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Abstract: Road transport significantly contributes to air pollution in cities. Emission regulations
have led to significantly reduced emissions in modern vehicles. Particle emissions are controlled
by a particulate matter (PM) mass and a solid particle number (SPN) limit. There are concerns that
the SPN limit does not effectively control all relevant particulate species and there are instances of
semi-volatile particle emissions that are order of magnitudes higher than the SPN emission levels.
This overview discusses whether a new metric (total particles, i.e., solids and volatiles) should be
introduced for the effective regulation of vehicle emissions. Initially, it summarizes recent findings on
the contribution of road transport to particle number concentration levels in cities. Then, both solid
and total particle emission levels from modern vehicles are presented and the adverse health effects
of solid and volatile particles are briefly discussed. Finally, the open issues regarding an appropriate
methodology (sampling and instrumentation) in order to achieve representative and reproducible
results are summarized. The main finding of this overview is that, even though total particle
sampling and quantification is feasible, details for its realization in a regulatory context are lacking. It
is important to define the methodology details (sampling and dilution, measurement instrumentation,
relevant sizes, etc.) and conduct inter-laboratory exercises to determine the reproducibility of a
proposed method. It is also necessary to monitor the vehicle emissions according to the new method
to understand current and possible future levels. With better understanding of the instances of
formation of nucleation mode particles it will be possible to identify its culprits (e.g., fuel, lubricant,
combustion, or aftertreatment operation). Then the appropriate solutions can be enforced and the
right decisions can be taken on the need for new regulatory initiatives, for example the addition
of total particles in the tailpipe, decrease of specific organic precursors, better control of inorganic
precursors (e.g., NH3, SOx), or revision of fuel and lubricant specifications.

Keywords: primary aerosol; fresh aerosol; secondary aerosol; nucleation mode; vehicle emissions;
road transport; urban pollution; air quality; PMP; PEMS

1. Introduction

The atmospheric aerosol is a complex and dynamic mixture of solid and liquid particles
in the air, generated from natural (such as pollen, sea salt, volcanic ash, and soot particles
from natural fires) and anthropogenic sources (e.g., combustion, waste incineration, and
road abrasion). Anthropogenic emissions of atmospheric aerosol and its precursors have
increased over the past century and are known to have significant impacts on human
health [1,2] and climate change [3]. Studies have actually shown that the particulate matter
(PM) has a greater impact on health than the gaseous components [4,5]. Globally, >50% of
the population lives in urban areas with poor PM air quality [6].

Ambient PM concentrations are monitored in many places around the world, together
with several gaseous species. Traffic is an important source of PM and the exhaust emissions
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of vehicles have been regulated for many years. In the last decade, a solid particle number
(SPN) limit has also been imposed in the European Union (EU) legislation [7] and other
countries in Asia have followed. There are a few concerns about the representativeness
and the usefulness of the SPN limit, as it is today proposed: (i) exhaust and atmospheric
particles usually extend to sizes much lower than the cut-point of 23 nm currently included
in the regulations; (ii) only solid particles following a thermal treatment are regulated, while
atmospheric include additional higher volatility species [8]. Thus, the current standard does
not address particles which are representative of real-world exposure to traffic particulate
emissions [9,10].

The aim of the current study is therefore to answer the question: is it necessary to
change the current SPN approach and include smaller particles and those of higher volatil-
ity? To answer this question this review summarizes the current status on various topics:
(i) road transport contribution to ambient PM mass and number; (ii) PM mass, number
emissions and potential for secondary aerosol formation from vehicles and comparison
between solid and total particle number (TPN) (i.e., including higher volatility species)
emissions; and (iii) technical feasibility of measuring total particles. In the end the health
effects of ultrafine particles will be briefly discussed with emphasis on differences between
solid particles and condensable species. This paper builds upon previous reviews on
relevant topics [11–16], and focuses on the necessity and feasibility of regulatory changes.

2. Ambient PM
2.1. Primary and Secondary Aerosol

Primary aerosol particles are emitted or injected from individual sources directly into
the atmosphere. Secondary aerosol “particles” are the products of atmospheric conversion,
primarily oxidation, of inorganic or organic precursor gases, which nucleate to form new
particles or condense on pre-existing ones. The secondary aerosol takes hours to days to
form, while the primary aerosol has to be characterized within seconds. Both primary
and secondary aerosols have either natural or anthropogenic sources, or a combination
of both. Depending on the precursor considered, particulate products are referred to as
secondary inorganic aerosol (SIA) or secondary organic aerosol (SOA). SIA has been found
to contribute from 12–68% to ambient PM mass [17]. The organic aerosol (primary and
secondary) is around half (range 20–90%) of the PM [18,19]. Secondary aerosol contributes
roughly 60% (urban), and up to 90% (rural), of the organic matter [18,20,21].

The secondary inorganic aerosol (SIA) consists mainly of ammonium nitrate (NH4NO3)
and ammonium sulfate ((NH4)2SO4), with some sodium nitrate (NaNO3). These com-
pounds arise from the transformation of precursor nitrogen oxides (NOx) and sulfur oxides
(SOx) in the atmosphere to nitric and sulfuric acids, which are then neutralized by at-
mospheric ammonium (NH4

+), the latter derived by conversion of gaseous ammonia
emissions [22].

The secondary organic aerosol (SOA) originates from volatile organic compounds
(VOCs) which undergo gas phase oxidation reactions, forming products that have low
enough volatility to form aerosol either via nucleation or condensation onto pre-existing
particles [23]. Even though VOCs are well known to contribute to SOA formation [24],
there are studies that report that the VOCs contribution to SOA is lower than 50% under
low NOx concentrations and even less than 15% under high NOx concentrations [25].

Table 1 classifies the organic compounds based on their volatility [26–32]. Interme-
diate volatility organic compounds (IVOCs) partition almost entirely to the gas phase
upon dilution to atmospheric conditions [30]. However, they are highly prone to SOA
formation during their gradual oxidation in the atmosphere [33,34]. Semi-volatile organic
compounds (SVOCs) are partitioned between the gaseous and condensed phases already
during primary emission [35]. Their further oxidation practically shifts their partition
entirely to the particulate phase.

The primary and secondary organic compounds that comprise organic aerosol are
on the lower end of this volatility spectrum, including extremely low volatility organic
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compounds (ELVOCs) and low volatility organic compounds (LVOCs), as well as SVOCs,
which exist in both phases [27]. Measurements indicate that models poorly predict organic
aerosol concentrations and underestimate the contribution made by SOA particularly in
polluted regions (e.g., [36,37]), but not for clean biogenic regions [37,38]. For example,
IVOCs are not routinely or consistently accounted for in models, due to the lack of reliable
emissions data [39]. In other cases, primary organic aerosol (POA) emissions measured in
the laboratory, following the dilution tunnel method, are overestimated due to the low con-
stant dilution enabled compared to the atmospheric dilution process [40]. Under ambient
conditions, some of the semi-volatile primary PM may evaporate. The vapors produced
undergo oxidation, producing previously unrecognized semi-volatile and intermediate
volatility compounds (S/IVOC) [26,28,41]. These S/IVOCs may be a substantial additional
source of SOA [26,28,42,43]. There are still large uncertainties in the concentrations, reaction
rates, and SOA yields of S/IVOC precursors. Measurement of these precursors would
need elaborate chemical characterization of the particles. A simplified concept is to use
the volatility and oxygen to carbon ratio (O:C) to characterize the thermodynamics and
chemical evolution of the compounds (i.e., two-dimensional volatility basis set) [44,45].
Regarding the two-dimensional volatility space, it should be mentioned that accounting
for the road transport IVOC seemed not to close the gap [37].

Table 1. Classification of organic compounds based on their saturation concentration and examples
of representative alkanes at each class [27,29,30].

Definition Saturation Concentrations Carbon Number of n-Alkane

Volatile organic compounds (VOCs) >107 µg/m3 ≤12
Intermediate volatility organic compounds (IVOCs) 103–106 µg/m3 13–23

Semi-volatile organic compounds (SVOCs) 1–102 µg/m3 24–33
Low volatility organic compounds (LVOCs) 10−3–0.1 µg/m3 34–37

Extremely low volatility
organic compounds (ELVOCs) 1 <10−4 µg/m3 ≥38

1 also called “non-volatile organic compounds (NVOCs)”.

2.2. Air Quality Legislation

The EU policy framework has three cornerstones to address air pollution: The Green
Deal/Clean air for all (COM(2018) 330) [46] framework strategy, the Ambient Air Quality
(AAQ) Directives (2008/50/EC [47] and 2004/107/EC [48]), and the National Emissions
reduction Commitments (NEC) Directive (2016/2284/EU) [49]. Emission reduction com-
mitments for NOx, non-methane volatile organic compounds (NMVOC), SO2, NH3, and
PM2.5 are included in the NEC [5]. The NEC Directive reporting requires information also
on emissions of CO, PM10, BC (black carbon) if available, total suspended particulate matter
and the heavy metals Cd, Pb, Hg (and if available, As, Cr, Co, Ni, Se, and Zn) and persistent
organic pollutants, including selected polycyclic aromatic hydrocarbons (PAHs), dioxins
and furans, polychlorinated biphenyls (PCBs), and hexachlorobenzene (HCB). International
organizations are also evaluating health risk factors for calculating, e.g., the cancer potency
of substances. Each Member State publishes annually a report and collectively the data for
EU are available by the European Environmental Agency (EEA) [5,50].

As part of the European Green Deal, the EU is revising these standards, to align them
more closely with the Air Quality Guidelines of the World Health Organization (WHO).
The EU also aims to improve overall EU legislation for clean air, building on the lessons
learnt from the 2019 evaluation (fitness check) of the Ambient Air Quality Directives [51].
According to the latest WHO report [1], based on PM adverse health effects, the maximum
recommended annual PM2.5 level is 5 µg/m3 (or 15 µg/m3 as daily average); with proposed
limits being three times higher for PM10. Furthermore, it also recommends monitoring
ultrafine particles number concentration (i.e., particles of equivalent aerodynamic diameter
< 100 nm).

The EU has also introduced legislation addressing pollution at source, for exam-
ple the industrial emissions Directive [52], the medium combustion plant Directive [53],
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the fuel standards (Fuel Quality Directive, 2009/30/EC) [54], and the vehicle emission
(Euro) standards.

2.3. Vehicle Emissions Standards

The first emissions Directive was published in 1970, and Euro 1 standards were
introduced in 1992 [55,56]. PM mass limits were introduced only for diesel vehicles with
Euro 1 and later for gasoline direct injection vehicles with Euro 5 (2009). A solid (i.e., non-
volatile) particle number (SPN) limit was introduced in 2011 (Euro 5b) for diesel vehicles
and in 2014 (Euro 6) for gasoline direct injection vehicles. SPN limits were also introduced
for heavy duty vehicles (2013) and non-road mobile machinery (2019). Gaseous pollutants
(CO, total hydrocarbons and NOx) have been regulated since 1992 (Euro 1), thus indirectly
controlling volatile organic compounds and precursors for inorganic aerosol. The total
hydrocarbons (THC), which are typically measured via a heated line at 191 ◦C (for diesel
vehicles), practically cover most of the VOCs (see Table 1), except of those components that
do not respond to the flame ionization detection used for THC detection.

The Euro emission limits have decreased significantly over the years. The strin-
gent limits resulted in significant decreases of ambient CO and NMVOC, while trends
in PM2.5, when also considering non-exhaust emissions, and NOx emissions from road
transport have been less favorable [5]. For NOx, the reason was primarily the (sometimes
unlawful) exploitation of the spirit of the regulation, particularly in diesel vehicles (e.g.,
dieselgate) [57–61]. The situation has been significantly improved with the introduction
of the real-driving emissions (RDE) regulation in 2017 (Euro 6d-temp and later) [62,63].
Regarding PM, even though the introduction of Diesel Particulate Filters (DPFs) (around
2009–2011 with Euro 5) significantly decreased black carbon emissions, and the fuel im-
provements decreased sulfates, other sources such as non-exhaust (brakes and tires) and
secondary particles still contribute significantly to transport PM emissions. The pollutants
regulated by the Euro standards and the air quality standards are not fully aligned, with
some pollutants being regulated by the air quality Directives (e.g., formaldehyde and
sulfur dioxide) but not by the Euro standards. It should be noted that there is no particle
number limit in the ambient air, but particle number levels are commonly monitored in the
atmosphere in recent years.

2.4. PM in Cities

Typically, the urban aerosol is dominated by anthropogenic sources. In 2016, in Europe
and North America the population exposed to PM2.5 levels above the recommended World
Health Organization (WHO) level of 10 µg/m3 (at that time) was 48.6%, while in Asia this
was >99% [64]. The lockdown measures during the COVID period resulted in significant
decreases of some pollutants, such as NOx, but modest reductions for PM [65]. Nevertheless,
the PM mass decreased up to 30% in some cities [5,66].

Older studies found the road transport contribution to PM around 20% or more [67,68],
in agreement with studies in the United States [69,70]. For some cities (e.g., Madrid,
London, Barcelona, and Milan) the road transport contribution was >40% in 2010 [71].
Recent reviews reported 30% reduction in PM between 2000 and 2015–2017 [72–74]. Yet, in
urban-industrial areas, the contribution of automotive exhaust can be higher, for example
it was 20–50% in 2016 in Japan [75]. The reduction of the emissions of the road transport
has played an important role, resulting in other sources (e.g., off-road engines) increasing
relative contribution [76–78]. Residential heating can also be an important source in some
countries, contributing up to 60% of PM2.5 [79]. Since exhaust emissions have decreased a
lot in the recent years, non-exhaust contribution (brakes and tires) is almost half of it [80,81].

Road traffic, in addition to primary PM as discussed above, also contributes to sec-
ondary aerosol formation. The secondary aerosol from vehicles’ exhaust can exceed primary
emissions [82,83]. Traffic contributes to secondary aerosol via gaseous emissions (e.g., SIA,
mainly ammonium nitrate, and SOA). Studies have shown the importance of NOx, NH3,
and VOC from vehicles in nitrate formation [84,85]. However, the contribution of each com-
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pound is complex. For example, PM mass concentration can increase with NOx decrease
due to the increased oxidative capacity of the atmosphere, and for this reason combined
NOx, SOx, and NH3 reductions are recommended [86–89]. Secondary aerosol precursors
SO2 and NOx emissions are dominated by combustion; mainly power generation for SO2
and power generation and road transport for NOx. NH3 is dominated by agricultural
emissions (including animal waste and use of fertilizers), with contributions from waste
(e.g., from anaerobic digestion of organic waste) and combustion (e.g., road transport) [90].
In EU, in 2018, road transport was responsible for 47% for NOx, but only 3% for SOx mass
concentration [5]. The traffic contribution represents around 11% of total organic aerosol
all over Europe [21]. However, in urban areas it can reach up to 70% [91]. A study with
vehicles fulfilling China 2 to China 5 emission standards found that with the more stringent
emission standards the VOCs to total organics mass fraction was reduced from 61% to
46%, while the IVOCs mass fraction increased from 2% to 8%, highlighting that IVOC
emissions from light-duty gasoline vehicles need more attention [92]. VOC mass emissions
during engine cold start can be >10 times higher than hot start emissions, in particular from
gasoline vehicles [30,92,93]. IVOCs were found to contribute 4.5–18% for gasoline vehicles
and 51–57% for diesel vehicles of total organics mass emissions [30]. A study found that
alkanes contributed >64% to IVOC [94]. A study found that IVOCs were the dominant
precursors for the production of SOA from diesel vehicles (75–87%), while aromatic com-
pounds were the dominant precursors of SOA from gasoline vehicles (64–84%) [95]. It
should be mentioned that the filter measurements at 47 ◦C collect some 63% of total SVOC
from gasoline vehicles, 48% from non-DPF diesel vehicles, and 11% from DPF equipped
vehicles [30]. Thus, there is a need for a better characterization of IVOC and SVOC species
not covered with the current PM filter methodology. Such a topic is out of the scope of this
paper, but would complicate the regulatory procedures.

2.5. Ultrafine Particles in Cities

In atmospheric studies particles are often grouped into the Aitken mode (up to 100 nm),
accumulation mode (100–1000 nm), and coarse particles larger than 1000 nm, though the
exact size ranges may vary somewhat depending on the perspective and context. The lower
end of the Aitken mode (up to 20 or 30 nm), is sometimes referred to as the nucleation
mode [96] and the <10 nm (or <3 nm) range as nano mode or nanoclusters mode [97,98].

Once airborne, particles may change in size and composition by adsorption of gaseous
species, condensation or evaporation of semi-volatile species, coagulation with other parti-
cles, various chemical reactions, or by activation in the presence of water supersaturation
to become fog and cloud droplets [99,100]. The ambient conditions (sunlight, temperature,
wind, and relative humidity) are important parameters for these processes. With these
processes, individual particles usually grow in size and are eventually removed from the
atmosphere by dry deposition on surfaces or wet-deposition as droplets during precipi-
tation [101]. Semi-volatile particles may also be removed by gradual oxidation to lighter
species and/or evaporation [102].

Ultrafine particles are particles sized about 100 nm in diameter or less. Particles in
this range are often referred to as nanoparticles. The term “ultrafine particles” is mostly
used in atmospheric sciences, while “nanoparticles” is used more commonly in material
engineering. In the automotive field typically nanoparticles refer to particles <50 nm
and those below 100 nm as ultrafine particles [103,104]. As ultrafine particles have little
mass, their levels are most commonly measured and expressed in terms of particle number
concentration.

Ultrafine particles are directly emitted to the air by various anthropogenic sources,
such as residential heating, the heat and power industry, biomass burning, vehicles’ exhaust,
and tires and brakes wear [15]. Natural sources include vegetation, forest fires, and wind
dust. In addition to direct emissions, nanoparticles can also be formed in the atmosphere,
from gaseous compounds originated both from natural and anthropogenic sources [105].
(Photo)Nucleation is an important source of ultrafine particles in rural and remote areas.
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Nevertheless, some studies found that new particle formation is also responsible for a
major fraction of particle number concentrations observed under urban environments [6].
The mechanism involves sulfuric acid, possibly ammonia and stabilizing species such as
amines or organic acids [6]. Recently, the importance of aromatic VOCs from vehicles in
new particle formation in an urban environment was exhibited [106]. The meteorological
conditions have a significant effect on the particle formation (e.g., solar radiation, tempera-
ture), while organics concentration is associated with the growth rate [107]. Quantifying
the primary/secondary ultrafine particles split is challenging without data on particles
composition.

Many studies have found a fresh nucleation mode chasing vehicles or at roadside
measurements [108–112]. Particularly in traffic-influenced environments, the nanoparti-
cle concentrations can be high [110,113,114], reaching even concentrations higher than
105 #/cm [115–119]. The concentrations decline with distance from the roads. Traffic is
the main source in most cases [110,120,121]. A study showed differences of a factor of
7 between highway and rural number concentrations, while the mass concentrations had a
difference of a factor of only 1.25 [122]. PM mass and particle number concentrations are
different metrics [123]. The sources dominating the particle number emissions are different
to those dominating the mass emissions [120]. Particle number is highly affected by traffic,
while mass is affected by aged and transported aerosol [123,124]. A study found moderate
correlation between PM and accumulation mode particle concentration, but no correlation
with Aitken or nucleation mode concentrations [125].

The contribution of road transport to the particle number levels depends on traffic
intensity [126], the mix of technologies (e.g., Euro levels) on the road, but also weather con-
ditions [109,113,127,128], and the contribution of other neighboring sources (e.g., residential
heating, ships and aviation). High emitters (i.e., vehicles that are in the 90th percentile of
emission levels) can also contribute significantly [129,130]. Of concern is the durability
of the aftertreatment devices that could result in elevated PM emissions (in case of e.g.,
cracked DPFs), hydrocarbons or NOx (in case of poisoned or aged oxidation catalysts or
NOx reduction systems) [131,132]. In 2010, road transport contributed over 60% of the total
particle number emissions, the contribution varied from 32% in Greece to 97% in Luxem-
burg [116]. Non-exhaust sources such as brakes and tires probably contribute a relatively
small percentage of ultrafine particle numbers in cities, based on the low number emissions
reported in tests over the harmonized brakes cycle. Reported emissions over this cycle
and generally “normal” braking events at low speeds (<80 km/h) produce two orders of
magnitude less particles than the exhaust emissions particle number limit [133–136]. High
emissions can be seen in aggressive braking events, typically from very high speeds that
lead to high brake pad temperatures. In Kuwait in 2013 the major sources of particles were
fresh traffic emissions for particles smaller than 10 nm, and aged traffic emissions for parti-
cles 10–30 nm, with contributions to the total particle number concentrations of 46% and
27% respectively [137]. Another study in Barcelona in 2004 made similar findings where ve-
hicle exhaust contributed 52–86% to the ambient particle number concentration [138]. The
photo-chemically induced nucleation represented 23% of the total number concentration of
particles. Measurements in other cities also gave similar percentages (44–63%) for traffic
and new particle formation (14–19%) (in 2009) [96]. All of these studies were performed
before the introduction of DPFs on a mass scale (approximately 2010 in EU).

The previous studies and other reviews showed that road vehicles were the major
source of particle number emissions until 2010. However, the vehicular particle number
emissions are expected to decrease by 25–75% in 2030 due to the full adoption of particulate
filters [120]. Comparative measurements in 2002 and 2014 in the USA concluded that
particle emissions of gasoline vehicles had not significantly changed over the preceding
decade, while these were reduced for diesel vehicles due to widespread implementation of
DPFs [139]. Similarly, in Denmark the particle number emissions at urban and rural sites
decreased by more than 65% from 1979 to 2018 [102]. In Paris the concentration dropped
approximately to half from 2007 to 2017 [140]. In Germany the particle number emissions
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decreased by approximately 25% in 2018 compared to 2009 [141]. The decrease i particle
number emissions in Los Angeles between 2002 and 2009 confirmed the contribution and
importance of the road sector, but also highlighted contribution from other sectors, such
as industrial sources [142]. Another study showed that soot (black carbon) emissions
measured on California roads decreased by 90% in 2018 compared to 2001 levels [143].

Studies conducted after the DPF was adopted (e.g., after ~2010 for Europe where the
share of diesel vehicles is high) can give indications of the situation today. A study in UK
with measurements performed in 2014 estimated the road contribution to be 77–81% of
ultrafine particles in terms of number [144]. Measurements in the 2014–2016 period in
several major cities found a 74–94% contribution from vehicles in particle number con-
centrations [121]. These studies indicate that even with the introduction of DPFs, vehicles
still significantly contribute to urban ultrafine particle concentration levels. Less than one
third of them are non-volatiles [145]. It has to be mentioned though that based on the
previously mentioned long term studies the absolute particle number concentration levels
have decreased 25–50% from 2007–2009 to 2017–2018 [102,140,141]. Nevertheless, based on
the still high contribution of road transport, mentioned above, at least monitoring the total
emissions from vehicles makes sense. Such measurements would help in understanding
the reasons for the high contribution from vehicles.

3. PM Emitted from Vehicles

The previous chapter focused on ambient PM concentrations and contribution from
road traffic. This chapter will focus on the physical characterization and chemical composi-
tion of the PM emitted by vehicles, along with the potential for secondary aerosol formation.

3.1. Definitions

In the automotive field the term “particulate matter (PM)” is used for the collected
matter on a flow-through filter under specific conditions, and the term “particle” for aerosol
particles measured while airborne (suspended matter). Particles are divided into “volatile”
and “non-volatile” (or solid) at tailpipe conditions (high temperature, high concentration).
Species that at tailpipe conditions appear volatile, may partition toward the particulate
phase at atmospheric conditions (low temperature), and the term semi-volatile better
characterizes them [41]. The term “semi-volatiles” (instead of “volatiles”) will be used
loosely in this text to indicate species not counted after dilution and thermal pre-treatment
at 300–400 ◦C.

As mentioned before, the term ultrafine particles (i.e., particles < 100 nm) is not so
common in the automotive community. Even though the majority of particles has sizes
<100 nm, the tail extends to larger sizes. A recent review argued that a better definition for
ultrafine particles (focusing on the automotive field) would be particles <500 nm [16]. The
term will not be used in this paper to refer to vehicle exhaust emissions, but only when
used by health or ambient studies.

3.2. Primary “Tailpipe” Particles

Figure 1 (left lower corner) plots schematically the exhaust aerosol at the tailpipe and
the atmosphere within a few seconds (i.e., primary and delayed primary aerosol) [15,16].
It also shows sampling and measurement (left part), as well as: (i) the resulting PM mass
and chemical characterization (lower right part) of a filter [32]; and (ii) particle number size
distribution before and after thermal pre-treatment (upper right part) with a solid particle
number (SPN) instrument [146].
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Figure 1. Tailpipe “primary” and fresh aged “delayed primary” aerosol consisting of inorganics,
organics at the gaseous or particle phase, and soot and ash particles. On the right side the fil-
ter based and solid particle number (SPN) counting methods are plotted. Based on [15,16,32,146].
cPOA = condensed primary organic aerosol; IVOC = intermediate volatility organic compound;
NVOC = non-volatile organic compounds; PIA = primary inorganic aerosol; POA = primary
organic aerosol; PM = particulate matter; SPN = solid particle number; SVOC = semi-volatile
organic compound.

At the vehicles’ tailpipe, only primary non-volatile (solid) particles can be found
due to the high exhaust gas temperatures, while the majority of precursors are in the
gaseous phase (i.e., “semi-volatiles” in this paper). Typically, a soot or accumulation
mode is measured at the tailpipe with a mean size >50 nm [147]. Studies of modern
gasoline vehicles have found smaller means, around 30 nm [148,149]. The accumulation
mode particles consist of many spherules (sometimes called primary particles, a term
that will not be used in this text) of elemental carbon [150] with fuel and lubricating
oil components [151]. Particle-bound PAHs are also commonly reported [152–156]. A
solid core or nano mode with a mean size of 10 nm has also been found [157,158]. This
mode consists of amorphous carbonaceous compounds, PAHs, or metallic ash from fuel
or lubricant [159–165]. In one case two separate core modes were found (derived from
lubricant and fuel respectively) [166]. Recently, urea non-volatile particles have also been
reported at sizes around 20 nm [167,168]. Non-volatile clusters <3 nm have also been
reported for compressed natural gas (CNG) engines [117,169]. The modes depend, among
others, on the engine, fuel, combustion strategy, and aftertreatment devices [15,170–172].
Recently, in addition to the combustion process related solid particles, nanoparticles during
braking (motoring) have been reported, even when no fuel injection and combustion
process take place in the cylinder [173–175]. Engine and aftertreatment wear particles can
also been found [176]. The introduction of particulate filters has reduced significantly the
concentration of primary particles in the exhaust gas of modern vehicles [7,177]. Sometimes,
larger coarse mode particles appear originating from the crankcase ventilation, wear, or
soot re-entrainment [103,178]. Regarding the precursor gases, oxidation catalysts reduced
hydrocarbons, but in many cases increased the SO2 to SO3 conversion and NH3 [179,180].
NOx reduction aftertreatment decreased NOx [181].

3.3. Delayed Primary “Fresh” Particles

At the tailpipe outlet the aerosol is diluted and cools down [113,182,183]. The precur-
sors (e.g., sulfuric acid, hydrocarbons) [184,185] that were in gaseous phase at the tailpipe
(due to the high exhaust gas temperatures) may nucleate to form new nucleation mode
particles or condense on other particles (e.g., non-volatile core or accumulation mode).
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Thus, the “fresh” exhaust aerosol comprises the solid particles in the tailpipe (primary
PM) and the newly formed particles during the seconds of mixing of the exhaust gas with
ambient air [15,108,186] (Figure 1).

The formed nucleation mode (in the absence of a solid core) peaks at approximately
10 nm depending on the availability of the precursors [103,130,187,188]. Sulfuric acid is
the key nucleating compound as measurements [189] and models show [190–193]. With
low sulfur fuels, lubricants play an important role [189,194] and aftertreatment devices
enhance the SO2 to SO3 conversion [179]. Relatively high SO2 concentrations can be mea-
sured at diesel vehicles compared to gasoline and gas engines due to the higher oxidative
environment in the exhaust [58]. Hydrocarbons are then necessary for the subsequent
growth of such sulfate core particles [158,195,196]. A nucleation mode can be typically
seen with high sulfur fuel (300 ppm) and/or lubricant [189,197], high speeds (exhaust gas
temperatures) [179,198], and during regenerations [199,200] (see also discussion in [14]).
Without aftertreatment devices, hydrocarbons (alkanes, PAHs) may also form a separate
nucleation mode [187]. Without any aftertreatment devices, this nucleation mode has
high particle number concentration and large mean size [201], but with aftertreatment
devices the concentration and size is usually low [202]. Both fuel and oil are significant
sources of hydrocarbons [155,165,203–208]. Fuel contributes to VOC and IVOC, while
oil to SVOC [30]. More on chemical composition of vehicles exhaust can be found else-
where [170,209–212].

At this primary atmospheric dilution stage no significant chemical transformations
take place. When looking the complete particle size distribution, the exhaust aerosol
formed by different processes is frequently allocated to separate modes with different
concentrations and particle size ranges [103]. The size distribution may consist of a cluster
mode, one or two core modes, the soot mode and the coarse mode. The formation and
properties of each mode (size, chemical composition) depends on the vehicle (engine,
aftertreatment, fuel, lubricant) [130,213–216], driving conditions and the ambient conditions
(temperature humidity) [8,217]. Some of the modes may often appear blended and are
difficult to distinguish, unless combined with thermal separation techniques, such as
treatment with a catalytic stripper or thermodenuder, followed by microscopy.

In terms of mass, under laboratory conditions the soot and ash particles and heavy
compounds comprise the solid part (see Figure 1). Organic and inorganic compounds (POA
and PIA) condensed on particles or as a separate nucleation mode consist the condensable
PM. It should be mentioned that the compounds that are emitted in the gaseous phase
under relevant atmospheric conditions are SOA precursors.

Vehicular emissions are eventually diluted by a factor of 1000 or more in the at-
mosphere [218], but dilution near roads may be lower [219]. A study that summarized
measured dilution ratios in function of distance from moving vehicles, reported dilution
ratios of 200–500:1 at a distance of 10 m [14,220]. Other researchers provided equations to
estimate the dilution ratio [221]. At lower speeds the dilution in the wake of the vehicle can
be much higher at the same distance [222,223]. Measurements at different short distances
behind moving vehicles (10–50 m) did not find significant evolution of the nucleation
mode, after correcting for dilution [220]. In the time scale of a few seconds this nucleation
mode seems stable. However, these particles may evaporate after some time in the atmo-
sphere and may subsequently contribute to the formation of secondary aerosol of higher
mass [99,128,224]. For example, some studies found that the organic to total carbon ratio
is higher for roadside nanoparticles compared to typical exhaust soot particles [225]. On
the other hand, other studies found an increase of the particle size from 1.5 m to 15 m
from the road [226,227]. Models usually divide the analysis into separate ‘tailpipe to road’
and ‘road to ambient’ parts [6,228]. Most of the changes to particle number concentration
and size distribution occur rapidly with the dilution and cooling of the exhaust gas. Later,
interaction of fresh particles with relatively aged particles also takes place [229].
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3.4. Secondary Particles

In addition to the primary and delayed primary PM, large amounts of secondary
particulate matter forms after the exhaust gases are released into the atmosphere [230].
After some hours or days under atmospheric conditions, secondary PM is formed due to
oxidation of gaseous precursors. Studies of secondary aerosol formation rate and quantity
(yield) are done in smog chambers [231] or oxidation flow reactors [232].

Recent chamber studies have shown that secondary particulate matter from combustion
engines consists mainly of organic compounds and ammonium nitrate [233–235] and that the sec-
ondary PM formation can be significantly larger than primary PM emission [234,236–239]. Stud-
ies that focused on the SOA also found that the contribution of vehicles to SOA can be higher
than primary aerosol [234,240,241]. The emissions of secondary PM precursors from internal
combustion engines depend on fuel properties [19,175,233,235,242–244]. The advantages of
the oxidative exhaust aftertreatment and especially the use of DPF on decreasing aged PM
has clearly been shown [82,175,213,243,245–248]. Catalyzed DPFs on road vehicles were
also demonstrated to yield very low SOA over transient operation. Gasoline engines have
greater secondary aerosol precursor emissions than diesel engines [82,234,242,245,248–250].
However, it was also shown that SOA emissions follow emission standards [238] and recent
Euro 6 gasoline vehicles had very low SOA [10]. Gasoline particle filters (GPF) have not
shown similar reduction potential against SOA as DPFs [251]. For a natural gas engine, the
mass of the aged particles produced by an oxidation flow reactor was hundreds of times
higher than the mass of primary particles [215]. Cold start emissions have been shown to
have a significant contribution to SOA [10,238,252,253]. These studies highlight the need to
better characterize (semi)volatile compounds from vehicles in order to better estimate their
contribution to secondary aerosol formation.

4. The Appropriate Metric (Total vs. Solid)

The previous section summarized the dynamics of primary vs. secondary aerosol
emissions from vehicles. This section will discuss the appropriateness (suitability) of a
new metric, i.e., total particle number (TPN), in comparison to the currently regulated SPN
>23 nm limit. The topics that will be addressed are health effects of ultrafine particles,
comparison of solid and total particles in vehicle emissions, comparison of total particle
limit with a limit on precursors, and available instrumentation and methodological issues.

4.1. Health Effects of Particles

Epidemiological studies have shown that PM mass is associated with adverse health
effects, such as short-and long-term cardiovascular morbidity and mortality, diseases
of the central nervous system, respiratory morbidity, and lung cancer [1,254] (see also
Table 2). Studies establish such findings even for exposure levels to very low levels
(<10 µg/m3) [255]. Toxicological studies indicate that ultrafine particles may be more
harmful to human health than larger particles, although this is more of a conceptual
consideration rather than a robust finding [256]. Ultrafine particles deposit deeper and with
higher probability into the lung and stay in the lungs longer (i.e., less efficient removal).
This accumulation of particles results in higher inflammation [257]. They rapidly enter the
circulatory system and can reach organs such as the liver, spleen, heart, and brain [258–260].
They can provide a vehicle for other substances such as PAHs and other condensed material
and play the role of carrier (Trojan horse effect), thus transferring “condensable” material
to other organs [177,261]. However, epidemiological studies separately studying the
effect of ultrafine particles are limited [262]. The current evidence of adverse health
effects of ultrafine particles is summarized in Table 2 [263–266]. The data suggest a link
with respiratory, nervous system, and cardiovascular diseases [267–269]. It should be
emphasized that it is difficult to draw conclusions about ultrafine particles due to the
limited number of long-term studies, the different size ranges involved in the studies, and
the variability of concentrations and sizes from the source, and the difficulty to isolate
ultrafine particles from other co-pollutants. Furthermore, any assessment of “semi-volatile”
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(condensable) ultrafine particles is extremely difficult as they are also affected (e.g., change
of size or desorption of condensed material) during inhalation [270,271].

There is also no answer as to which component of ultrafine particles is the most
important for health endpoints. An older review claimed that the combustion-derived
particles, including condensed material, had adverse health effects [272,273]. Even though
many components (and sources) are individually associated with adverse impacts on the
human body, there is no clear direction on any one component (or source) that is strongly
correlated with health effects, other than PM mass [274]. For example, elemental carbon
exhibits a rather strong association with mortality [275,276] but it is not clear if this is
due to the specific component or if this stands as a proxy for other components. The
presence of transition metals in PM is linked with formation of reactive oxygen species
(ROS) and related oxidative damage of macromolecules [277,278]. Organic matter has also
been shown to have negative biological effects; the water soluble organic carbon generates
reactive oxygen species [279,280], and polycyclic aromatic hydrocarbons (PAHs) [281,282]
are highly toxic, mutagenic, and carcinogenic [283,284]. Studies indicate that the toxic
effect of adsorbed chemicals is additive to that of solid particles [285]. A recent meta-
analysis found that black carbon and organic carbon were most likely to cause adverse
health effects [286]. Recently SOA was associated with higher cardiorespiratory death rates
than other components considered (sulfate, ammonium and nitrate, sea spray, dust, or
soot); it also exhibited a larger association per unit mass than total PM2.5 [287]. A study
simplistically classified the health effects of lung deposited exhaust particles to [288]: (i) the
physical effect of non-volatile (solid) particles due to their contact with the lung-fluid;
proportional to their accessible surface area [289,290]; (ii) the chemical effect of the volatile
(and semi-volatile) species dissolving in the lung fluid, proportional to the deposited
volatile mass (dose) [291]. Therefore, all current evidence suggests that, if anything, volatile
and semi-volatile aerosol species aggravate any toxic character of solid particles. In other
words, there is no health evidence suggesting that semi-volatile aerosol should be excluded
from any control of exhaust aerosol emissions.

Table 2. Health effects from exposure to PM (particulate matter) and ultrafine particles (UFP) [274].

Effects Exposure PM UFP

Respiratory Short term Likely to be casual Suggestive
Long term Likely to be casual Inadequate

Cardiovascular Short term Casual Suggestive
Long term Casual Inadequate

Metabolic Short term Suggestive Inadequate
Long term Suggestive Inadequate

Nervous system Short term Suggestive Suggestive
Long term Likely to be casual Suggestive

Reproductive - Suggestive Inadequate
Cancer Long term Likely to be casual Inadequate
Mortality Short term Casual Inadequate

Long term Casual Inadequate

4.2. Emission Levels (Total vs. Solid)

The introduction of a SPN limit clearly resulted to a significant decrease of vehicle
emissions. For example, DPF vehicles have by a factor of >10,000 lower SPN emissions than
vehicles without DPFs (from >1014 #/km to <1010 #/km) [7]. Similarly, SPN emission levels
of gasoline direct injection vehicles dropped from >1012 to <1011 #/km [56] with the use
of a gasoline particle filter (GPF). In contrast, no SPN emission reductions were observed
for vehicle technologies that were not covered by relevant regulations. For example, the
SPN emissions of port fuel injection vehicles have remained at the same level (mostly
between 1011 and 1012 #/km) for the last 30 years [56]. Mopeds and motorcycles also
exhibit high SPN emissions which, depending on engine tuning, can often reach more
than 1011 #/km [292]. Any decreases in emission levels of this category were attributed to
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technology improvements (two-stroke vs. four-stoke, carburetor vs. electronic injection)
which were forced by stricter limits in gaseous pollutants [293]. This is an example that
demonstrates that satisfactory control of SPN can be achieved by regulating co-pollutants.

One question is how different formation mechanisms of solid and total particle emis-
sions are; this would have an impact on the emission control technologies in each case. In
general, SPN control does not necessarily result in a decrease of total particle number (TPN),
because the semi-volatile part is formed by ions and organics while the solid part is mostly
elemental carbon and ash. In an exaggerated example of the past, a DPF equipped engine
was shown to result to higher particle number emissions than the non-DPF one [294].
Later it was shown that due to the low soot concentration post DPF available volatile
species preferentially nucleated and formed new particles in the absence of solid cores on
where they could condense [295]. Similar findings have been observed in the atmosphere
where high particle number levels can be seen when PM is low [124]. A recent study with
130,000 plume measurements found that the number of semi-volatile particles comprised
85% to 94% of total particles [8]. Even though semi-volatile particles can be dominant in
terms of number, their contribution to mass depends on the existence or not of a particulate
filter. Detailed studies with heavy-duty engines equipped with aftertreatment devices
to fulfil the 2007 and 2010 standards (i.e., oxidation catalyst, DPF and selective catalytic
reduction (SCR) for NOx) had elemental carbon <20% of total mass [211,212]. The organic
carbon on the other hand was 30–65% and the rest were sulfates and nitrates. A constant
nucleation mode over a test cycle (1013 #/km, e.g., 107 #/cm3 with mean size 20 nm) would
correspond to only 0.1 mg/km (<10 µg on the filter at the end of the cycle). To put these
numbers into context, the current SPN limit is 6 × 1011 #/km, with the mass limit at
4.5 mg/km. For heavy-duty vehicles, the same number concentration (107 #/cm3) would
translate to >5 times higher emissions due to the higher exhaust flow rate.

There is a significant body of studies that have measured both solid and total number
concentrations. For example, large projects funded by the industry [296], and the European
Commission, such as the Particulates project which ended in 2004 [11], showed small dif-
ferences between TPN and SPN at low speeds, but high at high speeds. Other smaller scale
studies reported differences of 50–100% between TPN and SPN for Euro1–4 vehicles [200]
or recent Euro 5 and Euro 6 [297] or 2009–2012 model years [298] for typical cycles. A
review showed that for type approval cycles the trends for solid particles were followed
also for total particles (i.e., decreasing for GDIs, no decrease for PFIs) [56]. This decrease is
not always so evident in real life [130]. For example, during cold start of gasoline and gas
engines nucleation mode particles can be formed [299,300], but not always [301]. Relatively
high differences have been reported when fuel specifications change [253,302], and at high
speed cycles [298,303,304]. Even for the same vehicle and fuel, different operating points
can result to varying TPN/SPN ratios [305,306]. Recent research projects, such as the
DownToTen (DTT), which ended in 2020, presented results from many vehicles where the
TPN emissions were more than one order of magnitude higher than the SPN [307]. Of
particular interest were cases such as gasoline vehicles with GPF, compressed natural gas
(CNG) vehicles with and without particulate filter and plug-in hybrids that all under certain
conditions exhibited a large range of TPN/SPN values. Another study found more than
one order of magnitude higher TPN than SPN for hybrid vehicles even at city driving [308].
All studies mentioned conducted measurements directly from the tailpipe so any volatile
particles cannot be attributed to desorption artifacts from the sampling lines.

Similar conclusions have been also drawn for heavy duty engines [309]. A study
showed that the total particle number emissions increased from 1011 #/km to 1013 #/km
when the exhaust gas temperature was >310 ◦C [310]. In general, due to the high exhaust
gas temperatures and consequently high release of desorbed species from the aftertreatment
devices and exhaust line, and high SO2 to SO3 conversion, high TPN concentrations are
reported [168,179,311]. Tests with L-category vehicles (e.g., mopeds and motorcycles) also
resulted in high TPN, especially at high speeds [292,312]. Different combustion technologies
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(e.g., temperature reactivity controlled compression ignition (RCCI), hot or low exhaust
gas recirculation (EGR) combustion etc.) can also have various TPN to SPN ratios [313].

Specific events, such as DPF regeneration can also produce high concentrations of both
solid and semi-volatile particles [310,314–318]. SPN emissions can reach or even exceed the
limit of 6 × 1011 #/km [315,318], while total particle emissions can be one to three orders
of magnitude higher (up to 2 × 1014 #/km) [199,315,318]. Studies with light-duty and
heavy-duty vehicles have also shown that even when the emissions during regeneration
events are considered, the weighted (over regeneration distance) solid particle number
emissions remain below the current SPN limit [168,319,320]. The regeneration frequency is
on average around 400–500 km, with a tendency of shorter distance for newer vehicles [62].
Regarding semi-volatiles, many studies have shown that the concentration of sulfates
and organics in the exhaust increases during regenerations and this is often linked to the
formation of a distinct nucleation mode [199,318,321]. However, one study found that
increased particle number emissions during DPF regeneration were still by 83–99% lower
than those without DPF [214]. Furthermore, considering the regeneration frequency, the
apparent total particulate matter filtration efficiency was reduced by less than 2% over the
average driving conditions for medium- and heavy-duty diesel vehicles [245]. Still, the
weighted (total) particle number concentrations over the regeneration distance can be up
to one order of magnitude higher than the current limit for solid particles.

The collected evidence suggests that there can be technologies, fuels, and operation
conditions that lead to SPN and TPN levels and trends exhibiting significant deviations. The
same evidence also suggests that the metric chosen for regulatory control may influence
which technologies are promoted for future vehicles and what specifications for fuels
and lubricants are decided. All of these factors will have an impact, not only on the
specific metric, but on other co-pollutants as well. Therefore, deciding on the proper
metric for particle number control will be decisive for the wider environmental impacts of
road transport.

4.3. Particle vs. Gaseous Measurements

The analysis so far showed that the contribution of exhaust emissions from road
transport to ambient primary PM2.5 is low (around 11%), but has high secondary PM
formation potential, exceeding in some cases many times the primary PM. Furthermore,
the contribution of vehicles in urban areas is still high in terms of number (exceeding 75%
in many cases).

A potential new metric for regulatory control (e.g., total particle number (TPN) con-
centration) should address the pollutants directly or indirectly and present a minimum
overlap with other metrics already regulated. For example, total hydrocarbons (THC)
control addresses the majority of VOCs; some of them have the potential to form total parti-
cles (SOA). The PM control, based on the gravimetric filter method, includes non-volatile,
low volatility and, to a certain extent, semi-volatile species. The solid particle number
(SPN) method covers only non-volatile particles above a size threshold, and it was only
added due to its superior sensitivity to low particle concentrations than the gravimetric PM
filter method. However, none of the current regulations particularly targets the S/IVOC
component of exhaust aerosol, which have high potential in forming SOA. Other pollutants
such as NOx, NH3, and SOx, partly included in the regulations, address the secondary PM
(SIA) indirectly.

To address the S/IVOC topic, one approach would be to lower the temperature of
the particle number systems from 350 ◦C to, e.g., 150 ◦C to include I/SVOC. Such a
change would need minor modifications of existing systems, but would exclude other
compounds that contribute to secondary aerosol. Another option would be to add gaseous
pollutants that are important for the formation of primary or secondary particles (e.g.,
SOx) and/or further reduce the limits of the currently regulated gaseous pollutants (e.g.,
total hydrocarbons, NOx, NH3). Additional measurement of I/SVOC or PAHs could be
another option (methodology e.g., [30,177]). Addressing specific pollutants is not always
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possible because it might be that the methodology is not sensitive enough to quantify the
specific pollutants. As discussed before, such an example is the mass quantification of the
nucleation mode, which is below the detection limit of the gravimetric method. If these
options are not sufficient a TPN limit could be the solution. In this case a parallel obligatory
measurement of total particle in ambient air would be beneficial for a better understanding
and correlation of laboratory and ambient measurements.

4.4. Practical Issues

In this section the practicalities of introducing the TPN methodology will be discussed.

4.4.1. Sampling Conditions

In the laboratory, the engine is connected to a dynamometer or the vehicle is placed
on a chassis dynamometer. A prescribed “cycle” is followed where the engine speed and
torque vary or, respectively, the vehicle speed profile. The whole exhaust gas is diluted
in a dilution tunnel following constant volume sampling (CVS). The instruments sample
diluted exhaust gas to determine the pollutants concentrations. For the determination of
PM mass emissions, a small portion of the diluted flow is extracted and passes through a
filter. The filter mass change over the complete cycle determines the PM mass emissions.
The temperature of the filter, depending on the regulatory context is maintained between
20 and 52 ◦C (EU light-duty) or 47 ± 5 ◦C (EU heavy-duty, USA). The actual dilution
ratio varies over the test cycle since total diluted flow is kept constant: the dilution is
high when the exhaust flow is low (idle and low speeds) and, vice versa, low when the
exhaust flow is high (high speeds and loads). This is the opposite to what would be
experienced with atmospheric dilution. Actually, both mixing and dilution ratio evolution
until measurement differs between laboratory and atmospheric conditions. Furthermore,
the dilution ratio evolution will be different for different vehicles, different CVS flow
rates and different facilities. The influence of the dilution ratio on the PM mass has
been discussed in the atmospheric science community [322], but also in the automotive
emissions community [323–325]. It has been clearly shown that dilution ratio, temperature,
and concentration of semi-volatile species all have significant influence on the partitioning
of those species between the gas and particulate phases [326]. For example, decreasing the
concentration of organics from 1 mg/m3 to 20 µg/m3 at 25 ◦C can cause approximately
half of the condensed organics to evaporate [41].

PM increases at small dilution ratios (<5:1), as long as diluted exhaust temperature
reaches ambient levels, due to the relatively high concentration of semi-volatile species
that preferably partition to the particulate phase [322]. Compared to atmospheric dilution,
the CVS exposes the exhaust at low dilution ratios for prolonged residence time before
measurement, resulting in relatively high PM mass. Increasing the dilution reduces the PM
mass as partial pressures of semi-volatile species drop, while diluted exhaust temperature
is not significantly affected. This phenomenon is mostly visible with organic species.
Inorganics such as sulfuric acid do not evaporate at typical ambient conditions once they
have condensed on particles, because of their low volatility [41].

Even though the particulate mass of inorganics is rather insensitive to dilution ratio,
this may not be the same for particle number. Actually, several studies have shown that the
dilution air temperature, the dilution ratio, the relative humidity, and the residence time at
such conditions affect nucleation mode particles [327–331]. The nucleation mode number
concentration and mean size depend on the sampling conditions (dilution temperature,
dilution ratio, relative humidity etc.) [329]. For the same dilution ratio, the lower the
temperature the higher the nucleation mode [327,329,332]. The trend was not so clear for
the dilution ratio. Some studies found the maximum nucleation at the minimum dilution
ratio they tested, e.g., 4:1 [330,333–335] or 12:1 [187,217,295,327,336,337]. However, another
study found higher nucleation at 23:1 [329] than at dilution 9:1. A modeling study found
the maximum nucleation at dilution ratio 15:1 due to the interaction of volatile precursors
concentration, available soot surface and temperature [338]. Another exception was a study
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with humid air that found a higher nucleation mode with higher dilution ratios, probably
due to the contribution of the humidity to the sulfuric acid growth [331]. Simplified calcu-
lations also estimate maximum nucleation at dilutions between 15–30:1 [16]. The residence
(aging) time is also an important parameter because it results in bigger sizes due to particle
growth from condensation of organics and agglomeration. Theoretical and experimental
studies showed that the nucleation mode number concentration maximized at approxi-
mately 0.2 s after initial dilution, whereas particle diameter stabilized approximately 1 s
later [190,339,340]. Other parameters might also be equally or even more important for the
potential for nucleation mode formation, e.g., turbulence and the relative time constants for
mixing and cooling [340–342], cooling of the tailpipe [343], presence of solid particles [295],
length of sampling line, and storage/release of volatiles [16,344]. In general, the dilution
corrected nucleation mode number concentration and mean size remain constant with
dilutions >30:1 [333,337] or 50–60:1 [345]. Very high dilutions (range 200:1 to 1000:1) during
chasing experiments did not reveal any changes of the size distributions [14]. Adding a
secondary dilution to the primary dilution does not seem to change the characteristics of
the nucleation mode [346].

The nucleation mode growth during the first seconds is very rapid (15 nm/s [190,339]).
Similar rates are expected in the wake of the vehicle. Note the big difference compared to
the growth of the nucleation mode in the atmosphere (diluted) (5 nm/h [144,347]). Such
laboratory studies were conducted with high concentrations of sulfur and hydrocarbons,
but newer studies with typical concentrations for modern vehicles are needed. Studies
found that the organic species condensed onto the soot particles may contribute to 20–40%
of the particle volume or mass for accumulation mode particles and up to 80% for nucle-
ation mode particles [195]. Studies with diesel vehicles equipped with oxidation catalysts
demonstrated that the condensed material contributed only to a few nm to the diame-
ter of the accumulation mode [348]. The size changes of the accumulation mode due to
condensation or agglomeration are typically small.

4.4.2. Laboratory vs. Real-Life Dilution

The agreement between laboratory and plume measurements for the accumulation
mode is good in most studies [182,188,197,217]. The agreement in nucleation mode is not
always as good [197,222]. Many studies have shown that the presence or absence of the
“fresh” nucleation mode can be qualitatively reproduced in the laboratory [14]. However,
the exact characteristics (concentration, mean size) depend on the conditions in both the
atmosphere or in the laboratory. In most cases, the laboratory number concentrations
were lower, probably due to the sampling conditions (relatively high dilution temperature,
low relative humidity, lower turbulence in the diluters compared to the wake of the
vehicle) [14,223]. However, nucleation mode mass may be higher in the laboratory due
to the lower dilution and longer residence time [179]. One study showed that when
ambient and laboratory conditions were matched the nucleation mode characteristics also
matched [217]. However, to mimic the atmospheric dilution, a partial dilution system
should, in principle, produce similar turbulent intensity. Since the ambient conditions are
not constant and, even for the same vehicle, these would vary depending on the speed,
mimicking any atmospheric process in the lab does not make sense. Instead, establishing
sampling and dilution conditions that are preferable for nucleation mode formation would
enable measuring the “nucleation formation potential” [12]. As discussed above, it is not
clear whether this also could capture the secondary aerosol formation potential.

4.4.3. Desorption/Release

Nucleation mode particles have been observed at roadside measurements [218,226,349],
chasing measurements [350], on-board the vehicle [351], and in the laboratory [179]. Thus,
they are a “true” vehicle exhaust component, and not a measurement artifact. Nevertheless,
storage and release of “condensable” material to/from the sampling lines, as sampling
temperature varies may produce nucleation mode particles that are not part of the vehicle
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exhaust. Two cases will be discussed to clarify the existence of artifacts: (i) stored material
at the lines and aftertreatment devices of the vehicle; and (ii) stored material at the transfer
lines after the vehicle tailpipe when measuring these particles in a laboratory. In the second
case the stored material might have been desorbed from previously tested vehicles and
thus not related to the specific test under evaluation; the term particle “artifact” has also
been used.

The storage and release influence on the particle number emissions has been assessed
by many researchers measuring directly from the tailpipe or chasing vehicles. One study
with a diesel vehicle (no DPF) reported that going from 50 km/h to 120 km/h resulted in a
clear nucleation mode that its number concentration and mean size were decreasing over
time [352]. Another study with a diesel vehicle (no DPF) showed that the nucleation mode at
100 and 120 km/h was different when ramping from a lower or higher speed [348]. Another
older study with diesel engines (no DPF) showed that the nucleation mode depended on
the exhaust gas temperature [333]. A few studies with diesel vehicles (no DPF) found that
it takes some time (>25 min) to form the nucleation mode (e.g., at 100 km/h) [179,197]. It
was suggested that one important parameter is the stored material at the catalyst and the
exhaust gas temperature at the catalyst that determines the SO2 to SO3 conversion [179,311].
The previous studies were with vehicles utilizing high sulfur fuel (300 ppm). A study with a
heavy-duty vehicle with a particulate filter and low sulfur fuel (15 ppm) also demonstrated
the dependency of the nucleation mode on the exhaust gas temperature. A dedicated study
with near zero sulfur fuel and low sulfur lubricant showed that the sulfur stored in the
DOC was the responsible for the nucleation mode formation [311].

In the laboratory environment, the transfer line that connects the vehicle tailpipe to the
dilution tunnel inlet has also been shown to be a source of volatile and semi-volatile species
that condense at times of decreasing temperature and are outgassed when the temperature
rises [344]. This may lead to spontaneous nucleation in the sampling line, which is not a
true vehicle exhaust component (particle “artifact”) [353,354]. In older studies with 0.7–1 m
transfer lines and with older diesel engines without any aftertreatment it took >40 min
until stabilization of the nucleation mode when the temperature increased from 200 ◦C to
300 ◦C [337,341]. In addition, the rate at which outgassing and resuspension take place
is a function of the earlier operation history of the transfer line, which compromises the
repeatability of the measurement [303]. This can affect PM mass measurements as well.

A study with a Euro 4 motorcycle found a huge nucleation mode particle number
concentration during the high speed part of the cycle when measuring from the dilution
tunnel. The nucleation mode was not formed (or evident) when some dilution took place at
the tailpipe (i.e., open configuration). It was suggested that due to the lower temperatures
at the transfer tube no desorption took place in the second case. In the first case, due to
the high exhaust gas temperature, the desorbed material formed nucleation mode particles
in the dilution tunnel (or pre-existing particles grew at the measurement range of the
instrument, i.e., above 5 nm) [355]. Similarly, during DPF regeneration events a clear
nucleation mode could be measured at the dilution tunnel, but not at the tailpipe (but with
a different sampling system) [315].

The abovementioned phenomena refer to semi-volatile particles. For solid particles
the effect is small. For a typical 6 m heated line, the SPN emissions at the tailpipe and
the dilution tunnel are similar within 15% [356]. Higher differences (35%) can be found
during cold start where the concentrations are higher and agglomeration can result in lower
concentrations at the dilution tunnel. However, for levels of non-DPF equipped vehicles
(>1013 #/km) the effect can be significant: differences of >40% have been reported. The exact
difference between tailpipe and dilution tunnel number concentrations depends on the
initial levels and the lengths of the tube between the vehicle and the dilution tunnel [357].

To conclude, sampling from the tailpipe is necessary when total particles are be-
ing measured. This will not exclude storage and release phenomena, but these will be
representative of the actual vehicle emissions and not sampling desorption artifacts.
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Tailpipe measurements have some difficulties. One is that the exhaust flow measure-
ment is needed, which introduces one more factor of uncertainty, along with proper time
alignment of the different signals [358]. This is not a new issue for heavy-duty engines
where this information is already available, but for light-duty vehicles the procedures (in-
struments, time alignment) need to be defined. One final difficulty is that sampling directly
from the tailpipe means that the sampling system and probably the instruments should be
in the same room with the vehicle, for sampling lines to be kept as short as possible. This
could pose some difficulties when tests at low or high ambient temperatures are conducted.
A study showed that such measurements could be conducted with the measurement in-
struments outside of the room, without influencing the results [359]. Systems for on board
applications, e.g., portable emissions measurement systems (PEMS) are designed for such
conditions, but the laboratory grade equipment are typically designed for typical laboratory
conditions (e.g., 5–30 ◦C). The same applies to altitude simulation laboratories.

4.4.4. Instrumentation (Particle Counter)

Another point that needs to be addressed is the particle counter. In the European
regulation for laboratory systems the counters are full flow condensation particle coun-
ters (CPCs). The reason is the high accuracy (i.e., no splitting inside the CPC) and the
steep detection efficiency drop at the desired cut-point (low size limit with 50% detection
efficiency) size. For 23 nm cut-point CPCs a strong effect of the particle material has been re-
ported [360–362] on particle detectability, and similarly for 10 nm cut-point CPCs [363,364].
In general, smaller material dependency (in absolute numbers) is expected with higher
saturator-condenser temperature difference [365]. Full flow CPCs with cut-points down
to 4–5 nm are commercially available. A low cut-point size is important to capture the
nucleation mode of modern vehicles, which might peak at small sizes. For example, one
study with heavy-duty engines and low sulfur fuel and lubricant the nucleation mode was
<10 nm, even though the residence time after the primary dilution was 3 s [189], also con-
firmed by theoretical calculations [192]. This was also found with CNG vehicles [169,366]
or regenerating diesel vehicles [318].

Diffusion charging based systems are also used in PEMS as particle number coun-
ters. The reason is that diffusion chargers are robust for on-road use, without the need
for working fluids [367], and less sensitive to ambient temperature differences. The size
dependency is small with the new designs [148,368,369]. Permitting this concept in the reg-
ulation for laboratory systems would also allow real time size distribution measurements
(which also include charging of particles). For example, the engine exhaust particle sizer
(EEPS) [370], differential mobility spectrometer (DMS) [371], and electrical low pressure
impactor (ELPI) [372,373] are commonly used in research [146]. It should be taken into ac-
count that their uncertainty is much higher than of CPCs, but in most cases it should remain
at acceptable levels (30%) [146], in particular when solid particles are measured [374,375].
Measurements of volatile particles with size distribution measurement instruments can,
however, have high differences in particle number concentrations (factor of 2) [375–379].
Particularities of each technology then should also be considered for regulatory measure-
ments. For example, CPCs have a saturator temperature typically around 35–40 ◦C, thus
making questionable the need for dilution at much lower temperatures. The ELPI has
low pressure at the final stages for small particles, affecting the nucleation mode. ELPI
measures based on aerodynamic equivalent diameter, while EEPS and DMS based on
electrical mobility equivalent diameter [380]. When the density is not unified, the size clas-
sification is different at the two concepts. Such analysis is outside of the scope of this paper,
but should be considered when deciding the appropriate instrumentation for regulatory
purposes. Instruments measuring sub-10 nm particles have been reviewed elsewhere, and
the differences are even higher [381].

Other instruments could also be used for research purposes, depending on the needs
of the project. For example, an aerosol gas exchange system (AGES) could be used to
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separate volatiles for chemical characterization [382], or a filter holder to collect material
on a filter for analysis.

4.4.5. Diluter and Particle Losses

The systems for regulatory purposes are characterized for varying losses according
to particle size and these losses are taken into account in the so-called particle number
concentration reduction factor (PCRF) in the 30–100 nm range. Penetration curves of
various systems can be found in the literature [383]. In general, the agreement of systems
corrected for the 30–100 nm losses is good, within 30% or better [384,385]. Such an approach
does not cover the sub-30 nm range, where the losses are significant. Thus, size distributions
peaking at sizes <30 nm can have big differences [358,386] when measured with different
particle counters, even when correcting by the PCRF of each instrument.

Regarding volatile particles, the diluter can have an effect on the nucleation mode
formation. For example, a study that compared a porous diluter at the tailpipe with the full
dilution tunnel found big differences, even when the conditions were matched [335]. Other
studies also found differences between different diluters (including ejector, porous, mini
tunnel) [387], partly due to losses in the diluters [388] or heating one of the systems [345,389].
Better agreement was found when the diluters were heated and the nucleation mode was
suppressed: ejector vs. rotating disk heated at 80 ◦C (no nucleation mode) [390]; mini tunnel
vs. heated ejector [389]. In general, ejectors have been shown to have low particle losses
in the nanometre range [346], but different designs can significantly affect the micrometre
concentrations [391].

4.4.6. Recommended System

The recommended system is plotted in Figure 2. It is based on the conclusions of
the Particulates project [12] and a review on measuring ultrafine particles [16], taking into
account the current SPN methodology [7]. Other approaches (e.g., using separate systems
for solid and total particles) are also relevant alternatives. The key characteristics of the
system are discussed below.
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Figure 2. Recommended setup for measurements of solid and total particles. Red temperature > 300 ◦C
Green particle detectors. Dashed lines indicate optional parts. CS = catalytic stripper; PNC = particle number
counter; PND = particle number diluter; PSD = particle size distribution instrument; SPN = solid particle
number; TPN = total particle number..

The sampling line to the cold particle number diluter (PND0) should be as short as
possible (residence time < 0.1 s) and heated at a temperature of >150 ◦C in order to avoid
condensation, especially during cold starts. The dilution ratio should be around 12–25:1,
and the dilution air temperature around 20–30 ◦C. The relative humidity of dilution air at
the original setup was minimum (<5%). However, this should be re-considered as with
the low sulphur fuels and lubricants humidity is important to grow the particles in the
measurement range of the instruments and a higher value (e.g., around 50%) would be
more representative of the ambient air. The diluted sample is then split in two paths.
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One path is for the measurements of total particles. After an aging tube with residence
time around 1–3 s to grow the nucleation mode within the lowest measurement size of
the instruments (typically 5–10 nm), a second diluter follows (PND3), and then a particle
number counter (PNC) with appropriate lower cut-point. Optionally, using a splitter,
a particle size distribution instrument (PSD) can be used (with an appropriate diluter
PND4). The recommended cut-point size of the instruments in this path is around 5 nm,
possible with both commercial PSD and full flow PNCs [16]. Using a 10 nm PNC for
total particles has the advantage of direct comparability with the solid path. Although
sub-10 nm information will be lost, the calibration procedures are the ones already available
for existing systems. It is important, however, to ensure that the nucleation mode (if any)
has to grow to the 10 nm range.

The other path is the current Particle Measurement Programme (PMP) system for the
measurement of solid particles. After a hot dilution (PND1) at 150 ◦C, a catalytic stripper
(CS) removes the volatile particles [210]. A secondary dilution (PND2) is optional, but
typically needed to reduce the particle concentration and reduce thermophoretic losses.
The important is that the concentration is within the calibrated range of the particle counter
(PNC) and the temperature of the sample below the maximum allowed temperature defined
by the PNC. The PNC currently has a cut-point size of 23 nm. However, future regulations
tend to lower the size to 10 nm.

The recommended system needs evaluation of PND0, but also of the particle losses
especially at the 5–10 nm range, which in general is challenging. The expected reproducibil-
ity (but based on one system) was 22% [12,352] with non-DPF vehicles at the Particulates
project. Higher values are expected for particulate filter equipped vehicles.

A simplified approach is to use PND1 of a PMP system as PND0 (i.e., without heating)
and the current transfer lines as aging tube. Then, the path for the measurements of solid
particles passes through the catalytic stripper, while the path for the measurement of total
through the appropriate diluter and a PNC (5 nm or 10 nm). This approach will probably
need higher dilutions at the PND2 than typically used in commercial systems, where the
higher dilution is achieved with PND1.

Our suggestion is very similar to other approaches in the literature [12,16]. We consider
the harmonization of sampling protocols of high importance for obtaining comparable
results and should be discussed at international forums (e.g., PMP group). As mentioned
in Section 4.2, controlling these particles will not only have an impact on engines and
after-treatments, but also fuels and lubricants.

5. Conclusions

In the European Union (EU) particulate emissions from vehicles have to fulfill a
particulate matter (PM) mass limit, and a solid particle number (SPN) limit for particles
>23 nm, that may be extended in the future to cover particles >10 nm. There has been
criticism that an important fraction of exhaust particles, comprising volatile and semi-
volatile, is not addressed by current regulations. The current overview summarized the
key aspects that have to be considered before including a new particle metric, including
such species, in a potential relevant regulation.

The current SPN regulations have been very effective overall in reducing solid particles,
but still conditions with low solid and high total particle number (TPN) concentrations
exist. A TPN metric could be a good surrogate for controlling several parameters, including
inorganic and organic ones that otherwise would be very difficult to individually regulate.
The introduction of a TPN limit is relevant to the atmospheric studies, where total particles
are measured. Furthermore, even recent studies demonstrated that road traffic is still
an important, if not the most important contributor, of total particles in urban areas.
The determination of the contribution of vehicles on secondary aerosol formation is not
possible with TPN measurements, and a more detailed chemical characterization would
be necessary. It remains to be seen if TPN thoroughly addresses secondary aerosol for all



Atmosphere 2022, 13, 155 20 of 36

vehicle technologies. In some cases, the SPN limit already has led to very low secondary
aerosol (DPF diesel vehicles).

The TPN measurement cannot cover the wide range of atmospheric conditions, but
using fixed sampling parameters it can give the nucleation mode formation potential (i.e.,
fresh delayed primary particles). The SPN measurement should be kept as continuation to
the current regulation. Furthermore, semi-volatile particles can be calculated as difference
of total minus solid particles.

At the moment, even though the TPN concept is established, it is not ready for
introduction in the regulation. The sampling conditions must be defined and agreed, if
possible on a global level, and then instruments need to be compared in order to assess the
repeatability and reproducibility of the new method. The knowledge of the past has to be
verified and tuned for the latest technologies. Finally, measurements need to be performed
to determine the current levels of total particles of already circulating and future vehicles.

In parallel, one major question has to be addressed: which technology is able to
control these semi-volatile emissions of modern vehicles (e.g., a better catalyst, or better
in-cylinder combustion, or tighter fuel and lubricant specifications). It is also important to
understand whether lower limits of particle precursors (e.g., NH3, SOx, hydrocarbons), or
even addressing fuels and lubricants, would be more efficient than adding a TPN limit.
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Doušová, B. Effects of braking conditions on nanoparticle emissions from passenger car friction brakes. Sci. Total Environ. 2021,
788, 147779. [CrossRef]

137. Al-Dabbous, A.N.; Kumar, P. Source apportionment of airborne nanoparticles in a Middle Eastern city using positive matrix
factorization. Environ. Sci. Process Impacts 2015, 17, 802–812. [CrossRef]

138. Pey, J.; Querol, X.; Alastuey, A.; Rodríguez, S.; Putaud, J.P.; Van Dingenen, R. Source apportionment of urban fine and ultra-fine
particle number concentration in a Western Mediterranean city. Atmos. Environ. 2009, 43, 4407–4415. [CrossRef]

139. Li, X.; Dallmann, T.R.; May, A.; Stanier, C.O.; Grieshop, A.P.; Lipsky, E.M.; Robinson, A.; Presto, A.A. Size distribution of vehicle
emitted primary particles measured in a traffic tunnel. Atmos. Environ. 2018, 191, 9–18. [CrossRef]

140. Murzyn, F.; Sioutas, C.; Cavellin, L.D.; Joly, F.; Baudic, A.; Mehel, A.; Cuvelier, P.; Varea, E.; Rouland, B.P. Assessment of air
quality in car cabin in and around Paris from on-board measurements and comparison with 2007 data. J. Aerosol Sci. 2021, 158,
105822. [CrossRef]

141. Sun, J.; Birmili, W.; Hermann, M.; Tuch, T.; Weinhold, K.; Merkel, M.; Rasch, F.; Müller, T.; Schladitz, A.; Bastian, S.; et al.
Decreasing trends of particle number and black carbon mass concentrations at 16 observational sites in Germany from 2009 to
2018. Atmos. Chem. Phys. 2020, 20, 7049–7068. [CrossRef]

142. Wang, Y.; Hopke, P.K.; Chalupa, D.C.; Utell, M.J. Long-term study of urban ultrafine particles and other pollutants. Atmos. Environ.
2011, 45, 7672–7680. [CrossRef]

143. Ruehl, C.; Misra, C.; Yoon, S.; Smith, J.D.; Burnitzki, M.; Hu, S.; Collins, J.; Tan, Y.; Huai, T.; Herner, J. Evaluation of heavy-duty
vehicle emission controls with a decade of California real-world observations. J. Air Waste Manag. Assoc. 2021, 71, 1277–1291.
[CrossRef]

144. Hama, S.M.L.; Cordell, R.L.; Kos, G.P.A.; Weijers, E.P.; Monks, P.S. Sub-micron particle number size distribution characteristics at
two urban locations in Leicester. Atmos. Res. 2017, 194, 1–16. [CrossRef]

145. Jeong, C.-H.; Evans, G.J.; Healy, R.M.; Jadidian, P.; Wentzell, J.; Liggio, J.; Brook, J.R. Rapid physical and chemical transformation
of traffic-related atmospheric particles near a highway. Atmos. Pollut. Res. 2015, 6, 662–672. [CrossRef]

146. Giechaskiel, B.; Maricq, M.; Ntziachristos, L.; Dardiotis, C.; Wang, X.; Axmann, H.; Bergmann, A.; Schindler, W. Review of motor
vehicle particulate emissions sampling and measurement: From smoke and filter mass to particle number. J. Aerosol Sci. 2014, 67,
48–86. [CrossRef]

147. Harris, S.J.; Maricq, M. Signature size distributions for diesel and gasoline engine exhaust particulate matter. J. Aerosol Sci. 2001,
32, 749–764. [CrossRef]

148. Giechaskiel, B.; Lähde, T.; Gandi, S.; Keller, S.; Kreutziger, P.; Mamakos, A. Assessment of 10-nm Particle Number (PN) Portable
Emissions Measurement Systems (PEMS) for Future Regulations. Int. J. Environ. Res. Public Health 2020, 17, 3878. [CrossRef]
[PubMed]

149. Khalek, I.A.; Badshah, H.; Premnath, V.; Brezny, R. Solid Particle Number and Ash Emissions from Heavy-Duty Natural Gas and Diesel
w/SCRF Engines; SAE International: Warrendale, PA, USA, 2018. [CrossRef]

150. Wang, B.; Lau, Y.-S.; Huang, Y.; Organ, B.; Chuang, H.-C.; Ho, S.S.H.; Qu, L.; Lee, S.-C.; Ho, K.-F. Chemical and toxicological
characterization of particulate emissions from diesel vehicles. J. Hazard. Mater. 2020, 405, 124613. [CrossRef] [PubMed]

151. Xing, J.; Shao, L.; Zhang, W.; Peng, J.; Wang, W.; Hou, C.; Shuai, S.; Hu, M.; Zhang, D. Morphology and composition of particles
emitted from a port fuel injection gasoline vehicle under real-world driving test cycles. J. Environ. Sci. 2018, 76, 339–348.
[CrossRef]

152. Polidori, A.; Hu, S.; Biswas, S.; Delfino, R.J.; Sioutas, C. Real-time characterization of particle-bound polycyclic aromatic
hydrocarbons in ambient aerosols and from motor-vehicle exhaust. Atmos. Chem. Phys. 2008, 8, 1277–1291. [CrossRef]

153. Dutcher, D.D.; Stolzenburg, M.R.; Thompson, S.L.; Medrano, J.M.; Gross, D.S.; Kittelson, D.B.; McMurry, P.H. Emissions from
Ethanol-Gasoline Blends: A Single Particle Perspective. Atmosphere 2011, 2, 182–200. [CrossRef]

http://doi.org/10.5194/acp-20-1701-2020
http://doi.org/10.3390/catal11020247
http://doi.org/10.4271/2020-01-0382
http://doi.org/10.3390/atmos10110639
http://doi.org/10.3390/atmos12030377
http://doi.org/10.3390/atmos10090556
http://doi.org/10.1016/j.scitotenv.2021.147779
http://doi.org/10.1039/C5EM00027K
http://doi.org/10.1016/j.atmosenv.2009.05.024
http://doi.org/10.1016/j.atmosenv.2018.07.052
http://doi.org/10.1016/j.jaerosci.2021.105822
http://doi.org/10.5194/acp-20-7049-2020
http://doi.org/10.1016/j.atmosenv.2010.08.022
http://doi.org/10.1080/10962247.2021.1890277
http://doi.org/10.1016/j.atmosres.2017.04.021
http://doi.org/10.5094/APR.2015.075
http://doi.org/10.1016/j.jaerosci.2013.09.003
http://doi.org/10.1016/S0021-8502(00)00111-7
http://doi.org/10.3390/ijerph17113878
http://www.ncbi.nlm.nih.gov/pubmed/32486197
http://doi.org/10.4271/2018-01-0362
http://doi.org/10.1016/j.jhazmat.2020.124613
http://www.ncbi.nlm.nih.gov/pubmed/33301973
http://doi.org/10.1016/j.jes.2018.05.026
http://doi.org/10.5194/acp-8-1277-2008
http://doi.org/10.3390/atmos2020182


Atmosphere 2022, 13, 155 27 of 36

154. Perrone, M.G.; Carbone, C.; Faedo, D.; Ferrero, L.; Maggioni, A.; Sangiorgi, G.; Bolzacchini, E. Exhaust emissions of polycyclic
aromatic hydrocarbons, n-alkanes and phenols from vehicles coming within different European classes. Atmos. Environ. 2014, 82,
391–400. [CrossRef]

155. Muñoz, M.; Heeb, N.V.; Haag, R.; Honegger, P.; Zeyer, K.; Mohn, J.; Comte, P.; Czerwinski, J. Bioethanol Blending Reduces
Nanoparticle, PAH, and Alkyl- and Nitro-PAH Emissions and the Genotoxic Potential of Exhaust from a Gasoline Direct Injection
Flex-Fuel Vehicle. Environ. Sci. Technol. 2016, 50, 11853–11861. [CrossRef]

156. Cao, X.; Hao, X.; Shen, X.; Jiang, X.; Wu, B.; Yao, Z. Emission characteristics of polycyclic aromatic hydrocarbons and nitro-
polycyclic aromatic hydrocarbons from diesel trucks based on on-road measurements. Atmos. Environ. 2017, 148, 190–196.
[CrossRef]

157. Kwon, S.-B.; Lee, K.W.; Saito, K.; Shinozaki, O.; Seto, T. Size-Dependent Volatility of Diesel Nanoparticles: Chassis Dynamometer
Experiments. Environ. Sci. Technol. 2003, 37, 1794–1802. [CrossRef]

158. Rönkkö, T.; Virtanen, A.; Kannosto, J.; Keskinen, J.; Lappi, M.; Pirjola, L. Nucleation Mode Particles with a Nonvolatile Core in
the Exhaust of a Heavy Duty Diesel Vehicle. Environ. Sci. Technol. 2007, 41, 6384–6389. [CrossRef]

159. De Filippo, A.; Maricq, M.M. Diesel Nucleation Mode Particles: Semivolatile or Solid? Environ. Sci. Technol. 2008, 42, 7957–7962.
[CrossRef] [PubMed]

160. Kirchner, U.; Scheer, V.; Vogt, R.; Kägi, R. TEM study on volatility and potential presence of solid cores in nucleation mode
particles from diesel powered passenger cars. J. Aerosol Sci. 2009, 40, 55–64. [CrossRef]

161. Mayer, A.; Czerwinski, J.; Kasper, M.; Ulrich, A.; Mooney, J.J. Metal Oxide Particle Emissions from Diesel and Petrol Engines; SAE
International: Warrendale, PA, USA, 2012.

162. Sgro, L.A.; Sementa, P.; Vaglieco, B.M.; Rusciano, G.; D’Anna, A.; Minutolo, P. Investigating the origin of nuclei particles in GDI
engine exhausts. Combust. Flame 2012, 159, 1687–1692. [CrossRef]

163. Liati, A.; Schreiber, D.; Dasilva, Y.A.R.; Eggenschwiler, P.D. Ultrafine particle emissions from modern Gasoline and Diesel vehicles:
An electron microscopic perspective. Environ. Pollut. 2018, 239, 661–669. [CrossRef] [PubMed]

164. Seong, H.; Choi, S.; Lee, K. Examination of nanoparticles from gasoline direct-injection (GDI) engines using transmission electron
microscopy (TEM). Int. J. Automot. Technol. 2014, 15, 175–181. [CrossRef]

165. Fushimi, A.; Kondo, Y.; Kobayashi, S.; Fujitani, Y.; Saitoh, K.; Takami, A.; Tanabe, K. Chemical composition and source of fine and
nanoparticles from recent direct injection gasoline passenger cars: Effects of fuel and ambient temperature. Atmos. Environ. 2016,
124, 77–84. [CrossRef]

166. Kuuluvainen, H.; Karjalainen, P.; Saukko, E.; Ovaska, T.; Sirviö, K.; Honkanen, M.; Olin, M.; Niemi, S.; Keskinen, J.; Rönkkö, T.
Nonvolatile ultrafine particles observed to form trimodal size distributions in non-road diesel engine exhaust. Aerosol Sci. Technol.
2020, 54, 1345–1358. [CrossRef]

167. Mamakos, A.; Schwelberger, M.; Fierz, M.; Giechaskiel, B. Effect of selective catalytic reduction on exhaust nonvolatile particle
emissions of Euro VI heavy-duty compression ignition vehicles. Aerosol Sci. Technol. 2019, 53, 898–910. [CrossRef]

168. Giechaskiel, B. Solid Particle Number Emission Factors of Euro VI Heavy-Duty Vehicles on the Road and in the Laboratory.
Int. J. Environ. Res. Public Health 2018, 15, 304. [CrossRef] [PubMed]

169. Alanen, J.; Saukko, E.; Lehtoranta, K.; Murtonen, T.; Timonen, H.; Hillamo, R.; Karjalainen, P.; Kuuluvainen, H.; Harra, J.;
Keskinen, J.; et al. The formation and physical properties of the particle emissions from a natural gas engine. Fuel 2015, 162,
155–161. [CrossRef]

170. Maricq, M.M. Chemical characterization of particulate emissions from diesel engines: A review. J. Aerosol Sci. 2007, 38, 1079–1118.
[CrossRef]

171. Karjalainen, P.; Pirjola, L.; Heikkilä, J.; Lähde, T.; Tzamkiozis, T.; Ntziachristos, L.; Keskinen, J.; Rönkkö, T. Exhaust particles of
modern gasoline vehicles: A laboratory and an on-road study. Atmos. Environ. 2014, 97, 262–270. [CrossRef]

172. Ma, C.; Wu, L.; Mao, H.-J.; Fang, X.-Z.; Wei, N.; Zhang, J.-S.; Yang, Z.-W.; Zhang, Y.-J.; Lv, Z.-Y.; Yang, L. Transient Characterization
of Automotive Exhaust Emission from Different Vehicle Types Based on On-Road Measurements. Atmosphere 2020, 11, 64.
[CrossRef]

173. Rönkkö, T.; Pirjola, L.; Ntziachristos, L.; Heikkilä, J.; Karjalainen, P.; Hillamo, R.; Keskinen, J. Vehicle Engines Produce Exhaust
Nanoparticles Even When Not Fueled. Environ. Sci. Technol. 2014, 48, 2043–2050. [CrossRef] [PubMed]

174. Sirignano, M.; D’Anna, A. Filtration and coagulation efficiency of sub-10 nm combustion-generated particles. Fuel 2018, 221,
298–302. [CrossRef]

175. Gren, L.; Malmborg, V.B.; Falk, J.; Markula, L.; Novakovic, M.; Shamun, S.; Eriksson, A.C.; Kristensen, T.B.; Svenningsson, B.;
Tunér, M.; et al. Effects of renewable fuel and exhaust aftertreatment on primary and secondary emissions from a modern
heavy-duty diesel engine. J. Aerosol Sci. 2021, 156, 105781. [CrossRef]

176. Liati, A.; Spiteri, A.; Eggenschwiler, P.D.; Vogel-Schäuble, N. Microscopic investigation of soot and ash particulate matter derived
from biofuel and diesel: Implications for the reactivity of soot. J. Nanopart. Res. 2012, 14, 1224. [CrossRef]

177. Muñoz, M.; Haag, R.; Zeyer, K.; Mohn, J.; Comte, P.; Czerwinski, J.; Heeb, N.V. Effects of Four Prototype Gasoline Particle Filters
(GPFs) on Nanoparticle and Genotoxic PAH Emissions of a Gasoline Direct Injection (GDI) Vehicle. Environ. Sci. Technol. 2018, 52,
10709–10718. [CrossRef]

http://doi.org/10.1016/j.atmosenv.2013.10.040
http://doi.org/10.1021/acs.est.6b02606
http://doi.org/10.1016/j.atmosenv.2016.10.040
http://doi.org/10.1021/es025868z
http://doi.org/10.1021/es0705339
http://doi.org/10.1021/es8010332
http://www.ncbi.nlm.nih.gov/pubmed/19031887
http://doi.org/10.1016/j.jaerosci.2008.08.002
http://doi.org/10.1016/j.combustflame.2011.12.013
http://doi.org/10.1016/j.envpol.2018.04.081
http://www.ncbi.nlm.nih.gov/pubmed/29709837
http://doi.org/10.1007/s12239-014-0019-5
http://doi.org/10.1016/j.atmosenv.2015.11.017
http://doi.org/10.1080/02786826.2020.1783432
http://doi.org/10.1080/02786826.2019.1610153
http://doi.org/10.3390/ijerph15020304
http://www.ncbi.nlm.nih.gov/pubmed/29425174
http://doi.org/10.1016/j.fuel.2015.09.003
http://doi.org/10.1016/j.jaerosci.2007.08.001
http://doi.org/10.1016/j.atmosenv.2014.08.025
http://doi.org/10.3390/atmos11010064
http://doi.org/10.1021/es405687m
http://www.ncbi.nlm.nih.gov/pubmed/24397401
http://doi.org/10.1016/j.fuel.2018.02.107
http://doi.org/10.1016/j.jaerosci.2021.105781
http://doi.org/10.1007/s11051-012-1224-7
http://doi.org/10.1021/acs.est.8b03125


Atmosphere 2022, 13, 155 28 of 36

178. Uy, D.; Storey, J.; Sluder, C.S.; Barone, T.; Lewis, S.; Jagner, M. Effects of Oil Formulation, Oil Separator, and Engine Speed and
Load on the Particle Size, Chemistry, and Morphology of Diesel Crankcase Aerosols. SAE Int. J. Fuels Lubr. 2016, 9, 224–238.
[CrossRef]

179. Giechaskiel, B.; Ntziachristos, L.; Samaras, Z.; Casati, R.; Scheer, V.; Vogt, R. Effect of Speed and Speed-Transition on the Formation of
Nucleation Mode Particles from a Light Duty Diesel Vehicle; SAE International: Warrendale, PA, USA, 2007. [CrossRef]

180. Suarez-Bertoa, R.; Mendoza-Villafuerte, P.; Riccobono, F.; Vojtisek, M.; Pechout, M.; Perujo, A.; Astorga, C. On-road measurement
of NH3 emissions from gasoline and diesel passenger cars during real world driving conditions. Atmos. Environ. 2017, 166,
488–497. [CrossRef]

181. Selleri, T.; Melas, A.; Joshi, A.; Manara, D.; Perujo, A.; Suarez-Bertoa, R. An Overview of Lean Exhaust deNOx Aftertreatment
Technologies and NOx Emission Regulations in the European Union. Catalysts 2021, 11, 404. [CrossRef]

182. Casati, R.; Scheer, V.; Vogt, R.; Benter, T. Measurement of nucleation and soot mode particle emission from a diesel passenger car
in real world and laboratory in situ dilution. Atmos. Environ. 2007, 41, 2125–2135. [CrossRef]

183. Uhrner, U.; Zallinger, M.; von Löwis, S.; Vehkamäki, H.; Wehner, B.; Stratmann, F.; Wiedensohler, A. Volatile Nanoparticle
Formation and Growth within a Diluting Diesel Car Exhaust. J. Air Waste Manag. Assoc. 2011, 61, 399–408. [CrossRef] [PubMed]

184. Tsai, J.-H.; Chang, S.-Y.; Chiang, H.-L. Volatile organic compounds from the exhaust of light-duty diesel vehicles. Atmos. Environ.
2012, 61, 499–506. [CrossRef]

185. Rönkkö, T.; Lähde, T.; Heikkilä, J.; Pirjola, L.; Bauschke, U.; Arnold, F.; Schlager, H.; Rothe, D.; Yli-Ojanperä, J.; Keskinen, J.
Effects of Gaseous Sulphuric Acid on Diesel Exhaust Nanoparticle Formation and Characteristics. Environ. Sci. Technol. 2013, 47,
11882–11889. [CrossRef] [PubMed]

186. Rodríguez, S.; Cuevas, E. The contributions of “minimum primary emissions” and “new particle formation enhancements” to the
particle number concentration in urban air. J. Aerosol Sci. 2007, 38, 1207–1219. [CrossRef]

187. Vaaraslahti, K.; Virtanen, A.; Ristimäki, J.; Keskinen, J. Nucleation Mode Formation in Heavy-Duty Diesel Exhaust with and
without a Particulate Filter. Environ. Sci. Technol. 2004, 38, 4884–4890. [CrossRef] [PubMed]

188. Giechaskiel, B.; Ntziachristos, L.; Samaras, Z.; Scheer, V.; Casati, R.; Vogt, R. Formation potential of vehicle exhaust nucleation
mode particles on-road and in the laboratory. Atmos. Environ. 2005, 39, 3191–3198. [CrossRef]

189. Vaaraslahti, K.; Keskinen, J.; Giechaskiel, B.; Solla, A.; Murtonen, T.; Vesala, H. Effect of Lubricant on the Formation of Heavy-Duty
Diesel Exhaust Nanoparticles. Environ. Sci. Technol. 2005, 39, 8497–8504. [CrossRef] [PubMed]

190. Vouitsis, E.; Ntziachristos, L.; Samaras, Z. Modelling of diesel exhaust aerosol during laboratory sampling. Atmos. Environ. 2005,
39, 1335–1345. [CrossRef]

191. Du, H.; Yu, F. Nanoparticle formation in the exhaust of vehicles running on ultra-low sulfur fuel. Atmos. Chem. Phys. Discuss.
2008, 8, 4729–4739. [CrossRef]

192. Lemmetty, M.; Rönkkö, T.; Virtanen, A.; Keskinen, J.; Pirjola, L. The Effect of Sulphur in Diesel Exhaust Aerosol: Models
Compared with Measurements. Aerosol Sci. Technol. 2008, 42, 916–929. [CrossRef]

193. Olin, M.; Rönkkö, T.; Maso, M.D. CFD modeling of a vehicle exhaust laboratory sampling system: Sulfur-driven nucleation and
growth in diluting diesel exhaust. Atmos. Chem. Phys. Discuss. 2015, 15, 5305–5323. [CrossRef]

194. Sakurai, H.; Tobias, H.; Park, K.; Zarling, D.; Docherty, K.S.; Kittelson, D.B.; McMurry, P.H.; Ziemann, P.J. On-line measurements
of diesel nanoparticle composition and volatility. Atmos. Environ. 2003, 37, 1199–1210. [CrossRef]

195. Ristimäki, J.; Lehtoranta, K.; Lappi, M.; Keskinen, J. Hydrocarbon Condensation in Heavy-Duty Diesel Exhaust. Environ. Sci.
Technol. 2007, 41, 6397–6402. [CrossRef]

196. Pirjola, L.; Karjalainen, P.; Heikkilä, J.; Saari, S.; Tzamkiozis, T.; Ntziachristos, L.; Kulmala, K.; Keskinen, J.; Rönkkö, T. Effects of
Fresh Lubricant Oils on Particle Emissions Emitted by a Modern Gasoline Direct Injection Passenger Car. Environ. Sci. Technol.
2015, 49, 3644–3652. [CrossRef]

197. Vogt, R.; Scheer, V.; Casati, R.; Benter, T. On-Road Measurement of Particle Emission in the Exhaust Plume of a Diesel Passenger
Car. Environ. Sci. Technol. 2003, 37, 4070–4076. [CrossRef]

198. Kostenidou, E.; Martinez-Valiente, A.; R’Mili, B.; Marques, B.; Temime-Roussel, B.; Durand, A.; André, M.; Liu, Y.; Louis, C.;
Vansevenant, B.; et al. Technical note: Emission factors, chemical composition, and morphology of particles emitted from Euro 5
diesel and gasoline light-duty vehicles during transient cycles. Atmos. Chem. Phys. 2021, 21, 4779–4796. [CrossRef]

199. Bergmann, M.; Kirchner, U.; Vogt, R.; Benter, T. On-road and laboratory investigation of low-level PM emissions of a modern
diesel particulate filter equipped diesel passenger car. Atmos. Environ. 2009, 43, 1908–1916. [CrossRef]

200. Tzamkiozis, T.; Ntziachristos, L.; Samaras, Z. Diesel passenger car PM emissions: From Euro 1 to Euro 4 with particle filter.
Atmos. Environ. 2010, 44, 909–916. [CrossRef]

201. Lu, T.; Cheung, C.S.; Huang, Z. Size-Resolved Volatility, Morphology, Nanostructure, and Oxidation Characteristics of Diesel
Particulate. Energy Fuels 2012, 26, 6168–6176. [CrossRef]

202. Pang, Y.; Fuentes, M.; Rieger, P. Trends in the emissions of Volatile Organic Compounds (VOCs) from light-duty gasoline vehicles
tested on chassis dynamometers in Southern California. Atmos. Environ. 2013, 83, 127–135. [CrossRef]

203. Yang, J.; Roth, P.; Zhu, H.; Durbin, T.D.; Karavalakis, G. Impacts of gasoline aromatic and ethanol levels on the emissions from
GDI vehicles: Part 2. Influence on particulate matter, black carbon, and nanoparticle emissions. Fuel 2019, 252, 812–820. [CrossRef]

http://doi.org/10.4271/2016-01-0897
http://doi.org/10.4271/2007-01-1110
http://doi.org/10.1016/j.atmosenv.2017.07.056
http://doi.org/10.3390/catal11030404
http://doi.org/10.1016/j.atmosenv.2006.10.078
http://doi.org/10.3155/1047-3289.61.4.399
http://www.ncbi.nlm.nih.gov/pubmed/21516935
http://doi.org/10.1016/j.atmosenv.2012.07.078
http://doi.org/10.1021/es402354y
http://www.ncbi.nlm.nih.gov/pubmed/24044459
http://doi.org/10.1016/j.jaerosci.2007.09.001
http://doi.org/10.1021/es0353255
http://www.ncbi.nlm.nih.gov/pubmed/15487800
http://doi.org/10.1016/j.atmosenv.2005.02.019
http://doi.org/10.1021/es0505503
http://www.ncbi.nlm.nih.gov/pubmed/16294893
http://doi.org/10.1016/j.atmosenv.2004.11.011
http://doi.org/10.5194/acp-8-4729-2008
http://doi.org/10.1080/02786820802360682
http://doi.org/10.5194/acp-15-5305-2015
http://doi.org/10.1016/S1352-2310(02)01017-8
http://doi.org/10.1021/es0624319
http://doi.org/10.1021/es505109u
http://doi.org/10.1021/es0300315
http://doi.org/10.5194/acp-21-4779-2021
http://doi.org/10.1016/j.atmosenv.2008.12.039
http://doi.org/10.1016/j.atmosenv.2009.12.003
http://doi.org/10.1021/ef3010527
http://doi.org/10.1016/j.atmosenv.2013.11.002
http://doi.org/10.1016/j.fuel.2019.04.144


Atmosphere 2022, 13, 155 29 of 36

204. Clairotte, M.; Adam, T.; Zardini, A.; Manfredi, U.; Martini, G.; Krasenbrink, A.; Vicet, A.; Tournié, E.; Astorga, C. Effects of low
temperature on the cold start gaseous emissions from light duty vehicles fuelled by ethanol-blended gasoline. Appl. Energy 2013,
102, 44–54. [CrossRef]

205. Sonntag, D.B.; Bailey, C.R.; Fulper, C.R.; Baldauf, R.W. Contribution of Lubricating Oil to Particulate Matter Emissions from
Light-Duty Gasoline Vehicles in Kansas City. Environ. Sci. Technol. 2012, 46, 4191–4199. [CrossRef]

206. Amirante, R.; Distaso, E.; Napolitano, M.; Tamburrano, P.; Di Iorio, S.; Sementa, P.; Vaglieco, B.M.; Reitz, R.D. Effects of lubricant
oil on particulate emissions from port-fuel and direct-injection spark-ignition engines. Int. J. Engine Res. 2017, 18, 606–620.
[CrossRef]

207. Distaso, E.; Amirante, R.; Calò, G.; De Palma, P.; Tamburrano, P. Evolution of Soot Particle Number, Mass and Size Distribution
along the Exhaust Line of a Heavy-Duty Engine Fueled with Compressed Natural Gas. Energies 2020, 13, 3993. [CrossRef]

208. Karavalakis, G.; Durbin, T.D.; Yang, J.; Ventura, L.; Xu, K. Fuel Effects on PM Emissions from Different Vehicle/Engine Configurations:
A Literature Review; SAE International: Warrendale, PA, USA, 2018. [CrossRef]

209. Cheung, K.L.; Polidori, A.; Ntziachristos, L.; Tzamkiozis, T.; Samaras, Z.; Cassee, F.R.; Gerlofs, M.; Sioutas, C. Chemical Character-
istics and Oxidative Potential of Particulate Matter Emissions from Gasoline, Diesel, and Biodiesel Cars. Environ. Sci. Technol.
2009, 43, 6334–6340. [CrossRef] [PubMed]

210. Giechaskiel, B.; Melas, A.D.; Lähde, T.; Martini, G. Non-Volatile Particle Number Emission Measurements with Catalytic Strippers:
A Review. Vehicles 2020, 2, 342–364. [CrossRef]

211. Khalek, I.A.; Bougher, T.L.; Merritt, P.M.; Zielinska, B. Regulated and Unregulated Emissions from Highway Heavy-Duty Diesel
Engines Complying with U.S. Environmental Protection Agency 2007 Emissions Standards. J. Air Waste Manag. Assoc. 2011, 61,
427–442. [CrossRef] [PubMed]

212. Khalek, I.A.; Blanks, M.G.; Merritt, P.M.; Zielinska, B. Regulated and unregulated emissions from modern 2010 emissions-
compliant heavy-duty on-highway diesel engines. J. Air Waste Manag. Assoc. 2015, 65, 987–1001. [CrossRef]

213. Zeraati-Rezaei, S.; Alam, M.S.; Xu, H.; Beddows, D.C.; Harrison, R.M. Size-resolved physico-chemical characterization of diesel
exhaust particles and efficiency of exhaust aftertreatment. Atmos. Environ. 2019, 222, 117021. [CrossRef]

214. Huang, L.; Bohac, S.V.; Chernyak, S.M.; Batterman, S.A. Effects of fuels, engine load and exhaust after-treatment on diesel engine
SVOC emissions and development of SVOC profiles for receptor modeling. Atmos. Environ. 2014, 102, 228–238. [CrossRef]

215. Alanen, J.; Simonen, P.; Saarikoski, S.; Timonen, H.; Kangasniemi, O.; Saukko, E.; Hillamo, R.; Lehtoranta, K.; Murtonen, T.;
Vesala, H.; et al. Comparison of primary and secondary particle formation from natural gas engine exhaust and of their volatility
characteristics. Atmos. Chem. Phys. 2017, 17, 8739–8755. [CrossRef]

216. Li, Y.; Xue, J.; Peppers, J.; Kado, N.Y.; Vogel, C.F.; Alaimo, C.P.; Green, P.G.; Zhang, R.; Jenkins, B.M.; Kim, M.; et al. Chemical and
Toxicological Properties of Emissions from a Light-Duty Compressed Natural Gas Vehicle Fueled with Renewable Natural Gas.
Environ. Sci. Technol. 2021, 55, 2820–2830. [CrossRef]

217. Rönkkö, T.; Virtanen, A.; Lehtoranta, K.; Keskinen, J.; Pirjola, L.; Lappi, M. Effect of dilution conditions and driving parameters
on nucleation mode particles in diesel exhaust: Laboratory and on-road study. Atmos. Environ. 2006, 40, 2893–2901. [CrossRef]

218. Ntziachristos, L.; Ning, Z.; Geller, M.D.; Sioutas, C. Particle Concentration and Characteristics near a Major Freeway with
Heavy-Duty Diesel Traffic. Environ. Sci. Technol. 2007, 41, 2223–2230. [CrossRef]

219. Zhang, K.M.; Wexler, A.S. Evolution of particle number distribution near roadways—Part I: Analysis of aerosol dynamics and its
implications for engine emission measurement. Atmos. Environ. 2004, 38, 6643–6653. [CrossRef]

220. Kwak, J.H.; Kim, H.S.; Lee, J.H.; Lee, S.H. On-road chasing measurement of exhaust particle emissions from diesel, CNG, LPG,
and DME-fueled vehicles using a mobile emission laboratory. Int. J. Automot. Technol. 2014, 15, 543–551. [CrossRef]

221. Shen, X.; Yao, Z.; He, K.; Cao, X.; Liu, H. The Construction and Application of a Multipoint Sampling System for Vehicle Exhaust
Plumes. Aerosol Air Qual. Res. 2017, 17, 1705–1716. [CrossRef]

222. Sasaki, S.; Nakajima, T. Study on the Measuring Method of Vehicular PM Size Distribution to Simulate the Atmospheric Dilution Process;
SAE International: Warrendale, PA, USA, 2002. [CrossRef]

223. Lee, S.H.; Kwak, J.H.; Lee, J.H. On-road chasing and laboratory measurements of exhaust particle emissions of diesel vehicles
equipped with aftertreatment technologies (DPF, urea-SCR). Int. J. Automot. Technol. 2015, 16, 551–559. [CrossRef]

224. Choi, W.; Paulson, S.E. Closing the ultrafine particle number concentration budget at road-to-ambient scale: Implications for
particle dynamics. Aerosol Sci. Technol. 2016, 50, 448–461. [CrossRef]

225. Fushimi, A.; Hasegawa, S.; Takahashi, K.; Fujitani, Y.; Tanabe, K.; Kobayashi, S. Atmospheric fate of nuclei-mode particles
estimated from the number concentrations and chemical composition of particles measured at roadside and background sites.
Atmos. Environ. 2008, 42, 949–959. [CrossRef]

226. Zimmerman, N.; Wang, J.M.; Jeong, C.-H.; Ramos, M.; Hilker, N.; Healy, R.M.; Sabaliauskas, K.; Wallace, J.S.; Evans, G.J. Field
Measurements of Gasoline Direct Injection Emission Factors: Spatial and Seasonal Variability. Environ. Sci. Technol. 2016, 50,
2035–2043. [CrossRef] [PubMed]

227. Kangasniemi, O.; Kuuluvainen, H.; Heikkilä, J.; Pirjola, L.; Niemi, J.V.; Timonen, H.; Saarikoski, S.; Rönkkö, T.; Maso, M.D.
Dispersion of a Traffic Related Nanocluster Aerosol Near a Major Road. Atmosphere 2019, 10, 309. [CrossRef]

228. Kumar, P.; Ketzel, M.; Vardoulakis, S.; Pirjola, L.; Britter, R. Dynamics and dispersion modelling of nanoparticles from road traffic
in the urban atmospheric environment—A review. J. Aerosol Sci. 2011, 42, 580–603. [CrossRef]

http://doi.org/10.1016/j.apenergy.2012.08.010
http://doi.org/10.1021/es203747f
http://doi.org/10.1177/1468087417706602
http://doi.org/10.3390/en13153993
http://doi.org/10.4271/2018-01-0349
http://doi.org/10.1021/es900819t
http://www.ncbi.nlm.nih.gov/pubmed/19746734
http://doi.org/10.3390/vehicles2020019
http://doi.org/10.3155/1047-3289.61.4.427
http://www.ncbi.nlm.nih.gov/pubmed/21516938
http://doi.org/10.1080/10962247.2015.1051606
http://doi.org/10.1016/j.atmosenv.2019.117021
http://doi.org/10.1016/j.atmosenv.2014.11.046
http://doi.org/10.5194/acp-17-8739-2017
http://doi.org/10.1021/acs.est.0c04962
http://doi.org/10.1016/j.atmosenv.2006.01.002
http://doi.org/10.1021/es062590s
http://doi.org/10.1016/j.atmosenv.2004.06.043
http://doi.org/10.1007/s12239-014-0057-z
http://doi.org/10.4209/aaqr.2017.02.0076
http://doi.org/10.4271/2002-01-2716
http://doi.org/10.1007/s12239-015-0056-8
http://doi.org/10.1080/02786826.2016.1155104
http://doi.org/10.1016/j.atmosenv.2007.10.019
http://doi.org/10.1021/acs.est.5b04444
http://www.ncbi.nlm.nih.gov/pubmed/26794244
http://doi.org/10.3390/atmos10060309
http://doi.org/10.1016/j.jaerosci.2011.06.001


Atmosphere 2022, 13, 155 30 of 36

229. Carpentieri, M.; Kumar, P. Ground-fixed and on-board measurements of nanoparticles in the wake of a moving vehicle.
Atmos. Environ. 2011, 45, 5837–5852. [CrossRef]

230. Liu, H.; Qi, L.; Liang, C.; Deng, F.; Man, H.; He, K. How aging process changes characteristics of vehicle emissions? A review.
Crit. Rev. Environ. Sci. Technol. 2019, 50, 1796–1828. [CrossRef]

231. Hidy, G.M. Atmospheric Chemistry in a Box or a Bag. Atmosphere 2019, 10, 401. [CrossRef]
232. Ahlberg, E.; Ausmeel, S.; Eriksson, A.; Holst, T.; Karlsson, T.; Brune, W.H.; Frank, G.; Roldin, P.; Kristensson, A.; Svenningsson, B.

No Particle Mass Enhancement from Induced Atmospheric Ageing at a Rural Site in Northern Europe. Atmosphere 2019, 10, 408.
[CrossRef]

233. Suarez-Bertoa, R.; Zardini, A.; Platt, S.; Hellebust, S.; Pieber, S.M.; El Haddad, I.; Temime-Roussel, B.; Baltensperger, U.; Marchand,
N.; Prevot, A.; et al. Primary emissions and secondary organic aerosol formation from the exhaust of a flex-fuel (ethanol) vehicle.
Atmos. Environ. 2015, 117, 200–211. [CrossRef]

234. Karjalainen, P.; Timonen, H.; Saukko, E.; Kuuluvainen, H.; Saarikoski, S.; Aakko-Saksa, P.; Murtonen, T.; Bloss, M.; Maso, M.D.;
Simonen, P.; et al. Time-resolved characterization of primary particle emissions and secondary particle formation from a modern
gasoline passenger car. Atmos. Chem. Phys. 2016, 16, 8559–8570. [CrossRef]

235. Roth, P.; Yang, J.; Peng, W.; Cocker, D.R.; Durbin, T.D.; Asa-Awuku, A.; Karavalakis, G. Intermediate and high ethanol blends
reduce secondary organic aerosol formation from gasoline direct injection vehicles. Atmos. Environ. 2019, 220, 117064. [CrossRef]

236. Chirico, R.; Clairotte, M.; Adam, T.W.; Giechaskiel, B.; Heringa, M.F.; Elsasser, M.; Martini, G.; Manfredi, U.; Streibel, T.; Sklorz, M.;
et al. Emissions of Organic Aerosol Mass, Black Carbon, Particle Number, and Regulated and Unregulated Gases from Scooters
and Light and Heavy Duty Vehicles with Different Fuels. Atmos. Chem. Phys. Discuss. 2014, 14, 16591–16639. [CrossRef]

237. Deng, W.; Hu, Q.; Liu, T.; Wang, X.; Zhang, Y.; Song, W.; Sun, Y.; Bi, X.; Yu, J.; Yang, W.; et al. Primary particulate emissions and
secondary organic aerosol (SOA) formation from idling diesel vehicle exhaust in China. Sci. Total Environ. 2017, 593–594, 462–469.
[CrossRef] [PubMed]

238. Zhao, Y.; Lambe, A.T.; Saleh, R.; Saliba, G.; Robinson, A.L. Secondary Organic Aerosol Production from Gasoline Vehicle Exhaust:
Effects of Engine Technology, Cold Start, and Emission Certification Standard. Environ. Sci. Technol. 2018, 52, 1253–1261.
[CrossRef] [PubMed]

239. Vu, D.; Roth, P.; Berte, T.; Yang, J.; Cocker, D.; Durbin, T.D.; Karavalakis, G.; Asa-Awuku, A. Using a new Mobile Atmospheric
Chamber (MACh) to investigate the formation of secondary aerosols from mobile sources: The case of gasoline direct injection
vehicles. J. Aerosol Sci. 2019, 133, 1–11. [CrossRef]

240. Du, Z.; Hu, M.; Peng, J.; Zhang, W.; Zheng, J.; Gu, F.; Qin, Y.; Yang, Y.; Li, M.; Wu, Y.; et al. Comparison of primary aerosol
emission and secondary aerosol formation from gasoline direct injection and port fuel injection vehicles. Atmos. Chem. Phys. 2018,
18, 9011–9023. [CrossRef]

241. Gordon, T.D.; Presto, A.A.; May, A.A.; Nguyen, N.T.; Lipsky, E.M.; Donahue, N.M.; Gutierrez, A.; Zhang, M.; Maddox, C.; Rieger,
P.; et al. Secondary organic aerosol formation exceeds primary particulate matter emissions for light-duty gasoline vehicles.
Atmos. Chem. Phys. 2014, 14, 4661–4678. [CrossRef]

242. Timonen, H.; Karjalainen, P.; Saukko, E.; Saarikoski, S.; Aakko-Saksa, P.; Simonen, P.; Murtonen, T.; Maso, M.D.; Kuuluvainen, H.;
Bloss, M.; et al. Influence of fuel ethanol content on primary emissions and secondary aerosol formation potential for a modern
flex-fuel gasoline vehicle. Atmos. Chem. Phys. 2017, 17, 5311–5329. [CrossRef]

243. Karjalainen, P.; Rönkkö, T.; Simonen, P.; Ntziachristos, L.; Juuti, P.; Timonen, H.; Teinilä, K.; Saarikoski, S.; Saveljeff, H.;
Lauren, M.; et al. Strategies to Diminish the Emissions of Particles and Secondary Aerosol Formation from Diesel Engines.
Environ. Sci. Technol. 2019, 53, 10408–10416. [CrossRef] [PubMed]

244. Gramsch, E.; Papapostolou, V.; Reyes, F.; Vásquez, Y.; Castillo, M.; Oyola, P.; López, G.; Cádiz, A.; Ferguson, S.; Wolfson, M.;
et al. Variability in the primary emissions and secondary gas and particle formation from vehicles using bioethanol mixtures.
J. Air Waste Manag. Assoc. 2018, 68, 329–346. [CrossRef]

245. Gordon, T.D.; Presto, A.A.; Nguyen, N.T.; Robertson, W.H.; Na, K.; Sahay, K.N.; Zhang, M.; Maddox, C.; Rieger, P.; Chattopadhyay,
S.; et al. Secondary organic aerosol production from diesel vehicle exhaust: Impact of aftertreatment, fuel chemistry and driving
cycle. Atmos. Chem. Phys. 2014, 14, 4643–4659. [CrossRef]

246. Mehsein, K.; Norsic, C.; Chaillou, C.; Nicolle, A. Minimizing secondary pollutant formation through identification of most
influential volatile emissions in gasoline exhausts: Impact of the vehicle powertrain technology. Atmos. Environ. 2020, 226, 117394.
[CrossRef]

247. Park, G.; Kim, K.; Park, T.; Kang, S.; Ban, J.; Choi, S.; Yu, D.-G.; Lee, S.; Lim, Y.; Kim, S.; et al. Primary and secondary aerosols in
small passenger vehicle emissions: Evaluation of engine technology, driving conditions, and regulatory standards. Environ. Pollut.
2021, 286, 117195. [CrossRef]

248. Jathar, S.H.; Friedman, B.; Galang, A.A.; Link, M.F.; Brophy, P.; Volckens, J.; Eluri, S.; Farmer, D.K. Linking Load, Fuel, and
Emission Controls to Photochemical Production of Secondary Organic Aerosol from a Diesel Engine. Environ. Sci. Technol. 2017,
51, 1377–1386. [CrossRef]

249. Bahreini, R.; Middlebrook, A.; de Gouw, J.; Warneke, C.; Trainer, M.; Brock, C.A.; Stark, H.; Brown, S.S.; Dube, W.P.; Gilman,
J.B.; et al. Gasoline emissions dominate over diesel in formation of secondary organic aerosol mass. Geophys. Res. Lett. 2012, 39,
L06805. [CrossRef]

http://doi.org/10.1016/j.atmosenv.2011.06.079
http://doi.org/10.1080/10643389.2019.1669402
http://doi.org/10.3390/atmos10070401
http://doi.org/10.3390/atmos10070408
http://doi.org/10.1016/j.atmosenv.2015.07.006
http://doi.org/10.5194/acp-16-8559-2016
http://doi.org/10.1016/j.atmosenv.2019.117064
http://doi.org/10.5194/acpd-14-16591-2014
http://doi.org/10.1016/j.scitotenv.2017.03.088
http://www.ncbi.nlm.nih.gov/pubmed/28355592
http://doi.org/10.1021/acs.est.7b05045
http://www.ncbi.nlm.nih.gov/pubmed/29303572
http://doi.org/10.1016/j.jaerosci.2019.03.009
http://doi.org/10.5194/acp-18-9011-2018
http://doi.org/10.5194/acp-14-4661-2014
http://doi.org/10.5194/acp-17-5311-2017
http://doi.org/10.1021/acs.est.9b04073
http://www.ncbi.nlm.nih.gov/pubmed/31408602
http://doi.org/10.1080/10962247.2017.1386600
http://doi.org/10.5194/acp-14-4643-2014
http://doi.org/10.1016/j.atmosenv.2020.117394
http://doi.org/10.1016/j.envpol.2021.117195
http://doi.org/10.1021/acs.est.6b04602
http://doi.org/10.1029/2011GL050718


Atmosphere 2022, 13, 155 31 of 36

250. Platt, S.M.; El Haddad, I.; Zardini, A.A.; Clairotte, M.; Astorga, C.; Wolf, R.; Slowik, J.G.; Temime-Roussel, B.; Marchand, N.; Ježek,
I.; et al. Secondary organic aerosol formation from gasoline vehicle emissions in a new mobile environmental reaction chamber.
Atmos. Chem. Phys. 2013, 13, 9141–9158. [CrossRef]

251. Pieber, S.M.; Kumar, N.K.; Klein, F.; Comte, P.; Bhattu, D.; Dommen, J.; Bruns, E.A.; Kılıç, D.; El Haddad, I.; Keller, A.; et al.
Gas-phase composition and secondary organic aerosol formation from standard and particle filter-retrofitted gasoline direct
injection vehicles investigated in a batch and flow reactor. Atmos. Chem. Phys. 2018, 18, 9929–9954. [CrossRef]

252. Kuittinen, N.; McCaffery, C.; Peng, W.; Zimmerman, S.; Roth, P.; Simonen, P.; Karjalainen, P.; Keskinen, J.; Cocker, D.R.; Durbin,
T.D.; et al. Effects of driving conditions on secondary aerosol formation from a GDI vehicle using an oxidation flow reactor.
Environ. Pollut. 2021, 282, 117069. [CrossRef] [PubMed]

253. Kuittinen, N.; McCaffery, C.; Zimmerman, S.; Bahreini, R.; Simonen, P.; Karjalainen, P.; Keskinen, J.; Rönkkö, T.; Karavalakis, G.
Using an oxidation flow reactor to understand the effects of gasoline aromatics and ethanol levels on secondary aerosol formation.
Environ. Res. 2021, 200, 111453. [CrossRef] [PubMed]

254. Burnett, R.; Chen, H.; Szyszkowicz, M.; Fann, N.; Hubbell, B.; Pope, C.A.; Apte, J.S.; Brauer, M.; Cohen, A.; Weichenthal, S.; et al.
Global estimates of mortality associated with long-term exposure to outdoor fine particulate matter. Proc. Natl. Acad. Sci. USA
2018, 115, 9592–9597. [CrossRef] [PubMed]

255. Yazdi, M.D.; Wang, Y.; Di, Q.; Requia, W.J.; Wei, Y.; Shi, L.; Sabath, M.B.; Dominici, F.; Coull, B.; Evans, J.S.; et al. Long-term effect
of exposure to lower concentrations of air pollution on mortality among US Medicare participants and vulnerable subgroups: A
doubly-robust approach. Lancet Planet. Health 2021, 5, e689–e697. [CrossRef]

256. Chen, R.; Hu, B.; Liu, Y.; Xu, J.; Yang, G.; Xu, D.; Chen, C. Beyond PM2.5: The role of ultrafine particles on adverse health effects
of air pollution. Biochim. Biophys. Acta (BBA) Gen. Subj. 2016, 1860, 2844–2855. [CrossRef] [PubMed]

257. Traboulsi, H.; Guerrina, N.; Iu, M.; Maysinger, D.; Ariya, P.; Baglole, C.J. Inhaled Pollutants: The Molecular Scene behind
Respiratory and Systemic Diseases Associated with Ultrafine Particulate Matter. Int. J. Mol. Sci. 2017, 18, 243. [CrossRef]

258. Choi, H.S.; Ashitate, Y.; Lee, J.H.; Kim, S.H.; Matsui, A.; Insin, N.; Bawendi, M.G.; Semmler-Behnke, M.; Frangioni, J.V.; Tsuda,
A. Rapid translocation of nanoparticles from the lung airspaces to the body. Nat. Biotechnol. 2010, 28, 1300–1303. [CrossRef]
[PubMed]

259. Geiser, M.; Kreyling, W.G. Deposition and biokinetics of inhaled nanoparticles. Part. Fibre Toxicol. 2010, 7, 2. [CrossRef]
260. Bakand, S.; Hayes, A. Toxicological Considerations, Toxicity Assessment, and Risk Management of Inhaled Nanoparticles.

Int. J. Mol. Sci. 2016, 17, 929. [CrossRef] [PubMed]
261. Forest, V. Combined effects of nanoparticles and other environmental contaminants on human health—An issue often overlooked.

NanoImpact 2021, 23, 100344. [CrossRef]
262. Hennig, F.; Quass, U.; Hellack, B.; Küpper, M.; Kuhlbusch, T.; Stafoggia, M.; Hoffmann, B. Ultrafine and Fine Particle Number

and Surface Area Concentrations and Daily Cause-Specific Mortality in the Ruhr Area, Germany, 2009–2014. Environ. Health
Perspect. 2018, 126, 027008. [CrossRef] [PubMed]

263. Austin, E.; Xiang, J.; Gould, T.; Shirai, J.H.; Yun, S.; Yost, M.; Larson, T.; Seto, E. Mobile Observations of Ultrafine Particles: The
MOV-UP Study Report; University of Washington: Seattle, WA, USA, 2019. [CrossRef]

264. Ohlwein, S.; Kappeler, R.; Joss, M.K.; Künzli, N.; Hoffmann, B. Health effects of ultrafine particles: A systematic literature review
update of epidemiological evidence. Int. J. Public Health 2019, 64, 547–559. [CrossRef] [PubMed]

265. Schraufnagel, D.E. The health effects of ultrafine particles. Exp. Mol. Med. 2020, 52, 311–317. [CrossRef] [PubMed]
266. Calderón-Garcidueñas, L.; Stommel, E.W.; Rajkumar, R.P.; Mukherjee, P.S.; Ayala, A. Particulate Air Pollution and Risk of

Neuropsychiatric Outcomes. What We Breathe, Swallow, and Put on Our Skin Matters. Int. J. Environ. Res. Public Health 2021, 18,
11568. [CrossRef] [PubMed]

267. Chung, M.; Wang, D.D.; Rizzo, A.M.; Gachette, D.; Delnord, M.; Parambi, R.; Kang, C.-M.; Brugge, D. Association of PNC,
BC, and PM2.5 Measured at a Central Monitoring Site with Blood Pressure in a Predominantly Near Highway Population.
Int. J. Environ. Res. Public Health 2015, 12, 2765–2780. [CrossRef]

268. Bai, L.; Chen, H.; Hatzopoulou, M.; Jerrett, M.; Kwong, J.C.; Burnett, R.T.; Van Donkelaar, A.; Copes, R.; Martin, R.V.; Van Ryswyk,
K.; et al. Exposure to Ambient Ultrafine Particles and Nitrogen Dioxide and Incident Hypertension and Diabetes. Epidemiology
2018, 29, 323–332. [CrossRef] [PubMed]

269. Downward, G.S.; Van Nunen, E.J.; Kerckhoffs, J.; Vineis, P.; Brunekreef, B.; Boer, J.M.; Messier, K.P.; Roy, A.; Verschuren, W.M.M.;
Van Der Schouw, Y.T.; et al. Long-Term Exposure to Ultrafine Particles and Incidence of Cardiovascular and Cerebrovascular
Disease in a Prospective Study of a Dutch Cohort. Environ. Health Perspect. 2018, 126, 127007. [CrossRef]

270. Haddrell, A.E.; Lewis, D.; Church, T.; Vehring, R.; Murnane, D.; Reid, J.P. Pulmonary aerosol delivery and the importance of
growth dynamics. Ther. Deliv. 2017, 8, 1051–1061. [CrossRef] [PubMed]

271. Liu, C.; Zhang, Y.; Weschler, C.J. Exposure to SVOCs from Inhaled Particles: Impact of Desorption. Environ. Sci. Technol. 2017, 51,
6220–6228. [CrossRef] [PubMed]

272. Donaldson, K.; Tran, L.; Jimenez, L.A.; Duffin, R.; Newby, D.E.; Mills, N.L.; MacNee, W.; Stone, V. Combustion-derived
nanoparticles: A review of their toxicology following inhalation exposure. Part. Fibre Toxicol. 2005, 2, 10. [CrossRef] [PubMed]

273. Steiner, S.; Bisig, C.; Fink, A.; Rothen-Rutishauser, B. Diesel exhaust: Current knowledge of adverse effects and underlying
cellular mechanisms. Arch. Toxicol. 2016, 90, 1541–1553. [CrossRef]

274. EPA. Integrated Science Assessment for Particulate Matter; Environmental Protection Agency: Washington, DC, USA, 2019.

http://doi.org/10.5194/acp-13-9141-2013
http://doi.org/10.5194/acp-18-9929-2018
http://doi.org/10.1016/j.envpol.2021.117069
http://www.ncbi.nlm.nih.gov/pubmed/33831626
http://doi.org/10.1016/j.envres.2021.111453
http://www.ncbi.nlm.nih.gov/pubmed/34097893
http://doi.org/10.1073/pnas.1803222115
http://www.ncbi.nlm.nih.gov/pubmed/30181279
http://doi.org/10.1016/S2542-5196(21)00204-7
http://doi.org/10.1016/j.bbagen.2016.03.019
http://www.ncbi.nlm.nih.gov/pubmed/26993200
http://doi.org/10.3390/ijms18020243
http://doi.org/10.1038/nbt.1696
http://www.ncbi.nlm.nih.gov/pubmed/21057497
http://doi.org/10.1186/1743-8977-7-2
http://doi.org/10.3390/ijms17060929
http://www.ncbi.nlm.nih.gov/pubmed/27314324
http://doi.org/10.1016/j.impact.2021.100344
http://doi.org/10.1289/EHP2054
http://www.ncbi.nlm.nih.gov/pubmed/29467106
http://doi.org/10.13140/RG.2.2.35168.23044
http://doi.org/10.1007/s00038-019-01202-7
http://www.ncbi.nlm.nih.gov/pubmed/30790006
http://doi.org/10.1038/s12276-020-0403-3
http://www.ncbi.nlm.nih.gov/pubmed/32203102
http://doi.org/10.3390/ijerph182111568
http://www.ncbi.nlm.nih.gov/pubmed/34770082
http://doi.org/10.3390/ijerph120302765
http://doi.org/10.1097/EDE.0000000000000798
http://www.ncbi.nlm.nih.gov/pubmed/29319630
http://doi.org/10.1289/EHP3047
http://doi.org/10.4155/tde-2017-0093
http://www.ncbi.nlm.nih.gov/pubmed/29125064
http://doi.org/10.1021/acs.est.6b05864
http://www.ncbi.nlm.nih.gov/pubmed/28452220
http://doi.org/10.1186/1743-8977-2-10
http://www.ncbi.nlm.nih.gov/pubmed/16242040
http://doi.org/10.1007/s00204-016-1736-5


Atmosphere 2022, 13, 155 32 of 36

275. Bell, M.L.; Ebisu, K.; Peng, R.D.; Samet, J.M.; Dominici, F. Hospital Admissions and Chemical Composition of Fine Particle Air
Pollution. Am. J. Respir. Crit. Care Med. 2009, 179, 1115–1120. [CrossRef]

276. Achilleos, S.; Kioumourtzoglou, M.-A.; Wu, C.-D.; Schwartz, J.D.; Koutrakis, P.; Papatheodorou, S.I. Acute effects of fine
particulate matter constituents on mortality: A systematic review and meta-regression analysis. Environ. Int. 2017, 109, 89–100.
[CrossRef]

277. Møller, P.; Danielsen, P.H.; Karottki, D.G.; Jantzen, K.; Roursgaard, M.; Klingberg, H.; Jensen, D.M.; Vest Christophersen, D.;
Hemmingsen, J.G.; Cao, Y.; et al. Oxidative stress and inflammation generated DNA damage by exposure to air pollution particles.
Mutat. Res. Mutat. Res. 2014, 762, 133–166. [CrossRef]

278. Shao, J.; Wheeler, A.J.; Chen, L.; Strandberg, B.; Hinwood, A.; Johnston, F.H.; Zosky, G.R. The pro-inflammatory effects of
particulate matter on epithelial cells are associated with elemental composition. Chemosphere 2018, 202, 530–537. [CrossRef]
[PubMed]

279. Samara, C. On the Redox Activity of Urban Aerosol Particles: Implications for Size Distribution and Relationships with Organic
Aerosol Components. Atmosphere 2017, 8, 205. [CrossRef]

280. Duarte, R.M.B.O.; Duarte, A.C. On the Water-Soluble Organic Matter in Inhalable Air Particles: Why Should Outdoor Experience
Motivate Indoor Studies? Appl. Sci. 2021, 11, 9917. [CrossRef]

281. Totlandsdal, A.I.; Låg, M.; Lilleaas, E.; Cassee, F.; Schwarze, P. Differential proinflammatory responses induced by diesel exhaust
particles with contrasting PAH and metal content. Environ. Toxicol. 2013, 30, 188–196. [CrossRef] [PubMed]

282. Øvrevik, J.; Refsnes, M.; Låg, M.; Brinchmann, B.C.; Schwarze, P.E.; Holme, J.A. Triggering Mechanisms and Inflammatory Effects
of Combustion Exhaust Particles with Implication for Carcinogenesis. Basic Clin. Pharmacol. Toxicol. 2016, 121, 55–62. [CrossRef]
[PubMed]

283. Patel, A.B.; Shaikh, S.; Jain, K.R.; Desai, C.; Madamwar, D. Polycyclic Aromatic Hydrocarbons: Sources, Toxicity, and Remediation
Approaches. Front. Microbiol. 2020, 11, 562813. [CrossRef]

284. Zhang, Y.; Dong, S.; Wang, H.; Tao, S.; Kiyama, R. Biological impact of environmental polycyclic aromatic hydrocarbons (ePAHs)
as endocrine disruptors. Environ. Pollut. 2016, 213, 809–824. [CrossRef]

285. Kumar, S.; Verma, M.K.; Srivastava, A.K. Ultrafine particles in urban ambient air and their health perspectives. Rev. Environ. Health
2013, 28, 117–128. [CrossRef] [PubMed]

286. Yang, Y.; Ruan, Z.; Wang, X.; Yang, Y.; Mason, T.G.; Lin, H.; Tian, L. Short-term and long-term exposures to fine particulate matter
constituents and health: A systematic review and meta-analysis. Environ. Pollut. 2018, 247, 874–882. [CrossRef]

287. Pye, H.O.T.; Ward-Caviness, C.K.; Murphy, B.N.; Appel, K.W.; Seltzer, K.M. Secondary organic aerosol association with
cardiorespiratory disease mortality in the United States. Nat. Commun. 2021, 12, 7215. [CrossRef]

288. Giechaskiel, B.; Alföldy, B.; Drossinos, Y. A metric for health effects studies of diesel exhaust particles. J. Aerosol Sci. 2009, 40,
639–651. [CrossRef]

289. Løvik, M.; Høgseth, A.-K.; Gaarder, P.I.; Hagemann, R.; Eide, I. Diesel exhaust particles and carbon black have adjuvant activity
on the local lymph node response and systemic IgE production to ovalbumin. Toxicology 1997, 121, 165–178. [CrossRef]

290. Schmid, O.; Stoeger, T. Surface area is the biologically most effective dose metric for acute nanoparticle toxicity in the lung.
J. Aerosol Sci. 2016, 99, 133–143. [CrossRef]

291. Yang, M.W.B.H.-M. Effects of diesel exhaust particles (dep), carbon black, and silica on macrophage responses to lipopolysaccha-
ride: Evidence of dep suppression of macrophage activity. J. Toxicol. Environ. Health Part A 1999, 58, 261–278. [CrossRef]

292. Kontses, A.; Ntziachristos, L.; Zardini, A.; Papadopoulos, G.; Giechaskiel, B. Particulate emissions from L-Category vehicles
towards Euro 5. Environ. Res. 2019, 182, 109071. [CrossRef] [PubMed]

293. Giechaskiel, B.; Zardini, A.A.; Lähde, T.; Perujo, A.; Kontses, A.; Ntziachristos, L. Particulate Emissions of Euro 4 Motorcycles and
Sampling Considerations. Atmosphere 2019, 10, 421. [CrossRef]

294. Bagley, S.T.; Baumgard, K.; Gratz, L.; Johnson, J.H.; Leddy, D. Haracterization of Fuel and Aftertreatment Device Effects on Diesel
Emissions. Res. Rep. Health Eff. Inst. 1996, 76, 1–75.

295. Vouitsis, E.; Ntziachristos, L.; Samaras, Z. Theoretical Investigation of the Nucleation Mode Formation Downstream of Diesel
After-treatment Devices. Aerosol Air Qual. Res. 2008, 8, 37–53. [CrossRef]

296. Mohr, M.; Lehmann, U.; Margaria, G. ACEA Programme on the Emissions of Fine Particulates from Passenger Cars(2) Part1: Particle
Characterisation of a Wide Range of Engine Technologies; SAE International: Warrendale, PA, USA, 2003. [CrossRef]

297. Giechaskiel, B.; Vanhanen, J.; Väkevä, M.; Martini, G. Investigation of vehicle exhaust sub-23 nm particle emissions.
Aerosol Sci. Technol. 2017, 51, 626–641. [CrossRef]

298. Xue, J.; Li, Y.; Quiros, D.; Hu, S.; Huai, T.; Ayala, A.; Jung, H.S. Investigation of alternative metrics to quantify PM mass emissions
from light duty vehicles. J. Aerosol Sci. 2017, 113, 85–94. [CrossRef]

299. Kontses, A.; Triantafyllopoulos, G.; Ntziachristos, L.; Samaras, Z. Particle number (PN) emissions from gasoline, diesel, LPG,
CNG and hybrid-electric light-duty vehicles under real-world driving conditions. Atmos. Environ. 2019, 222, 117126. [CrossRef]

300. Li, W.; Collins, J.F.; Norbeck, J.M.; Cocker, D.R.; Sawant, A. Assessment of Particulate Matter Emissions from a Smple of In-Use ULEV
and SULEV Vehicles; SAE International: Warrendale, PA, USA, 2006.

301. Badshah, H.; Kittelson, D.; Northrop, W. Particle Emissions from Light-Duty Vehicles during Cold-Cold Start. SAE Int. J. Engines
2016, 9, 1775–1785. [CrossRef]

http://doi.org/10.1164/rccm.200808-1240OC
http://doi.org/10.1016/j.envint.2017.09.010
http://doi.org/10.1016/j.mrrev.2014.09.001
http://doi.org/10.1016/j.chemosphere.2018.03.052
http://www.ncbi.nlm.nih.gov/pubmed/29587234
http://doi.org/10.3390/atmos8100205
http://doi.org/10.3390/app11219917
http://doi.org/10.1002/tox.21884
http://www.ncbi.nlm.nih.gov/pubmed/23900936
http://doi.org/10.1111/bcpt.12746
http://www.ncbi.nlm.nih.gov/pubmed/28001342
http://doi.org/10.3389/fmicb.2020.562813
http://doi.org/10.1016/j.envpol.2016.03.050
http://doi.org/10.1515/reveh-2013-0008
http://www.ncbi.nlm.nih.gov/pubmed/24192498
http://doi.org/10.1016/j.envpol.2018.12.060
http://doi.org/10.1038/s41467-021-27484-1
http://doi.org/10.1016/j.jaerosci.2009.04.008
http://doi.org/10.1016/S0300-483X(97)00075-9
http://doi.org/10.1016/j.jaerosci.2015.12.006
http://doi.org/10.1080/009841099157232
http://doi.org/10.1016/j.envres.2019.109071
http://www.ncbi.nlm.nih.gov/pubmed/31887467
http://doi.org/10.3390/atmos10070421
http://doi.org/10.4209/aaqr.2007.03.0016
http://doi.org/10.4271/2003-01-1889
http://doi.org/10.1080/02786826.2017.1286291
http://doi.org/10.1016/j.jaerosci.2017.07.021
http://doi.org/10.1016/j.atmosenv.2019.117126
http://doi.org/10.4271/2016-01-0997


Atmosphere 2022, 13, 155 33 of 36

302. Karavalakis, G.; Short, D.; Chen, V.; Espinoza, C.; Berte, T.; Durbin, T.; Asa-Awuku, A.; Jung, H.; Ntziachristos, L.; Amanatidis, S.;
et al. Evaluating Particulate Emissions from a Flexible Fuel Vehicle with Direct Injection when Operated on Ethanol and Iso-Butanol Blends;
SAE International: Warrendale, PA, USA, 2014. [CrossRef]

303. Maricq, M.M.; Szente, J.J.; Harwell, A.L.; Loos, M.J. Impact of aggressive drive cycles on motor vehicle exhaust PM emissions.
J. Aerosol Sci. 2017, 113, 1–11. [CrossRef]

304. Hu, Z.; Lu, Z.; Song, B.; Quan, Y. Impact of test cycle on mass, number and particle size distribution of particulates emitted from
gasoline direct injection vehicles. Sci. Total Environ. 2020, 762, 143128. [CrossRef]

305. Larsson, T.; Prasath, A.; Olofsson, U.; Erlandsson, A. Undiluted Measurement of Sub 10 nm Non-Volatile and Volatile Particle Emissions
from a DISI Engine Fueled with Gasoline and Ethanol; SAE International: Warrendale, PA, USA, 2021. [CrossRef]

306. Di Iorio, S.; Catapano, F.; Magno, A.; Sementa, P.; Vaglieco, B.M. Investigation on sub-23 nm particles and their volatile organic
fraction (VOF) in PFI/DI spark ignition engine fueled with gasoline, ethanol and a 30% v/v ethanol blend. J. Aerosol Sci. 2020,
153, 105723. [CrossRef]

307. Samaras, Z.C.; Andersson, J.; Bergmann, A.; Hausberger, S.; Toumasatos, Z.; Keskinen, J.; Haisch, C.; Kontses, A.; Ntziachristos,
L.D.; Landl, L.; et al. Measuring Automotive Exhaust Particles Down to 10 nm. SAE Int. J. Adv. Curr. Pract. Mobil. 2020, 3,
539–550. [CrossRef]

308. Li, C.; Swanson, J.; Pham, L.; Hu, S.; Hu, S.; Mikailian, G.; Jung, H.S. Real-world particle and NOx emissions from hybrid electric
vehicles under cold weather conditions. Environ. Pollut. 2021, 286, 117320. [CrossRef]

309. Thompson, N.; Ntziachristos, L.; Samaras, Z.; Aakko, P.; Wass, U.; Hausberger, S.; Sams, T. Overview of the European “Particulates”
Project on the Characterization of Exhaust Particulate Emissions from Road Vehicles: Results for Heavy Duty Engines; SAE International:
Warrendale, PA, USA, 2004. [CrossRef]

310. Wang, T.; Quiros, D.C.; Thiruvengadam, A.; Pradhan, S.; Hu, S.; Huai, T.; Lee, E.S.; Zhu, Y. Total Particle Number Emissions
from Modern Diesel, Natural Gas, and Hybrid Heavy-Duty Vehicles During On-Road Operation. Environ. Sci. Technol. 2017, 51,
6990–6998. [CrossRef]

311. Swanson, J.J.; Kittelson, D.B.; Watts, W.F.; Gladis, D.D.; Twigg, M.V. Influence of storage and release on particle emissions from
new and used CRTs. Atmos. Environ. 2009, 43, 3998–4004. [CrossRef]

312. Giechaskiel, B.; Zardini, A.; Martini, G. Particle Emission Measurements from L-Category Vehicles. SAE Int. J. Engines 2015, 8,
2322–2337. [CrossRef]

313. Premnath, V.; Zavala, B.; Khalek, I.; Eakle, S.; Henry, C. Detailed Characterization of Particle Emissions from Advanced Internal
Combustion Engines; SAE International: Warrendale, PA, USA, 2021. [CrossRef]

314. Yamada, H.; Inomata, S.; Tanimoto, H. Mechanisms of Increased Particle and VOC Emissions during DPF Active Regeneration
and Practical Emissions Considering Regeneration. Environ. Sci. Technol. 2017, 51, 2914–2923. [CrossRef] [PubMed]

315. Giechaskiel, B. Particle Number Emissions of a Diesel Vehicle during and between Regeneration Events. Catalysts 2020, 10, 587.
[CrossRef]

316. R’Mili, B.; Boréave, A.; Meme, A.; Vernoux, P.; Leblanc, M.; Noël, L.; Raux, S.; D’Anna, B. Physico-Chemical Characteri-
zation of Fine and Ultrafine Particles Emitted during Diesel Particulate Filter Active Regeneration of Euro5 Diesel Vehicles.
Environ. Sci. Technol. 2018, 52, 3312–3319. [CrossRef]

317. Leblanc, M.; Noel, L.; R’Mili, B.; Boréave, A.; D’Anna, B.; Raux, S. Impact of Engine Warm-up and DPF Active Regeneration on
Regulated & Unregulated Emissions of a Euro 6 Diesel SCR Equipped Vehicle. J. Earth Sci. Geotech. Eng. 2016, 6, 29–50.

318. Transport & Environment. New Diesels, New Problems; European Federation for Transport and Environment AISBL: Brussels,
Belgium, 2020.

319. Giechaskiel, B.; Lahde, T.; Suarez-Bertoa, R.; Clairotte, M.; Grigoratos, T.; Zardini, A.; Perujo, A.; Martini, G. Particle number
measurements in the European legislation and future JRC activities. Combust. Engines 2018, 174, 3–16. [CrossRef]

320. Giechaskiel, B.; Gioria, R.; Carriero, M.; Lähde, T.; Forloni, F.; Perujo, A.; Martini, G.; Bissi, L.M.; Terenghi, R. Emission Factors of
a Euro VI Heavy-duty Diesel Refuse Collection Vehicle. Sustainability 2019, 11, 1067. [CrossRef]

321. Bikas, G.; Zervas, E. Regulated and Non-Regulated Pollutants Emitted during the Regeneration of a Diesel Particulate Filter.
Energy Fuels 2007, 21, 1543–1547. [CrossRef]

322. Shrivastava, M.K.; Lipsky, E.M.; Stanier, C.O.; Robinson, A.L. Modeling Semivolatile Organic Aerosol Mass Emissions from
Combustion Systems. Environ. Sci. Technol. 2006, 40, 2671–2677. [CrossRef] [PubMed]

323. Macdonaid, J.S.; Plee, S.L.; D’Arcy, J.B.; Schreck, R.M. Experimental Measurements of the Independent Effects of Dilution Ratio and
Filter Temperature on Diesel Exhaust Particulate Samples; SAE International: Warrendale, PA, USA, 1980. [CrossRef]

324. Durán, A. Accuracy of the European Standard Method to measure the amount of DPM emitted to the atmosphere. Fuel 2002, 81,
2053–2060. [CrossRef]

325. Vouitsis, E.; Ntziachristos, L.; Samaras, Z. Particulate matter mass measurements for low emitting diesel powered vehicles:
What’s next? Prog. Energy Combust. Sci. 2003, 29, 635–672. [CrossRef]

326. Fujitani, Y.; Saitoh, K.; Fushimi, A.; Takahashi, K.; Hasegawa, S.; Tanabe, K.; Kobayashi, S.; Furuyama, A.; Hirano, S.; Takami, A.
Effect of isothermal dilution on emission factors of organic carbon and n-alkanes in the particle and gas phases of diesel exhaust.
Atmos. Environ. 2012, 59, 389–397. [CrossRef]

327. Abdul-Khalek, I.; Kittelson, D.; Brear, F. The Influence of Dilution Conditions on Diesel Exhaust Particle Size Distribution Measurements;
SAE International: Warrendale, PA, USA, 1999. [CrossRef]

http://doi.org/10.4271/2014-01-2768
http://doi.org/10.1016/j.jaerosci.2017.07.005
http://doi.org/10.1016/j.scitotenv.2020.143128
http://doi.org/10.4271/2021-01-0629
http://doi.org/10.1016/j.jaerosci.2020.105723
http://doi.org/10.4271/2020-01-2209
http://doi.org/10.1016/j.envpol.2021.117320
http://doi.org/10.4271/2004-01-1986
http://doi.org/10.1021/acs.est.6b06464
http://doi.org/10.1016/j.atmosenv.2009.05.019
http://doi.org/10.4271/2015-24-2512
http://doi.org/10.4271/2021-01-0620
http://doi.org/10.1021/acs.est.6b05866
http://www.ncbi.nlm.nih.gov/pubmed/28157284
http://doi.org/10.3390/catal10050587
http://doi.org/10.1021/acs.est.7b06644
http://doi.org/10.19206/CE-2018-301
http://doi.org/10.3390/su11041067
http://doi.org/10.1021/ef070024s
http://doi.org/10.1021/es0522231
http://www.ncbi.nlm.nih.gov/pubmed/16683607
http://doi.org/10.4271/800185
http://doi.org/10.1016/S0016-2361(02)00148-5
http://doi.org/10.1016/j.pecs.2003.08.002
http://doi.org/10.1016/j.atmosenv.2012.06.010
http://doi.org/10.4271/1999-01-1142


Atmosphere 2022, 13, 155 34 of 36

328. Mathis, U.; Mohr, M.; Zenobi, R. Effect of organic compounds on nanoparticle formation in diluted diesel exhaust.
Atmos. Chem. Phys. 2004, 4, 609–620. [CrossRef]

329. Mathis, U.; Ristimäki, J.; Mohr, M.; Keskinen, J.; Ntziachristos, L.; Samaras, Z.; Mikkanen, P. Sampling Conditions for the
Measurement of Nucleation Mode Particles in the Exhaust of a Diesel Vehicle. Aerosol Sci. Technol. 2004, 38, 1149–1160. [CrossRef]

330. Lüders, H.; Krüger, M.; Stommel, P.; Lüers, B. The Role of Sampling Conditions in Particle Size Distribution Measurements; SAE
International: Warrendale, PA, USA, 1998. [CrossRef]

331. Shi, J.P.; Harrison, R.M. Investigation of Ultrafine Particle Formation during Diesel Exhaust Dilution. Environ. Sci. Technol. 1999,
33, 3730–3736. [CrossRef]

332. Lucachick, G.; Curran, S.; Storey, J.; Prikhodko, V.; Northrop, W.F. Volatility characterization of nanoparticles from single and
dual-fuel low temperature combustion in compression ignition engines. Aerosol Sci. Technol. 2016, 50, 436–447. [CrossRef]

333. Abdul-Khalek, I.S.; Kittelson, D.B.; Graskow, B.R.; Wei, Q.; Bear, F. Diesel Exhaust Particle Size: Measurement Issues and Trends; SAE
International: Warrendale, PA, USA, 1998. [CrossRef]

334. Alozie, N.; Peirce, D.; Lindner, A.; Winklmayr, W.; Ganippa, L. Influence of Dilution Conditions on Diesel Exhaust Particle Measurement
Using a Mixing Tube Diluter; SAE International: Warrendale, PA, USA, 2014. [CrossRef]

335. Louis, C.; Liu, Y.; Martinet, S.; D’Anna, B.; Valiente, A.M.; Boreave, A.; R’Mili, B.; Tassel, P.; Perret, P.; André, M. Dilution effects
on ultrafine particle emissions from Euro 5 and Euro 6 diesel and gasoline vehicles. Atmos. Environ. 2017, 169, 80–88. [CrossRef]

336. Suresh, A.; Johnson, J.H. A Study of the Dilution Effects on Particle Size Measurement from a Heavy-Duty Diesel Engine with EGR; SAE
International: Warrendale, PA, USA, 2001. [CrossRef]

337. DeSantes, J.M.; Bermúdez, V.; Pastor, J.V.; Fuentes, E. Methodology for measuring exhaust aerosol size distributions from heavy
duty diesel engines by means of a scanning mobility particle sizer. Meas. Sci. Technol. 2004, 15, 2083–2098. [CrossRef]

338. Li, X.; Huang, Z. Formation and transformation of volatile nanoparticles from a diesel engine during exhaust dilution.
Chin. Sci. Bull. 2012, 57, 948–954. [CrossRef]

339. Khalek, I.A.; Kittelson, D.B.; Brear, F. Nanoparticle Growth during Dilution and Cooling of Diesel Exhaust: Experimental Investigation
and Theoretical Assessment; SAE International: Warrendale, PA, USA, 2000. [CrossRef]

340. Lemmetty, M.; Pirjola, L.; Mäkelä, J.M.; Rönkkö, T.; Keskinen, J. Computation of maximum rate of water–sulphuric acid nucleation
in diesel exhaust. J. Aerosol Sci. 2006, 37, 1596–1604. [CrossRef]

341. Wei, Q.; Kittelson, D.B.; Watts, W.F. Single-Stage Dilution Tunnel Performance; SAE International: Warrendale, PA, USA, 2001.
[CrossRef]

342. Singh, S.; Adams, P.J.; Misquitta, A.; Lee, K.J.; Lipsky, E.M.; Robinson, A.L. Computational Analysis of Particle Nucleation in
Dilution Tunnels: Effects of Flow Configuration and Tunnel Geometry. Aerosol Sci. Technol. 2014, 48, 638–648. [CrossRef]

343. Ning, Z.; Cheung, C.S.; Liu, S. Experimental investigation of the effect of exhaust gas cooling on diesel particulate. J. Aerosol Sci.
2004, 35, 333–345. [CrossRef]

344. Yang, J.; Pham, L.; Johnson, K.C.; Durbin, T.D.; Karavalakis, G.; Kittelson, D.; Jung, H. Impacts of Exhaust Transfer System
Contamination on Particulate Matter Measurements. Emiss. Control Sci. Technol. 2020, 6, 163–177. [CrossRef]

345. Lyyränen, J.; Jokiniemi, J.; Kauppinen, E.; Backman, U.; Vesala, H. Comparison of Different Dilution Methods for Measuring
Diesel Particle Emissions. Aerosol Sci. Technol. 2004, 38, 12–23. [CrossRef]

346. Giechaskiel, B.; Ntziachristos, L.; Samaras, Z. Effect of ejector dilutors on measurements of automotive exhaust gas aerosol size
distributions. Meas. Sci. Technol. 2009, 20, 045703. [CrossRef]

347. Kerminen, V.-M.; Chen, X.; Vakkari, V.; Petäjä, T.; Kulmala, M.; Bianchi, F. Atmospheric new particle formation and growth:
Review of field observations. Environ. Res. Lett. 2018, 13, 103003. [CrossRef]

348. Giechaskiel, B.; Chirico, R.; Decarlo, P.; Clairotte, M.; Adam, T.; Martini, G.; Heringa, M.; Richter, R.; Prevot, A.; Baltensperger, U.;
et al. Evaluation of the particle measurement programme (PMP) protocol to remove the vehicles’ exhaust aerosol volatile phase.
Sci. Total Environ. 2010, 408, 5106–5116. [CrossRef]

349. Belkacem, I.; Helali, A.; Khardi, S.; Chrouda, A.; Slimi, K. Road traffic nanoparticle characteristics: Sustainable environment and
mobility. Geosci. Front. 2021, 13, 101196. [CrossRef]

350. Kittelson, D.; Johnson, J.; Watts, W.; Wei, Q.; Drayton, M.; Paulsen, D.; Bukowiecki, N. Diesel Aerosol Sampling in the Atmosphere;
SAE International: Warrendale, PA, USA, 2000. [CrossRef]

351. Bainschab, M.; Landl, L.; Andersson, J.; Mamakos, A.; Hausberger, S.; Bergmann, A. Measuring Sub-23 Nanometer Real Driving
Particle Number Emissions Using the Portable DownToTen Sampling System. J. Vis. Exp. 2020, 159, e61287. [CrossRef]

352. Mamakos, A.; Ntziachristos, L.; Samaras, Z. Comparability of particle emission measurements between vehicle testing laboratories:
A long way to go. Meas. Sci. Technol. 2004, 15, 1855–1866. [CrossRef]

353. Maricq, M.M.; Chase, R.E.; Podsiadlik, D.H.; Vogt, R. Vehicle Exhaust Particle Size Distributions: A Comparison of Tailpipe and Dilution
Tunnel Measurements; SAE International: Warrendale, PA, USA, 1999. [CrossRef]

354. Maricq, M.M.; Chase, R.E.; Xu, N. A comparison of tailpipe, dilution tunnel, and wind tunnel data in measuring motor vehicle
PM. J. Air Waste Manag. Assoc. 2001, 51, 1529–1537. [CrossRef]

355. Giechaskiel, B. Gaseous and Particulate Emissions of a Euro 4 Motorcycle and Effect of Driving Style and Open or Closed
Sampling Configuration. Sustainability 2020, 12, 9122. [CrossRef]

356. Giechaskiel, B.; Lähde, T.; Drossinos, Y. Regulating particle number measurements from the tailpipe of light-duty vehicles: The
next step? Environ. Res. 2019, 172, 1–9. [CrossRef]

http://doi.org/10.5194/acp-4-609-2004
http://doi.org/10.1080/027868290891497
http://doi.org/10.4271/981374
http://doi.org/10.1021/es981187l
http://doi.org/10.1080/02786826.2016.1163320
http://doi.org/10.4271/980525
http://doi.org/10.4271/2014-01-1568
http://doi.org/10.1016/j.atmosenv.2017.09.007
http://doi.org/10.4271/2001-01-0220
http://doi.org/10.1088/0957-0233/15/10/019
http://doi.org/10.1007/s11434-011-4927-8
http://doi.org/10.4271/2000-01-0515
http://doi.org/10.1016/j.jaerosci.2006.04.003
http://doi.org/10.4271/2001-01-0201
http://doi.org/10.1080/02786826.2014.910291
http://doi.org/10.1016/j.jaerosci.2003.10.001
http://doi.org/10.1007/s40825-020-00155-1
http://doi.org/10.1080/02786820490247579
http://doi.org/10.1088/0957-0233/20/4/045703
http://doi.org/10.1088/1748-9326/aadf3c
http://doi.org/10.1016/j.scitotenv.2010.07.010
http://doi.org/10.1016/j.gsf.2021.101196
http://doi.org/10.4271/2000-01-2212
http://doi.org/10.3791/61287
http://doi.org/10.1088/0957-0233/15/9/024
http://doi.org/10.4271/1999-01-1461
http://doi.org/10.1080/10473289.2001.10464382
http://doi.org/10.3390/su12219122
http://doi.org/10.1016/j.envres.2019.02.006


Atmosphere 2022, 13, 155 35 of 36

357. Isella, L.; Giechaskiel, B.; Drossinos, Y. Diesel-exhaust aerosol dynamics from the tailpipe to the dilution tunnel. J. Aerosol Sci.
2008, 39, 737–758. [CrossRef]

358. Giechaskiel, B.; Lähde, T.; Melas, A.D.; Valverde, V.; Clairotte, M. Uncertainty of laboratory and portable solid particle number
systems for regulatory measurements of vehicle emissions. Environ. Res. 2021, 197, 111068. [CrossRef]

359. Ristimäki, J.; Keskinen, J.; Virtanen, A.; Maricq, M.; Aakko, P. Cold Temperature PM Emissions Measurement: Method Evaluation
and Application to Light Duty Vehicles. Environ. Sci. Technol. 2005, 39, 9424–9430. [CrossRef]

360. Giechaskiel, B.; Wang, X.; Horn, H.-G.; Spielvogel, J.; Gerhart, C.; Southgate, J.; Jing, L.; Kasper, M.; Drossinos, Y.; Krasenbrink, A.
Calibration of Condensation Particle Counters for Legislated Vehicle Number Emission Measurements. Aerosol Sci. Technol. 2009,
43, 1164–1173. [CrossRef]

361. Kiwull, B.; Wolf, J.-C.; Niessner, R. Response Characteristics of PMP Compliant Condensation Particle Counters Toward Various
Calibration Aerosols. Aerosol Sci. Technol. 2015, 49, 98–108. [CrossRef]

362. Terres, A.; Giechaskiel, B.; Nowak, A.; Ebert, V. Calibration Uncertainty of 23nm Engine Exhaust Condensation Particle Counters
with Soot Generators: A European Automotive Laboratory Comparison. Emiss. Control. Sci. Technol. 2021, 7, 124–136. [CrossRef]

363. Wang, X.; Caldow, R.; Sem, G.J.; Hama, N.; Sakurai, H. Evaluation of a condensation particle counter for vehicle emission
measurement: Experimental procedure and effects of calibration aerosol material. J. Aerosol Sci. 2010, 41, 306–318. [CrossRef]

364. Yli-Ojanperä, J.; Sakurai, H.; Iida, K.; Mäkelä, J.M.; Ehara, K.; Keskinen, J. Comparison of Three Particle Number Concentration
Calibration Standards Through Calibration of a Single CPC in a Wide Particle Size Range. Aerosol Sci. Technol. 2012, 46, 1163–1173.
[CrossRef]

365. Giechaskiel, B.; Martini, G. Engine Exhaust Solid Sub-23 nm Particles: II. Feasibility Study for Particle Number Measurement
Systems. SAE Int. J. Fuels Lubr. 2014, 7, 935–949. [CrossRef]

366. Toumasatos, Z.; Kontses, A.; Doulgeris, S.; Samaras, Z.; Ntziachristos, L. Particle emissions measurements on CNG vehicles
focusing on Sub-23 nm. Aerosol Sci. Technol. 2020, 55, 182–193. [CrossRef]

367. Fierz, M.; Houle, C.; Steigmeier, P.; Burtscher, H. Design, Calibration, and Field Performance of a Miniature Diffusion Size
Classifier. Aerosol Sci. Technol. 2011, 45, 1–10. [CrossRef]

368. Schriefl, M.A.; Nishida, R.T.; Knoll, M.; Boies, A.M.; Bergmann, A. Characterization of particle number counters based on
pulsed-mode diffusion charging. Aerosol Sci. Technol. 2020, 54, 772–789. [CrossRef]

369. Giechaskiel, B.; Mamakos, A.; Woodburn, J.; Szczotka, A.; Bielaczyc, P. Evaluation of a 10 nm Particle Number Portable Emissions
Measurement System (PEMS). Sensors 2019, 19, 5531. [CrossRef]

370. Wang, X.; Grose, M.A.; Avenido, A.; Stolzenburg, M.R.; Caldow, R.; Osmondson, B.L.; Chow, J.C.; Watson, J. Improvement
of Engine Exhaust Particle Sizer (EEPS) size distribution measurement—I. Algorithm and applications to compact-shape
particles. J. Aerosol Sci. 2015, 92, 95–108. [CrossRef]

371. Biskos, G.; Reavell, K.; Collings, N. Description and Theoretical Analysis of a Differential Mobility Spectrometer.
Aerosol Sci. Technol. 2005, 39, 527–541. [CrossRef]

372. Keskinen, J.; Pietarinen, K.; Lehtimäki, M. Electrical low pressure impactor. J. Aerosol Sci. 1992, 23, 353–360. [CrossRef]
373. Järvinen, A.; Aitomaa, M.; Rostedt, A.; Keskinen, J.; Yli-Ojanperä, J. Calibration of the new electrical low pressure impactor

(ELPI+). J. Aerosol Sci. 2014, 69, 150–159. [CrossRef]
374. Premnath, V.; Khalek, I.A.; Morgan, P. Relationship among Various Particle Characterization Metrics Using GDI Engine Based Light-Duty

Vehicles; SAE International: Warrendale, PA, USA, 2018. [CrossRef]
375. Xue, J.; Li, Y.; Wang, X.; Durbin, T.D.; Johnson, K.C.; Karavalakis, G.; Asa-Awuku, A.; Villela, M.; Quiros, D.; Hu, S.; et al.

Comparison of Vehicle Exhaust Particle Size Distributions Measured by SMPS and EEPS during Steady-State Conditions.
Aerosol Sci. Technol. 2015, 49, 984–996. [CrossRef]

376. Rubino, L.; Phillips, P.R.; Twigg, M.V. Measurements of Ultrafine Particle Number Emissions from a Light-Duty Diesel Engine Using
SMPS, DMS, ELPI and EEPS; SAE International: Warrendale, PA, USA, 2005. [CrossRef]

377. Price, P.; Stone, R.; Collier, T.; Davies, M.; Scheer, V. Dynamic Particulate Measurements from a DISI Vehicle: A Comparison of DMS500,
ELPI, CPC and PASS; SAE International: Warrendale, PA, USA, 2006. [CrossRef]

378. Zervas, E.; Dorlhene, P. Comparison of Exhaust Particle Number Measured by EEPS, CPC, and ELPI. Aerosol Sci. Technol. 2006, 40,
977–984. [CrossRef]

379. Zerboni, A.; Rossi, T.; Bengalli, R.; Catelani, T.; Rizzi, C.; Priola, M.; Casadei, S.; Mantecca, P. Diesel exhaust particulate emissions
and in vitro toxicity from Euro 3 and Euro 6 vehicles. Environ. Pollut. 2021, 297, 118767. [CrossRef]

380. Maricq, M.M.; Podsiadlik, D.H.; Chase, R.E. Size Distributions of Motor Vehicle Exhaust PM: A Comparison Between ELPI and
SMPS Measurements. Aerosol Sci. Technol. 2000, 33, 239–260. [CrossRef]

381. Kangasluoma, J.; Cai, R.; Jiang, J.; Deng, C.; Stolzenburg, D.; Ahonen, L.R.; Chan, T.; Fu, Y.; Kim, C.; Laurila, T.M.; et al. Overview
of measurements and current instrumentation for 1–10 nm aerosol particle number size distributions. J. Aerosol Sci. 2020, 148,
105584. [CrossRef]

382. Bainschab, M.; Martikainen, S.; Keskinen, J.; Bergmann, A.; Karjalainen, P. Aerosol gas exchange system (AGES) for nanoparticle
sampling at elevated temperatures: Modeling and experimental characterization. Sci. Rep. 2019, 9, 17149. [CrossRef]

383. Giechaskiel, B.; Carriero, M.; Martini, G.; Krasenbrink, A.; Scheder, D. Calibration and Validation of Various Commercial Particle
Number Measurement Systems. SAE Int. J. Fuels Lubr. 2009, 2, 512–530. [CrossRef]

http://doi.org/10.1016/j.jaerosci.2008.04.006
http://doi.org/10.1016/j.envres.2021.111068
http://doi.org/10.1021/es050578e
http://doi.org/10.1080/02786820903242029
http://doi.org/10.1080/02786826.2014.1002603
http://doi.org/10.1007/s40825-021-00189-z
http://doi.org/10.1016/j.jaerosci.2010.01.001
http://doi.org/10.1080/02786826.2012.701023
http://doi.org/10.4271/2014-01-2832
http://doi.org/10.1080/02786826.2020.1830942
http://doi.org/10.1080/02786826.2010.516283
http://doi.org/10.1080/02786826.2020.1724257
http://doi.org/10.3390/s19245531
http://doi.org/10.1016/j.jaerosci.2015.11.002
http://doi.org/10.1080/027868291004832
http://doi.org/10.1016/0021-8502(92)90004-F
http://doi.org/10.1016/j.jaerosci.2013.12.006
http://doi.org/10.4271/2018-01-0353
http://doi.org/10.1080/02786826.2015.1088146
http://doi.org/10.4271/2005-24-015
http://doi.org/10.4271/2006-01-1077
http://doi.org/10.1080/02786820600844093
http://doi.org/10.1016/j.envpol.2021.118767
http://doi.org/10.1080/027868200416231
http://doi.org/10.1016/j.jaerosci.2020.105584
http://doi.org/10.1038/s41598-019-53113-5
http://doi.org/10.4271/2009-01-1115


Atmosphere 2022, 13, 155 36 of 36

384. Ntziachristos, L.; Giechaskiel, B.; Pistikopoulos, P.; Samaras, Z. Comparative Assessment of Two Different Sampling Systems for Particle
Emission Type-Approval Measurements; SAE International: Warrendale, PA, USA, 2005. [CrossRef]

385. Giechaskiel, B.; Dilara, P.; Sandbach, E.; Andersson, J. Particle measurement programme (PMP) light-duty inter-laboratory
exercise: Comparison of different particle number measurement systems. Meas. Sci. Technol. 2008, 19, 095401. [CrossRef]

386. Giechaskiel, B.; Woodburn, J.; Szczotka, A.; Bielaczyc, P. Particulate Matter (PM) Emissions of Euro 5 and Euro 6 Vehicles Using
Systems with Evaporation Tube or Catalytic Stripper and 23 nm or 10 nm Counters; SAE International: Warrendale, PA, USA, 2020.
[CrossRef]

387. Ntziachristos, L.; Saukko, E.; Lehtoranta, K.; Rönkkö, T.; Timonen, H.; Simonen, P.; Karjalainen, P.; Keskinen, J. Particle emissions
characterization from a medium-speed marine diesel engine with two fuels at different sampling conditions. Fuel 2016, 186,
456–465. [CrossRef]

388. Dyakov, I.V.; Bergmans, B.; Idczak, F.; Blondeau, J.; Bram, S.; Cornette, J.; Coppieters, T.; Contino, F.; Mertens, J.; Breulet, H.
Intercomparative measurements of particle emission from biomass pellet boiler with portable and stationary dilution devices.
Aerosol Sci. Technol. 2021, 55, 665–680. [CrossRef]

389. Wong, C.; Chan, T.L.; Leung, C.W. Characterisation of diesel exhaust particle number and size distributions using mini-dilution
tunnel and ejector–diluter measurement techniques. Atmos. Environ. 2003, 37, 4435–4446. [CrossRef]

390. Mohr, M.; Lehmann, U.; Margaria, G. ACEA Programme on the Emissions of Fine Particulates from Passenger Cars(2) Part 2: Effect of
Sampling Conditions and Fuel Sulphur Content on the Particle Emission; SAE International: Warrendale, PA, USA, 2003. [CrossRef]

391. Shin, D.; Seo, H.; Hong, K.-J.; Kim, H.-J.; Kim, Y.-J.; Han, B.; Lee, G.-Y.; Chun, S.-N.; Hwang, J. Dilution Ratio and Particle Loss
Performance of a Newly Developed Ejector Porous Tube Diluter Compared to a Commercial Diluter. Aerosol Air Qual. Res. 2020,
20, 2396–2403. [CrossRef]

http://doi.org/10.4271/2005-01-0198
http://doi.org/10.1088/0957-0233/19/9/095401
http://doi.org/10.4271/2020-01-2203
http://doi.org/10.1016/j.fuel.2016.08.091
http://doi.org/10.1080/02786826.2021.1888865
http://doi.org/10.1016/S1352-2310(03)00571-5
http://doi.org/10.4271/2003-01-1890
http://doi.org/10.4209/aaqr.2020.03.0117

	Introduction 
	Ambient PM 
	Primary and Secondary Aerosol 
	Air Quality Legislation 
	Vehicle Emissions Standards 
	PM in Cities 
	Ultrafine Particles in Cities 

	PM Emitted from Vehicles 
	Definitions 
	Primary “Tailpipe” Particles 
	Delayed Primary “Fresh” Particles 
	Secondary Particles 

	The Appropriate Metric (Total vs. Solid) 
	Health Effects of Particles 
	Emission Levels (Total vs. Solid) 
	Particle vs. Gaseous Measurements 
	Practical Issues 
	Sampling Conditions 
	Laboratory vs. Real-Life Dilution 
	Desorption/Release 
	Instrumentation (Particle Counter) 
	Diluter and Particle Losses 
	Recommended System 


	Conclusions 
	References

