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Abstract: All modern diesel vehicles in Europe are equipped with diesel particulate filters (DPFs)
and their particle number (PN) emissions at the tailpipe are close to ambient air levels. After the
Dieselgate scandal for high NOy emissions of diesel vehicles on the road, the high PN emissions
during regeneration events are on the focus. The PN emissions of a diesel vehicle on the road and in
the laboratory with or without regeneration events were measured using systems with evaporation
tubes and catalytic strippers and counters with lower sizes of 23, 10 and 4 nm. The tests showed
significant PN levels only during engine cold starts with a big fraction of sub-23 nm particles during
the first minute. After the first seconds the sub-23 nm fraction was negligible. Urea injection at the
selective catalytic reduction (SCR) for NOy system did not affect the PN levels and the sub-23 nm
fraction. The emissions during regeneration events were higher than the PN limit, but rapidly
decreased 2-3 orders of magnitude below the limit after the regeneration. Artificially high sub-10 nm
levels were seen during the regeneration (volatile artifact) at the system with the evaporation tube.
The regenerations were forced every 100-350 km and the overall emissions including the regeneration
events were two to four times lower than the current laboratory PN limit. The results of this study
confirmed the efficiency of DPFs under laboratory and on-road driving conditions.

Keywords: air pollutants; vehicle emissions; soot; particulate matter; particle number; particle
measurement program (PMP); sub-23 nm; cold start; urea particles; regeneration; artifact

1. Introduction

Dieselgate brought NOy emissions of diesel vehicles in the center of attention [1]. Since then,
changes in the regulation with the introduction of the real-driving emissions (RDE) and the worldwide
harmonized light vehicle test procedure (WLTP) have led to low NOy emissions of modern diesel
vehicles [2]. All diesel vehicles are equipped with diesel particulate filters (DPFs) in order to fulfill the
nonvolatile particle number (PN) limits in Europe [3,4]. The PN levels at the tailpipe are at ambient air
levels, making diesel vehicles one of the cleanest technologies, with low fuel consumption. However,
soot is accumulated in DPFs and in order to avoid high increases of the backpressure and fuel penalties,
this soot needs to be periodically regenerated. The emissions during regeneration were the subject of
many studies in the past [5-7]. The studies showed that emission levels are high, sometimes exceeding
the PN limit of the regulation [8]. Very often volatile nucleation mode appeared [9]. The regeneration
emissions are in the focus again as a recent report showed that PN spikes 1000 times more than the
non-regenerating levels can be produced [10]. In the European Union (EU), the emissions of gaseous
pollutants and particulate matter (PM) mass during regenerations are not restricted by any limit,
but only the weighted emissions over the regeneration distance. However, this does not apply to
PN emissions. This means that up to 99% of emitted particles could be ignored [10]. A study that
summarized data from regenerations showed that the weighted emissions are still below the PN limit
even though the emissions during regeneration can exceed ten times the PN limit of 6 x 10'! p/km [11].
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The frequency of regeneration events varies from 250 to 800 km [11-13]. Assuming that a diesel vehicle
is driven 20,000 km per year, a regeneration would be expected every 4-14 days.

The nonvolatile PN regulation was introduced in 2011 in order to force DPFs at diesel fueled
vehicles [3]. A lower size of 23 nm was selected in order to avoid the high variability from volatile
particles typically residing at sizes <20 nm. As the typical size distributions had median sizes of
>50 nm, the majority of the emitted particles were covered by the regulation. Recent testing with
heavy-duty diesel engines showed that particles below 23 nm could be 2-3 times higher than the >23 nm
concentrations [11,14]. This was mainly attributed to urea particles [15]. However, also studies with
light-duty vehicles have shown sub-23 nm fractions of >50%, not only for gasoline fueled vehicles [16],
but also for diesel ones [11]. It was not clear though whether these particles are urea particles or artifacts
from the measurement systems [17].

Objective of this paper is to assess the PN emissions of a diesel vehicle including regeneration
events. The contribution of urea injection and cold start is also discussed. On-road and laboratory tests
using systems with lower sizes of 4 nm, 10 nm and 23 nm are conducted. Furthermore, catalytic stripper
based systems are compared with evaporation tube systems to assess the accuracy of the sub-23 nm
measurements, especially during regenerations and cold starts.

2. Results

2.1. Emissions Qver Distance

Figure 1 summarizes the nonvolatile PN emissions of the tests conducted on the road (RDE,
first three) and in the laboratory (rest). The laboratory equipment could measure both >23 nm and
>10 nm PN emissions, while the on-road portable emissions measurement system (PEMS) only >23 nm.
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Figure 1. Nonvolatile particle number (PN) emissions > 23 nm and > 10 nm of all tests conducted in
this study (on the road and in the laboratory) in the function of the distance driven. Numbers give
the distance at the beginning of the respective route or cycle. The percentages give the ratios of the
10-23 nm to the 23 nm concentrations. In dark color with R the regeneration events. Nonvolatile PN

0! p/km

laboratory limit for the worldwide harmonized light-duty vehicles test cycle (WLTC) 6 x 1
and 1.5 times higher on the road. RDE = real-driving emissions; WLTC = worldwide harmonized

light-duty vehicles test cycle.

The emissions of the three on-road trips were approximately 5 x 10? p/km. The DPF was regenerated
in the laboratory driving at 100 km/h. Before the trigger of the regeneration, the emissions were
3 x 10° p/km at 100 km/h, which is almost the background level of the facility. The regeneration lasted
approximately 7 min (12 km) and the emissions were 4.4 x 102 p/km at 100 km/h. Immediately after
the regeneration the emissions at 100 km/h were still elevated around 1 X 10! p/km. The first cold
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worldwide harmonized light-duty vehicles test cycle (WLTC), without any other preconditioning before,
had emissions around 6 x 10'° p/km and the next five WLTCs around 3 x 10° p/km. This behavior of
DPFs is well known [12,18]. The next forced regeneration at 100 km/h lasted less than 7 minutes (11 km)
and the emissions were 1.7 x 10'? p/km. For the next 11 km the emissions were elevated. Similarly,
the first cold WLTC had relatively higher emissions than the subsequent three. A final regeneration
after the four WLTCs gave emissions 1.2 X 102 p/km and lasted only 3.5 minutes.

The concentration of particles between 10 and 23 nm were 2%-3% of the >23 nm concentration
levels during or immediately after regeneration events, but 80% on average for the WLTCs. Their origin
will be analyzed separately in the next sections.

The emissions of all particles (including volatiles) were not plotted because the instrument,
an engine exhaust particle sizer (EEPS), was measuring downstream of a diluter at ambient temperature
and was at its noise levels with the exception of the cold start peaks. For all non-regenerating cycles there
was no evidence of additional particles. During two regenerations the emissions reached 2-3 x 10'* p/km
with a nucleation mode peaking at 20 nm (Figure 2). However, when the size distributions instrument
EEPS was placed at the tailpipe with a diluter at ambient temperature, the concentration of volatiles
was very low. The size distributions showed that during tailpipe sampling the nucleation mode was
absent or at sizes <6 nm (the lower cut off size of the instrument used).
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Figure 2. Particle number (PN) emissions during three regeneration events at 100 km/h (Ra, Rp and
Rc of Figure 1): (a) nonvolatile PN > 23 nm and total PN > 6 nm (i.e., including volatiles) and (b)
typical size distributions of total PN during the three regeneration events. In one case the sampling
was conducted from the tailpipe (Rc), while at the other two (Ra, Rp) from the dilution tunnel; all three
with cold dilution.

2.2. Urea Particles

Figure 3 plots the nonvolatile PN concentrations > 23 nm and > 10 nm with the catalytic stripper
system (CS1) over time. The test was done at constant speed at 100 km/h immediately after a regeneration
event in order to have measurable PN concentrations. Both > 23 nm and > 10 nm concentrations were
gradually decreasing. Urea was not injected between 830 and 945 s, as the relatively high NOy levels
show. The ratio of > 23 nm and > 10 nm did not change indicating no contribution of nanoparticles
from urea injection. The selective catalytic reduction (SCR) catalyst was coated on the DPF, thus it is
very likely that any formed particles were efficiently trapped in the DPFE.

2.3. Cold Start

The first 250 s of a cold engine start WLTC are plotted in Figure 4a, along with the nonvolatile
particle number distributions at three specific time points (Figure 4b). The first size distribution (#1,
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t = 15 s) corresponded to the engine start and it consisted mainly of a nonvolatile nucleation mode
peaking at around 11 nm. The short delay had to do with the residence time in the transfer tube from
the vehicle tailpipe to the dilution tunnel [19]. As the vehicle accelerated, in addition to the nonvolatile
nucleation mode, an accumulation mode appeared (#2, t = 24 s). For the first 40 s the differences of
the >23 nm and >10 nm CPCs were large. After that point they coincided with the exception of idle
(around 120 s). At time 155 s the size distribution consisted only of an accumulation mode (#3).
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Figure 3. Nonvolatile particle number (PN) emissions > 23 nm and > 10 nm with and without urea
injection as measured with the system with catalytic stripper (CS1). PN instruments measuring from
the dilution tunnel, while NOy from the tailpipe.
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Figure 4. Nonvolatile particle number (PN) emissions during a cold start: (a) nonvolatile PN > 23 nm
and > 10 nm and (b) size distributions of nonvolatile PN during the three points given in panel (a).

All instruments measuring from the dilution tunnel.

2.4. Comparison of Intstruments
The instruments could be compared in two occasions with high particle concentrations: cold start

and regeneration events.

2.4.1. Cold Start

During cold starts a high sub-23 nm fraction was measured. All instruments, with the evaporation
tube or catalytic strippers were very close (max difference 30%) in almost all cases, for both > 23 nm
and > 10 nm (an example is given in Figure 5a). Examples of the size distribution were given in
Figure 4b. In one other case though one of the systems with catalytic stripper (CS2) was higher than
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the evaporation tube system (50% higher); for this test the other system with the catalytic stripper
(CS1) was not available (Figure 5b). For the specific test an active preheating of the vehicle oxidation
catalyst (DOC) was applied that probably shifted the size of the particles to smaller diameters. It is
possible that the higher penetration of the specific CS2 system resulted in the higher concentrations at
the beginning of the cycle (+20% compared to the rest cycles). The specific system was optimized for
10 nm measurements in the PEMs4Nano project [20].
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Figure 5. Nonvolatile particle number (PN) emissions during a cold start: (a) PN > 23 nm and > 10 nm
with instruments with evaporation tube (ET) or catalytic stripper (CS) and (b) as panel (a) for a different
cold start with preheating of the diesel oxidation catalyst (DOC). All instruments measuring from the
dilution tunnel.

2.4.2. Regeneration

Figure 6a plots the PN concentrations of various instruments during the second regeneration (also
presented in Figure 2a). All instruments were connected to the dilution tunnel. With the exception
of EEPS, which measured total particles (i.e., including volatiles), all other instruments measured
nonvolatile particles. The size distributions as measured by EEPS are given in Figure 6b, and were
used to estimate the mass of volatiles at the inlet of the rest instrumentation that had to be removed in
order to measure solid particles.

At the beginning of the regeneration there was a nucleation mode peaking at 15 nm (#1).
This nucleation mode was mainly consisting of volatiles because the instruments with evaporation
tubes (ET) and catalytic strippers (CS) even from 4 nm were measuring at background levels. Later,
in addition to the nucleation mode, an additional accumulation mode appeared (#2) as the filtration
efficiency dropped. All instruments were in good agreement and close to each other with the exception
of the 4 nm counter from the evaporation tube system. The high difference can be attributed to the
volatile artifact, i.e., re-nucleation of volatiles downstream of the evaporation tube, which were counted
as solids. The deviation started when the mass of volatile particles was around 1 mg/m? as calculated
from the EEPS size distributions. For this test the evaporation tube system was used with a particle
concentration reduction factor (PCRF) 100 (i.e., dilution that includes particle losses). Small differences
between the 10 nm counters can be attributed to the penetration curves and counting efficiencies of the
10 nm counters. Later, when the regeneration was over, the volatiles concentration remained at high
levels and the size distribution consisted of both nucleation and accumulation modes (#3).

The 23 nm counters followed the 10 nm counters, but were not plotted for better visualization of
the figure.
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Figure 6. Particle number (PN) emissions during the second regeneration event at 100 km/h: (a) Total
(i.e., including volatiles) measured with the EEPS and nonvolatile particles with the rest instruments
using evaporation tube (ET) or catalytic strippers (CS). The estimated mass from EEPS is also plotted;
(b) size distributions of total PN for the times indicated in panel (a).

3. Discussion

In this study the nonvolatile PN emissions of a vehicle during and between regeneration events
with different instruments fulfilling current regulation (evaporation tube with counter measuring
>23 nm), and future regulation (catalytic stripper with counter measuring >10 nm) were measured.
Furthermore, total particles (i.e., including volatiles) >6 nm were measured. Figure 7 summarizes
the (nonvolatile) PN results >23 nm with the respective emission limits. The emissions without
regeneration events are very low, close to the facility background levels (5 x 10° p/km), in agreement
with others [21-23]. The effectiveness of DPFs is well known since the ‘90s [24]. In order to simulate
cycles with regeneration, the maximum and minimum PN concentrations emitted during the three
regenerations were added to non-regenerating cycles. Tests without regeneration events have very
low emissions, two orders of magnitude below the PN limit. Tests with regeneration events are
close to the limit (RDE with regeneration simulated) or can be above it (WLTC with regeneration
simulated). The weighted for the regeneration WLTC emissions are half of the PN limit (WLTC
weighted). The weighted emissions were calculated by adding the PN emissions during a regeneration
event (in particles) to the total PN emissions of the tests without regeneration events and then dividing
with the total distance driven between two regeneration events; an approach similar to the one required
in the regulation for the rest pollutants (correction with ki factor). The actual overall emissions of all
our testing including the three regeneration events were 4 times below the limit (1.5 x 10'! p/km).
The actual emissions were calculated by summing the emissions of all our tests and dividing with
the total distance travelled. These results show that this vehicle fulfilled current regulations without
including the regeneration emissions (without the ki factor), but also with application of the ki factor
(which is applicable for the regulated gaseous pollutants). Similar results and conclusions have been
reported by others [11,13].

The vehicle would also fulfill the RDE limit, which is the laboratory PN limit with a conformity
factor that takes into account the PEMS measurement uncertainty (for details see [25]). The only case that
the PN limit could be exceeded is the simulated laboratory cycle with a regeneration event (Figure 7).
The reason is that the relatively high emissions during regeneration and the duration of the regeneration,
which can cover a big part of the cycle. The regeneration events lasted 4-7 minutes (6-12 km) and the
total particles that were emitted were 0.7-5 x 10'3 particles (1.2-4.4 x 10'? p/km). Exceedance of the
PN limit during regeneration cycles have been reported many times in the literature [8,10,11,13]. In this
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study, the higher values were measured when more soot was accumulated in the DPF due to the longer
distance driven indicating that the absolute regeneration levels depend also on the deposited soot, in
agreement with others [26]. Studies that compared regeneration emissions with empty and loaded DPF
found that the emissions do not originate only from the burnt soot, but also due to the reduced filtration
efficiency during regeneration [6,27,28]. For this reason, there are always some particle emissions even
with empty DPF. Thus, application of the PN limit to each laboratory test cycle including regeneration
events needs attention and research [11]. Fulfilling the PN limits also during regeneration events would
need different regeneration concepts (e.g., regenerating more often at shorter intervals, etc.), but this
needs to be tested in the future, in order to optimize the regeneration process that depends on the soot
load and the regeneration temperature [29] and to assess the associated uncertainties [30-32]. It should
be added that the emissions are elevated also immediately after a regeneration event until a soot cake
is formed. This is well known and it was shown in the laboratory tests [9,18]. The same behavior is
also seen on the road [10].

The results of this study are in line with the literature: The duration (4-7 min) and the distance
(6-12 km) of the regeneration are in line with other studies where the regenerations lasted 5-15 min [10,13,26]
and a distance of 10-15 km was covered. The nonvolatile emission levels with regeneration taking place
(1-4.4 X 10'2 p/km) were also at the same levels with those reported by others 0.8-4 x 10'2 p/km [8,10].
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Figure 7. Nonvolatile particle number (PN) emissions >23 nm and >10 nm for the on-road real-driving
emissions (RDE) and laboratory worldwide harmonized light-duty vehicles test cycle (WLTC) tests.
Dotted lines give the PN limit in the laboratory and on the road.

The sub-23 nm emissions were practically negligible. During the regeneration and immediately
after, the sub-23 nm percentage was <3%, indicating that the majority of the particles were large with
soot origin. The percentage was considerable (80%) only during the WLTCs, but the absolute levels
were very low; two orders of magnitude below the PN limit. Such high percentages have been reported
in a few other studies [17,33]. The prevailing explanation was urea particles, based on heavy-duty
vehicles studies [15]. However, this could not explain the emissions of the light-duty vehicles without
SCR. For these cases it was suspected that it was a measurement artifact due to the low concentrations
measured [17]. Here it was confirmed that the sub-23 nm particles are true by using many instruments.
It was proven that these particles do not originate from urea because the emissions and the sub-23 nm
fraction remained the same with and without urea injection. The reason is that the SCR was coated on
the DPF, and any formed particles were efficiently trapped in the DPF. It was shown that the sub-23 nm
particles were produced mainly at the cold start and in particular during idling. They peaked at
approximately 10 nm. A few other investigators have also measured a nucleation mode during the
cold start [34-37]. The origin of these particles was not investigated. Based on the literature they are
fuel heavy hydrocarbons and lubricant ash [37,38].
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The volatile particles where negligible during the WLTCs. Extremely high concentrations
(1-3 x 1014 p/km) were measured during the regeneration events. In addition to the soot (accumulation)
mode, a nucleation mode peaking at 1020 nm was evident. Nucleation mode particles during
regeneration have been measured by others as well (2 x 10! p/km to 2 x 10'* p/km) [8,9,13,26].
However, the tests directly from the tailpipe did not see this nucleation mode, which means that either
it did not appear at the direct tailpipe sampling or it remained at sizes below the lower size of the
instruments used (6 nm). There is one study that did not find nucleation mode particles during a
regeneration of an empty or loaded DPF, also measuring directly from the tailpipe [27]. Most studies
find high amounts of sulfates during regeneration events [6,10,39] indicating that formation of volatile
sulfuric acid particles is possible. These particles have sizes of 1-1.5 nm and can grow to bigger sizes
only with the presence of hydrocarbons. During the first two regenerations, due to the high exhaust gas
temperatures, the desorbed material from the transfer tube to the dilution tunnel might have grown
the nuclei to the measurement range of the instrument (EEPS) [40]. It should be noted that, because
the tailpipe measurement did not detect a high amount of volatile particles >6 nm, the origin of the
hydrocarbons is not the vehicle tailpipe, but the transfer tube to the dilution tunnel. This can also
explain why our emission levels were at the high end of the reported emissions. Thus, regeneration
measurements of total particles from the dilution tunnel need attention as they might overestimate the
true vehicle emissions. More studies in that direction are necessary in order to better characterize total
particles from diesel vehicles during regeneration events.

The measurements with different instruments confirmed that regeneration events can be accurately
measured with current instrumentation (lower size 23 nm) and thus can be included in the future
regulation. Furthermore, tests with counters with lower sizes at 10 nm confirmed that extension
of the future legislation to 10 nm is still possible without any indications of artifacts. However,
some differences at the absolute levels were found, probably due to the different penetration curves of
the systems and the counting efficiencies of their counters. Tests below 10 nm were accompanied with
a volatile artifact in the case of the evaporation tube system with relatively low dilution (100). This was
also recently shown in the 10-23 nm range with heavy-duty engines regenerations [14]. In general,
the comparisons in this study support the current suggestions for the future PN regulation.

4. Materials and Methods

The tests were conducted at the one axle chassis dynamometer of the Joint Research Centre (JRC)
in Italy. The vehicle was a prototype developed in the THOMSON project funded by Horizon 2020 EU
Research and Innovation program, under Grant Agreement no. 724037. JRC was tasked to assess the
emissions of the vehicle as an independent organization, not participating in the project. The objective
of the project was to demonstrate the efficiency of mild hybrid systems using a certain number of
engine technologies that are enabled by the 48 Volt architecture: eBoosting, electrically heated catalyst
and electrically driven auxiliaries (such as cooling and oil pump) [41].

The 1.6 L diesel-fueled engine was combined with a closed-coupled diesel oxidation catalyst
(DOC), and a diesel particulate filter (DPF) with selective catalytic reduction (SCR) for NOy coating
(SCRE). The vehicle could electrically heat the DOC with the 48 V battery. This was applied only for
one cycle though. The vehicle could easily fulfill the Euro 6d limits both in the laboratory and on
the road (Appendix A). The tests consisted of two on-road routes (one route was repeated twice)
compliant to the real-driving emissions (RDE) Commission Regulation (EU) 2017/1151. Furthermore,
worldwide harmonized light-duty vehicles test cycle (WLTCs) were conducted in the laboratory and
three active regeneration events at 100 km/h. The regenerations were activated by post-injection in the
engine’s cylinders during the late expansion stroke to generate exothermic energy across the DOC
to increase the exhaust gas temperature at the inlet of the DPF [42]. The first regeneration was after
the RDE tests, after approximately 370 km of driving because the DPF was close to its soot capacity
(for acceptable backpressure levels). The second one was after 150 km and the last one after 100 km in
order to evaluate the regeneration emissions at different soot load levels. During a constant speed test,
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the urea injection was switched on and off in order to evaluate the contribution of urea on particle
formation. During the on-road tests the ambient temperature ranged between 10 and 20 °C and in the
laboratory the temperature was set at 23 °C.

The particle number instruments were connected to the dilution tunnel, ten dilution tunnel
diameters after the mixing of the exhaust gas with the dilution air in order to have homogeneous
samples (Figure 8). Four sample probes, placed at the same cross-section of the tunnel and facing
upstream the flow with a 2.5 pm separator (hat) were used for the instruments. The instrument fulfilling
the current PN regulation was an AVL (Graz, Austria) particle counter (APC 489) [43] consisting of a
hot diluter (PND1) at 150 °C, an evaporation tube (ET) at 350 °C and a condensation particle counter
(CPC) from TSI (Shoreview, MN, USA) with 50% efficiency at 23 nm [44]. In parallel a 10 nm CPC
modified model A20 from Airmodus (Helsinki, Finland) and a 4 nm CPC model 3775 from TSI were
connected to measure particles below 23 nm. A second APC with a catalytic stripper (CS1) [45] instead
of an evaporation tube, and with 23 nm and 10 nm CPCs from AVL and a 4 nm CPC model 3775
from TSI was also connected to the dilution tunnel. A modified solid particle counting system (SPCS
2100) from Horiba with a catalytic stripper (CS2) and a 10 nm CPC from TSI was also measuring in
parallel with the rest of the systems. The system was developed in the PEMs4Nano project [20]. Finally,
an engine exhaust particle sizer (EEPS) [46] downstream of a catalytic stripper (CS1’) from AVL was
used to measure size distributions of non-volatile particles. For some measurements the CS1” was
switched off in order to measure the total particles, i.e., including volatile particles. For the third
regeneration test the EEPS was connected directly to the vehicle’s tailpipe downstream of a rotating disk
diluter from Testo (Lenzkirch, Germany) at ambient temperatures (not heated; for details regarding the
instruments see [47]). The transfer tube from the tailpipe until the dilution tunnel was a 6 m stainless
steel tube heated at 70 °C. For modern vehicles the nonvolatile PN emissions at the tailpipe and the
dilution tunnel have small differences (<20%), seen only sometimes during a cold start when the
concentrations are high [48]. Agglomeration of particles reduces their concentration until the dilution
tunnel. The total PN (including volatiles) can have orders of magnitude difference depending on the
sampling parameters (e.g., dilution ratios and dilution air temperatures) [49,50], but also on desorption
and release of material stored in the transfer tube to the dilution tunnel [51].

Filtered air
‘ Dilution tunnel
Transfer tube 1
Vehicle | D
| , |

N .1 .
| pnD1 ! 10D | PnD1 | | PnD1 | | PND1 |
- | o
| cs1 | | Cs2 |
_ [ N
ND2 | —| PND2 | PND2 |

— cpc23 |
EEPS 6 | — cpc10] . CPC10 |

— cPc4 |

Figure 8. Experimental setup (not in scale). The four tunnel probes in the dilution tunnel were at the
same cross-section. CS = catalytic stripper; CPC = condensation particle counter; EEPS = engine exhaust
particle sizer; ET = evaporation tube; D = diameter; PND = particle number diluter. Continuous lines:
AVL; dotted lines: TSI; double dotted lines: Horiba; dashed lines: Airmodus: large dashed lines: Testo.
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For the on-road tests the AVL MOVE was used (version of year 2016). The PN module has a
2:1 hot dilution at > 150 °C, followed by an evaporation tube in series with a catalytic stripper (both
set at 300 °C) and a secondary dilution 5:1 at 60 °C. After a 1.3 m heated line at 60 °C, the detector
(Automotive Partector, from Naneos, Windisch, Switzerland) counts the particles based on the aerosol
measurement with induced currents [25]. The system has 40% efficiency at 23 nm.

5. Conclusions

Nonvolatile and volatile particle number (PN) emissions of a prototype diesel vehicle, optimized
for low CO; and rest regulated pollutants at the Thomson project were investigated. Over the 650 km
driven distance, three regenerations were forced after 370 km, 150 km and 100 km.

The nonvolatile PN levels were close to the background levels (5 x 10° p/km), but during
regenerations reached 1-4 x 10'2 p/km. The higher emissions were emitted with the higher soot
deposited in the DPFE. Even though the regeneration emissions exceeded the nonvolatile PN limit for
non-regenerating cycles, the weighted emissions over the distance between regenerations were four
times lower than the PN limit. Fulfillment of the PN limits during regeneration under all conditions
needs further research.

The sub-23 nm fraction was negligible (<3%) during regenerations, but high in relative terms
(80%) during WLTCs, where the emissions were two orders of magnitude below the nonvolatile PN
limit. Thus the sub-23 nm emissions were low in absolute levels. It was confirmed that they were true
particles during cold start, and not due to urea injection or an artifact of the sampling systems.

Comparison of different systems with evaporation tubes or catalytic strippers and counters
measuring from 10 nm and 23 nm gave comparable results, even during regenerations. These results
confirmed that the systems are reliable and the regeneration emissions could be included in the next
revision of the regulation. Higher differences (+20%) were noticed at cold start, when small particles
were emitted, due to the relatively big differences at the penetration curves of the systems. At one case
during a regeneration event, when the volatile mass reached 1 mg/m?, the system with an evaporation
tube and a 4 nm counter showed one order of magnitude higher PN emissions compared to the system
with a catalytic stripper. Thus, sub-10 nm measurements need more attention, and a catalytic stripper
is necessary. Finally, the total PN emissions (including volatiles) >6 nm measured from the dilution
tunnel or the tailpipe had two orders of magnitude difference, indicating that more research is needed
in this direction of total PN is going to be regulated in the future.
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Appendix A

The emission levels of the regulated pollutants are summarized in Figure A1.
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Figure Al. Regulated pollutants emissions for the laboratory worldwide harmonized light-duty
vehicles test cycle (WLTC) and the on-road real-driving emissions (RDE) tests. Red lines give the limits
in the laboratory and on the road.
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