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Emission inventories are used to quantify sources and identify trends in the emissions of
air pollutants. They use vehicle-specific emission factors that are typically determined in
the laboratory, through remote-sensing, vehicle chasing experiments and, more recently,
on-board measurements with Portable Emission Measurement Systems (PEMS).
Although PEMS is widely applied to measure gaseous pollutants, their application to Solid
Particle Number (SPN) emissions is new. In this paper, we discuss the current status of
determining SPN emission factors both on the chassis dynamometer in the laboratory
and on the road using PEMS-SPN. First, we determine through dedicated tests in the
laboratory the influence of the measurement equipment, ambient temperature, driving
style, and cycle characteristics, and the extra mass of the PEMS equipment on the SPN
emissions of vehicles. Afterward, we present the SPN emissions under type-approval
conditions as well as on the road of two heavy-duty diesel vehicles equipped with Diesel
Particulate Filter (DPF; one of them Euro V), two light-duty diesel vehicles equipped
with DPF, one light-duty vehicle equipped with a Port Fuel Injection engine (PFl), and
seven Gasoline Direct Injection (GDI) passenger cars (two of them Euro 6). We find
that cold-start and strong accelerations tend to substantially increase SPN emissions.
The two heavy-duty vehicles showed on-road emissions around 2 x 103 p/km (Euro
V truck) and 6 x 10'0 p/km (Euro VI truck), respectively. One of the DPF-equipped
light-duty vehicles showed emissions of 8 x 10'" p/km, while the other one had one
order of magnitude lower emissions. The PFI car had SPN emissions slightly higher than
1 x 10'2 p/km. The on-road emissions of GDI passenger cars spanned approximately
from 8 x 10'" p/km to 8 x 102 p/km. For the cars not equipped with a DPF, the on-road
SPN emissions remained within a factor of two of the laboratory results. This factor was
on average around 0.8 for the Euro 6 and 1.6 for the Euro 5 GDIs. The DPF equipped
vehicles showed a difference of almost one order of magnitude between laboratory and
on-road tests due to the different DPF fill state and passive regeneration during the tests.
The findings of this study can (i) help improving the inventories on SPN emissions and
(i) assist policy makers in designing effective test procedures for measuring the SPN
emissions of vehicles under real-world driving conditions.

Keywords: particle number, Real Driving Emissions, RDE, PMP, WLTC tests, regeneration, cold-start, nucleation
mode
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INTRODUCTION

Particulate Matter (PM) has been shown to have a negative
impact on the human health. Epidemiological studies (e.g., Pope,
2000) and toxicological studies (e.g., Oberdorster, 2000) have
associated urban PM pollution with carcinogenic and adverse
respiratory and cardio-vascular effects. Recent reviews (EPA,
2009; HEI, 2013; WHO, 2013) concluded that adverse health
effects are best linked to an exposure to PM with an equivalent
aerodynamic diameter below 2.5pum. However, a number of
studies also suggest that the inflammatory response to particles
from non-toxic materials correlates more closely with particle
surface area rather than particle mass (e.g., Sager and Castranova,
2009). Nanoparticles of a diameter below 2.5 um are considered
more harmful than larger particles because they have a larger
specific surface area and higher deposition fraction in the human
respiratory tract. Moreover, inhaled ultrafine solid nanoparticles
(<100 nm) may pass through the lungs’ alveolar membrane and
via the blood to the heart and other organs where they can
directly exert a toxic effect (translocation effect; Oberdorster
etal., 2004). Thus, ultrafine Particle Number (PN) emissions have
recently gained the attention of toxicologists and environmental
policy makers.

Around 20% of the European Union’s (EU) urban population
lives in areas where the daily air quality standard for PM with
a diameter smaller than 10pum (50 ug/m3) was exceeded in
2010 (Sundvor et al., 2012; EEA, 2014). Exceedances of the PM
standard (<10 pum) occur most frequently in urban locations
with dense road traffic. Quantification of the traffic contribution
to PM levels in urban areas is complex, due to the many sources of
primary PM emissions and due to the formation of secondary PM
from precursor gases such as nitrogen oxides and volatile organic
compounds emitted by vehicles and other sources. Road traffic
contributes some 9-66% to the urban PM concentrations, with
an average estimate of 34% in the vicinity of urban traffic sites
and 15% at urban background sites. The contribution of road

Abbreviations: APC, AVL Particle Counter; CO,, Carbon Dioxide; COPERT,
COmputer Programme to calculate Emissions from Road Transport; CPC,
Condensation Particle Counter; CRT, Continuously Regenerating Trap; CVS,
Constant Volume Sampling; DiSC, Diffusion Size Classifier; DPE Diesel
Particulate Filter; EC, European Commissions; ECE, Economic Commission for
Europe; EEA, European Environment Agency; EFM, Exhaust gas Flow Meter;
EGR, Exhaust Gas Recirculation; EMEP, European Monitoring and Evaluation
Programme; EPA, Environmental Protection Agency (US); ETC, European
Transient Cycle; EU, European Union; EUDC, Extra Urban Driving Cycle;
GDI, Gasoline Direct Injection; GMD, Geometric Mean Diameter; GPS, Global
Positioning System; HBEFA, Handbook Emission Factors for Road Transport; HD,
Heavy-Duty; HEI, Health Effects Institute; JRC, Joint Research Centre; LDSA,
Lung Deposited Surface Area; LDV, Light-Duty Vehicle; m.a.s.l, meters above
sea level; MAW, Moving Average Window; MOVES, MOtor Vehicle Emission
Simulator; NEDC, New European Driving Cycle; NOy, Nitrogen Oxides; PCRE
Particle number Concentration Reduction Factor; PEMS, Portable Emissions
Measurement System; PFI, Port Fuel Injection; PM, Particulate Matter; PMP,
Particle Measurement Program; PN, Particle Number; RC, Random Cycle; RDE,
Real Driving Emissions; rpm, Revolutions Per Minute; SPN, Solid Particle
Number; TP, Tailpipe; TWC, Three-Way Catalyst; UDC, Urban Driving Cycle;
UN-ECE, United Nations Economic Commission for Europe; US, United States;
VELA, Vehicle Emissions Laboratory; WHO, World Health Organization; WHVC,
World Harmonized Vehicle Cycle; WLTC, Worldwide Harmonized Light vehicles
Test Cycle; WLTP, Worldwide Harmonized Light vehicles Test Procedure.

traffic to PN pollution is larger (60%) due to the high number
of nuclei particles formed from the unburnt fuel and lubricant
or secondary formation, reaching 90% in cases of busy roads
(Kumar et al., 2014 and references therein).

The contribution of vehicle emissions to air pollution is
typically quantified with emission inventories (EMEP/EEA,
2013). An emission inventory lists the total emissions of a
specific component, disaggregated into source categories relevant
in a certain geographical area and within a specified time span.
Emission inventories are used since the 1970s for scientific
research but also for air quality management and environmental
policy making. In the context of road transport, emission
inventories are specifically used to monitor the effectiveness of
the vehicle emissions legislation and the emissions reduction
resulting from new vehicles entering the fleet. The vehicle
emission factors are a key input for emission inventories relative
to on road transportation. These are typically implemented as
default values in the various calculation tools (e.g., COPERT,
MOVES, HBEFA) and frequently updated using experimental
results (e.g., Boulter and McCrae, 2007). However, while data on
gaseous emissions are generally readily available from laboratory
and on-road measurements (e.g., Ntziachristos and Galassi,
2014), experimental data for PN emissions are limited. In
addition, PN emission measurements are not always comparable
due to differences in sampling conditions and instruments used
(Keogh and Sonntag, 2011).

The European regulation on particle emissions was initially
based solely on the smoke levels recorded by opacity meters
(Giechaskiel et al., 2014a). However, over the past 35 years, the
regulatory method has adopted the gravimetric quantification of
PM collected on filters while the vehicle is driven on a prescribed
speed profile (test cycle). With the introduction of Diesel
Particulate Filters (DPFs) around the year 2000, the gravimetric
method was no longer sensitive enough to measure very low PM
emissions. To address the situation, in 2001, the United Nations
Economic Commission for Europe (UN-ECE) launched the
Particle Measurement Programme (PMP) to develop a new and
sufficiently sensitive, precise, and representative measurement
methodology (Martini et al., 2009). In addition to an improved
PM filter method, the Solid Particle Number (SPN) measurement
method proposed by PMP in 2007, based on the counting of
solid particles with a diameter larger than 23 nm, was integrated
into the European emissions regulation in 2011 for diesel light-
duty vehicles (Euro 5b)! (EC, 2007; Giechaskiel et al., 2008a),
in 2014 for Gasoline Direct Injection (GDI) light-duty vehicles
(Euro 6) and in 2013 for heavy-duty engines (Euro VI; EC, 2009;
Giechaskiel et al.,, 2012a). A minimum diameter of 23 nm size
was selected in order to include the primary soot particles and
exclude volatile nucleation mode particles (see Giechaskiel et al.,
2014a). Volatile particles were excluded in order to improve
the repeatability and reproducibility of the method to levels
acceptable for legislative purposes. The limit is 6 x 10! p/km (or
p/kWh for heavy-duty engines) for the transient type approval

!Note that Roman numbers are used for heavy-duty engines standards and Arabic
numbers for light-duty vehicle standards. Note also that legislation requires the
type approval of the engine for heavy-duty vehicles.
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test cycle. The limit for GDIs was set to 6 x 10'2 p/km in 2014 but
it will decrease to 6 x 10! p/km in 2017.

The vehicle regulations in both the United States of America
(US) and the European Union (EU), also address emissions from
in-use vehicles. In-service conformity (or in-use compliance in
the US) requires laboratory testing of vehicles recruited from
the vehicle fleet that is actually operated on the road. Recently
this has been augmented by regulations requiring on-board in-
service conformity emissions testing of heavy-duty vehicles (EC,
2011) with Portable Emission Measurement Systems (PEMS;
Bonnel et al., 2006; EPA, 2008; Perujo and Mendoza-Villafuerte,
2015). Moreover, the European Commission (EC) is currently
introducing a complementary and mandatory PEMS on-road
test procedure, the so-called Real-Driving Emissions (RDE)
procedure for light-duty vehicles (EC, 2012; Weiss et al., 2013;
Vlachos et al., 2014). These initiatives aim at reducing the
large differences that are found between laboratory and on-road
measurements, particularly with respect to the NO, emissions
of light-duty diesel vehicles (Weiss et al., 2011a, 2012; Fontaras
et al., 2014; Franco et al., 2014; Vlachos et al., 2014). A detailed
discussion of in-use emissions testing with PEMS can be found
in Vlachos et al. (2014). SPN measurements with PEMS is at the
final stages of investigation for light duty vehicles and recently
a program started for the applicability of SPN measurements
for the in-service conformity testing of heavy-duty vehicles.
However, for SPN, information about the difference between
laboratory and on-road emissions is limited (Andersson et al.,
2014).

The main objective of this article is to give an overview of
the status of SPN emissions from trucks and passenger cars
under real-driving conditions based on experimental data of 2
heavy-duty vehicles and 10 light-duty vehicles. The measured
SPN emission levels are compared with the literature and the
regulated emission limits. A second objective of this study is to
analyze and discuss differences in the SPN emissions between
chassis dynamometer studies and on-road measurements using
the same vehicles. We focus our analysis on the effect of some
parameters on particle number measurements (i.e., uncertainty
of SPN instruments for on-board application, DPF load level,
ambient temperature, vehicle mass, driving style, and driving
cycle). The findings of this study can (i) help improving the
emission inventories on SPN emissions and (ii) assist policy
makers in designing effective test procedures for measuring SPN
on-board of vehicles.

BACKGROUND INFORMATION

The PN emissions of vehicles can be determined in the same
ways that are used to determine gaseous emissions, namely
through remote-sensing measurements at the roadside, tunnel
studies, vehicle chasing experiments, chassis dynamometer
measurements, and on-board measurements with PEMS during
the actual vehicle use (for details see Franco et al. (2013) and
references therein). Here only studies focusing on PN will be
discussed.

Remote-sensing measurements, also referred to as “roadside
measurement,” determine the instantaneous ratios of pollutant

concentrations as vehicles pass by a measurement station on
the roadway (Pant and Harrison, 2013). Remote-sensing enables
monitoring the emissions of large numbers of vehicles (up to
thousands per day) and offers the necessary resolution to identify
emission levels of single vehicles, whose emission technology may
be determined by video recording of license plates and cross-
referencing with vehicle registration databases. On the other
hand, remote-sensing only gives an instantaneous (snapshot)
estimate of emissions at a specific location under specific
operating conditions, and cannot be used across multiple lanes
of heavy traffic. Thus, it is difficult to derive emission factors that
are representative of the wide range of vehicle operations from
remote-sensing measurements only. Remote-sensing particle
measurements include emissions from combustion, tires, brakes
and the secondary particles formed in the atmosphere (Pant
and Harrison, 2013), although sometimes tracers can be used to
apportion the contribution of each source. Moreover, remote-
sensing needs to carefully deal with unstable weather and
background pollution levels, that hinder the evaluation of the
actual vehicle emissions.

Tunnel studies involve measuring the total flux of pollutants
from vehicles passing through a tunnel and correlating the
pollutant flux to the traffic flow. An advantage of tunnel studies
is that, contrary to remote-sensing measurements, the wind
conditions are well defined. The average absolute levels of
emissions can be obtained. Tunnel studies are thus able to
capture a cross-section of the on-road vehicle fleet under real-
world operation conditions at the location of the tunnel. These,
in turn, may not be typical of the wide range of real-world
driving conditions (specifically those in urban environments),
since tunnels are usually traversed at steady speed. As a notable
disadvantage, tunnel studies usually do not allow allocating
emissions to specific vehicle classes unless different tunnel bores
are dedicated to them. PN measurements from both roadside and
tunnel studies typically include solid and volatile particles and
non-exhaust emissions particles from tire wear and road dust (see
reviews of Morawska et al., 2008; Keogh et al., 2010).

During vehicle chasing experiments, individual vehicles are
followed by a mobile laboratory on a van or trailer (Vogt et al.,
2003; Giechaskiel et al., 2005; Jezek et al., 2015) that capture the
exhaust plume of the vehicle being followed, thus providing real-
world emissions data under a wide range of operating conditions
(Kittelson et al.,, 2000, 2006a,b). Vehicle chasing experiments
make it possible to study a statistically representative sample of
vehicles for fleet characterization. However, such experiments
are best conducted on a test track to avoid obstructing traffic
safety. Comparisons between laboratory and chasing experiments
at constant speed showed good agreement for particles in the
accumulation mode regime (peak around 50-100nm; Casati
et al, 2007; Giechaskiel et al., 2007a) and qualitative good
agreement for particles in the (volatile) nucleation mode
regime (peak <30nm; Ronkko et al., 2006; Casati et al., 2007;
Giechaskiel et al., 2007a). However, the diluted exhaust of low
emitting vehicles (i.e., those with particulate filters) will be at
the levels of the ambient air particle background (Bergmann
et al., 2009); thus the results will have high uncertainty and
variability.
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During chassis dynamometer testing, the vehicle remains
stationary as a driver operates it in a test cell according to a
predetermined time-speed profile and gear shift pattern shown
on a monitor. In vehicle regulations around the world, chassis
dynamometer testing is specified as the primary measurement
method for verifying vehicle emissions [e.g., Regulation 83,
UN/ECE (2015)] due to its high accuracy and repeatability
compared to other methods. Climatically controlled test cells can
simulate driving under a wide range of temperatures, including
sub-zero tests (currently, the European emissions regulation
covers the temperature range of down to —7°C); however, to
date only a few laboratories can simulate driving at high altitude,
i.e., at low ambient pressure. Chassis dynamometer testing does
not capture the wide dynamicity range of real-world driving
and may thus underestimate the on-road emissions of vehicles
(Pelkmans and Debal, 2006). Moreover, the driving resistance
that simulates road load is obtained from vehicle coast-down tests
under artificially favorable conditions, thus frequently yielding
lower fuel consumption and emission results as compared to
real-world on-road driving (Mellios et al., 2011). In addition,
especially for particles, the sampling conditions in the laboratory
(e.g., dilution ratio, dilution temperature, etc.) can affect the
measurement result (e.g., Khalek et al., 1999) to the extent that
the measured particle mass and number emissions might not be
representative of the actual emissions on the road (Vogt et al.,
2003). Secondary particle formation from volatile species in the
atmosphere (see e.g., Keogh and Sonntag, 2011) can lead to
significant differences between particle emissions measured by
roadside studies and on the chassis dynamometer, although in
many cases there is a good agreement between both methods
(Beddows and Harrison, 2008 and references therein). Chassis
dynamometer tests are still the most important source of SPN
emission factors (see e.g., review of Giechaskiel et al., 2012a and
references therein).

On-board measurements are conducted with PEMS, mounted
inside the vehicle cabin or outside thereof on a tow bar. PEMS
on-board measurements can provide long series of emission data
of a particular vehicle driven under a wide range of operating
conditions, including those that would otherwise be difficult
to replicate in the laboratory (e.g., large road gradients, strong
accelerations). However, with PEMS only a relatively limited
number of vehicles compared to remote-sensing can be tested
with a given effort. In the past decade, extensive programs have
confirmed the ability of PEMS to measure gaseous pollutants
at a quality similar to that achieved by certification laboratories
(Rubino et al., 2007; EPA, 2008; Johnson et al., 2009a; Bonnel
et al,, 2011). PEMS for PM measurement have been developed
in the past 5 years with satisfactory results (Johnson et al., 2009b,
2011; Giechaskiel et al., 2011; Mamakos et al., 2013a; Mendoza-
Villafuerte et al., 2015).

PEMS for PN have been used in a few studies (Bergmann
et al.,, 2009; Li et al., 2013). However, PEMS that measure solid
PN (PEMS-SPN) similarly to the regulated SPN systems became
available only recently and were assessed in a comprehensive
program by Giechaskiel et al. (2014b, 2015). The technical
specifications of PEMS-SPN for regulatory purposes have not
been finalized yet. To date, there are two measurement principles

available to measure SPN emissions with PEMS: (i) diffusion
charging (Fierz et al, 2008) and (ii) condensation particle
counting that represents the measurement principle applied
in the regulated PMP systems (Giechaskiel et al., 2009). Both
principles measure PN emissions after thermal pre-treatment of
the exhaust. One particular issue of mobile SPN measurements
refers to emissions sampling directly from the tailpipe; the
resulting SPN counts might not be identical to those measured by
following the regulated procedure at the full dilution tunnel that
alters particle properties due to e.g., coagulation, thermophoresis,
diffusion etc. Comparisons of PEMS-SPN with reference PMP
systems, especially during on-board operation, as well as of
emissions of vehicles both in the laboratory and during on-road
driving are still scarce (e.g., Merkisz et al., 2009; Andersson et al.,
2014). Quite often high differences between laboratory and on-
road testing are found (Andersson et al., 2014). Other reasons of
differences between PEMS-SPN and chassis dynamometer SPN
results include the typical effect of on-road operating conditions
(extra vehicle mass, auxiliaries, aerodynamics), the driver, the
route, the traffic, and the road conditions (road morphology,
altitude, road gradients, etc.; see also Zacharof et al., 2015 and
references therein). Although the effect of the above parameters
has been discussed for fuel consumption and to some extent
gaseous pollutant emissions (Weiss et al.,, 2011a, 2012), their
effect on SPN has only been touched recently (e.g., Clark et al.,
2002; Wang et al,, 2006; Barrios et al., 2012; Huang et al., 2013; Li
et al., 2013). Additional research is needed.

EXPERIMENTAL METHODS AND
MATERIALS

The heavy-duty and light-duty vehicles were tested both in the
laboratory and on the road using the same SPN equipment.

Test Vehicles and Fuels

We tested two heavy-duty vehicles and 10 light-duty vehicles
(Table 1). All test vehicles complied during laboratory testing
under type-approval conditions with their respective emissions
limit. The test fleet included diesel vehicles equipped with a DPF
and gasoline vehicles with Port Fuel injection (PFI) or direct
injection (GDI) engines equipped with Three-Way Catalyst
(TWC) (Table 1). The light-duty vehicles were mainly Euro 5
(two Euro 6). The tested light-duty vehicles mainly comprised
passenger cars of Category M1. Exceptions constitute vehicles
DPF #1 and #2 which were vans of Category N1. The heavy-duty
vehicles were of Category N3. One of the heavy-duty vehicles was
certified as Euro V and the other as Euro VI; both vehicles were
equipped with a DPF. The heavy-duty trucks weighted ~18 tons;
an extra load of 8 tons was added during the on-road tests.

All chassis dynamometer and on-road tests were conducted
with market fuels compliant with the standards EN 228 and EN
590 for gasoline and diesel fuels, respectively. The ethanol content
of the gasoline fuel was <7%; the sulfur content of the diesel fuel
was <10 ppm. Due to the low mileage of all tested vehicles, we
assume that the lubricants were the manufacturer’s factory-fill
products.
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TABLE 1 | Characteristics of test vehicles and extra evaluation tests in the laboratory.

Vehicle ID Engine and Emissions Engine Rated Test mass [kg] Odometer [km] Extra tests
after-treatment limit capacity [l] Power [kW] NEDC/WLTC
technology
HD #1 Diesel; DPF Euro V 11.0 326 18,000 53,000 .
HD #2 Diesel; DPF Euro VI 13.0 335 - 6200 -
DPF #1 Diesel; DPF Euro 5 3.0 140 2960/3100 32,700 regeneration
DPF #2 Diesel; DPF Euro 5 3.0 125 2270/2440 4300 -
PFI PFI; TWC Euro 5 1.6 86 1250/1310 4200 -
GDI #1 GDI; TWC Euro 6 1.0 59 1020/1135 500 temperature, mass, EFM
GDI #2 GDI; TWC Euro 6 2.0 155 1700/1760 11,200 temperature, cycles
GDI #3 GDI; TWC Euro 5 1.2 63 1250/1360 2500 mass, driving style, EFM
GDI #4 GDI; TWC Euro 5 1.6 100 1360/1450 15,300
GDI #5 GDI; TWC Euro 5 1.6 140 1470/1530 8000 -
GDI #6 GDI; TWC Euro 5 1.2 59 -/1190 5000 cycles
GDI #7 GDI; TWC (flex fuel) Euro 5 1.6 132 1470/1560 28,500 temperature, mass
Laboratory likely be used for type-approval within the EU from 2017

The laboratory tests were conducted in the Vehicle Emissions
Laboratory (VELA 2 for light-duty and VELA 7 for the heavy-
duty vehicle) of the Joint Research Centre (JRC) in Italy. All
light-duty vehicles were tested on a 2 axis roller dynamometer.
The exhaust gas was connected to the full dilution tunnel with
a 6m tube heated at 100°C. Typical flow rates of 9-12 and
100 m>/min were used at the full dilution tunnel with constant
volume sampling (CVS; Giechaskiel et al., 2007b) for the light-
duty and heavy-duty vehicles, respectively. SPN instruments (see
description below) were used both at the dilution tunnel and at
the tailpipe of the vehicles.

Test Cycles in the Laboratory
The Euro V heavy-duty vehicle was tested under cold and hot
start conditions with the Worldwide Harmonized Vehicle Cycle
(WHVCQ), i.e., a chassis dynamometer test developed based on
the same set of data used for the development of the World
Harmonized Transient Cycle (WHTC) for heavy-duty engines
[which replaced the European Transient Cycle (ETC) since Euro
VI]. Unlike the WHTC, however, testing with the WHVC does
not follow a standardized procedure; the WHVC is not used
for regulatory testing. The dyno settings were not available from
the vehicle manufacturers. We thus used the values from similar
trucks.

The light-duty vehicles were tested over three different driving
cycles, each consisting of several phases (Table 2):

e New European Driving Cycle (NEDC) consisting of an Urban
Driving Cycle (UDC) and an Extra Urban Driving Cycle
(EUDC); the NEDC cycle is currently used for type-approval
within the EU;

e Worldwide Harmonized Light vehicles Test Cycle (WLTC)
consisting of a low-speed, medium-speed, high-speed, and
extra high-speed phase; this cycle is considered more
representative of real-world driving than the NEDC and will

onward;

e Random Cycles (RC) consisting of three phases of ~900s
each that resemble soft (RC_A), medium (RC_B), and severe
(RC_C) driving on European roads. Each phase consists of a
low-speed, medium-speed and high-speed portion. The RC
was developed by the RDE working group of the European
Commission during the development of the RDE on-road test
procedure (Weiss et al., 2013).

The speed profile of all cycles can be found in the Supplementary
Material A (Figures S1-S3).

Unless specified otherwise, the NEDC and WLTC tests were
conducted with a cold engine as required by the regulation. At
least two repetitions of the NEDC and WLTC were conducted
with each vehicle. Tests with more cycles were conducted with
Vehicles GDI #1, #2, #3, #6, and #7 and Vehicle DPF #1. All tests
were conducted with the same driver. One vehicle (GDI #3) was
driven by four drivers to analyze the effect of the driving style
on the SPN emissions. Vehicle DPF #1 was tested with various
cycles (i.e,, under cold and hot start conditions, as well as at
various ambient temperatures) until the DPF was regenerated.
Then cycles were run again until a second regeneration. A third
sequence of cycles was initiated but the tests were stopped before
the regeneration.

All test masses and dyno coeflicients for NEDC testing were
(i) used as given by the vehicle manufacturers (Vehicles DPF#1,
DPF #2, PFI, GDI #5, GDI #6) or (ii) taken from Regulation 83
(UN/ECE, 2015) after weighing the vehicle and adding 100 kg
for driver and fuel when vehicle manufacturer’s data were not
available. The test masses for WLTC and the RC testing were
chosen according to the Worldwide Harmonized Light vehicles
Test Procedure (WLTP); the implemented values exceeded those
used for NEDC testing by 6% on average (see Table 1).

The WLTC tests with Vehicles GDI #1 (three repetitions)
and GDI #3 (two repetitions) were conducted with a higher
dyno inertia to match the elevated vehicle mass during on-road
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TABLE 2 | Characteristics of driving cycles.

Cycle Duration [s] Distance [km] Speed max [km/h] Speed mean [km/h] Idling [%] Temp. [°C]
WHVC 1800 20.1 87.8 40.2 15 25
ubpc 780 4.0 50.0 18.4 23 25
EUDC 400 7.0 120.0 62.6 9 25
NEDC 1180 11.0 120.0 33.6 21 25
WLTC_A (low) 589 3.1 56.5 18.9 26 23
WLTC_B (medium) 433 4.8 76.6 39.5 11 23
WLTC_C (high) 455 7.2 97.4 56.6 23
WLTC_D (extra high) 323 8.3 131.3 92.0 23
WLTC 1800 23.3 131.3 46.5 13 23
RC_A 900 10.6 112.5 42.2 23
RC_B 900 13.2 114.0 53.2 23
RC_C 900 13.0 134.0 52.8 23

tests, caused by the PEMS equipment and a co-driver. The dyno
coefficients were adjusted to the new inertia.

The laboratory tests were in general conducted at room
temperature of 23-25°C. Some tests with Vehicles GDI #1, #2,
and #7 were conducted at temperatures of 8° and —7°C (three
repetitions at each temperature). For the tests at —7°C, the
chassis dyno coeflicients were increased by 10% as required
by Regulation 83 (UN/ECE, 2015). It should be noted that
Regulation 83 requires to conduct the low-temperature test
at —7°C only over the UDC phase of the NEDGC; for this test,
there is no limit for SPN emissions defined.

All vehicles were pre-conditioned with the required cycle the
day before as stated in Regulation 83 (UN/ECE, 2015).

On-Board Testing with PEMS

The procedures described in Regulation 582/2011 for in-service
conformity testing of heavy-duty vehicles (EC, 2011) and the
proposal on the RDE test procedure for the type-approval
for light-duty vehicles (Proposal for Annex IIIA, Regulation
692/2008) were followed as close as possible. However, instead
of employing an analyzer for gaseous components, our PEMS
consisted of a Global Positioning System (GPS), an exhaust
flowmeter (EFM), and the respective SPN instrument, ie., a
PEMS-SPN (NanoMet 3, Testo) and/or a PMP-TP (NanoMet
1, Testo; see description below). The total weight of the PEMS,
including batteries and the flowmeter, was estimated to be 100 kg
(160 kg when both PEMS-SPN and PMP-TP systems were on-
board). Vehicles GDI #1, #3, and #5 were also tested with
the analyzer for gaseous components in order to measure CO,
emissions and apply the future RDE data evaluation method.
The vehicles were tested at routes which capture urban, rural
and highway driving, with an average trip length of ~100km
and an average speed of 50 km/h (see Table 3). The DPF and
the PFI vehicles were tested only on urban and rural routes with
an average distance of 50 km. Vehicle GDI #7 was not tested on
the road. Route 1 and 4 consist mainly of rural and motorway
driving, Route 2 captures urban and rural driving, while Route 3
is a rural route with steep uphill and downhill parts (up to 1100
m.a.s.l.). The other routes are located at an elevation between

200 and 400 m.a.s.l. Table 3 summarizes the number of routes
and their characteristics for each vehicle. Details can be found in
Weiss et al. (2011b) (see Figure S4 in the Supplementary Material
A). The driver for the on-road tests was different from the drivers
in the laboratory.

SPN Equipment

A SPN measurement system (AVL APC 489) compliant with the
light-duty vehicles Regulation 83 (UN/ECE, 2015) and regulation
49 for heavy-duty engines (UN/ECE, 2013) was used at the
full dilution tunnel of the laboratory (Giechaskiel et al., 2010a).
The system consists of a hot dilution at 150°C, an evaporation
tube at 350°C and a secondary dilution at ambient temperature.
The system was calibrated by the manufacturer. The chosen
dilution including the particle losses (as average of sizes 30, 50,
and 100nm) is referred to as Particle number Concentration
Reduction Factor (PCRF). In our experiments, we typically, used
a primary PCRF of 100 and a secondary of 10. Downstream
of the thermal pre-treatment system, a Condensation Particle
Counter (CPC; TSI 3790) with 50% counting efficiency at 23 nm
(dsp% = 23 nm) was connected. The application of hot dilution
and the evaporation tube with a CPC of dsgy, = 23 nm follows
the protocol defined in the Particle Measurement Program
(PMP) and is used accordingly for regulatory SPN measurements
(Giechaskiel et al., 2008b). We will refer to this system as PMP-
CVs.

For a few laboratory tests, another PMP compliant system
(NanoMet 1, Testo) was connected to the tailpipe of the vehicles
in order to investigate the effect of different sampling locations
(tailpipe versus full dilution tunnel) on the measured SPN
emissions. This system also consists of a hot dilution at 150°C,
an evaporation tube at 350°C, a secondary dilution at ambient
temperature and a CPC (TSI 3790) with dsgy, = 23 nm. The
PCRF chosen was 540 (110 x 4). The Nanomet 1 system was also
used for some PEMS on-board tests (Vehicles HD #1, HD #2,
DPF #2, PFI, GDI#1, GDI #3, GDI #5). In the following, we will
refer to this system as PMP-TP.

Moreover, we conducted laboratory and on-board SPN
emission measurements with a portable PEMS-SPN (NanoMet
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TABLE 3 | Characteristics of on-road test routes.

Vehicle ID Route* Number Duration [h] Distance Speed max Speed average Idle duration Temp. [°C]
of tests [km] [km/h] [km/h] %

HD #1 2 2.5-3.0 115 95 45 10 10-15

HD #2 6 2.5-3.0 130 95 50 2 10-15

DPF #1 2 2 1.0 50 130 50 17 20

DPF #2 2,4 3 2.0 100 130 45 22 27

PFI - 1 0.5 20 100 45 2 20

GDI #1 1,2 2 2.0 130 130 60 9 21

GDI #2 1,2 6 1.0-2.0 50-100 130 55 8 5-10

GDI #3 2,4 3 1.5 75-180 130 50 15 22

GDI #4 1,2 3 1.0-2.0 130 130 50 14 5

GDI #5 1 1 2.0 110 130 50 20 22

GDI #6 1 2 2.0-2.5 130 130 55 8 7

GDlI #6 3 3 2.0 60 65 30 4 6

*Identification numbers refer to the test routes described in Weiss et al. (2011b) or Figure S4 in the Supplementary Material A.

3, Testo). The system samples the raw exhaust gas through a 2m
long line kept at 110°C. The raw gas is then diluted by a factor
of 10 or 100 in a rotating disk diluter (Giechaskiel et al., 2014b).
The diluted sample then passes through an evaporation tube set
at 300°C. The concentration of SPN is estimated by measuring
the current through a mini Diffusion Size Classifier (DiSC mini,
Testo; Fierz et al., 2008). The DiSC charges the particles with a
unipolar diffusion charger. Subsequently, the charged particles
pass through a diffusion stage where the smallest particles are
deposited by diffusion and detected as an electric current. The
remaining particles end up in a second stage, the so called “filter
stage;,” where a second current is measured. The ratio of the two
currents allows estimating the average particle diameter. Taken
together the two currents, the average particle diameter, the
exhaust flow rate and the calibration parameters allow estimating
the SPN concentration in the exhaust. This estimation includes
particles <23nm (the 50% detection limit is around 15nm).
Future devices will have hardware and software “filters” to mimic
the PMP efliciency curve. These features were not available in
our device. Thus we used the total current from the two stages
(proportional to the Lung Deposited Surface Area—LDSA) and
we calibrated it with a PMP system (thus >23 nm); the calibrated
signal was used for our calculations (Giechaskiel et al., 2014b,
2015). The results presented below refer to the calibrated LDSA
to give SPN >23 nm, unless otherwise specified.

Exhaust Flow Determination

We estimated the vehicle’s exhaust flow in all laboratory tests
from the difference between the total flow of the dilution tunnel
and the dilution air flow. In some tests of Vehicle GDI#1 (two
cold start WLTCs and two hot start WLTCs) and Vehicle GDI
#3 (two NEDCs, two WLTCs, one test with constant speeds)
the exhaust passed through an exhaust gas flow meter (EFM;
Sensors Inc., 2 inches diameter, accuracy 1.5kg/h) connected
at the exit of the vehicle’s tailpipe before entering the dilution
tunnel. The same flow meter was also used for the on-road
PEMS measurements. The correlation between the EFM flow

rate and the estimated flow rate from the dilution tunnel for
steady state points was R*> 0.99 with a slope of 1.13 (see an
example in Supplementary Material B, Figure S5). At transient
operation, the slope was about 1.03 (R?> 0.90). Thus, the on-road
exhaust mass flow as determined with the EFM could be subject
to uncertainty in the range of 3-13%. We did not apply correction
to the flowmeter signal because the exhaust flow determined by
the difference of two big flows (dilution air and total flow in
the dilution tunnel) has an uncertainty too. For the typical flow
rates of the dilution tunnel that have an uncertainty of 0.5%, an
uncertainty of 7% was estimated for the calculated mean vehicle
exhaust gas flow. For the heavy-duty on-board tests a 5 inches
exhaust flowmeter was used (reported accuracy 10kg/h) and
similar overestimation of the flow rate was found when evaluated
in the laboratory.

Calculations
The CVS flow rate and the distance traveled by the vehicle were
used to calculate the emissions in particles per kilometer [p/km]
from the SPN systems at the dilution tunnel (CVS). For the
systems at the tailpipe (both in the laboratory and on the road),
the instantaneous particle concentration was time-aligned with
the exhaust flow rate and then both parameters were multiplied
with each other. The sum of all instantaneous particle number
emissions was then divided by the test distance to obtain the
distance-specific particle number emissions over a give sub-cycle,
cycle, or route [p/km] (integrated emissions). For the on-board
tests, all emission events from the whole trip, including cold start,
idling, and regeneration events, were included in the calculations.
Note that the approach for the on-road tests is not fully
compliant with the upcoming RDE regulation that excludes cold
start and idling from the emission calculations and requires
that the trip remains within specific boundary conditions, e.g.,
with respect to acceleration and elevation gain. We regard our
approach justified as the target of this paper is not to check
the conformity of vehicles with respect to legislative emission
limits, but to compare laboratory-based results with on-board
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measurements. Nevertheless, the evaluation method and its
application will be presented in the “Results and Discussion”
Section.

RESULTS AND DISCUSSION

Before presenting the on-road SPN emission results for the tested
vehicles, the importance of some parameters that affect the level
of measured emissions will be discussed.

Sampling Location and Instruments

Evaluation

Measuring particle number emissions after the dilution
tunnel or directly from the tailpipe can lead to substantial
differences due to processes like thermophoresis, agglomeration,
evaporation/condensation, and diffusion (Giechaskiel et al,
2012b). Comparing two PMP systems, one measuring at the
tailpipe (PMP-TP) and one at the dilution tunnel (PMP-CVS),
we found mean deviations ranging from —15 to +15%, with a
standard deviation of the mean differences of ~ 15% (Figure 1,
blue bars and error bars). These deviations are slightly higher
compared to those we found for the two PMP systems measuring
in parallel (5-10%; Figure not shown).

The results are in agreement with Giechaskiel et al. (2015) who
compared two reference PMP systems that were compliant to
Regulation 83 (UN/ECE, 2015) and installed at the tailpipe and at
the dilution tunnel, respectively. Based on a sample of >130 tests
with >15 vehicles, the average differences were within +20% with
a standard deviation of 15%. Giechaskiel et al. (2015) attributed
the differences to agglomeration (0-15%), thermophoresis (0-
5%), exhaust flow estimation (+10%), and time alignment issues
(0-10%).

These observations suggest that particle dynamics play a
minor role in the determination of SPN emissions; the differences
in the measurements taken at the tailpipe and after the dilution
tunnel are relatively small. This conclusion could be different for
(i) older, high emitting vehicles where coagulation is important
(Isella et al., 2008) or (ii) heavy-duty engine testing where the
exhaust gas temperatures and thus thermophoretic losses are
higher (Giechaskiel et al., 2010b).

The mean differences between the measurements taken at
the tailpipe in the laboratory by the PEMS-SPN and the PMP-
TP systems are within +15% (Figure 1, red bars, except HD
#2 and GDI #5) with a standard deviation of the differences of
25%. These differences are similar with those obtained for the
two PMP systems measuring at the tailpipe and at the dilution
tunnel, respectively, but it should be taken into account that the
calibration of the PEMS-SPN was conducted with these vehicles.
When the on-road comparisons are included the differences are
within £30% (Figure 1, red bars, HD #2 and GDI #5). The
larger differences can be explained by the different principle
of operation, i.e., diffusion charging of the PEMS-SPN that is
sensitive to the size of particles measured versus condensation
particle counting of the PMP system (see Giechaskiel et al,
2014b). For example, for Vehicle GDI #5, the concentration of
the PEMS-SPN as estimated by the system using the mean size
information would be within 4% of the PMP system. The results

50% -
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m PEMS-SPN

40%
30%
20%
10%
0%
-10% -
-20%

Difference to PMP-TP
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FIGURE 1 | Deviations between SPN emissions measured with various
systems at various sampling locations. Error bars show one standard
deviation of SPN emissions measured over >10 phases of various driving
cycles. All tests were conducted in the laboratory, except the comparison of
PMP-TP with the PEMS-SPN for HD #2 and GDI #5 that were conducted on
the road (on-board).
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FIGURE 2 | Deviations between the SPN emissions measured at the
tailpipe with the PEMS-SPN and the PMP-TP system; each point
represents a phase of a test cycle. Tests are conducted in the laboratory,
unless otherwise specified (on-road). The dotted lines represent deviations of
—35% (0.65:1) and +35% (1.35:1) from the 1:1 line.

scatter over a wider range for the DPF-equipped Vehicle HD
#2, where the particle number emissions were low and close to
the detection limit of the PEMS-SPN. A relatively high dilution
was used for these tests because the target was to catch any
regeneration event that would happen. Nevertheless, although
the relative difference in the measured SPN emissions seems high,
in absolute terms, it was very low.

The relatively good agreement between the PEMS-SPN and
the PMP-TP, both connected to the tailpipe, holds true even when
emission levels span almost three orders of magnitude (from
5 x 1010 to 2 x 10'3 p/km, Figure 2). Almost all points lie within
the range of £35% depicted by the dotted lines in Figure 2. Note
that the tests of Vehicle GDI #5 (on-road) had similar differences
with Vehicle DPF #1 (laboratory) and GDI #7 (laboratory).

The real-time response of the PEMS-SPN is very close to that
of the PMP-TP (Figure 3), even though it is based on diffusion
charging and not optical counting. A similar behavior was found
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FIGURE 3 | Real-time comparison of PEMS-SPN and PMP-TP
measurements of Vehicle GDI #2 over one WLTC in the laboratory. Both
systems were connected to the tailpipe.

for the other test vehicles as well. In most cases there was no
significant effect of the mean size of the particles on the particle
number measurement. Partly, the reason was due to the similar
Geometric Mean Diameter (GMD) of the particles emitted by the
tested vehicles, which ranged approximately from 37 to 59 nm
(see Supplementary Material C, Figure S6 and Giechaskiel et al.,
2014b). However, during, e.g., cold-starts and accelerations when
the instantaneous mean particle size is different than the mean
size over the whole test, the instantaneous emissions can be over-
or underestimated (see details in Giechaskiel et al., 2015). For
example, the spikes usually have differences on the order of £60%
between the PEMS-SPN and the PMP-TP. Partly this is due to the
change of the mean particle size and partly due to the difference
in the response time of the two instruments.

As a final note, although the deviations between the PEMS-
SPN and the PMP-TP measurements are higher than those
between the two PMP systems, it should be kept in mind that
the PEMS-SPN is designed for on-board use, thus it is light
and relatively energy efficient; and thus simplified approaches
(e.g., the sensor) are acceptable. In addition, the uncertainty
is relatively constant for a wide range of emission levels.
Nevertheless, we argue that the measurement uncertainty has to
be taken into account in the Conformity Factors of the future
PEMS-SPN regulation.

DPF Load and Regeneration

DPFs reduce tailpipe SPN emissions by more than 95% but lead
to highly variable tailpipe emissions due to variations in the
particle removal efficiency during cold-start and in dependence
of the DPF fill state. The efficiency of a DPF can thus vary from
90 to >99%. In addition, the particle number emissions during
regeneration can be significantly elevated for aggressive cycles
including prolonged operation at motorway driving conditions
(Mamakos et al., 2013b). The SPN emissions (>23nm) during
phases with regeneration can exceed by several factors the Euro
5b and Euro 6 SPN limit, due to the decreased efficiency of the
DPF after the oxidation and removal of the accumulated soot.
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FIGURE 4 | SPN emissions of Vehicle DPF#1 over the distance between
regenerations. Each point represents a phase of a test cycle (mix of NEDCs
and WLTGCs). Cold-start cycles are indicated by black border line. All tests
were conducted in the laboratory with PMP-CVS equipment. Sequence #3
was stopped before regeneration.

Figure4 shows three sequences of measurements that
were conducted with Vehicle DPF#1 until regeneration events
occurred. Each sequence depicts the SPN emissions measured
over individual phases of the NEDC and WLTC at various
conditions (including cold or hot start, different ambient
temperatures, mixed sequence of cycles). Immediately after a
regeneration event (0 km) the particle number emissions are high
because the DPF is empty and its efficiency is relatively low
(typically 90%). The emissions decrease over time to very low
levels with a few exceptions (e.g., cold-start cycles at low ambient
temperatures). A similar behavior was observed at different
sequences of tests between regeneration events.

The particles during cold-start could be (i) semi-volatile
material escaping oxidation as the catalytic converters have not
yet reached the light-off temperature and cannot be evaporated
in the SPN system or (ii) blow-out of loose non-volatile particle
deposits, as the filter is exposed to highly transient operation with
respect to thermal and flow conditions (Giechaskiel et al., 2007b).
Another explanation is that small filter defects, which affect
porosity, reduce DPF filtration efficiency at low temperatures
but tend to close as the temperature rises, thus causing the DPF
efficiency to increase with temperature (Braisher et al., 2010;
Mamakos et al., 2013b). In conclusion, DPF equipped vehicles
have low, but variable particle number emissions depending on
the operating conditions of the vehicle.

Ambient Temperature

The SPN emissions tend to increase as the ambient temperature
decreases (Figure 5). The emissions of Vehicle GDI #2 increased
by 160% when tested over the WLTC at —7°C instead of the
prescribed 23°C. The temperature effect was smaller for Vehicle
GDI #1 (70%). The findings are in agreement with the literature
(Aakko and Nylund, 2003; Giechaskiel et al., 2007b; Mamakos
et al., 2012, 2013b; Chan et al., 2013; EPA, 2014) and can be
explained by two effects. First, the enrichment of the air-fuel
mixture during cold-start engine operation, which compensates
for the reduced fuel vaporization and elevated friction of engine
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FIGURE 5 | The effect of ambient temperature on SPN emissions. Error
bars indicate the minimum and maximum emissions of three test repetitions.
Tests were conducted in the laboratory with PMP-CVS equipment.

components, leads to incomplete fuel combustion. Second, at
low ambient temperature, catalytic after-treatment systems need
more time to reach their light-off temperature. By comparison,
the increase in SPN emissions of a hot engine and after-treatment
system at low ambient temperature is small (<50%, Figure 5).
This observation is expected because solid particles are being
formed in the engine and are therefore relatively unaffected by
ambient conditions after engine warm-up (Aakko and Nylund,
2003; Ristimaki et al, 2005). Mamakos et al. (2013b) have
mentioned that the opposite effect of lower SPN emissions with
decreasing ambient temperatures is also possible in cases where
the Exhaust Gas Recirculation (EGR) in diesel engines is reduced
at low temperatures, thus decreasing the soot-out emissions of
the engine.

The instantaneous real-time SPN emissions and the exhaust
gas temperatures of Vehicle GDI #1 are shown in Supplementary
Material D, Figures S7 and S8. During cold start, SPN emissions
are higher at lower ambient temperature (compare continuous
red —7° and blue 23°C lines in Supplementary Material D,
Figures S7 and S8). The cold start effect is significant in the
first 300s but remains visible until almost 750s. For the hot
cycles at both ambient temperatures (—7° and 23°C) the SPN
emissions at the beginning of the cycle are similar as the exhaust
gas temperature is also similar (compare dotted red and blue
lines in Supplementary Material D, Figures S7 and S8). However,
the emissions diverge after 300 s and correlate with the exhaust
gas temperature. The cold and hot cycles at the same ambient
temperature have similar emissions at the last part of the cycle as
the exhaust gas temperature stabilizes at the same levels.

Test Mass

The mass added by the PEMS equipment to the vehicle can
sometimes exceed 150kg (especially for the first generation of
PEMS). Accounting for the mass of one co-driver of 80kg,
PEMS-SPN testing may result in a vehicle load of 230 kg. This
additional load may be negligible for buses or trucks; however
for passenger cars, the added mass can affect engine load and
thus particle number emissions. We found that increasing the
chassis dyno inertia to account for an additional vehicle load
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FIGURE 6 | Effect of vehicle load (simulated here by chassis
dynamometer inertia) on the SPN emissions of Vehicles GDI #1 and #3.
Error bars indicate the minimum and maximum emissions of three (Vehicle GDI
#1) and two (Vehicle GDI #3) test repetitions. Tests were conducted in the

laboratory with PMP-CVS equipment.

of 230 kg increases the SPN emissions of Vehicle GDI #3 by 5-
15% (Figure 6). The same tests suggested an increase in the CO,
emissions by 10-20% as well, which is in line with the expected
CO; increase of 6-7% for every 100 kg of vehicle mass (Zacharof
et al., 2015). A 10% increase of the inertia of Vehicle GDI #1
resulted in an 18-27% increase of SPN emissions. A similar
trend was found by May et al. (2014) when testing vehicles with
different inertia in the laboratory.

Driving Style

Driving the WLTC speed profile without any gear shift indication
on the display by four different but experienced drivers causes
deviations in the SPN emissions of less than 10% (Figure 7).
However, deliberately driving at higher engine speed, thus at
lower gear, and changing the gears often can double the SPN
emissions (see WLTC_D gear shifting in Figure 7 and details
in the Supplementary Material E, Figures S9-S12). Dedicated
constant speed tests showed that the gear change has the
biggest effect on SPN emissions, while a smaller effect can be
attributed to the engine speed; i.e., the transition phase has
higher contribution probably due to incomplete combustion
(Supplementary Material E, Figure S12). Thus, even with a well-
defined speed profile, the effect of driving style on the SPN
emissions can be significant. This observation is in agreement
with the dynamics of gaseous pollutants and CO, observed
during on-road driving (Jackson et al., 2006). Aggressive driving
can increase trip-average fuel consumption by up to 24%, while
eco-driving can provide estimated benefits in the order of 6%
compared to normal operation, thus directly impacting particle
formation (Zacharof et al., 2015).

Driving Cycle

In line with the sensitivity to driving style, SPN emissions vary
substantially depending on the driven cycles and their phases
(Figure 8). For Vehicle GDI #6, the SPN emissions were on
average ~ 4 x 10'2 p/km with the engine working in hot
conditions, but lower emissions were measured over the high-
speed phase of the WLTC (WLTC_C; 2 x 10! p/km) and higher
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FIGURE 8 | SPN emissions of Vehicle GDI #6 over various phases of the
WLTC and the random driving cycle as well as two on-road trips.

emissions over the low-speed phase of the WLTC (WLTC_A at
cold-start conditions; 8.5 x 10'2 p/km). Aggressive accelerations
during the severe portion of the random cycle (RC_C) led to
elevated SPN emissions. The on-board results are in qualitative
agreement with the laboratory results. The higher SPN emissions
over PEMS Route 1 as compared to Route 3 can be explained by
the higher average speeds (55 vs. 30 km/h). Qualitatively similar
results were observed for the other GDI vehicles. In most cases,
cold start contributed the largest portion to the differences in SPN
emissions observed between different sub-cycles.

As mentioned in Section Ambient Temperature, SPN
emissions at cold-start are high due to engine enrichment
resulting in incomplete combustion. The SPN emissions decrease
as the engine gets warmer due to better combustion. In addition,
the increasing surface temperatures of cylinder walls aid better
fuel vaporization and avoid “pool fires” (Witze and Green,
2005; Peckham et al., 2011). The higher SPN emissions during
accelerations correlate with the air/fuel ratio; emissions increase
when the mixture is rich (Maricq et al., 1999; Wang et al., 2006).

A similar tendency was observed for the DPF equipped
vehicles, when the emissions were in measurable levels. However,

due to the high efficiency of the DPE in most cases absolute
emission levels were so low that it is difficult to draw robust
conclusions.

Evaluation of On-Road Data

The on-road SPN emission results are presented as integrated
emissions over the whole trip. (Figures 8, 10). However, the trip
share (urban, rural, motorway) and the conditions (e.g., vehicle
mass, ambient conditions, road grade, wind, accelerations etc.)
have a big impact on the final result.

For heavy-duty in-service conformity testing, the trip
requirements and the Moving Average Window (MAW)
evaluation method are described in Regulation 582/2011 (EC,
2011). The MAW is based on data evaluation of windows of on-
road operation whose length is defined by the work produced
over the reference laboratory WHTC. However, the method
contains several boundaries; for example, operation points with
coolant temperature <70°C (i.e., cold-start) and low power
operation, where the engine power is <20% of the maximum
rated power are excluded. For N3 category trucks (i.e., those
tested in this study) the trip should consist of ~20% urban (<50
km/h), 25% rural, and 55% motorway (>75km/h) operation
(Annex II of Regulation 582/2011; EC, 2011). These boundary
conditions are currently under evaluation (Perujo and Mendoza-
Villafuerte, 2015).

For the type approval of light-duty vehicles, the share of urban
(<60 km/h), rural (60-90km/h), and motorway (>90km/h)
driving should be of equal duration. The data evaluation is based
on the MAW method. The lengths of windows match half of
the mass of CO, emitted by the respective vehicle over the
WLTC. Additional boundary conditions limit the instantaneous
acceleration at a given speed and the cumulative elevation
gain during a trip. However, there are still some open points
regarding the boundary conditions for the analysis of the results
(e.g., exclusion of high acceleration rates or certain ambient
conditions).

To illustrate the variability of SPN emissions over a test,
Figure 9 shows the MAW SPN results over the mean speed of
each MAW as well as the average results for urban, rural, and
motorway driving during an on-road trip. The WLTC laboratory
results are also depicted for comparison. Figure9 confirms
the findings of Figure 8, suggesting that cold-start and high
accelerations increase SPN emissions. Control of parameters such
as fuel injection, spark timing, and air-to-fuel ratio during cold-
start and acceleration may be important in limiting the extent of
particles formation.

The on-road PEMS-SPN emissions are calculated without any
data exclusions (4.1 x 102 p/km) and alternatively by following
the RDE regulation with the exclusion of cold start and idling
and the weighing of emissions if these belong to windows whose
CO; emissions deviate by more than 25% from the emissions
measured over the WLTC (3.2 x 10'2 p/km). The on-road SPN
emissions are higher than those measured in the laboratory over
the cold-start WLTC (2.2 x 10'2 p/km).However, it is important
to keep in mind when reporting emissions using the evaluation
tools (like MAW or power binning method) because they are
partly normalized emissions to the type approval cycle.
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FIGURE 9 | MAW SPN emissions of a road trip with Vehicle GDI #5 in
function of the MAW speed. The blue small squares (1) show the first half
way of the trip and the small green triangles (2) the return trip. Solid diamonds
depict the mean on-road SPN emissions for urban, rural, and motorway
driving. White circles depict the laboratory SPN emissions over the four
phases of the WLTC.

SPN Emission Factors

Experimental Results

The results of the on-road PEMS tests obtained with the PMP-
TP or PEMS-SPN and those of the laboratory tests obtained
with the PMP-CVS are shown in Figure 10. Beginning with the
PEMS results, the Euro V heavy-duty diesel Vehicle HD #1 had
high emissions (2 x 10'* p/km), while the Euro VI heavy-duty
diesel Vehicle HD#2 showed very low SPN emissions (6 x 1010
p/km). Assuming 1.2 kWh/km for the WHVC (Ntziachristos
et al., 2006), then the 6 x 10'! p/kWh Euro VI SPN limit would
translate to 7.2 x 10'! p/km, and the on-road emissions of the
Euro VI truck are one order of magnitude lower than the limit. As
far as the compression ignition light-duty vehicles is concerned,
Vehicle DPF #1 had emissions of 8 x 10'! p/km, while the
emissions of Vehicle DPF#2 were one order of magnitude lower,
thus close or even below the Euro 6 limit (6 x 10! p/km). The
Vehicle PFI had SPN emissions slightly higher than 1 x 10'2
p/km (note that the trip comprised urban driving only). The SPN
emissions of the GDI vehicles spanned ~ from 8 x 10!! to almost
8 x 10'2 p/km. Most GDIs complied with the current Euro 6 limit
(6 x 1012 p/km) but not with the future Euro 6c limit (6 x 10!}
p/km, to be applied from 2017 onward).

The laboratory results of the (future type approval) cold-start
23°C WLTCs (or WHVC for the Euro V truck, which is not a type
approval cycle) were in relatively good agreement with the on-
road PEMS results, with the exception of the DPF equipped light-
duty vehicles. As discussed in the previous sections, the DPF fill
state and the passive regeneration during the on-road tests most
likely contributed to the high, though unsystematic differences
(see also discussion of Figure 4). The on-road tests of Vehicle
DPF #1 were conducted almost immediately after a regeneration
event in the laboratory and for this reason they are elevated.
For the remaining vehicles, deviations may be explained by:
(i) uncertainties of the measurement equipment (e.g., Vehicles
GDI #2, #4, #6), (ii) the lower ambient temperatures on the
road (Vehicles GDI #2, #4, #6), (iii) the differences in driving
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FIGURE 10 | SPN emissions of heavy-duty and light-duty vehicles on
the road (PMP-TP) and in the laboratory (PMP-CVS). Asterisk indicates
that PEMS-SPN was used instead of PMP-TP system for on-road
measurements. DPF regeneration has been excluded from the emission
measurements of Vehicles DPF #1 and DPF#2 when tested in the laboratory.
On-road results are averages of all tested routes (see Table 3). Error bars
indicate the range between minimum and maximum SPN emissions. Dashed
lines depict the applicable emission limits. Numbers indicate the ratio of
on-road to lab emissions.

conditions on the road and in the laboratory, (iv) the uncertainty
of the chassis dynamometer parameters to simulate on-road
driving, and (v) the mass of the PEMS.

A deviation of about a factor of two was observed when
comparing the on-road and laboratory tests of Vehicles GDI
#5 and GDI #6. A closer examination of the real time signals
in the laboratory tests revealed that these vehicles had very
high emissions during accelerations. In addition, vehicles were
running under rich conditions during most part of the on-road
tests. The Euro 6 Vehicles GDI #1 and #2 showed on the road
lower SPN emissions than in the laboratory. This observation
may probably be explained by the relatively high contribution of
cold-start to the average SPN emissions in the laboratory. The
cold start (around 5min) has a higher impact on a 30 min test
cycle (WLTC) than on a 120 min on-road test. To illustrate the
effect, we compared the SPN emissions measured on the road
with those measured over a hot WLTC test. The ratio of SPN
emissions changed from 0.72 to 1.2 for Vehicle GDI #1 and from
0.87 to 1.27 for Vehicle GDI #2.

It should be mentioned that the light-duty on-board emissions
were compared with the WLTC emissions which are considered
more representative of the real-life operation of the vehicles than
the NEDC. Comparisons with SPN emissions measured over the
NEDC would probably result in higher differences between on-
road and laboratory measurements. Similarly the Euro V truck
on-road emissions were compared with the WHVC and not the
ETC. As a side note, the fuel consumption of the three GDI
vehicles (#1, #3, #5) was 15-35% higher on the road than in the
lab; this observation is in line with the ranges reported in the
literature (Mock et al., 2013). For example, Weiss et al. (2012)
found 24 + 15% differences at seven diesel Euro 4-6 vehicles.
Another study of 600,000 vehicles found 40% differences (Tietge
et al., 2015).
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Literature Overview on SPN Emission Levels

The SPN emissions measured in this study are in general within
the ranges reported in the literature on chassis dynamometer
studies (see Giechaskiel et al., 2012a; Ntziachristos and Galassi,
2014). The substantial decrease in the SPN emissions between
Euro V and Euro VI trucks shows the potential of engine and
after-treatment technologies following the introduction of a Euro
VI SPN limit. Until Euro V a mass limit of 20 mg/kWh was only
required and any DPF was optimized for such emission levels
(which are equivalent to 4 x 10'® p/km assuming a correlation of
2 x 10'2 p/mg, see Giechaskiel et al., 2012a). The SPN emissions
of the PFI vehicle (1.2 x 10'? p/km) are at the high end of
reported values, probably because this vehicle was tested in
“urban” conditions only. The emissions of the seven GDI vehicles
(2 x 10'2 p/km) were at the lower end of reported values. This
observation may be attributed to the improvements of the new
generation of GDIs.

On-road measurements of Euro III and IV diesel buses showed
levels of 9 x 10'% and 3 x 10' p/km, respectively (Liu et al,,
2011). Huang et al. (2013) found much higher emissions for a
Euro IV diesel bus using PEMS equipment (7 x 104 p/km).
The Euro V truck of our study showed lower SPN emissions
than the previously mentioned Euro III and Euro IV buses.
Johnson et al. (2009b) and Zheng et al. (2014) measured trucks
with a Continuously Regenerating Trap (CRT) and found SPN
emissions below 6 x 10! p/km. However, Zheng et al. (2014)
found that SPN emissions during uphill driving could increase
by one order of magnitude compared to the test without uphill
dribing. These findings are in agreement with the SPN emissions
measured in our study with the Euro VI heavy-duty vehicle on
the road (Vehicle HD #2).

The on-road PN emissions of diesel cars that are not equipped
with a DPF range approximately from 1 x 1014 p/km (Vogt et al.,
2003) to 6 x 10 p/km (Huang et al., 2013), depending on the
specific test route and operating conditions. The SPN emissions
of diesel cars equipped with a DPF are two orders of magnitude
lower (5 x 10'2 p/km; Armas et al., 2013) and can be even
close to the ambient background levels under favorable operating
conditions, e.g., optimum DPF fill state (Bergmann et al., 2009).
Our results are within the reported range (see Vehicles DPF #1
and #2 in Figure 10).

The PN levels measured on-road for light-duty gasoline
vehicles vary over several orders of magnitude. Wehner et al.
(2009) found total PN emissions (including volatile and semi-
volatile particles) of 1.8 x 10'2 p/km for a Euro 4 gasoline car.
Huang et al. (2013) found PN emissions two orders of magnitude
higher (1.5 x 10'*) for another Euro 4 gasoline car. Due to the low
temperature at the thermal pre-treatment (80°C) of the sampling
system, it is possible that these emissions included semi-volatile
particles as nucleation mode. Our results are in agreement with
Wehner et al. (2009).

The on-road SPN emission levels of the two heavy-
duty vehicles are lower than those found by the roadside
measurements. Total PN emissions of 1.4 x 10'* p/km have been
measured for DPF equipped buses and 6.5 x 10'* p/km for non-
DPF buses (see reviews of Morawska et al., 2008; Hallquist et al.,
2013). The Euro V DPF equipped truck had emissions of 2 x 10'?

p/km which is lower but close to the reported value. However,
the Euro VI truck had emissions <1 x 10'! p/km indicating the
capabilities of high efficiency DPFs that have to fulfill the Euro
VI SPN limits. The reported roadside emission levels of light-
duty vehicles are on the order of 3 x 10'* p/km, which is much
higher than the emissions reported here (1-5 x 10'2 p/km; see
Figure 10). The discrepancy may be explained by (i) the share of
diesel cars without DPF in the vehicle fleet, (ii) the observation
that roadside measurements often include nucleation mode
particles and secondary particles, and (iii) the overall higher
uncertainty, thus variability, of roadside measurements.

Literature Overview on Comparisons Between
Laboratory and On-Road Tests

Direct comparisons of SPN emission measurements conducted
in the laboratory and on the road are still scarce. Vogt et al.
(2003) and Giechaskiel et al. (2007a) found very good agreement
(within 15%) between laboratory and chase steady state tests for
light-duty diesel vehicles. Bergmann et al. (2009) measured lower
emissions in the laboratory compared to on-road tests for a DPF
equipped light-duty vehicle. Similarly, Andersson et al. (2014)
found almost one order of magnitude lower SPN emissions in the
laboratory than on the road with PEMS for DPF-equipped diesel
cars. These results are in agreement with our findings.

To our knowledge, there are no comparisons of SPN emissions
from GDI vehicles in the literature. Here, we show that SPN
emissions on the road are generally higher by a factor <2 than
those found in the laboratory. The Euro 6 vehicles had on-
road emissions close to the laboratory values (values <1). This
observation indicates that for current technologies, the on-road
SPN emissions are roughly in line with the applicable emissions
limit. We have not observed exceedances comparable to those
found for NO, emissions, where factors of seven have been
reported (Franco et al., 2014). In addition, the on-road SPN
emissions of the GDI vehicles were lower than the current limit
of 6 x 102 p/km. However, it remains to be investigated whether
the relatively good agreement between laboratory and on-road
SPN emissions may still hold for future GDI vehicles that have
to emit less than 6 x 10'! p/km and may be equipped with new
technologies (i.e., Gasoline Particle Filters).

In general, the results of the present study are at the low
end of PN emissions reported in the literature. We attribute this
observation to technological improvements, especially related
to GDI vehicles, and the fact that we examined only solid
particles >23nm (as currently regulated in the EU). Previous
studies also investigated the emissions of sub-23 nm particles
in the laboratory. In agreement with the literature, Giechaskiel
et al. (2014c) found that sub-23 nm particles over a test cycle
(WLTC) accounted for 30-40% of the total PN emissions. The
sub-23nm fraction during on-board tests was not measured.
However, an estimation can be made based on our PEMS-
SPN results: The difference of the SPN particles (>15nm) as
estimated by the instrument versus the >23 nm SPN emissions
as calibrated by us reached some 30-50%, which is in line with
the expected percentages. However, this estimation is subject to
high uncertainty as the actual on-road mean particle size could
be different compared to the one observed in lab tests used for
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the >23 nm calibration of the PEMS-SPN instrument. The total
emissions (solids and volatiles) were not evaluated.

CONCLUSIONS

Limits for SPN emissions have been introduced in the European
Union in 2011 for light-duty vehicles and 2013 for heavy-
duty engines, respectively. However, quite often, differences
in SPN emissions are found between laboratory and on-
road tests. European policy makers address this situation
with the recently approved RDE on-road test procedure for
light-duty vehicles. On-road emissions testing with PEMS is
well established for determining the in-service conformity of
heavy-duty vehicles with respect to gaseous pollutants. The
application of PEMS for measuring particulate mass emissions
is already accepted in the USA and might be included in the
European regulation too. However, the application of PEMS
for SPN emissions for the type-approval testing of light-
duty and heavy-duty vehicles is new and presents technical
challenges.

Particle sampling at the tailpipe requires robust systems
that can handle high temperatures. Agglomeration (0-
15%), thermophoresis (0-5%), uncertainty in exhaust flow
measurements (£10%), and time alignment issues (0-10%)
can result in differences between SPN emissions measured
at the tailpipe and after dilution tunnel sampling (as
prescribed in the current regulations). The application of
two different principles (i.e., diffusion charging and electrical
detection vs. optical counting) for determining particle
number concentration with PEMS-SPN introduces an extra
measurement uncertainty which was found to be on the
order of 30% (with a standard deviation 25%). Nevertheless,
this uncertainty was similar for emission levels that span
over almost three orders of magnitude (from 5 x 10'° to
2 x 10'3 p/km).

This article has also analyzed parameters that can affect SPN
emission levels. Among these are the status and pre-conditioning
of the after-treatment systems, namely the DPF. Here it was
demonstrated that the DPF status can significantly affect the
repeatability of SPN measurements. Differences of more than one
order of magnitude were found between regenerating and non-
regenerating cycles. Low ambient temperature testing (—7°C)
increased the emissions by 70-160% compared to testing at
23°C. However, tests conducted with already warm engines at
different ambient temperatures typically varied by less than 50%
with respect to the resulting SPN emissions. A 10-15% increase
of the vehicle weight resulted in a 10-25% increase of SPN
emissions. Aggressive driving that includes strong acceleration
and frequent changes in engine rpm resulted in elevated SPN
emissions. Subsequently, SPN emissions can increase by a factor
2-5if cold-start and strong accelerations are covered by a driving
cycle.

We also conducted on-road emission measurements of two
heavy-duty vehicles equipped with diesel particle filter (DPF),
two light-duty diesel vehicles equipped with DPE, one fuel port
injection (PFI), and six gasoline direct injection (GDI) passenger
cars. The Euro V heavy-duty diesel truck showed SPN emissions
of around 2 x 10'® p/km, while the Euro VI diesel truck emitted
only 6 x 10'° p/km. One of the DPF equipped light-duty vehicle
had emissions of 8 x 10!! p/km, while the other one had one order
of magnitude lower emissions. The PFI showed SPN emissions
slightly higher than 1 x 10'? p/km on an urban trip. The SPN
emissions of the GDI vehicles spanned ~ from 8 x 10!! to almost
8 x 10'2 p/km. For the non-DPF vehicles the on-road PEMS
results were in relatively good agreement with those obtained in
the laboratory, with differences of a factor <2.1. However, the
SPN emissions of the DPF equipped vehicles differed by almost
one order of magnitude when driven in the laboratory and on the
road.

Concluding, SPN measurements on-board are possible with
a relative small increase of the measurement uncertainty.
This uncertainty is smaller than the differences observed
between laboratory and on-road measurements. Reasons that
can partly explain the differences are DPF fill state, ambient
air temperature, chassis dynamometer settings, extra mass of
PEMS and driving conditions/style. Even higher differences can
be observed compared to roadside measurements, but there total
PN measurements are typically conducted that include formation
of secondary particles.
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