNPEMS

6.9 Volatile removal efficiency

The volatile removal efficiency of the PNPEMS was evaluated by measuring from the
CVS diluted aerosol from a-3troke 50 cm3 moped (Moto #1). The size distribution at

the CVS has a mean around 90 nm. After thermal preatment the mean decreases to
<20 nm. The results (with the previous motocycles) are shown inFigure 6-5 and

Figure 6-8. The PNPEMS measure85% more than the PMRCVS indicating that the

size of the patrticles were efficiently decreasednd there was nosignificant re-

nucleation and growth that could influence the resultsit measures a little higher than
the GDIs (35% vs 10%) probably due to the slightly higher counting efficiency at 23 nm.

6.10 Regeneration

The PNPEMS was connected to thdilution tunnel and was measuring in parallel with
the PMRCV&he emissions ofa diesel vehicle equipped with a DP#2) . An EEPS was
measuring from the dilution tunnel. Figure 6-10 compares all systemsEEPS was
measuring >1077 p/cm 3. The PNPEMS waswithin 10% of the PMRTP. During normal
cycles (e.g3xEUDQ the PNPEMS was measuring similarly with the PMP systems
(within 10%) . This indicates thathe PN-PEMS wasot affected by the regeneration

6.11 Summary

Figure 6-11 summarizes the differences of the PNPEMS from the PMEEVSand PMRTP
for all cases examined. For GDIs, the mean differences 886 to +20% with a variability
(expressed as tstandard deviatin) of £15%. For the motorcycles, the mean differences
range from-15% to +30% with higher variability (£30%). Assuming that when the

error bars cross the 0% the PNPEMS is equivalent with the PMHEZVS, in most cases the
PN-PEMS measures equivalently with ta PMRCVS.
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Figure 6-10: Regeneration tests with DPF #2.
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Figure 6-11: Overview of differences of PN -PEMS from the PMP-CVSand PMP-TP. Error bars are one standard
deviation.

Another way of evaluating the PNPEMS is by plotting the results of the PIREMS vs the
PMRCVS. By setting the limit values one can visualize which tests would give a correct
results (i.e. PASS when the PMP would give PASS or FAIL wienPMP system would
give FAIL) or wrong (PASS for FAIL or FAIL for PASBigure 6-12 gives all results.

There are a few tests where the PIREMS gave wrong resultFAIL instead of PAS$ and
as mentioned previously this had to do with thelifferences between tailpipe and

dilution tunnel results.

Table 6-1 shows the PASS/FAllkesults of the PMPTP and the PNPEMS compared to
the PMRCVS assuming a 6x10711 p/km limit. The success rate (i.e. catching a FAIL as
FAIL or a PASS as PASS) is very high and similar to the PNP
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Table 6-1: PASS/FAIL success rate.

Vehicle Lab Category # of tests | PMR-TP PN-PEMS
GDI #6 VELA 2 PASS 20 90% 90%
VELA 2 FAIL 2 100% 100%
GDI #7 VELA 1 PASS 3 100% 100%
VELA 1 FAIL 6 100% 100%
GDI #7 (CVS) VELA 1 PASS 3 - 100%
VELA 1 FAIL 6 - 100%
Moto #4 VELA 1 PASS 6 83% 83%
VELA 1 FAIL 0 - -
Moto #3 VELA 1 PASS 24 100% 92%
VELA 1 FAIL 5 100% 100%
Moto #1 (CVS) VELA 1 PASS 0 - -
VELA 1 FAIL 4 - 100%
DPF #2 (CVS) VELA 2 PASS 1 - 100%
VELA 2 FAIL 1 - 100%
PN-PEMS | ® Moto #1 (CVs) |
[p/km] | v GDI#7 (cvs) | PASS/FAIL | FAIL/FAIL ]
1E+13 - | .
© | mGDI #7 (TP) I
# GDI #6 (TP) : AA
/. Moto #3 (TP) I Kf
1E+12 - | X Moto #4 (TP) M
|
|
|
1E+11 - [
] * A :
|
PASS/PASS 1 FAIL/PASS PMP-CVS [p/km]
1E+10 . T — — T —
1.0E+10 1.0E+11 1.0E+12 1.0E+13

Figure 6-12: Overview of all PASS/FAIL results.
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7.1 Description

ThePN-O %- 3 [ ¢ Horija ®BSBM)iconsists of a VPR and a DC. The VPR consists of
an evaporation tube at 350°Ca cold dilution 10:1 at the tailpipe,and a 3m heated line
(47°C) that brings the diluted aerosol to the main cabineThe DG(DCS100 from TSI)

was used with diffusion screensa reduce the sensitivity to sub23 nm particles. The DC
CEOAOG OAA Qjmbicrh3]. A dbhs@rddiorCof 361344 wasusedto convert

the length to particle number. This value, which was given by the manufacturéand
includes dilution and particle losses) was based on comparisons of the device with a
CPoth measuringGDI particles in parallel.

The sysem is not fully compliant with the technical specifications because of the cold
dilution (condensing aerosol) The system arrived onlyat the end of the measurement
campagn, so it was evaluated only foa few tests.

7.2 Calibration

The PNPEMS was calibratect the end of the measurement campaign with
monodisperse spark discharge graphite. For details see Giechaskiel et al. (2014). The
results can be seen ifrigure 7-1.

600% - .

s00% | ®PN-PEMS

400% - §

300% -

Efficiency [-]

200% - g

100% -

0% * e

10 100
Mobility Diameterd, [nm]

Figure 7-1: Efficiency of PN-PEMS with spark-discharge graphite .

The ratios of the efficiencies were compared with the older unitsTiable 7-1). PNPEMS
#2 was the prototype of Phase 1, PIREMS # 0 | i¢tBetotfer unit used in Phase I
and PNPEMS #26(DC) isthe unit tested in Phase 1IThe results are quite similar but

with slightly higher ratio of 200 nm, indicating a size dependency. The calibration factor
of the manufacturer(i.e. where the 100% efficiency isforresponds to approximately
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60 nm monodisperse(70 nm recommended)normalization which will probably
overestimate the emissions.

Applying the recommended procedures (correction factor to normalize atnm or
polydisperse distribution of 55 nm) a correction factor of 0.65 would be needed for the

results.

Table 7-1: Ratios of efficiencies of PN-PEMS. Unit#2 from Phase | was evaluated in Giechaskiel et al. (2014).

d, [nm] 23 30 50 100 200

#2 000 007 036 106 250
#'(DC) | 012 006 026 100 269
# (CPC)| 057 075 092 099  0.99

7.3 Real time

The comparison of the PNPEMS with the PMPTP can be seen ifrigure 7-2. Although
the PNNPEMS follows the same emissions pattern as the PMIP, there is a big
difference at the cold start, where the mean particle size is biggén the real time
figures the GMD s the5s moving average
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Figure 7-2: Comparison of PN-PEMS with PMP-TP, both connected to the tailpipe.

7.4 Comparison to PMEEVS

Figure 7-3 summarizes the differences of the PNPEMS from the PMECVS when the PN
PEMS was connected to the tailpip&he differencesrange from10% to 150%. The
results of GDI #7 are not presented because tlBlution air was not connected
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Figure 7-3: Summary of comparisons of PN -PEMS to the PMRCVS. PNPEMS was connected to the tailpipe.

7.5 Comparison to PMHAP

The difference of the PNPEMS from the PMP at the tailpipe (PMIPP) can be seen in
Figure 7-4. The difierences range from10% up to +150%.
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Figure 7-4: Summary of comparisons of PN -PEMS to the PMRTP, both connected to the tailpipe.

7.6 Particle size effect

No size dependency could be observed for the PREMSFigure 7-5). Probably the
limited number of tests and thehigh variability of the tests masked the size
dependency. In these figures the GMD is tlaerage of cycle
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Figure 7-5: Size dependency of PNPEMS.

7.7 Ambient temperature
Not investigated.

7.8 Challenge aerosol (motorcycles)

The PNPEMS was used also to measure exhaust aerosol of motorcycles. Moto #3 is a 4

stroke 50 cm3 moped with max speed around 3&km/h (modified). Moto #4 is a 4-

stroke 125 cm3 motorcycle with max speed around 90 km/h. The specific motorcycles

were producing particles with mean around 20 nmThus the PNPEMS could

I OAOAOCGOEI AOGA OEA AT EOOEIT O j AApdaDimilsize§) AT AOT
or underestimate the emissions (because the response function decreases with size).

The PNPEMS compared to the PMFPP (GDIs also included)can be seen irigure 7-6.
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Figure 7-6: Behaviour of PN-PEMS when measuring motorcycles exhaust.
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The results were also plotted as a function of mean particle siz€igure 7-7). The
differencesare within 150% for sizes >30 nm. There are a few tests where the FNEMS
measuredl14 timeshigher. As it can be seen ithe figure,these wee tests where the

GMD was<20 nm. Actually these particles were solids around 10 nm (Figure not

shown) as identified with other CPCs downstream of PMP systenk3gure 7-8 shows

that these particles were measured at the high speed part of the cyclhus either the
volatiles were not completely removed (i.e. particles were bigger when measured by the
DC) or the DC is still sensitive to these small particles.
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Figure 7-7: Size dependency of PNPEMS when measuring motorcycles exhaust.
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Figure 7-8: Comparison of PN-PEMS with PMP-TP when measuring motorcycles exhaust (20141219 -01-
WMTC, Moto #4).

57



7.9 Volatile removal efficiency
Not evaluated

7.10 Summary

Figure 7-9 summarizes the differences of the PNPEMS from the PMEEVSand PMRTP
for all cases examined. Fahe GDI, the mean differences are around +60% with a
variability (expressed as *standard deviation) of £40%. For the motorcycles, the mean
differences range from +50% to +230% with higher variability (>50%).Note that
applying the correction factor that was found following the suggested calibration
procedures (0.65) the differences would be very close to 0%.

Table7-2 shows the PASS/FAIL resultsf the PMRTP and the PNPEMS compared to
the PMRCVS assuming a 6x10"11 p/km limit. The success rate (i.e. catching a FAIL as
FAIL or a PASS as PASShi very high but closeto the PMRTP for the GDIs, but not

for the motorcycles.
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m PMP-CVS >200%
100% - m PMP-TP 1
o
E 80% -
£
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o 60%
L%
o
ﬁ 40% -
=
20% -
0% -
GDI #6 Moto #3 Moto #4
Figure 7-9: Overview of differences of PN -PEMS from the PMP-CVSand PMP-TP. Error bars are one standard
deviation.
Table 7-2: PASS/FAIL success rate.
Vehicle Lab Category # of tests PMRTP PN-PEMS
GDI #6 VELA 2 PASS 26 92% 69%
VELA 2 FAIL 11 100% 100%
Moto #4 VELA 1 PASS 6 83% 50%
VELA 1 FAIL 0 - -
Moto #3 VELA 1 PASS 15 100% 100%
VELA 1 FAIL 4 100% 100%
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8.1 Description

PN-PEMS #3 (Nanomet &S, Testo AG consists of a VPR and a DC (Diffusi&@ize
Classifier miniature, DiSC mini). The VPR consists of a heated sampling line at 108°C,
heated rotating disk diluter (PCRFused in this campaign around 100)and an
evaporation tube at 300°CA unique characterstic of the device is that the DC has two
electrometers and carestimate a mearparticle size based on their ratio (Fierz et al.
2008, 2011). The charged particleéirst flow through a diffusion stage. Some of the
particles are captured in this stage angenerate a currentlgi, while the remaining
particles flow into a second stage that isquipped with a HEPA filter. Here, all particles
are captured, and a currentsiter is measured with an electrometer. The ratidysiter/ lditt iS

a measure of the aveage particlesize, because smaller particles undergo larger
Brownian motion, and are therefore mordikely to be captured in the diffusion stage.
The instrument gives particle number concentration based on the currents it measures
and an estimated mean pasicle size.This approachwill be examinedin the following
sections.Further evaluation after the end of the campaign can be found in Annex D.

8.2 Calibration

Figure 8-1 shows the comparison of the diameter set at the electrostatic classifier
(DMA) and the one estimated by the PIREMS. The results are quite close especially at
the range of interest (<100nm).
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Figure 8-1: Comparison of (monodisperse) diameter set at the electrostatic classifier (DMA) and the one
estimated by the PN -PEMS.The dashed line is the 1:1 line.

The efficiency of the PN PEMS is shown Figure 8-2. The results are very encouraging
for DC based PNPEMS: <50% for 23 nm and >70% for 50 nm, and almost no size
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dependency for bigger sizesAn efficiency corrected for an assumed PMP penetrati is
also plotted.
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Figure 8-2: Efficiency of PN-PEMS. A corrected efficiency using a typical penetration curve of a PMP system
and the estimated diameter of the PN -PEMS is also shown.

8.3 Estimated mean s andreal time PN

The size information wasalso evaluated in the lab with polydisperse spark discharge
graphite aerosol. The mean size is underestimated, in agreement with the results in
Giechaskiel et al (2014) and the references thene (Figure 8-3).
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Figure 8-3: Estimated size from the PN -PEMS compared to the GMD measured by the SMPS.
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It should be roted that this is the static instrument response, and does notensure that
the system will behave similarly in the transient operationReal time GMDs (moving
averages of 5 s) are shown ifigure 8-4 for GDI #2 andFigure 8-5 for GDI #6. It can be
seen that the estimated diameter is not in good agreement with the measured from the
EEPSThe disagreement was very often also at concentrations much above the zero
levels indicating that that the methods with size info have to be better evaluated for

transient operations.
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Figure 8-4: Comparison of GMDs measured by the PN-PEMS and the EEPS for GDI #6.
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Figure 8-5: Comparison of GMDs measured by the PN-PEMS and the EEPS for GDI #2

Nevertheless, the calculated PN seems to be in goagreement with the PMPTP
(Figure 8-6 and Figure 8-7). This is due to the reldively small effect(<20%) of the size

info on the estimated PNFierz et al. 2011).

61



3.0E+07 1 PMP'TP r 140
25407 . — PN-PEMS #3 (PN) - 120
---- Speed E
5 2.0E+07 o
£ =
< e
£ 1.5E+07 <
o =
~ £
= =
a 1.0E+07 -
Q
Q
o
5.0E+06 v

0.0E+00
0 100 200 300 400
Time [s]

Figure 8-6: Comparison of PN-PEMS (PN) to the PMRTP, both connected to the tailpipe.
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Figure 8-7: Comparison of PN-PEMS (PN) to the PMRTP, both connected to the tailpipe.

8.4 Comparison to reference PMP

Figure 8-8 summarizes all results. The differences for the GDIs lie betweeBb5% and
+40%. Higher differences were found in some cases for motorcycles. This could be due
to the existence of small particles that are measured by the PREMS Figure 8-9). Using
a theoretical cutoff at 23 nm probably would improve the correlation for the
motorcycles.

Figure 8-10 summarizes all results compared to the PMEVS. With a few exceptions the
differences to the PMPCVS lie between35% and +40%.
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Figure 8-8: Summary of comparisons of PN-PEMS to PMRTP, both connected to the tailpipe.
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Figure 8-9: Size dependency of PNPEMS.
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Figure 8-10: Summary of comparisons of PN -PEMS to the PMRCVS
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8.5 Regeneration

The PNPEMS was connected to the tailpipe and was measuring in parallel with the
PMPRTP the emissions of a diesel vehicle equipped with a DPF (#Ejgure 8-11
compares the systems. The RREMS is underestimating the emissionsy 40%.
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Figure 8-11: Regeneration of DPF #2. Measurements from tailpipe.
8.6 Summary

Figure 8-12 gives the overview: the agreement of the estimated PN is very good (<25%)
for the GDIs, however for the motorcycles higher differences are obse (25%-70%).
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Figure 8-12: Overview of differences of PN -PEMS (based on the estimated PN) from the PMP-CVS and PMPTP.
Error bars are one standard deviation
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Another way of evaluating the PNPEMS is byplotting the results of the PNPEMS vs the
PMR-CVS. By setting the limit values one can visualize which tests would give a correct
results (i.e. PASS when the PMP would give PASS or FAIL when th@ Biystem would
give FAIL) or wrong (PASS for FAIL or FAIL for PASSjigure 8-13 gives all results and
Figure 8-14 focuses on the 6x10711 p/km range. There arenly a fewtests where the
PN-PEMS gave wrng result (PASS instead of FAIL).
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Figure 8-13: Overview of PMP vs PN-PEMS.
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Figure 8-14: Detail of previous Figure.

8.7 Onroad evaluation

The PNPEMS was used to measure the PN emissions of a GDI #3 on the road. The
ambient temperature was around 14°C. The tests were conducted successfully without
any particular issue.
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The DC(Fierz et al. 2011)of PN-PEMS #3gives Lung Deposited SurfacArea (LDSA) in
t i2/cm3. A constant factorCof 335 was also included to convert the.DSAto particle
number (reading). This value was based on the calibration conduateat JRC (see
below). Thusthe readingRof the instrument was:

Y55 500y 60 008 YO

The following results refer to theLDSAvalue of the deviceFurther evaluation after the
end of the campaign can be found in Annex D.

9.1 Calibration

The PNPEMS was calibrated at the beginning and at the end of the measurement
campaign with monodisperse aerosol from a spé-discharge graphite generator.

Details can be found in Giechaskiel et al. (2014). The ratios of the efficiencies to the 100
nm efficiency can be seen ifable9-1. They are almost identical and comly with the

draft requirements. In the same table the efficiencies of the manufacturemly for the
DCare shown (normalized to 100 nm).

Table 9-1: Ratios of efficiencies.

Dp[nm] | 23 30 50 80 100 150 200

Start 10%  15%  34%  68%  100% 160%  223%
End 8% 16%  35%  69%  100%  165%  221%
Manuf 21%  27%  47%  79%  100%  155% @ 211%

At a next step the calibrationf&A OT O xAO AAI AOI AOAA8 4EA DPOT AA/
yet, but the suggestions are normalization at:

1. dy=100 nm (monodisperse)(i.e. no extra correction)

2. dp=70 nm (monodisperse)(i.e. with extra correction)

3. GMD=75 nm (polydisperse)i.e. no extracorrection)

4. GMD=5 nm (polydisperse) (i.e. with extra correction)

For simplicity reasons the second option was chosen (factor 335yigure 9-1 shows the
efficiencieswith calibration factor optimizing the chassis tests The two repetitions

were in relatively good agreement (differences within 15%)and one of them is almost

EAAT OEAAI xEOE OEAI 0AT OzEAG O®HOA 06 O @AODMOOOA
DCanddo®1 6 O ET Al OAA OEA 602 xEEAE xi Ol A AAAO
due to diffusion losses.

06
AA

66



450% -
400% - ¢ JRC (Start) ’
350% - 0 JRC(End) PN
= = = Manufacturer I:I,’
T 250% - &
G 200% - e

150% - /9

100% - ,";

50% - _--"§

-
--
—— - m
T

]

w
o
S
=S

cy[-

1en
N

Effic

O% T T T T T T T T T 1

10 100
Mobility Diameterd, [nm]

Figure 9-1: Results of monodisperse calibration of PN -PEMS at the beginning and end of the measurement
campaign. The calibration factor is included.

Then the response of the PNPEMS was compared with a PMP system or a simulated
PMP system (using a SMPS and applying the theoretical efficiencies of a PMP system).
The results can be seen ifigure 9-2. The scatter is quite high but probably it includes
most cases that will beencountered in real working conditions The differences range
from -40% at GMD 30 nm to +100% at 110 nm. The maieason of the scatter is the

size dependency of the PNPEMSHowever a 15% uncertainty comes from the

calibration and a 10% offset comes from the PMP system.
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Figure 9-2: Comparison of PN-PEMS with PMP systems.
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9.2 Real time

Figure 9-3 compares the PNPEMS connected to the tailpipe with the PMPP. The PN

PEMS follows the PMAP system closelyln the real time figures theGMD is the 5s
moving average
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Figure 9-3: Comparison of PN-PEMS to the PMRTP, both connected to the tailpipe (20141111 -01-NEDC cold,
GDI #4).

Similar behaviour was shown with other GDVehicles (Figure 9-4):
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Figure 9-4: Comparison of PN-PEMS to the PMRTP, both connected to the tailpipe (20141203 -01-WLTC cold,
GDI #6).
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9.3 Comparison to PMEVS

The PNPEMS was connected to the tailpipe for differer&DIvehicles. The comparison
with the PMP system at the C¥ (PMRCVS)can be seen irFigure 9-5. The differences
range approximately from -30% to +35% for different emission levels.
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Figure 9-5: Summary of comparisons between PN -PEMS andPMP-CVS. PNPEMS connected to the tailpipe.

9.4 Comparison to PMHAP

The difference of the PNPEMS from the PMP at the tailpipe (PMPP) can be seen in
Figure 9-6. Thedifferences range from40% up to +20%.

40% 1 * GDI #4 GDI #4 (8°C)
30% - ¢ GDI #2 GDI #2 (8°C)
= oao% | X . Lxooiss
€ 10% - X L0 94
[ Yiurs <
& PMP-TP [p/k
8 O% T T IX"QI I«| 0 T T T T T |[|p|/ m]
c
S HOEFIX Y é‘lﬁg » §.0E+13
< -20% - XK X X o
[a]
= 30% - X X % %(x X
40% | X
-50% -

Figure 9-6: Summary of comparisons between PN -PEMS and PMPTP. Both connected to the tailpipe.
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9.5 Particle size effect

The difference of the PNPEMS from the PMRCVSwas plotted in function of cycle mean
particle size (Figure 9-7). There is no clear size dependency trend, or the small tendency
is masked by the measurement variabity between the differentvehicles. In these

figures GMDis the average of cycle
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Figure 9-7: Size dependency of PNPEMS.

9.6 Ambient temperature

No effect of the ambient temperature down to 8°C was observddee previous figures)
The behaviour was the ame as during the 23°C tests.

9.7 Challenge aerosol (motorcycles)

The PNPEMS was used also to measure exhaust aerosol of motorcycles. Moto #3 is a 4

stroke 50 cm3 moped with max speed around 30 km/h (modified). Moto #4 is a4

stroke 125 cm3 motorcycle with max speed around 90 km/h. The specific motorcycles

were producing particles with mean less than 20 nm. Thus the PREMS could

overestimate the emissions (because O AT AOT 6 0 EAOA Al O1 OET ¢ A &A
or underestimate the emissions (because the response function decreases with size).

The PNPEMS compared to the PMPP can be seen ifrigure 9-8 in function of the

mean cycle sizeThe dfferences are approximately-50% to -5%. No clear size

dependencecould be observed at these su80 nm sizes.
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9.8 Volatile removal efficiency
The volatile removal efficiency of the PNPEMS was evaluated by measuring from the
CVS diluted aerosobf a 2-stroke 50 cm3 moped (Moto #1). The size distribution at tle
CVS has a mean around 90 nm. After thermal pteeatment the mean decreases to <20
nm. The results (with the previous motacycles) are shown n Figure 9-9. The PNPEMS
measures D% less than the PMRCVS indicating that the size of the particles were
efficiently decreased and there was no raucleation that could influence the results.
In the same figure some tests with PFIs are shown. For these vehicles the differeace
range from-10% up to +70% slightly higher compared to the GDIs. However the
highest differences areobserved for thetests where the emissions were much lower
than 1x10711 p/km. The PNPEMS was used at the CVS, thus it was measuring close to
its detection limit.
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9.9 Regeneration

The PNPEMS was connected to theilpi pe and was measuring in parallel with the
PMPRTPthe emissions of a diesel vehicle equipped with a DPF (#Bigure 9-10
comparesthe systems.The PNPEMS is overestimating the emissions 44%. Based on the
PN-PEMS size information the mean diameter was 140 nm); for this reason the current
was higher. This indicates that only an evaporation tube might not be enough to
completely remove the volatiles.

1.0E+07 -

1.0E+06 PN-PEMS #3

] AT REpALES (.,ol‘~
1.0E+05 - e
] PMP 23nm

PN [p/cm?]

1.0E+04 -

1.0E+03 - ,'(j
1\'.“
1.0E+02

300 500 700 900 1100 1300
Time [s]

Figure 9-10: Regeneration of DPF #2. Measurements from tailpipe.

9.10 Summary

Figure 9-11 summarizes the differences of the PNPEMS from the PMECVSand PMRTP
for all cases examined. For GDIs, the mean differences &28% to 10% with a
variability (expressed as tstandard deviaton) of £10%. For the PFIs, which were
measured with the PMPEMS athe CVS, the differences are0%o to +40% with higher
variability in one casg+20%). For the motorcycles, the mean differencesre around-
30%. Assuming that when the error bars cross the 0% the RREMS is equivalent with
the PMRCVS, in most cases the PREMS measures equivalently with the PMEVS.

Table 9-2 shows the PASS/FAIL results of the PMPP and the PNPEMS compared to
the PMRCVS assuming a 6x10711 p/km limit. The success rate (i.e. catching a FAIL as
FAIL or a PASS as PASS) is very high and similar to the PNFP
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Figure 9-11: Overview of differences of PN -PEMS from the PMP-CVS. Error bars are one standard deviation.

Table 9-2: PASS/FAIL success rate.

Vehicle Lab Category # of tests PMRTP PN-PEMS
GDI#4 VELA 2 PASS 9 78% 78%
VELA 2 FAIL 41 100% 98%
GDI #2 VELA 2 PASS 13 62% 92%
VELA 2 FAIL 41 100% 91%
GDI #6 VELA 2 PASS 13 100% 100%
VELA 2 FAIL 100% 100%
Moto #4 VELA 1 PASS 83%% 100%
VELA 1 FAIL - -
Moto #3 VELA 1 PASS 15 100% 100%
VELA 1 FAIL 4 50% 50%
Moto #1 (CVS) VELA 1 PASS 0 - -
VELA 1 FAIL 3 - 100%
PFI #1 (CVS) VELA 1 PASS 6 - 100%
VELA 1 FAIL 0 - -
PFI #2 (CVS) VELA 1 PASS 3 - 67%
VELA 1 FAIL 16 - 100%
DPF #2 (CVS) VELA 2 PASS 2 - 100%
VELA 2 FAIL 1 - 100%
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9.11 Adjustment of PNPEMS

The PNPEMS based on DCs have an inherent uncertainty due to their dependency on
%OAT xEAT AAI EA
particles in a different size range. The topic was investigatl by conducting different
cycles in one day and comparing the difference of the FREMS to the PMECVS.

The results for all subcycles are presented irFigure 9-12. The specific vehicle emits
particles with a high mean at the beginning of the test. Thus, the FNEMS is
overestimating the emissionshy 30% (first part of the NEDC). At the subsequent part
the PNPEMS igneasuring close to the PMECVS The next hotRDEsshow similar
differences to the PMRCVS (around-10%). Next day thA O E T-o§fes rénQel from-

s oA £ o~

N~ s A

approximately. The behaviour of the car on the road is expected more similar to the
OETI GAUDDAO8 4EOO A AAI EAOAOQEITI
However this should be checked with the real behaviour of the car on the roaNote
OEAO OOET G 4G AO10 A A AA-SEENEIG divé wréng alibeation

factor (+17% average of the cycle).
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Figure 9-12: PN-PEMS behaviour over the day.

The same evaluation was followed for other vehicleg-igure 9-13). Similar behaviour
x AO 1T AOA OO ARissions weke afpFokirdabely-15% to +10%.

Figure 9-14 summarizes the correction factors of the hot cycles. They are frofh5% to -
2%. An interesting observation is that the variability of the correctionfactor between
the vehicles (176) is not much higher than the variability of the correction of the

C PoYEThésE dbrre€ian faktord akelalsg very close
to those ofFigure 9-11. The reason is that the ratio of hot to cold cycles is high, so any
cold start influence is minimized.

different OET O 6

AUAl1 AO
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Figure 9-13: PN-PEMS behaviour over the day

Figure 9-14: Summary of PN-PEMS calibration factor with hot cycles.
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10.1 Description

PN-PEMS #4 PPSPegasor) consists o VPR and DC at the same unith@sample is
drawn through a 2 m heated ling200°C) by an ejector pump.The sample line and the
whole unit with the DC are heated at 200°:he PNPEMS gives a currenit[pA] which
is proportional to the active surface of the particles. 8sed on the flow rate of thelevice
Q[lpm], the current can be converted to particlenumber concentration. Thus the
reading of the instrument is (see Ntziachristos et al. 2013):

Yss600v0O

The constantCis a function of theinlet DCflow Q[lpm]. For trap voltage 400 V(see
Ntziachristos et al. 2013)

A flow of 5.5 Ipm was measured giving a value €52400. This calibration was based
on light-duty vehicles with GMD around 50 nm which is in agreement with a
monodisperse aerosol of 70 nm (or polydisperse of 55 nm), thus no other modification
was applied.Detailed description canbe found elsewhere (e.gRostedtet al. 2014).

10.2Real time

Initially the PN-PEMS was connected to the CVS and was compangth the PMP-CVS
system(Figure 10-1).
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Figure 10-1: Gomparison of PN -PEMS to PMRCVS, both connected to the CV§20141029 -01-NEDC cold, GDI
#1).
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The PNPEMS follows the PMECVS system closely espedia when the mean size is 50
nm. At higher sizes he emissions are overestimeed and probably the cold start
increases the difference (maybe insufficient temperature at PIREMS to remove the
volatile particles). In the real time figures GMD i§s moving averageSimilar behaviour
was shown when the PNPEMS was connected to the tgipe (Figure 10-2):

1.0E+08 - ———PMP-TP - 140
. _ _ ,r"l
1 PN-PEMS #42 120
| ---- Speed T £
1.0E+07 ) o 100§
& ] (IW‘I \ =
= | \r 80 ©
< 1.0E+06 ! <
= “ - 60 g
r : : =
o
[ ! o
1.0E+05 " 408
] | o
4 v
PMMMH [,
1.0E+04 0
0 300 600 _900 1200 1500 1800

Time [s]

Figure 10-2: Comparison of PN-PEMS to the PMRTP, both connected at the tailpipe.

10.3Comparison t°PMRCVS

The PNPEMS was connected to thiilpipe for different vehicles. The comparison with
the PMP system at the CVS (PMBVS can be seen irFigure 10-3.
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Figure 10-3: Summary of comparison of PN -PEMS to PMRCVS.
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The differences range from50% to +100% approximately for different emission levels
(with a few exceptions that will be discussed later)Figure 10-3 also shows the results
for the vehicle that the PNPEMS was connected to the CVS (GDI #1). The difference to
the PMRCVS is on the same order.

10.4Comparison t°PMPRTP

The difference of the PNPEMS from the PMP at the tailpipe (PMPP) can be seen in
Figure 10-4. The differences range from50% up to +50% (with a few exceptions).
There are some cases with fflerences of +D0%. As it will be discussed later these are
cold start emissions.
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Figure 10-4: Summary of comparison of PN -PEMS to PMRTP.

10.5Particle size effect

The size dependency of the PIREMS response can beeen inFigure 10-5. The effect is
<40% for a 10nm change of the particle size. Similar trend was observed compag the
PN-PEMS with the PMPTP (but smaller size effect)(Figure 10-6). In these figuresGMD
is the average ofacycle.

10.6 Ambient temperature

No effect of the ambientemperature down to 8°C was observedFigure 10-7). The
behaviour was the ssme as during the 23°C tests.
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Figure 10-7: Ambient temperature effect on PN -PEMS.
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10.7 Challenge aerosol (motorcycles)

The PNPEMS was used also to measure exhaust aerosol of motorcycles. Moto #3 is a 4
stroke 50 cm3 moped with max speed around 30 km/h (modified). Moto #4 is a4

stroke 125 cm3 motorcycle with max speed around 90 km/hMoto #2 is a 4stroke 400

cm3 motorcycle. Themotorcycles#3 and #4 were producing particles with mean less

than 20 nm, while #2 around 35 nm. Thus the PNPEMS could overestimate the

AT EOOEIT O § AAAAOOA EO AT AOT 60 EAOA Al O1 OET ¢
underestimate the emissiors (because the response function decreases with size). The
PN-PEMS compared to the PMEVScan be seen irFigure 10-8. The differences are
approximately -60% to +60% for Moto #3 and #4. However for Moto #2 much higher
differences are observed. This motorcycle had high percentage of s@B nm particles

and it seems that the PNPEMS is sensitive to particles smaller than 23 nm or the 200°C
thermal pre-treatment is not sufiicient to decrease the size of particles enough thus they
are producing high current.Figure 10-9 shows the results in function of size
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Figure 10-8: Behaviour of PN-PEMS with motorcycles exhaust.
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Figure 10-9: Size dependency of PNPEMs when measuring motorcycles exhaust.
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10.8Volatile removal efficiency

The volatile removd efficiency of the PNPEMS was evaluated by measuring from the

CVS diluted aerosol from a-atroke 50 cm3 moped (Moto #1). The size distribution at

the CVS has a mean around 90 nm. After thermal preatment the mean decreases to

<20 nm. The results (wit the previous motacycles) are shown inFigure 10-8 and

Figure 10-9. The PNPEMS measure§0% more than the PMRCVSwhich is quite

similar to the difference of therest motorcycles. Thus it seems thathe size of the

particles wasefficiently decreased and there was no raucleation that could influence

the results, oratleastE 06 © 11 O AO OEA OEUA OAT CHREMBEAOD
significantly.

10.9 Summary

Figure 10-10 summarizes the differences of the PNPEMS from the PMRCVSand PMR
TPfor all GDI cases examinedkigure 10-11 examines the rest cases\otorcycles).
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Figure 10-10: Overview of differences of PN-PEMS from the PMP-CVS. Error bars are one standard deviation.
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Figure 10-11: Overview of differences of PN -PEMS from the PMP-CVS. Error bars are one standard deviation.
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For GDlIs, the meanlifferences are-20% to +20% with a variability (expressed as
tstandard deviation) of £30% (or higher in one case)Three of the motorcycles had
small differences from the PMPCVS, but one had mean differences >50%ssuming
that when the error bars crossthe 0% the PNPEMS is equivalent with the PMIEZVS, in
most cases the PNPEMS measures equivalently with the PMEVS.

Another way of evaluating the PNPEMS is by plotting the results of the PIREMS vs the
PMPR-CVS. By setting the limit values one can visied which tests would give a correct
results (i.e. PASS when the PMP would give PASS or FAIL when the PMP system would
give FAIL) or wrong (PASS for FAIL or FAIL for PASEigure 10-12 gives all results and
Figure 10-13 focuses on the 6x10711 p/km range. There are a few tests where the PN
PEMS gave wrong result (PASS instead of EABNd as mentioned previously this had to
do with the relatively high scatter of the results
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Figure 10-13: Detail of previous figure.
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Table 10-1 shows the PASS/FAIL results of the PMPP and the PNPEMS compared to
the PMRCVS assuming a 6x10711 p/km limit. The success ratiee. catching a FAIL as
FAIL or a PASS as PASS}jisite similar to the PMRTP, but in some cases wrong results
can occur (probably due to the high scatter of the results).

Table 10-1: PASS/FAIL success rae.

Vehicle Lab Category | # of tests PMRTP PN-PEMS
GDI #3 VELA 2 | PASS 0 - -
VELA 2 | FAIL 30 100% 100%
GDI #4 VELA 2 | PASS 9 78% 100%
VELA 2 | FAIL 41 100% 85%
GDI #2 VELA 2 | PASS 13 62% 100%
VELA 2 | FAIL 32 100% 94%
GDI #6 VELA 2 | PASS 2 100% 100%
VELA2 | FAIL 3 100% 100%
GDI #1 (CVS) VELA 2 | PASS 0 - -
VELA 2 | FAIL 9 - 100%
Moto #1 (CVS) VELA 2 | PASS 0 - -
VELA 2 | FAIL 1 - 100%
Moto #4 VELA 2 | PASS 6 83% 83%
VELA 2 | FAIL 0 - -
Moto #3 VELA 2 | PASS 18 100% 100%
VELA 2 | FAIL 2 100% 100%

10.10Adjustmentof PNPEMS
The PNPEMS based on DCs have an inherent uncertainty due to their dependency on

DAOOGEAI AO OEUA8 %OAT xEAT AAI EAOAOGAA EO EO E
particles in a different size range. The topic was investigated by coacting different
cycles in one day and comparing the difference of the FIREMS to the PMECVS.

The results for all subcycles are presented irFigure 10-14. The spedic vehicle emits

particles with a high meansize at the beginning of the test. Thus, the RREMS is

overestimating the emissions7/0% (first part of the NEDC). At the subsequent pathe

PN-PEMS issimilar to the PMP. For the nextRandom Driving Cyclea dmilar behaviour

is observed. The next hotycle has even smaller effect of the initial start of the cycle.

B Al OAET Gtafsmlicyc@dranyeXrdm20% to +5% approximately. Next day

OEA O Eciyclesrangediithe same rangeThe behaviour of the car on the road is
AoDAAOGAA 11 OA OEilckikesME O AOEM I ERAICAOEGIOIA x EQE
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POT AAAI U Ei POT OA th Bnbuldbddetied e theirealhéndvdur of

the car on the roadNote that usingE A OMEDH AGI OAAIl EPENXOSWOMDB OEA 0.
give wrong calibration factor (+45% average of the cycle).
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Figure 10-14: Behaviour of PN-PEMS over a day.Each point is a sub-cycle.

The same evaluation wasollowed for othel vehicles(Figure 10-15). Similar behaviour

xAO T AOAOOAAd 4EA OEIT 06 wkhinBBodtthd POIRGVEOA ADDOI
An interesting observaion is that the variability of the correction factor between the

vehicles 20%: From-25% to -5%) is not much higher than the variability of the
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Figure 10-15: Summary of PN-PEMs correction factor based on hot cycles.
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11.1 Description

PN-PEMS#50&(Ecostar, Sensors) consistof a VPR and a DC (PR®m Pegasor). The
VPR consiss$ of acapillary diluter at 150°C, a heated Ine at150°Cand a catalytic
stripper heated to 300°C.The hot aerosol wa cooled down in a spiral coil before
entering the DC. Therimary dilution wa s estimated by the measuredlows by the
manufacturer and the dilution factor DFwas typically 15-20. The particle lossedor a
similar systemwere measured at JR6oa factor of 13was applied The DC primarily
measures the escaping currentwhich is proportional to the active surface(see
Ntziachristos et al. 2013).The PNPEMS converts the escaping curréno particle
number concentration with an internal constantC. Thus the readingR of the instrument
was:

Y56 600y 000

The constantCis a function of theinlet DCflow Q[lpm] (see Ntziachristos et al2013).
For atrap voltage of 400 Vholds:

For the flowrate Qin the device (4.5 Ipm)C=64000 and with the 1.3 loss correction

s~ A o~ N

DC was based on optimization with lighduty particles (GMD ® nm) which is close to
the recommended monodisperse @ nm recommendation(or 55 polydisperse). Thus no
other correction was applied.

This device was also provided with a prototype CPC downstream of a venturi diluter
(dilution around 150) downstream of the VPR. The CPC is a mixing type GH a cut-
off size around 6nm (asestimated by JRC)This CPC will be evaluated separately at the
end of the chapter.

11.2Real time

The PNPEMS followed thesignal ofthe PMP system at the tailpipgFigure 11-1). When
the mean size of the emitted particles was high, the PREMS overestimated the
emissions Since there is a hot dilution and a catalytic stripper tls overestimation is
due to the size of particles and not due to incomplete removal of volatiles.
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Figure 11-1: Comparison of PN-PEMS with PMP-CVS. PNPEMS was connected to the tailpipe (20141106 -01-
NEDC coll, GDI #3).

Comparison of the signal of the DC (corrected for the dilution fact@nd the losse$ with
another PNPEMS using tk same sensor (PNPEMS #4) showedjood agreement

(Figure 11-2).
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Similar trends were observed with another vehiclgFigure 11-3, Figure 11-4). However
there is a concern that at high speeds the emissions could be underestimated (probably
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Figure 11-2: Comparison of two PN-PEMS.

an effect of the high flow, temperature or pressure]see seconds 170a1L800).
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Figure 11-3: Comparison of PN-PEMS with PMP-TP (20141125 -03-WLTC 8°C, GDI #2)
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Figure 11-4: Comparison of two PN-PEMS.

11.3Comparison t°PMRCVS
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difference to the PMP system at the CW{BMP-CVS)is shown inFigure 11-5. The

OEA

differences range from-50% to +150%. In some cases higher differences can be

observed.
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Figure 11-5: Summary of comparisons between PN-PEMS and PMPCVS. The PNPEMS was always connected
to the tailpipe.

The same tests were plotted in function of the PMP system at the tailpipe (PMP)
(Figure 11-6). The difference ranges from55% to +100% for most cycles with a few
exceptions.

200% - -
[ | [ |

150% - © GDI #2
o mGDI #3
= 100% -
£ AGDI #4
S m©
- e
o X GDI #7
Q
% O% T T T 17 1

1.0E 1.0E+13
-50% PMP-TP [p/km]
X
-100% -

Figure 11-6: Summary of comparisons between PN -PEMS and PMPRTP. Both were connected to the tailpipe.

11.4 (Ambient) Temperatureeffect

Some tests were conducted at 8°€igure 11-7 shows that there was no particular effect
on the PNPEMS and it behaved as during the 23°C ambient (test celljrtperature
tests.
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Figure 11-7: Effect of ambient temperature on PN -PEMS.

11.5Patrticle sze effect

Plotting the results in function of the mean particle size of the cycle, it can be observed
that there is a small size dependency of the differencef the PNPEMSto the PMRCVS
(Figure 11-8). The size dependency of DCs has been discussed elsewhere. Here it can be
seen that a 10hm increase of the size results on approximately 60% higheesult. It can
also be observed that the ystem was optimised for sizes between 30 and 45 nm.

Similar results gave the comparison with the PMAP (Figure 11-9). In this case a 10 nm
size increase resulted irb0% effect on the resultsHowever in both cases the scatter of
the differences for a specific size is arounti50% thus masking small size changes (<20
nm).
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Figure 11-8: Size dependency of PNPEMS.
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Figure 11-9: Size dependency of PNPEMS.

11.6 Challenge aerosol (motorcycles)

The PNPEMS was used also to measure exhaust aerosol of motorcycles. With Moto #2
(beginning of measurement campaign) there were somissues with the PNPEMS and

no data are presented. Thus, only results from Moto #3 will be presented. Moto #3 is a

4-stroke 50 cm3 moped with max speed around 30 km/h (modified), that was

producing particles with meansize smallerthan 20 nm. Thus the PNPEMS could

I OAOAOOEI AOGA OEA AT EOOEIT O j ARAAOOA EO Al Aol
or underestimate the emissions (because the response function decreases with size).

The PNPEMS compared to the PMPP can be seen ifrigure 11-10. The differences are
approximately -50% to +30%, very close to the results of th&DI vehicles
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Figure 11-10: Comparison of PN-PEMS with PMP-TP when measuring motorcycles exhaust.

90



The results were also plotted in function of siz€Figure 11-11). No clear size
dependencecould be observedat these sub30 nm sizes.
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Figure 11-11: Size dependency of PNPEMS when measuring motorcycles exhaust.

11.7Volatile removal efficiency

The PNPEMS has been evaluated in the lab and has shown excellent removal efficiency
of tetracontane (see Giechaskiel et al. 2014). No volatile removal efficiency of engine
exhaust could be evaluated because the system was not measuring when the
instruments were challenged with a 2stroke moped.

11.8 Summary

Figure 11-12 summarizes the differences of the PNPEMS from the PMECVSand PMR
TPfor all cases exammed. The meardifferences are0% to +50% with a variability
(expressed as xstandard deviation) of higher than +50%.
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Figure 11-12: Overview of differences of PN -PEMS from the PMP-CVSand PMP-TP. Error bars are one
standard deviation .

Table 11-1 shows the PASS/FAIL results of the PMPP and the PNPEMS compared to
the PMRCVS assuming a 6x10"11 p/km limit. The success rate (i.e. catching a FAIL as
FAIL or a PASS as PASS}jiste similar to the PMRTPwith one exception (GDI #6). One
explanation could be the low emission levels of this car and the relatively small mean
size of the patrticles.

Table 11-1: PASS/FAIL success rate.

Vehicle Lab Category # of tests PMRTP PN-PEMS
GDI #2 VELA 2 PASS 14 57% 79%
VELA 2 FAIL 31 97% 80%
GDI #3 VELA 2 PASS 0 - -
VELA 2 FAIL 34 100% 100%
GDI #4 VELA 2 PASS 7 86% 86%
VELA 2 FAIL 30 100% 90%
GDI #6 VELA 2 PASS 14 93% 64%
VELA 2 FAIL 3 100% 100%
GDI #7 VELA 2 PASS 1 100% 100%
VELA 2 FAIL 2 100% 100%
Moto #3 VELA 2 PASS 9 100% 100%
VELA 2 FAIL 1 100% 100%
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11.9 Adjustment of PNPEMS
The PNPEMS based on DCs have an inherent uncertainty due to their dependency on

DAOOEAI A0 OEUA8 %OAT xEAT AAI EAOCAOGAA EO EO E
particles in a different size range. The topic was investigated by conducting different
cycles in one day and comparing the difference of the FREMS to the PMECVS.

The results for all subcycles are presented irFigure 11-13. The specific vehicle emits
particles with a large meansize at the beginning of the test. Thus, the RREMS is
overestimating the emissions >18% (first part of the NEDC). At the subsequent part
the PNPEMS iverestimating around 50%. For the next hot cycle (after 20 min) the
first part is +50% but then for the next parts of the cycle the differences become 0%.

For the next WLTC in the afternoon a similar behaviour is observeg#iigh differencesat

the cold start that reach 0% when the engine is warniNext day was also similarThe

AAEAOGEI OO T &£ OEA AAO 11 OEA O1 AkyclesOThs@bAAOA A
AAl EAOAOETT xEOE A OET 086 AUAI A xsimthd DOT AAAI
OAT 1 A8 7, 4# OI-PEMS NduB dvedviorg&alitdetioh fattar (+114%

average of the cycle)However, it is interesting to note that theoriginal calibration was

correct (the differences close to 0%).
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Figure 11-13: Difference of PN-PEMS from PMRCVS over the day.Each point is a sub-cycle.

For the other vehicles the behaviour was similar(e.g. GDI #3Figure 11-14): High
AEE£EZAOAT AAO AO OEA OAT 1 A6 OOAOOO xEEAE xAOA
getting hotter (and the mean size of the particles smaller).
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Figure 11-14: Difference of PN-PEMS from PMRCVS over the day

Figure 11-15 summarises the correction factors for the different vehicles based on the
OE 1 O6ycled.Gte corrections were from9% to -21% with one exception and the
variability for each car ranged aproximately 15-25%. One car showed a completely
different correction factor (+54%). There is no clear explanation for this behavioyr
probably because the specific car emitted smaller particles. Neverthele#sindicates
that there could be casesvhere a calibration of the PNPEMS with a hot test could be
advantageous.
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Figure 11-15: Summary of cali bration factor for hot cycles f or different vehicles.
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11.10CPC

PNO%- 3 MNMud xAO DOIT OE A Avwhickviillb&evaluatednith@] OUDA #0#
section.Thecutl £#£ OEUA AT 01 AT80 AA AAOAOI ET AA AOA C
discharge graphite particles generatedt sizes smaller tharnlO nm. Based on the

calibration at larger sizes(not shown) and extrapolation, the 50% cutoff size is

expected at 6 nm. This could create some issues when particles <23 nm exisiis is

plotted in Figure 11-16 where the CPC of the PAREMS sbws higher emissionsthan the

PMPRTP at many parts of the cycle. The specific Motorcycle (#3) had high solid

emissions <23 nm.
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Figure 11-16: Comparison of PN-PEMS (CPCyith PMP -CVS. The PNPEMS was conneted to the tailpipe.

When no sub23 nm particles existed (or their concentration was low), lve real time
behaviour of the CPC was good, as it can be seefrigure 11-17.
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Figure 11-17: Comparison of PN-PEMS (CPC) with PMPCVS. The PNPEMS was connected to the tailpipe.
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However there was a strange behaviourfahe system for many tests. For example a test
xEOE A1 O ££0 ARdre H-@8). @ tds folind duitbly thexmanufacturer

that the fan was disconnected anthe temperatures of the CP@nhcreased Although this
was fixed, then it was found that there was a leak upstream of the venturi diluter of the
CPC that also affected its results.
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Figure 11-18: Comparison of PN-PEMS (CPC) with PMPCVS. The PNPEMS was connected to the tailpipe. A
correction factor was applied.

The comparison to the PMRCVS is plotted irFigure 11-19. Given the strong deviations
from the PMRCVS, e CPC was not further evaluated.
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Figure 11-19: Summary of comparisons of PN-PEMS (CPC) withPMP-CVS.
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12.1 Description

PN-O %- 3 Nagoderpsol Monitor: NAM Shimadzu) is a6 stageelectro mobility
analyserwithout sheath flow.The cutoff size is 23 nm. For the tailpipe tests, the sample
was drawn througha heated line (190°C) andliluted 10 times (DF=10). For the CVS
tests a different heated line was used (5@) without any dilution (DF=1). The

instrument has the possibility to switch between three fullscale values that cover three
different ranges of particle concentration;for all tests the mid-scale was used
(Sr=756450). The total concentration [p/cne] was given as the differencdetweenthe
last and first electrometers AE):

Y65 500y 6 Qa 8@ 60ON

12.2 Real time

Figure 12-1 compares the PNPEMS connected to the tailpipe with the PMPP. The PN
PEMS follows the PMHAP system closelyln these real time figures he GMDis a 5s
moving average
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Figure 12-1: Comparison of PN-PEMS with PMP-TP, both connected to the tailpipe (20141107 -02-WLTC 8°C,

GDI #3).

Similar behaviour was shown with other GDIgFigure 12-2):

97



1.0E+08 - PMP-TP - 140
: ——PN-PEMS#6' | . - 120
i |‘|,l' | £
1.0E+07 wpeet T 100§
o 1.0+ Y I i
E j GMD | o s
S 3 \ ! "n.m, ) - 80 ‘D-.
& ] J.1 . . "J \ E
o : it | i S
| n ’ |.‘ " i | ~ 60 E
2 h /! J =
& 1.0E+06 | . L \
n 1| :' I 2
i (=1
] I:| ',l:: Ry ' 20 v
by s"“'i" b ' !
10E+05 L Lo n¥ . : . -0
0 300 600 900 1200 1500 1800
Time [s]

Figure 12-2: Comparison of PN-PEMS with PMP-TP, both connected to the tailpipe (20141125 -03-WMTC, GDI
#2) .

However, at a certainpoint during the measurement canpaign an unexpected
behaviour was observed Figure 12-3). One explanation could be condensation of
exhaust gaor non-efficient removal of volatiles.After the measurement campaign the
manufacturer checked the device and he found out that the calpitity of the adsorbent

in the filtration unit of the dilution air was used up, and this could have been one of the
reasons of this behaviour after GDI #6T hese tests were disregarded from the following

analysis.

Figure 12-3: Comparison of PN-PEMS with PMP-TP, both connected to the tailpipe (20141128 -02-WLTC, GDI
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The PNPEMS was connected to th€VSor the following tests. Although the behaviour
was better, there are still some concernfor the lag part of the cycles (Figure 12-4,
Figure 12-5).
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Figure 12-4: Comparison of PN-PEMS with PMP-CVS, both connected to the dilution tunnel (20141203 -01-
WLTC cold, GDI #6).
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Figure 12-5: Comparison of PN-PEMS with PMP-CVS, both connected to the dilution tunnel (20141216 -01-
NEDC cold, GDI #7).

12.3Comparison to PMHAP

The summary ofdifferences of the PNPEMS from the PMP at the tailpipe (PMPP) can
be seen inFigure 12-6. The differences range from40% up to +30% in most casesAs
mentioned previously the tests with GDI #2 that had differences00% after a specific
day were not considered.
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Figure 12-6: Summary of comparison s between PN-PEMS and PMPTP, both connected to the tailpipe.

12.4Comparison to PMECVS

The PNPEMS was connected to th€VSor different vehicles. The comparison with the
PMP system at the CVS (PMPVS) can be seen irigure 12-7. The differences range
from around 0%to +150% in most casesHowever there is a cloud of points with
differences >200% These are the last parts of the cycles with high speeds. These could
be volatile particles not efficiently removed. They are not solid particles because a CPC
with cut-off size at 3 nm measured olse to the 23 nm CPC.
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Figure 12-7: Summary of comparison s between PN-PEMS and PMRCVS, both connected to the dilution
tunnel.
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12.5Patrticle size effect

The differences of the PNPEMS from the PMA P were plotted in function of cycle
mean particle size(Figure 12-8). There is no clear size dependency trend, or the small
tendency is masked by the measurement variability betwen the differentvehicles In
these figuresGMDis the average of cycleThe PN-PEMS vs PMIVS results were not
plotted due to the high differences that were measure(seeFigure 12-7).
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Figure 12-8: Ambient temperature effect on PN -PEMS.

12.6 Ambient temperature

No effect of the ambient temperature down to 8°C was observethe behaviour was the
same as during the 23°C testiseeFigure 12-6).

12.7 Challenge aerosol (motorcycles)

The PNPEMS was used also to measure exhaust aerosol of moyales.Moto #2 is a 4
stroke 400 cm3 motorcycle and was producing particles around 30 nmMoto #3 is a 4
stroke 50 cm3 moped with max speed around 30 km/h (modified). Moto #4 is a4
stroke 125 cm3 motorcycle with max speed around 90 km/h. The specific motorcycles
were producing particles with mearsless than 20 nm. The PNPEMS compared to the
PMPR-CVS&can be seen irFigure 12-9 in function of the emission levels and inFigure
12-10 in function of the mean cycle size. The differences akeery high and are
increasing inverselyproportionally to both emission levelsand particle size. One
possible explanation is that the particles do not shrink enough in the RREMS and they
are counted as >23 nm particlesThese tests confirm thatt0°C thermal pretreatment is
not enough. It woudd be interesting to examine whetherthe 190°Cheated linewould
have the same issues.
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Figure 12-9: Difference of PN-PEMS from PMRCVS in function of emission levels for motorcycles when both
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Figure 12-10: Difference of PN-PEMS from PMRCVS in function of mean size for motorcycles when both

sampling from the dilution tunnel.

12.8Volatile removal efficiency

The volatile removd efficiency of the PNPEMS was evaluated by measuring from the
CVS diluted aerosol from a-&troke 50 cm3 moped (Moto #1). The size distribution at
the CVS has a mean around 90 nm. After thermal preeatment the meansize decreases
to less than20 nm. Areal time pattern is shownin Figure 12-11. The PNPEMS
measured >100% (higher than the PMRCVS indicating that there was not effective
volatile removal or the cutoff size is less than 23 nmrlhis mopedshowedhigh
concentration of sulb23 nm solid particles.Since the PNPEMS was used &0°C, the
most likely explanation is that the particles remained >23 nm.
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the dilution tunnel.

12.9 Summary

Figure 12-12 summarizes the differences othe PNPEMS from the PMECVS and PMP
TP for all GDWehiclesexamined.Figure 12-13 shows the results forthe tested
motorcycles. For GDIs, when the RREMS was measuring at the tailpipe, the mean
differences are-20% to +35% with a variability (expressed as +standard deviabn) of
+30% (excluding some tests withunexpectedbehaviour). When the PNPEMS was at
the CVS, the difference was100% and even higher formotorcycles showing higher
variability. However the tests at CVS were conducted without thermal preeatment. In
addition for most of them there was a concern for the proper operation of the unit.

250% - 1 PN-PEMS -
. at CVS -
200% - N -
N = PMP-CVS
2 150% - = PMP-TP
£
o
D 100% -
(%)
c
Q
& 50%
&
0% 7 T l T T T
m GDI #3 GDI #2 | #6 GDI #7
-50% -

Figure 12-12: Overview of differences of PN -PEMS from the PMP-CVSand PMP-TP. Error bars are one
standard deviation .
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Figure 12-13: Overview of differences of PN -PEMS from the PMP-CVSand PMP-TP. Error bars are one

standard deviation .

Table 12-1: PASS/FAIL success rate(* no thermal pre -treatment when used at CVS (heated line at 50°C) ).

Vehicle Lab Category | #oftests | PMRTP | PNNPEMS
GDI #2 VELA 2 | PASS 5 60% 80%
VELA 2 | FAIL 10 100% 100%
GDI #3 VELA 2 | PASS 0 - -
VELA 2 | FAIL 29 100% 100%
GDI #4 VELA 2 | PASS 8 75% 88%
VELA2 | FAIL 38 100% 82%
GDI #6 (CVS) VELA 1 | PASS 34 - 50%
VELA 1 | FAIL 11 - 100%
GDI #7 (CVS) VELA 1 | PASS 11 - 91%
VELA 1l | FAIL 16 - 100%
Moto #1 (CVSY VELA 1 | PASS - -
VELA 1 | FAIL - 100%
Moto #4 (CVS¥ VELA 1 | PASS - 17%
VELA 1l | FAIL - -
Moto #3 (CVS¥ VELA 1 | PASS 30 - 0%
VELA 1 | FAIL - 100%
Moto #2 VELA 1 | PASS - -
VELA 1 | FAIL - 100%
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Table 12-1 shows the PASS/FAIL results of the PMPP and the PNPEMS compared to
the PMRCVS assuming a 6x10711 p/km limit. The success rate (i.e. catching a FAIL as
FAIL or a PASS as PASShit satisfactory especially for motorcycles.
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13.1 Description

The PNPEMS1x 6 j -AIPGnibH & Co.) consists of a VPR and a CPC, thbasically
a portable PMP systenit hasa short sampling line (0.5m) heated at 100°C. The primary
diluter is a rotating disk also heated at 100°C, with a dilutionf approximately 100. The
evaporation tubeis kept at 300°C, then a secondary dilution followat ambient
temperature (dilution approximately 10:1). The CPGs a 3007 TSI CPC with saturator
and condenser tempeatures adjusted toobtain a cutoff at 23 nm.The system was
calibrated by the manufacturer (like a PMP system) anthis calibration factor was used
in this report.

At the beginning of December (from GDI #6) the CPC was replaced becaoisthe long

heat uptime. The 0.5 m heated line was replaced with a flexible 2 m heated line and the
inlet flow was increased (from 0.7 lpm to 4.5 Ipm) to keep theamplinglosses low.

13.2 Calibration

The PNPEMS was evaluated conducting a long time comparison withreference CPC
and a PMP systenthat were both already warmed up measuring in parallel 200 nm
monodisperse spark discharge graphite particles. The wiosf the PNPEMSwas
exchanged, then the unit was switched on and the recording was initiated. The overview
of the experiment can be seen ifigure 13-1:
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Figure 13-1: Long duration evaluation of PN -PEMS.

Initially strange spikes appeared probably due to liquid (isgpropanol) in the wick. This
behaviour is not typical. Most of the times the system is counting O at the beginning.
Nevertheless, the PNPEMS was ready after 45 min and remained stable at least until
the end of the experiment (8400 s, another 1.5 h).
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The counting efficiency is shown in the seconBigure 13-2. The PMPCVS counting
efficiency is also shown for comparison. Theres a 35% underestimation of the
emissions. Partly it could be due to the levels that were measured (10.000 p/émbut
similar results were found with a few test at 40.000 p/cm.
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Figure 13-2: Efficiency of PN-PEMS and PMPCVS (VELA 2).
13.3Real time

Initially the PN-PEMS was connected to the CVS and was compared with the PCAFS
system(Figure 13-3). The PNPEMS follows the PMRECVS system closelgut a
correction factor of 3 was neededlt is possible that the CPC didot reach its
temperatures internally. In the real time figures GMDsS a5 s moving average

The behaviour wassimilar with the replaced CPQFigure 13-4).
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Figure 13-3: Comparison of PN-PEMS with PMP-CVS, both connected to the CVS20141 029-01-NEDC cold, GDI

#1).
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Figure 13-4: Comparison of PN-PEMS with PMP-CVS, both connected to the CVS20141211 -02-NEDC, GDI #7).

When the PNPEMS wagonnected to the tailpipethe agreement with the PMPTP was
better. $ecial attention was also given to the warm up time>1.5h for the 1st CPChut
after replacing the defective device warm up time was aboudt5 min. The differences
were <30% (Figure 13-5). The real time behaviour was excellent in all cases, i.e. it
followed the PMRTP system closely (se&igure 13-6).
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Figure 13-5: Comparison of PN-PEMS with PMP-TP, both connected to the tailpipe.
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Figure 13-6: Detail of previous figure.

13.4Comparison to PMECVS

Figure 13-7 summarizes the results when PNPEMS was connected to the CVi&
discussed previously, lhe differences are from70% to -60% approximately and in
some cases20% to -30%. The assumption is tht the big differences are due to non
adequatewarm up time especially for the ¥t CPCHowever, other reasons like drift of
the CPC efficiency cannot be excluded.
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Figure 13-7: Summary of comparisons of PN -PEMS with PMP-CVS. Both connected to the dilution tunnel.
Then the PNPEMS was connected to the tailpipe for different vehicles. The comparison
with the PMP system at the CVS (PMPVS)can be seen irFigure 13-8. The differences

range from-30% to +30% for the GDIsSGDI #7 seems to have higher differences, but
this vehicle was tested in ¥¥LA1 (with another PMRCVS system
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Figure 13-8: Summary of comparisons of PN -PEMS with PMP-CVS. PNPEMS connected to the tailpipe.

13.5Comparison to PMHAP

The difference of the PNPEMS from the PMP at the tailpipe (PMIPP) can be seen in
Figure 13-9. The differences range fro -60% up to +80%.
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Figure 13-9: Summary of comparisons of PN -PEMS with PMP-TP. Both connected to the tailpipe.

13.6 Particle size effect

The size dependency of the PIREMS response can be seenhiigure 13-10. As
expected, here is noeffect of particle size on the difference between PNRPEMS and
PMPRCVSIn these figuresGMDis the average ofacycle.
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Figure 13-10: Particle size dependency of PN-PEMS.

13.7 Ambient temperature

The PNO %- 3 AT O1 AT 60 1 AAOOOA atADC duling thewArdba®d A OAODOOA
test andat 8°Cduring the test cell tests).This might be due to a defect of thérst CPC. .
7EOE OEA OAATTA #0# DOIT AAAT U OEEO EOOOA x1 Ol

13.8 Challenge aerosol (motorcycles)

The PNPEMS was used also to measure exhaust aerosol of motorcycles. Moto #3 is a 4
stroke 50 cm3 moped with max speed around 30 km/h (modified). Moto #4 is a4
stroke 125 cm3 motorcycle with max speed around 90 km/hMoto #2 is a 4stroke 400
cm3 motorcycle. The specific motorcycles were producingparticles with meansize of
20-30 nm. Thus the PNPEMS couldyive wrong results due to differences in the cubff
size of he CPCThe PNPEMS compared to the PMPP can be seen ifigure 13-11. The
differences are approximately-50% to 0%. There are a few tests where the PIREMS
measured40-80% higher. As it can be seen iRigure 13-12, these were tests where the
GMD was around 15 nm. In this size range there is high uncertairay the measured
concertration of both the PNPEMS and the PMP. Above 20 nno size dependency
could be observed.
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Figure 13-11: Comparison of PN-PEMs with PMP-TP when measuring motorcycles exhaust.
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Figure 13-12: Size dependency of PNPEMS for motorcycles particles.

13.9Volatile removal efficiency

The volatile removal efficiency of the PNPEMS was evaluated byampling from the CVS
diluted aerosol from a 2stroke 50 cm3 moped (Moto#1). The size distribution at the
CVS has a mean around 90 nm. After thermal pteeatment the mean decreases to <20
nm. The PNPEMS was connected to the CVBhe results (with the previousGDIg are
shown in Figure 13-13. The PNPEMS measures 500% less than the PMRCVS
indicating that the size of the particles wafficiently decreased and there was no re
nucleation that could influence the resultfsame behaviour compared to the results
shown in Figure 13-7). Similar differences were seen with the GDIs.
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Figure 13-13: Behaviour of PN-0 %- 3 xEAT [ AAOOOET ¢ 11T PAASGO AGEAOOO:

13.10DPF Regeneration

The PNPEMS was connected to the tailpipe of a diesel vehicle equipped with a DPF
(#1), in parallel with the PMRTP system. An EEPS was measuring from the dilution
tunnel. Figure 13-14 compares all systems, after correction with the dilution factor at

the dilution tunnel. EEPS was measuring >10"8 p/cf However, the GMD of the
nucleation mode was around 12 nm, so only a small percentage is >23 nm. The two PMP
systems were very close to each other. The PFREMS was measurin0% lower than

the PMRTP. During normal cycles (e.g. Artemis or WLTC) the HFREMS wasalso
measuring 30% indicating that the PNPEMS was not affected by the regeneration
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Figure 13-14: Regeneration tests with DPF #1. PN-PEMS connected to the tailpipe.
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The PNPEMS was connected to the dilution tunnel and was measuring in parallel with
the PMRCVS the emissions of a diesel vehicle equipped with a DPF (#2). An EEPS was
measuring from the dilution tunnel. Figure 13-15 compares all systems. EEPS was
measuring >1077 p/cm3. The PNPEMS wasneasuring 57% less than the PMIEZVS
Similar behaviour showed the PNPEMS when connected to the CVS.
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1.0E+07 -

1.0E+06 -

1.0E+05 1 '
] PMP 23nm

"‘--b\-‘.u

PN [p/cm?]

1.0E404 -

1.0E+03

1.0E+02 T T T T 1

500 700 900 1100 1300
Time [s]

Figure 13-15: Regeneration tests with DPF #2. All systems connected to the dilution tunnel.

13.11Summary

Figure 13-16 summarizes the differences of the PNPEMS from the PMECVSand PMR
TPfor all GDI cases examinedkigure 13-17 examines the motorcyclesand the DPF
equipped diesel vehicle
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Figure 13-16: Overview of differences of PN -PEMS from the PMP-CVSand PMP-TP. Error bars are one
standard deviation.
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Figure 13-17: Overview of differences of PN -PEMS from the PMP-CVSand PMP-TP. Error bars are one
standard deviation.

For GDIs, when the PNPEMS was measuring at the tailpipe, the mean differences are
20% to +10% with a variability (expressed as tstandard deviation) of +20%. When the
PN-PEMS was at the CVS, the difference was aroub@%. For motorcycles the
differencesranged from-50% to -25%, with a variability of 20% or higher. Assuming
that when the error bars cross the 0% the PNPEMS is equivalent with the PMIEZVS, in
most GDI cases the PIREMS (connected to the tailpipe) measured equivalently with the
PMRCVS.

Table 13-1 shows the PASS/FAIL results of the PMPP and the PNPEMS compared to
the PMRCVS assuming a 6x10"11 p/km limit. The success rate (i.e. catching a FAIL as
FAIL or a PASS as PASShist very high because the PNPEMS was usually under
estimating the emissions.
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Table 13-1: PASS/FAIL success rate.

Vehicle Lab Category # of tests | PMRTP | PN-PEMS
GDI #2 VELA 2 PASS 1 100%
VELA 2 FAIL 5 100% 80%
GDI #3 VELA 2 PASS 0 - -
VELA 2 FAIL 17 100% 100%
GDI #4 VELA 2 PASS 8 75% 63%
VELA 2 FAIL 27 100% 93%
GDI #6 VELA 2 PASS 10 100% 100%
VELA 2 FAIL 100% 67%
GDI #7 VELA 1 PASS 100% 100%
VELA 1 FAIL 100% 50%
GDI #1 (CVS) VELA 2 PASS - -
VELA 2 FAIL 10 - 60%
GDI #7 (CVS) VELA1 | PASS 3 - 100%
VELA 1 FAIL 6 - 50%
Moto #1 (CVS) VELA 1 PASS 0 - -
VELA 1 FAIL 4 - 100%
Moto #4 VELA 1 PASS 6 83% 100%
VELA 1 FAIL 0 - -
Moto #3 VELA 1 PASS 30 100% 100%
VELA 1 FAIL 75% 63%
Moto #2 VELA 1 PASS - -
VELA 1 FAIL 100% 100%
DPF #1 VELA 2 PASS 14 100% 100%
VELA 2 FAIL 3 100% 100%
DPF #2 VELA 2 PASS 100% 100%
VELA 2 FAIL 1 100% 0%
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At the moment a vehicle is certified in the laboratory with a specific test cycle (e.g. for

light duty vehicles NEDC). However, the emissions measured during the certification

process do not always represent the emissions in real operation of the vehicle.

Revisionsare under evaluationto ensure that real world emissions correspond to those
measured at type approvalEC 2007) The use of portable emission measurement

OQUOOAT O j 0%-3q AT A OEGI EA DDA RADRA OGAWS Il A IOE A
decided br 2017+. However, the Particle Number (PN) systems are still under

development and evaluation.

14.1 Phase | results

In 2013 a first campaign was conducted with various prototype PNPEMS systems
(Phase 1) All of them were DC ba=d. Based on the results of thatampaign the
following conclusions were drawn(Riccobono et al. 204):

1 DC based PNPEMS is a feasible option for aboard measurements.

1 At least one of the PNPEMS showed good agreement with the reference PMP
system (#3). A second one (#4) also had veryood behaviour, but higher scatter.

1 Thermal pre-treatment of the exhaust gas is necessan. minimum temperature
of 200°C wasshown to be necessarand with out nucleation/ condensation at
any point in the instrument.

1 The 23 nm cutoff size was important to minimize any effect of renucleation or
small solid particles.

A parallel work was also done to investigate how the new systems (based on DCs) could
be calibrated. The main conclusions dhat work were (Giechaskielet al. 2014).

1 PNPEMS can be calibrated as a whole unit or separately (e.g. the VPR and the
DC).

1 The normalized efficiencies (to 100 nm) using soathould beless than 2.5 for
200 nm, and less than 0.5 for 23 nnThis normalization corresponds with a
calibration with polydisperse aerosol of geometric mean diameter (GMD) of 75
nm and geometric standard deviation (GSD) of approximately 1.8

1 Usingthe 100 nm normalizationcalibration factor it was shown theoretically
that the PNPEMS can measure aerosol witharticles having aGMDbetween 30
and 110 nm within -35% and +50%.

1 However for real applications theDC measurecemissions were always lower
than the true (as measured with a reference PN systemiror this reason an extra
calibration factor was allowed urtil afinal decision.

Phase llextended the previous findings. More specifically more vehicles were tested.
Based on thenew measurementsthe final calibration procedure was finalised. And the
technical requirements were reevaluated.Finally more accurae estimates of
measurementuncertainty were given. The main findings are summarized below.
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14.2 Examinedemissions leveland technologies

In Phase Il 7 GDB PFI and2 DPFdieselvehicles were tested. In additionl mopedand =~~~
3 motorcycleswere used to challege the PNO %- 3 x EOE A @O0 ORHhapter OAT T AE «
2, Annex A)

The GDIs had emissions that spanned from lower than 1x10"11 p/km up to 3x10"13

p/km. Special attention was given to the emission levels close to the 6x10"Idurrent

PN limit for diesel vehicles)because small differences there could result in a wrong

PASS or FAllesult of the vehicle.For most GD& the real time GMDs rangedtypically

from 40 to 100 nm (as measured with an EEPS downstream of a catalytic spgr at the
CVS). However, there was a case that the size ranged from 20 to 80 nm. There was also a
clear decreasing tendency of the GMD over the test cycle as the engine was getting
warmer. Thishelpedto investigate the size dependery of DC based PNPEMS

The cyclemeanGMDs as measured by the EEPS (corrected to match the SMPS, see
Figure 4-6) are shown inFigure 14-1. They range from 40 to 65 nm. Note that the
modes were in general 1615 nm bigger. In the literature modes between 55 and 75 nm
are found for GDI vehiclesKlall and Dickens 1999, Khalek et al. 2010, Maricq et al.9®
2011, Mohr et al., 2000, 2003, Ntziachristos et al. 2004although most of the studies

are relatively old. This means that the results of this study are similar or at the low edge
of the reported sizes. A few studies with GDI engines have found widemge (25110

nm) (Szybist et al. 2011, Hedge et al. 2011, Johansson et al. 2J0TBe Geometric
Standard deviation (GSD) typically ranged from 1.6 to 2.0.
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o o o o o o
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o

Figure 14-1: GMDs of GDIs and DPFs.

The PFlswere mainly tested to see how the PNPEMS behave at relatively low emission
levels (<1x10711 p/km). In these technologies the emissions came mainly from
accelerations.

The motorcycles were tested in order to challenge the RREMS at their lower size
range.Most of the motorcycles had high percentage of solid particles <23 nm. One
moped was 2stroke and high percentage of volatiles; thus the volatile removal
efficiency of PNPEMS was evaluated.
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The GMDs of these technologies can be seerrigure 14-2. The GSDs ranged from 1.55
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Figure 14-2: GMDs of motorcycles and PFls.

14.3PMRCVS

The tests wereconducted havingalmost alwaysPMP systens both at the tailpipe and
the CVS. One important finding was that the results between CVS and tailpipe had
differences in many case¢Chapter 3). Themean differencesspannedon average
between 10% and 20% (tailpipe measuring highe with a standard deviation of the
differences 15% The differences wereattributed to coagulation, thermophoresis
exhaust flow accuracyand time alignment issuegAnnex B). Coagulationcould have an
effect up to 20% for the highest emitting vehicle (4x@"12 p/km), but for most cases it
should be <1®. Thermophoresis hadlow effect for the cold cycles but could reachp
to 10% at the hot aggressive cycleg.he time (mis)alignment of a few seconds could
affect 515% the results; the effect was similar for both fast response time DCs and
slower response time CPC3.he absolute level of the exhaust flow could affect the
emissions up to 10%Due to these differences, the evaation of the PNPEMS was
always based on bottPMPsystems Some of these phenomena affect only particle
measurements (coagulation, thermophoresis), while others are common to the gas
measurement too (exhaust flow accuracy, misalignment).

14.4 Summary of PNPEMS
The results for each system were presented in Chapters1.

14.4.1 PASS/FAIL

One way toevaluate the PNPEMS was to investigate how many times they gave correct

or wrong result compared to the PMP systems at the C\{VEable 14-1).

0AOAAT OACAO 1T £ OAT OOAAODGS O AtsGalue @as Bhhdern x  wTm b
arbitrarily) . Since this evaluation includes the changes that happen between tailpipe

and dilution tunnel the same evaluation for the PMP system at the tailpipe (PMHAP)
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was included. This way it can be ensured that a low score for a #¥EMS is due to the

system itsef and not due to the particles evolution in the exhuast lines after the tailpipe.

The main conclusions are:

Table 14-1: Summary of success rates (for PASS or FAIL) for the PNNPEMS and the PMRTP. Comparisons are

versus the PMP at the dilution tunnel

(PMP-CVS. The number of tests that were available and considered for

the success rate is also shown. In red success rates <90%. All systems calibrated by the manufacturers except
#3 (LDSA) which was calibrated by JRC.

PMP-TH

#1'

#2' (CP(

) #2' (DC)

#3
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GDI#1
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FAIL

PAS$

0
9

100%

10

60%
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FAIL

b 61%
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100%
84%

13
41
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94%
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14 79%
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6
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A allowing 10% error these percentages become 100%

1 For GDIs that have high emission levels (e.g. GDI #1, GDI #3, and GDI #5,
>6x10"11 p/km) the PN-PEMS can easily identify a FAIL. Exception HNEMS

X
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For GDIs that have emission levels close to the limit or higher (e.g. GDI #2, GDI
#4) the PN-PEMS have around 80% success rate (to catch a PASS or FAIL). Some
of the PNPEMS, the most accurate, reach more than 90%. Interestingly, the

PMRTP fails to catch alsdhe PASS, as it is measuring higher (success rate 60
80%). Most PNPEMS are closer to the PMPP.
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1 For GDIs that have emission levels close to the limit or lower (e.g. GDI #6, GDI
#7) the PN-PEMS have high success rate to catch a FAIL. For a PASS thessicce
rate is lower but similar to the PMRTP.

1 For PFls, the tests were conducted at the CVS and only a limited number of PN
PEMS were tested. The results were satisfactory with similar success rates
(typically >80%).

1 For motorcycles the success rate was 100 or similar to the PMRTP when
lower.

In general, the results show that the PNPEMS, with a few exceptions had a high success
rate and were able to catch a PASS or FAIL. When this was not the case, they had similar
success rates with the PMHP.

AnEl OAOAOOETI ¢ 11T OA EO OEAO AEAT GCET ¢ OEA Al EO

change the results significantly. The reason is that the main reason of a correct result
depends on the accuracy of the RREMS (which depends on the calibration) and the
precision (scatter) (which is relatively constant for the range examined).

14.4.2 Accuracy (bias and precision)

A second way of evaluating the PIREMS was to estimate the differences compared to
the PMRCVS or PMHAP (bias). This shows whether the calibration was carect and
whether the calibration factor is sensitive to the vehicle that is being measured.

Initially the PN-PEMS were compared with the PMFP, when both were sampling from
the tailpipe (Table 14-4a). This comparison gives the bias and precision of the PREMS.
Reasonabldlifferences were considered between25% and +30% (with standard
deviation lower than 20%). These values were based on typical differences between

0-0 OUOOAI O AO OEA OAEI PEDPA8 4EA AAOO PAOA C

PNO %- 3 M@d Aiednlirberiofitests disb showed good performance until
condensation issuesl OEOA Ci1 1T A AAEAOEI 00 xAO OEI x1 AU
absolute levels) and #4 and #5 (but higlr scatter of results).

At a next step the PNPEMS were comparedavith the PMP-CVYTable 14-4b). This
comparison includes the uncertainty introduced by the different sampling locations.

Due to theprocessesthat can take place between tailpipe anditiition tunnel,
reasonabledifferences(bias) were consideredbetween-35% and +50% (with precision

less than 25%). These values werarbitrarily selected to includetypical differences of

the PMRTPto the PMRCV3plus some uncertainty for the PNPEMSGiechaskiel et al.
2010). The PMRTP had the best performancébias better than 20%, precision better

than 15%), followed by the PNO %- 3 TMp 8 h ¢ ®uite gobdtbehaviolr has o 8

M

OET x1T AU nNxé jOITT A EOOOAO xEOE Adutleiof OOA 1 AOA
results).PN-O %- 3 Ned EAA CiT A PAOA Oi ATAA AO OEA 0O

thermal pre-treatment.

It should be noted that the EEP8ownstream of a catalytic stripperalways connected at
the dilution tunnel, which could be considered madvanced DC based PREMS, gave
differences to the PMRCVS between 20% and0% (-30% to -10% with correction

factor following the calibration procedures) (precision 15%).
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14.4.3 Cut-off size

The sensitivity of PNPEMS to smaller than 23 nm (solid) particles waassessed by

measuring motorcycles exhaust ga(Moto #3 and Moto #4) The results showed that
most CPC base®N0 %- 3 xAOA 111U OIECEOI U AEEAAOAA A
although differences in the cutoff size resulted in higher scatter of the diffeences

3T T A AT TAAOT O xAOA wadaBRdAits ENeOtha® B3Am ¢ubfflr 1T &£ Mu b

The DC based PI0 %- 3 AAOOAI 1 U xAOA OI ECEOI U OI AAOAOGO
and #3).PNO %- 3 Nt AT A nNud AAEAOAA OAOU xAll AO xy

14.4.4 Volatile removal effic iency

The volatile particle removal efficiency was assessed by measuring exhaust aerosol of a
2-stroke moped (Moto #1) (seeTable 14-4). For the systems tested therevas no

indication of overestimation of emissionsThe typicalvolatile removal approachesfrom

the PNPEMS were:

1. PMP approach (hot dilution and evaporation tubeyith CPC (PNO %- 3 dix 6 q
DC(PN-PEMS #3)

2. PMRlike approach and addition of catalytic strippe with DC PN-O %- 3 PR 8 h
0 %- 3 diORC@PMN) %- 3 MNud(

3. Hot sampling (>190°C) and dilution at 47°C odirect measurement (e.g. PN
PEMS # @nd #4). PNO %- 3 N¢d j $#q OOAA 350°CaAdOADPT OAOE
then cold sampling.

4. Cold dilution and a catalytic &ripper (PM-PEMS #2 (CPC))

The first approach was sufficient when using high dilution (>100 primary dilution) both
when using a CPC and a DC. There are some concerns for DC based systems if a low
dilution is used (artefact form re-nucleation), as investi@ted in the lab (see below).

The second approach was successful at all cases examined.

The third approach in general was sufficientHowever PNO %- 3 N¢ed HOT AAAI U E
condensation issues at some point of the campaigRN-PEMS #4 had high scatter with

Moto #2 indicating that even a temperature of 200°C might not be sufficient for the

extreme case of motorcycleghigh amount of volatiles). PN-PEMS #2 (DC) with

evaporation tube and cold dilution was not available for these tests. Probably the

diffusion screens would also minimize the effect; however, it needs to be tested.

PN-O %- 3 (CPC)ollowed a different approach: the primary dilution was coldout

there was a water trapand a desiccant dryeythen a catalytic stripper and a CPC with3

nm cut-off size: The draft requirements specified non condensing aerosol (thus no cold

dilution of the undiluted hot exhaust). PNO %- 3 MN¢6 j #0#q £O01 £EI1 1 AA C
ambient temperatures of 20°C, and had very good results. Heating of the primary

dilution wou ld be necessary for low ambient temperatures. In gener#he results of PN

0 %- 3 ¢ werg egudvatedt with the reference instrument. Howevettesting at low

and highambient temperatures andthe long term stability of this approach was not

investigated.

PNO%- 3 MNod xAO OOAA xEOE txJ# xEAT AiT1AAOAA
OET x1T OEAO EO Ai Ol AT 86O AEAFEAEAT O1 U OAI T OA OE
minimum thermal pre-treatment is absolutely necessaryThe results of this study

showedthat the technical requirements regarding the thermal pretreatment were
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sufficient. However, based on the findings of Phase Il for motorcycles, a minimum
temperature of 300°C is recommended.

The above findings were in agreement with the lab test@nnex Q with tetracontane

and atomized emery oil tests. Systems with catalytic stripper could handle very high
mass of volatiles compared to those only with evaporation tube. Systems with a 23 nm
cut-point were also much less sensitive to réucleation artifacts or growth of solids
below 23 nm.An extra check with atomized oil is recommended in order to distinguish
systems that have high volatile removal efficiency.

14.5Robustness

The Phase Il evaluation was done with second generation HFNEMS. One was even the
OAi A OTEO OEAO xAO OOAA ET OEAOA ) -PEMSA AEAT 6
can be very robust. On the other hand, there were others that had issues from the
beginning. The issues that happened were malfunction of CPC, failure of heated line,
condensation at the electrometersleakage between sampling linegrift of the diluter.
These topics should be addressed by the manufacturers in the future in order to be able
to easily identify issues.It should be mentioned though that the PMP system at the
tailpipe also showed indications of drift/wear. Nevertheless, this study showed that

both DC and CPC based systems can be robust enough for long periods. Specific
commentsfor each system will be given below.

14.6 Specific comments for RREMS

Below some comments for the PNPEMS examined in this study will be given. Some of
them have already been taken into account by the instrument manufacturers.

14.6.1PN-O0 %- 3 Mpd

Advantages

It showed excellent comparability in terms of absolute levels (bias) and variability
(precision).

Robustduring the whole campaignin the lab.

PMP like thermal pretreatment with catalytic stripper . No volatile artefact was noticed.
Minor effect of solid sub23 nm patrticles.

Concerns

Small size dependency (buamongthe smallest of the DC based systems)

No ontboard evaluation (software issues before the tests)

Needs a laptopnot important if integrated in a complete PEMS)

14.6.2 PN-PEMS #2 (CPC)

Advantages
Mini PMP system It can be calibrated as a PMP system (but only as a whole unit).

It showed excellent comparability in terms of absolute levels (bias) and variability
(precision).
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