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Abstract The combination of modern engine technologies,
efficient aftertreatment, and tighter emission standards result-
ed in drastically lower particulate emission levels in Europe
today. The conventional methods defined to test particulate
emissions fail at such low levels as they are aimed at deter-
mining the mass of the particles collected on a filter (PM).
This led to particle number (PN) measurement having become
established as the method of choice to test for low particulate
emissions from mobile sources. At present, there are several
emission legislations that have added PN as an additional
emission parameter, while there are no mandatory regulations
for ambient air monitoring anywhere in the world so far. An
overview of already enforced as well as an outlook of upcom-
ing emission legislations for mobile sources that will require
PN measurement will be given in this review and correspond-
ing test solutions are described. Special emphasis is given to
emission testing of construction machinery diesel particle fil-
ters in the field. Portable test equipment capable of measuring
nonvolatile PN from such combustion sources is explained.
Despite the progress, challenges in the measurement of low
particle emissions remain, including the fact that solid parti-
cles that exist in the sub-23-nm-size range could be of more
importance than originally thought.
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1 Introduction

During the past few years, several emission legislations have
been amended and new regulations have been introduced. In
consequence, more stringent levels for particulate emissions
from light-duty and heavy-duty vehicles have been imposed,
with additional regulations for off-road machinery and aircraft
engines under preparation. For example, the Euro VI standard
for heavy-duty diesel engines that became effective for new
type approvals in 2013 resulted in a 90 % reduction of partic-
ulate mass compared to the Euro III standard that came into
effect only 13 years earlier. When considering particle num-
ber, that decreases amounts even to 99.8 %. These tighter
emission standards in combination with state-of-the art engine
technologies and very efficient emission control devices such
as diesel particulate filters (DPF) and gasoline particulate fil-
ters (GPF) have resulted in the drastically lower particulate
emission levels.

As a result of the lower emission levels, conventional test
methods to determine and certify particulate emissions have
reached their measurement limits. A few years ago, particulate
matter (PM) was the only parameter of the particulate emis-
sions that was measured. It is the PM mass test methods that
regularly fail at the low emission levels seen today. During
filter measurements, the mass of particles collected on the
filter is only a tiny fraction of the overall filter mass, typically
just three orders of magnitude of the total mass. This puts the
microbalances and ultra-microbalances used to weigh such
filters at the limit of their detection as weighing anything close
to the weight of a blank filter is extremely challenging. An
added complication with that method is that the volatile frac-
tion of the material collected on the filter can be many times
the mass of solid particles collected, and that different filter
materials have a different response to such volatiles.
Established real-time PM methods do not fare better and fail
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at low emission levels as well, including those used for legal
certification of engines. Schlatter [26] and Spiegel et al. [31]
reported that transmission smoke meters and opacimeters
reach the limit of their capabilities as the measurement princi-
ples become less sensitive at smaller particle sizes and low
concentrations. They concluded that opacimeters are not suit-
able anymore for the current generation of diesel engines that
meet the latest Euro 5 and 6 standards.

In addition, PM mass is a measurement parameter that is
ill-suited to begin with for the testing of efficient diesel parti-
cle filters (DPF) as they are nowadays commonly used to
clean the emission of passenger cars, trucks, and buses. The
reason lies in the fact that PMmass is essentially insensitive to
the fill state of a DPF or to its porosity. PMmass emission tests
also do not necessarily permit distinguishing between a DPF
that is working properly from one that is malfunctioning or
even disabled by the user. Instead, the test method should be
sensitive enough to also detect a DPF that fails in the field,
e.g., due to cracking, melting, or a malfunctioning regenera-
tion system. Such malfunctioning DPFs might still capture the
majority of the particulate mass but could permit a high num-
ber of particles to pass through at the same time, which is a
failure that is very hard for conventional mass- and opacity-
based test systems to detect.

The solution to this measurement predicament is the addi-
tion of the particle number (PN) parameter. Real-time mea-
surements of the particle number and size distribution of en-
gine exhaust emissions have been made since the early 1970s
[30]. The measurement of nonvolatile PN is superior to the
gravimetric PM mass method both in terms of its precision
and speed, but it is also more robust overall. The PN measure-
ment method has been shown to be three orders of magnitude
more sensitive than PM measurements are and has a substan-
tially better signal-to-noise ratio, in particular for low particle
emissions [11]. Particle number measurements can be accom-
plished with relative ease; in particular as standardized emis-
sions test systems are now readily available. Furthermore, the
PN method offers the added benefit that it can be used to
estimate health impacts of the ultrafine particle fraction, which
is the largest contributor to the particle number concentration
[20]. Exposure to ultrafine particles is an important issue in
particular in urban areas and near highly frequented roads. The
combined benefits of the solid PNmeasurement method led to
new emission legislations for particle number being consid-
ered and subsequently implemented.

2 Existing Emission Legislations for Particle Number

2.1 Light-Duty Diesel Legislation

Switzerland played the pioneering role in the establishment of
emission standards for particle number concentration in

Europe. In the mid 1990s, the VERT consortium
(Verminderung der Emissionen von Realmaschinen im
Tunnelbau) was formed with the aim to achieve a drastic re-
duction of soot emitted by machinery used in tunnel construc-
tion. VERT comprehensively showed that particulate trap
technology, and DPFs, in particular, were the only acceptable
choice to efficiently remove nanometer-sized particles
from the exhaust gas. The list of available filters for
diesel engines that was first put together by VERT in
1998 mandated 95 % filtration efficiency for solid par-
ticles in the size range from 20 to 500 nm, which was
likely the first establishment of a particle number count
criterion for exhaust emissions. Using that requirement,
VERT demonstrated filtration efficiencies for ultrafine
particles of more than 99 % by their number count [18].

In 2001, the Particulate Measurement Programme
(PMP) was formed as a collaborative program lead by
the UK’s Department for Transport under the auspices
of the United Nation’s Working Party on Pollution and
Energy (UNECE GRPE), with stakeholders from a num-
ber of European Union countries as well as Switzerland.
The PMP working group formulated a three-phased ap-
proach. In phase 1, various measurement systems capa-
ble of measuring several key particle parameters and
properties were evaluated. An important milestone was
the comparison study of particle measurement systems
for future type approval at EMPA in Switzerland during
PMP phase 2, which resulted in a noteworthy final re-
port with far-reaching consequences [19]. Among other
conclusions, specific recommendations were made to
complement an improved PM filter measurement meth-
od by one of solid particle number counts. Phase 3 of
that program then validated the two recommended mea-
surement techniques in interlaboratory test programs. On
a European Union level, UK experts proposed a revised
PM procedure as well as the introduction of particle
number count to GRPE in June 2007, a proposal that
was not adopted at first. The formal vote in favor of
that proposal took place 1 year later, and the amend-
ments to UNECE Regulation No. 83 entered into force
with the official publication of the procedures during February
2009. The new annex for Regulation 83 integrated modifica-
tions to the PM measurement procedure and effectively intro-
duced the particle number procedure for certification testing.
Since September 2011, the Euro 5B standard requires a PN
limit of 6×1011 particles/km for type approval of all
new light-duty diesel vehicles, the first PN legislation
implemented by the European Union. The test cycle that
has to be used is the New European Driving Cycle
(NEDC), which consists of an urban cycle that is run
four times and an extra-urban cycle. The complete emis-
sions test procedure for the PN measurement is de-
scribed in detail in Regulation No. 83 [22].
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2.1.1 Particulate Measurement Programme Method

The test procedure for solid particle number in Regulation No.
83 is based on the Particulate Measurement Programme
(PMP) method and is explained in great detail elsewhere [6,
10]. PMP specifies that only solid particles must be measured.
Semi-volatile and volatile particles that are formed by nucle-
ation of gaseous components as the exhaust cools were to be
excluded from the measurement as they can contribute signif-
icantly to variability. While the terminology solid particle is
not always used consistently, it is aimed at material that does
not evaporate at temperatures of 300 °C, so a more correct
designation would be nonvolatile particles. It should be point-
ed out that the definition of solid as insoluble or nonvolatile is
also important in an occupational health context. The German
Social Accident Insurance used it since 1996 for particulate
materials in theMAK limit values definition for A-dust and E-
dust (TRGS 900) [33]. While the primary method of eliminat-
ing volatile particles is thermodilution, the PMP measurement
system incorporates a secondary safety factor as the smallest
particle size detection limit of the particle number counter is
adjusted to 23 nm.

In essence, the PMPmethod consists of the following steps
shown in Fig. 1. Vehicle exhaust is first diluted with HEPA-
filtered air in a constant volume sampling (CVS), full flow
dilution tunnel. The exhaust gas is then extracted from the
CVS tunnel through a sampling system that includes a particle
pre-separator for the removal of the few coarse particles larger
than 2.5 μm that are not measured by this method and an
exhaust particle transfer system. Subsequently, the exhaust
gas sample is diluted with heated air by a factor of at
least ten in a primary dilution stage. This preconditioning

is done at temperatures larger than 150 °C in order to
avoid condensation of raw exhaust gas compounds that
are included in the sample. From the primary diluter, the
sample passes through the evaporation tube that is exter-
nally heated up to 400 °C before it enters a secondary
dilution stage, where all volatile particles are removed
from the vehicle exhaust and only solid particles remain.
Finally, the sample enters the particle number counting
device. The PMP method always employs a full flow
condensation particle counter (CPC; [29]) for that pur-
pose. It has to meet a required counting accuracy of
±10 % across the range from 1 to 10,000 particles/cm3

with a 50 % counting efficiency at a particle size of
23 nm. The most commonly used condensation particle
counters are based on the model 3790 Engine Exhaust
CPC (TSI Inc., St. Paul, MN, USA; [23]). The use of
CPCs raised the question of a traceable method for their
calibration, in particular, with respect to their smallest
particle size detection limit, counting efficiency, and con-
centration linearity. This subject has been addressed at
length elsewhere [5, 9, 15].

2.1.2 Sub-23-nm Particles

The PMP method defines that only solid particles above a 23-
nm threshold shall be measured. This particle size was con-
sidered to be larger than the size of typical volatile nucleation
mode particles but smaller than the main accumulation mode
of solid diesel particles. The motivation was to exclude vola-
tile particles from the number concentration measurement to
increase the stability and repeatability of the measurement
method, which evidently proved to be the case. The threshold
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was chosen rather arbitrarily during the early stages of the
program as it could be easily implemented in then existing
CPC instruments by varying the temperature difference re-
quired for the activation of the particles to be measured.
Since then, there has been much discussion about the validity
and usefulness of a lower size limit at exactly 23 nm.
Giechaskiel and Martini [7, 8] showed that sub-23-nm parti-
cles can be found in emissions from diesel engines without
exhaust aftertreatment at low loads. Processes like the re-
nucleation of sulfuric acid and semi-volatile material result
in the formation of volatile particles in the lower nanometer
range. Several studies have also shown the existence of solid
particles in vehicle emissions below that threshold [12, 17,
37]. For instance, the regeneration of DPFs inmodern vehicles
can produce an emission of solid particles that is less than
23 nm in size. In 2012, Kittelson presented his findings that
metal-based additives in oil and fuel can generate large num-
bers at small particle sizes [13]. Further work may lead to a
revision of the 23-nm cutoff size as, from a measurement
perspective, it is already possible to reduce the lower limit to
10 nm with existing CPC instruments.

2.1.3 Turn-Key Test Systems

The first solid particle counter, the reference “Golden” particle
measurement system used during the interlaboratory test pro-
gram of PMP’s phase 3 from 2004 to 2006 [2, 6] was provided
by Matter Engineering AG (Wohlen, Switzerland). Matter
Engineering holds a patent that describes the dilution and
heating of the exhaust gas sample to suppress volatile com-
pounds before a subsequent measurement by a suitable detec-
tor (US 7,682,426), which is the exact process that was im-
plemented by PMP [34]. The Golden instrument in essence
consisted of individual components such as a rotating disk
diluter with evaporation tube (Matter Engineering AG), a
CPC 3010D (TSI Inc.), and a control unit mounted in a 19-
in. mobile rack.

Since that time, dedicated solid particle counting test sys-
tems have been introduced. They incorporate everything
needed to perform PMP-compliant measurements for Euro
5b and 6 certification of vehicle emissions in more compact
designs that can be fully integrated into test rig automation
environments. These turn-key solutions have in common that
they combine the sampling line and thermodiluters, albeit of
different designs, with a condensation particle counter. The
most important solutions used in the automotive testing mar-
ket have been realized in the AVL Particle Counter (APC 489,
AVL List GmbH, Graz, Austria) and the MEXA-2000SPCS
(HORIBA Ltd, Kyoto, Japan) (Fig. 2). Additional information
on these PMP-systems can be found in Giechaskiel et al. [6]
and Wei et al. [35]. Further test solutions that are for the most
part of local significance exist in other countries, including
France, Germany, China, and Japan.

2.2 Heavy-Duty Diesel Legislation

Following the completion of the interlaboratory test for light-
duty vehicles and the corresponding report, PMP started the
heavy-duty program in 2008. This Inter-Laboratory
Correlation Exercise (ILCE) used the measurement approach
developed in the light-duty exercise and involved a Golden
heavy-duty test engine fitted with a DPF. Its validation phase
was limited to four laboratories based in the European Union
and one in Switzerland, although it allowed participation from
additional laboratories worldwide to participate in the round-
robin and conduct their own testing if they followed the same
test protocol. The Golden particle measurement systems used
during the heavy-duty interlaboratory testing were two proto-
types of the solid particle counting systems (SPCS) developed
by HORIBA Ltd. [36]. An extensive report of the experimen-
tal work completed during this exercise has been published by
Andersson et al. [3].

With the heavy-duty interlaboratory program concluded,
the European Commission published a formal proposal for
Euro VI emission regulations for on-road heavy-duty engines.
This draft considered the implications of differences found
between light- and heavy-duty testing results. It added PN
limits for solid particles and followed the PMP method, with
the major difference that optionally also partial flow dilution
systems can be used for the type approval of new heavy-duty
diesel engines. The amendments to UNECE Regulation No.
49 for heavy-duty vehicles were introduced in 2011 and be-
came effective from January 2013 [21]. Since then, new
heavy-duty diesel engines have to meet a Euro VI emissions
level of 8×1011 particles/kWh on the World Harmonized
Stationary Cycle (WHSC) and of 6×1011 particles/kWh on
the World Harmonized Transient Cycle (WHTC).

2.3 Gasoline DI Engine Legislation

While the new emission legislations for particle number were
only applied to diesel vehicles and engines initially, an exten-
sion that also covers vehicles using gasoline direct injection
engines was subsequently addressed. This caused the amend-
ment of Regulation No. 459, which required that all new gas-
oline-fueled, spark-ignition light-duty vehicles equipped with
direct injection will also have to meet a PN limit in Europe. It
entered into force in September 2014, and since that time, all
new light-duty vehicles with gasoline direct injection engines
have to meet the Euro 6b emission level of 6×1012 particles/
km tested under the New European Driving Cycle. In
September 2017, the initial PN limit will be reduced further
to a limit value for Euro 6c of 6×1011 particles/km, which
corresponds to the PN limit value for light-duty diesel vehi-
cles. The measurement method once again follows the PMP,
so the same test procedures and type of solid particle counting
test systems can be used. It should be noted that this legislation
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does not apply to port-fuel injection (PFI) engines, and that
there is currently no regulation being planned that would ex-
tend the PN emissions level to such vehicles.

3 Pending Emission Legislations for Particle Number

3.1 Off-Road Construction Machinery, Swiss Legislation

The VERT project, and later the ongoing activities of the
VERTAssociation, continued to drive the demand of applying
best available technology to the reduction of emissions from
construction machines with diesel engines and the use of par-
ticle number measurement for the quantification of these ef-
forts. In June 2012, Switzerland adopted another pioneering
role by announcing the intent to introduce a new legislation on
portable particle counters for the periodic control of off-road
construction machinery [27]. The Swiss Ordinance of Air
Pollution Control (OAPC), a law enacted by the Swiss
Government, is the first legislation worldwide that effectively
limits PN emissions of off-road vehicles for machine homol-
ogation and periodic on-site emission control. This legislation
effectively takes PN emissions testing out of test bench envi-
ronments and into the field. High demands are made on the
measuring instruments through the requirement that the ma-
chinery can only be operated when fitted with a DPF system
which meets the requirements specified in OAPC or that it
does not exceed a PN limit value of 1012 particles/kWh. Up
to now, biannual tests of the particulate emission have to be
conducted with opacimeters. Due to the requirement of con-
struction machines in Switzerland to be equipped with DPFs
and because of the specific new requirements for nanoparticle
measurements, opacimeters will once more need to be re-
placed by a test system that is more sensitive to low particulate
emissions.

The amendment of the Ordinance on Exhaust Gas
Analysers (VAMV) with nanoparticle measurement

instruments has been in place since January 1, 2013.
Regulation SR 941.242 mandates the in-use compliance test-
ing of all construction machinery DPFs, which is typically
done in the field. The regulation is relevant for a wide array
of products as diverse as for instance excavators, bulldozers,
front loaders, fork-lifts, and power generators. The PN regu-
lation has been published on January 1, 2015 and is expected
to be promulgated within a few months after that date.
Following the official promulgation, a phase-in period will
start that lasts a minimum of 2 years. After that period, all
off-road construction machinery in Switzerland will have to
be tested and certified for their PN emission biannually. A
reference value for solid PN of 250,000 particles/cm3 has been
set as the pass/fail threshold under official measurement con-
ditions. These conditions require a defined conditioning of
engine and DPF first, so the measurement can be conducted
at constant engine operation at maximum speed respectively
high idle speed. The reference value chosen is analogue to the
1×1012 particles/kWh stated in the OAPC regulation.

3.1.1 Nanoparticle Test System for the Swiss Ordinance
on Exhaust Measurement

The August 2012 and March 2014 amendments of the
Ordinance of the FDJP on Exhaust Gas Analysers (VAMV)
defined the specific requirements that nanoparticle measuring
instruments must fulfill in Switzerland in order to test the
corresponding types of construction machinery [32]. The
main requirement is that such test systems have to be able to
measure the number concentration of nanoparticles between
20 and 300 nm in diameter and between 5×104 and 5×106

particles/cm3 in concentration. Similar to PMP, the volatile
fraction of the emission is purposely excluded. The measure-
ment must also be made with an efficiency of 70 to 130 % for
nanoparticles of 80 nm in diameter, which is a requirement
that only CPCs meet perfectly. In addition, the test instrument

Fig. 2 Commercially available
instruments for PMP-compliant
testing: AVL Particle Counter
(APC) 489 shown on the left,
HORIBA MEXA-2000SPCS on
the right (photos © AVL List
GmbH; HORIBA, Ltd)
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has to be configured for portable use and fulfill well-defined
ambient temperature range and pressure conditions.

The first instrument that has been submitted for certifica-
tion to the Swiss Federal Institute of Metrology (METAS) for
official and routine emissions testing according to regulation
SR 941.242 is the Nanoparticle Emission Tester (NPET) mod-
el 3795 (TSI Inc.) shown in Fig. 3. The NPETcombines all of
the commonly complex components in one portable instru-
ment that can directly measure solid-particle number concen-
tration in the range from at least 1,000 to 5,000,000 particles/
cm3 (Fig. 4). It consists of a stainless steel sample probe with a
built-in 10:1 diluter that allows the measurement of high con-
centration emissions. Dilution air is provided internally by
recirculating 6.3 L/min of the sample flow after it passed
through a diffusion dryer and two HEPA filters that dry and
clean the air stream. Condensation of water vapor is prevented
through drying the dilution air, in such a manner that the 10:1
dilution with dry air results in a mixed dew point greater than
the coldest point in the measurement system. The diluted sam-
ple then enters the preconditioner, which consists of a com-
bined 1-μm cyclone to remove large particles and a water trap.
This combination captures and eliminates any condensates
that could be caused by cold environmental temperatures be-
fore they can enter the subsequent components of the instru-
ment. Since the regulation once more defines that only the
solid components of the exhaust emission shall be measured,
a volatile particle remover is subsequently employed. It con-
sists of a catalytic stripper [1, 14] that is heated to 350 ° C to
remove greater than 99 % of the volatile material from the

sample flow. Any condensed hydrocarbon species in the sam-
ple are evaporated and oxidized by the catalytic stripper,
whether they are emitted, formed during dilution, or caused
by a storage and release event from the sampling system. The
solid particles are then counted by a CPC that provides accu-
rate measurements at high and low concentrations. This par-
ticular CPC uses isopropyl alcohol as its working fluid, which
has been shown to be suitable for workplace environments
both indoors and outdoors [16]. The NPET uses a built-in
regulatory certification protocol that meets the Swiss regula-
tion for the periodic testing of diesel engine exhaust
aftertreatment systems but can also be operated in a more
general mode of measurement.

Prototypes of additional test instruments for DPF inspec-
tion have been developed by University of Applied Sciences
Northwestern Switzerland (FHNW) and Matter Aerosol AG,
both of which use electrometers as their detector rather than
CPCs. It should be noted that all of these instruments were
specifically designed for field inspection and not test cell or
chassis dynamometer environments. Although, they follow
the essential ideas of PMP, they are not actually compliant
with the PMP method.

3.2 Aircraft Emission Legislation

Aircraft engines have long been known to have a high particle
number emission [28], a fact that until recently was not ad-
dressed by legislation. Instead the International Civil Aviation
Organization (ICAO) relied on smoke number measurements
introduced in the 1970s until very recently. In 2010, the
ICAO’s Committee on Aviation Environmental Protection
(CAEP) expressed its interest in the development of a new
methodology for measuring nonvolatile particle emissions.
The focus on the nonvolatile fraction of the emission was
explained by the scientific knowledge of solid particles being
more advanced. The CAEP tasked the Society of Automotive
Engineers (SAE) E-31 aircraft exhaust emissions measure-
ment committee, which is a group of experts from industry,
research, and regulators, with the development of a standard-
ized measurement protocol. This protocol was then to be used
to create an aerospace recommended practice for measuring

Fig. 3 Commercially available instrument for routine emissions testing
of off-road machinery: nanoparticle emission tester (TSI model 3795,
Photo © TSI, Inc.)

Fig. 4 Flow schematic of the
nanoparticle emission tester
(NPET), TSI model 3795
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nonvolatile PM mass and particle number emissions from the
exit plane of aircraft engines (SAE AIR).

A variety of aircraft and engines operated with different
fuels have been tested during the SAMPLE, AAFEX, and
APEX projects as well as a campaign at the SR Technics
aircraft engine facility in December 2011 [24]. The testing
was always done with a comprehensive suite of state-of-the-
art instrumentation to evaluate aircraft engines in terms of
their gaseous compounds as well as particle size, number,
and mass emissions. Following extensive consultation, the
conclusion was reached to base a new measurement protocol
for aircraft engine nonvolatile particulate matter (nvPM) and
number emissions on the original method developed by PMP.
An established regulation offers the advantage that it is well
understood and already implemented for regulatory purposes.
Although the PN emission method was adapted from PMP, it
was modified to account for the different sampling needs and
also to take into account that the size distribution of aircraft
particle emissions is different from the one of on-road
vehicles.

The SAE E-31 committee decided to focus on nonvolatile
PN larger than 10 nm rather than the PMP’s lower size limit of
23 nm. This decision acknowledged that a greater share of the
solid particle size distribution emitted by aircraft engines is in
the sub-23-nm range than it is for on-road vehicles, while
below 10 nm mainly volatile particles occur. According to
Crayford et al. [4] more than 90 % of the number of particles
emitted by aircraft engines can be counted when using a 10-
nm lower detection limit. This modification to the test systems
for measurements according to PMP can be accomplished
with relative ease by exchanging the standard Engine
Exhaust CPC typically used for PMP by one with a lower
cutoff at 10 nm, such as the model 3772 CPC (TSI Inc.).

The biggest challenge during the measurement of nvPM is
to establish stable and reproducible sampling conditions. The

SAE E31 committee devised an elaborate sampling system for
the simultaneous measurement of gases and particles that con-
sists of three sections to address the collection, transfer, and
measurement of the emission. This concept of the aircraft
emission sampling system is presented in Fig. 5. As the sche-
matic shows, much longer sampling lines with a total length of
approximately 25 m are needed due to practical needs. The
disadvantage of such a long sampling system is that it intro-
duces significant particle losses predominately due to diffu-
sion, so correction factors are needed to account for the line
loss during both the particle number as well as the mass
measurement.

The formulation of requirements for a nonvolatile particle
number standard was achieved by the publication of the AIR
6241 document in November 2013. This aerospace recom-
mended practice is expected to be the basis for the first nvPM
standard for aircraft engine emissions that is presently devel-
oped by the CAEP working group for implementation in 2016.

4 Future Emission Legislations for Particle Number

With the aforementioned legislations that place mandatory
limits on the PN emission, there is sufficient evidence of the
day-to-day reliability, capacity, and usefulness of regulating
solid particle number. Table 1 gives an overview of current
and pending legislations that limit the particulate emission by
their PN concentration.

It is expected that in the near future, the positive experience
with PN measurement and the PMP method will expand to
new sectors and additional emission sources will be targeted.
One of the next steps will be diesel engines installed in non-
road mobile machinery (NRMM). NRMM is a broad category
that covers equipment and vehicles used in road construction,
railroad transport, marine vessels on inlandwaterways, as well

Fig. 5 Concept of the SAE E-31 sampling and measurement system for aircraft emissions [25]
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as machinery used in the agricultural sector such as harvesters
and tractors. In September 2014, the European Commission’s
Directorate-General for Enterprise and Industry met to discuss
the revision of Directive 97/68/EC for NRMM. During that
meeting, the proposal was made to adopt a PN emission limit
for certification of select NRMM engine types that is to be
enforced in January 2017. This proposal once again draws on
the results of PMP by referring to the measurement of the
number of solid particles larger than 23 nm. Despite the fact
that they also fall into the NRMM category, there is a related
but currently separate activity for hand-held devices with in-
ternal combustion engines such as portable chainsaws.

The EU Commission is also working on developing legis-
lation for real world emissions and has started to investigate
PN emissions in that context. The corresponding measure-
ment should be carried out during on-road vehicle tests with
PN portable emission measurement systems (PN-PEMS). The
motivation for such a regulation is to confirm that real driving
emissions (RDE) match those measured during type approval
certification under test cell conditions. A first assessment of
portable commercial equipment for light-duty vehicles was
presented by the European Commission’s Joint Research
Centre [7, 8]. It is planned that a corresponding regulation will
be proposed for light-duty diesel vehicles starting with Euro
6c in 2017, although no particle number limit has been set yet.
Other sectors for the regulation of PN emissions include the
large marine diesel engines used in cruise ships, tankers, and
container ships, PN emissions from boilers and comparable
heating systems as well as non-exhaust particulate emissions
from vehicles such as brake and tire wear.

5 Conclusions

Advanced engine technology, modern fuels, new lubricants,
and emission control devices have changed the nature of par-
ticulate emissions from most mobile sources. Emissions by
on-road vehicles have been lowered significantly both quali-
tatively and quantitatively compared to barely a decade ago.

Despite the commendable advancements made, the measure-
ment methods defined in legislation have long lagged behind
that development. The conventional method ofmeasuring par-
ticle mass (PM) consequently reached its limits and has been
shown to be prone to artifacts at low emissions. Significantly
more reliable results for low emissions can now be achieved
by the much more sensitive solid particle number measure-
ment method. While the PM mass method fails at very low
emissions of 1 mg/km or less, the solid particle number meth-
od is so sensitive that it can measure emissions more than 20
times lower than that level. In addition, the measurement of
PN offers the benefit that it can be used to indicate the correct
performance of aftertreatment systems like DPFs or changes
in their loading state.

The great advancement that was realized by the PMP pro-
gram is that it developed and established a reproducible meth-
od to quantify very low particulate exhaust emissions. During
the past few years, three emission legislations came into effect
in Europe that made use of these findings and now limit the
PN emission from on-road vehicles. PMP became one of the
outstanding achievements for advancing emission standards
in recent years, so that with regards to their particulate emis-
sions, only the cleanest new vehicle types are approved to be
used on European roads. At least two more PN legislations are
well under way, the Swiss Ordinance on Exhaust Gas
Analysers that takes PN measurements off-road, as well as
the ICAO that applies it to the exhaust of aircraft turbine
engines. Both are expected to come into effect within the next
2 years, with legislation for additional sources already being
discussed. By reducing particulate emissions from this variety
of mobile sources beyond the limit of detection of PM mass
techniques, much can be accomplished to improve air quality.

It is necessary to point out that even bigger strides toward
cleaner air could be made if PN emissions were not only
regulated during type approval of new engines and vehicles.
People living in the proximity of highly frequented roads and
other sources of combustion emissions are frequently exposed
to harmful levels of ultrafine particles. Such local air pollution
and its severe adverse health impacts could be greatly curbed

Table 1 European legislations that regulate particle number (PN) emissions

Vehicle category Engine type Standard Introduction PN limit

Passenger cars Light-duty diesel Euro 5b 2011 6×1011 P/km

Euro 6a 2014 6×1011 P/km

Gasoline direct injection Euro 6b 2014 6×1012 P/km

Euro 6c 2017 6×1011 P/km

Trucks and buses Heavy-duty diesel Euro VI (WHTC) 2013 6×1011 P/kWh

Euro VI (WHSC) 2013 8×1011 P/kWh

Pending

Off-road construction machinery Heavy-duty diesel SR 941.242 2015 1×1012 P/kWh (2.5×105 P/cm3)

Aircraft Jet engine (CAEP/10) (2016) TBD
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by the inclusion of PN concentration in ambient air quality
standards. At present, there is no standard in place that regu-
lates ambient levels of particle number anywhere in the world.
The EU still has its regulatory focus on PM10 and PM2.5
mass concentrations while the number of ultrafines remains
unregulated. In the USA, where regulatory authorities have
reviewed the PMPmethod but not introduced a corresponding
regulation for mobile sources, the US Environmental
Protection Agency (EPA) has added ultrafines as an optional
metrics to be measured in its near-road monitoring networks.
In consequence, several US state and regional agencies
entrusted with regulating air pollution have started adding
instrumentation dedicated to the continuous monitoring of ul-
trafine particle number to their monitoring stations. This is a
commendable effort that will enhance the understanding of the
magnitude and nature of particulate emissions in the nanome-
ter size range near busy roadways. It would be desirable for
the EU to follow that example and implement a similar
guidance.
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