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Topi Rönkkö a,*, Liisa Pirjola b,c, Panu Karjalainen a, Pauli Simonen a, Kimmo Teinilä d, 
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A B S T R A C T   

Recent recommendations given by WHO include systematic measurements of ambient particle number con
centration and black carbon (BC) concentrations. In India and several other highly polluted areas, the air quality 
problems are severe and the need for air quality related information is urgent. This study focuses on particle 
number emissions and BC emissions of passenger cars that are technologically relevant from an Indian 
perspective. Particle number and BC were investigated under real-world conditions for driving cycles typical for 
Indian urban environments. Two mobile laboratories and advanced aerosol and trace gas instrumentation were 
utilized. Our study shows that passenger cars without exhaust particle filtration can emit in real-world conditions 
large number of particles, and especially at deceleration a significant fraction of particle number can be even in 
1.5–10 nm particle sizes. The mass concentration of exhaust plume particles was dominated by BC that was 
emitted especially at acceleration conditions. However, exhaust particles contained also organic compounds, 
indicating the roles of engine oil and fuel in exhaust particle formation. In general, our study was motivated by 
serious Indian air quality problems, by the recognized lack of emission information related to Indian traffic, and 
by the recent WHO air quality guidance; our results emphasize the importance of monitoring particle number 
concentrations and BC also in Indian urban areas and especially in traffic environments where people can be 
significantly exposed to fresh exhaust emissions.   

1. Introduction 

Vehicular on-road traffic is a major contributor to air pollutants of 
urban areas affecting human population health, environment at local 
and regional scale, and global climate; e.g. gaseous CO2 and methane as 
well as particulate black carbon (BC) are strong climate forcers, and 
particulate pollution, gaseous ozone and nitrogen compounds cause 
negative health effects (e.g. IPCC, 2018; Fu et al., 2020; Bond et al., 
2013, Oberdörster et al., 2005; IARC, 2012; Su et al., 2008; Janssen 
et al., 2011; Monks et al., 2015; Bates, 2005). These detrimental effects 

of traffic emissions have caused the general need for emission regula
tion, aiming to improve the technologies used in vehicle fleet, decrease 
the emissions and improve air quality especially in cities where large 
number of people is exposed to the pollutants. 

Ultrafine particles (particle diameter smaller than 100 nm) typically 
dominate the particle number concentrations of urban air. While 
inhaling urban air those particles deposit efficiently in the human res
piratory tract (ICRP, 1994), and after the deposition, they can affect the 
human airway tissues or translocate to other parts of the body. Ultrafine 
particles can be formed in ambient air from initially gaseous 
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atmospheric components (Alam et al., 2003), or they can be emitted to 
atmosphere from aerosol sources, in traffic influenced areas mostly from 
vehicle engines (Kumar et al., 2014; Rönkkö and Timonen, 2019). In 
general, exhaust emissions of vehicles contain primary emitted 
non-volatile soot agglomerates and ash particles (primary particle 
emissions) (Kittelson, 1998; Tobias et al., 2001; Sgro et al., 2012; Seong 
et al., 2014; Fushimi et al., 2011; Lähde et al., 2014) that are, the ma
jority of them are in ultrafine particle size range, and gaseous com
pounds. Some of the emitted gaseous compounds can condense onto the 
surfaces of non-volatile particles or nucleate forming new particles 
already in cooling dilution process (fresh particle emissions) (Charron 
and Harrison, 2003; Arnold et al., 2006, 2012; Rönkkö et al., 2013; Shi 
and Harrison, 1999; Tobias et al., 2001; Schneider et al., 2005; Khalek 
et al., 2003; Pirjola et al., 2019), and some of them can contribute the 
particle mass and number concentration of urban air after they have 
underwent oxidizing processes in the atmosphere (secondary aerosol) 
(Kroll et al., 2012; Chirico et al., 2010; Gordon et al., 2014). Thus, the 
physical and chemical properties of ultrafine particles originated from 
traffic emissions are dynamic by nature, challenging the monitoring of 
their concentrations as well as emission reduction actions. 

Recently, World Health Organization (WHO) (WHO, 2021) intro
duced particle number concentration as a new recommended air quality 
metric to monitor, which significantly increases need for understanding 
the characteristics and sources of ambient ultrafine particles. For 
instance, the understanding of the anthropogenic emissions of the 
smallest sub-3 nm particles is scarce, although their contribution to 
particle number concentrations have been reported to be large (e.g. Sgro 
et al., 2008; Alanen et al., 2015; Rönkkö et al., 2017). The number of 
different particle sources is large, and the emission profiles of those 
sources can have large variation, especially from particle number 
emission and particle composition point of view. For instance, diesel 
engines utilized both in heavy and light duty vehicles have been re
ported to emit primary soot and ash particles mostly being in ultrafine 
particle size range, but their actual emissions strongly depend on 
exhaust after-treatment devices and fuel characteristics (Maricq et al., 
2002; Chirico et al., 2010; Gordon et al., 2014). Fuel sulphur inhibits the 
proper functioning of after-treatment systems designed to reduce tail
pipe emissions and corrodes engines and pipes. For example, exhaust 
sulphur compounds may experience partial storage in the 
after-treatment system at low temperatures and occasionally release at 
higher exhaust temperatures leading to the short-term impact of fuel 
sulphur content. Besides, storage of sulphur compounds in the DOC 
decreases the DOC oxidation power (“sulphur poisoning”) and thus can 
increase gaseous hydrocarbon emissions. As the DOC does not totally 
prevent formation of organic condensable gases, it might promote for
mation of sulphuric acid that is a key nucleation gas (Arnold et al., 
2012). Primary and fresh particle emissions affect mostly the air quality 
near the emission sources, whereas the effect of the secondary processes 
are more important on a regional scale (Rönkkö and Timonen, 2019). 

The particle emissions from gasoine vehicles have been reported to 
be significantly lower than diesel vehicles without particle filtration 
systems, but e.g. modern fuel injection strategies have been observed to 
result to elevated particulate emissions (Mathis et al., 2005; Raza et al., 
2018; Rönkkö et al., 2023). 

This study is a part of the project conducted in collaboration with 
Finnish and Indian research institutes. The main focus of that TAQIITA 
project was to understand the role of traffic in respct of air quality in 
India. In this study we characterized the effects of fuel and vehicle types 
on real-world exhaust particle number, size distribution and composi
tion of passenger cars. We utilized comprehensive high time resolution 
instrumentation to study primary, fresh and secondary particle emis
sions at transient and steady driving conditions. To focus on exhaust 
plume concentrations and real emissions, the measurements were con
ducted by chasing the vehicles by two mobile laboratories equipped 
with different instrument setups. Particularly, the investigated particle 
size range includes even nanocluster aerosols (particles smaller than 3 

nm), which have been reported to dominate roadside particle number 
concentrations (Rönkkö et al., 2017), but are only poorly studied in the 
literature of vehicular emissions. 

The test vehicles, fuels and driving cycles were chosen to represent 
the passenger car fleet in India (Pirjola et al., 2019) where air pollution 
is a huge problem (Ravishankara et al., 2020; Martikainen et al., 2023). 
Simultaneously, the exhaust emissions of Indian vehicles are poorly 
understood, as well as the traffic emissions of many other highly 
polluted countries. This lack of information is even more clear when 
considering the recent air quality guidance from WHO which shifts the 
focus from mass-based particulate pollutant metrics more to particle 
number and composition (WHO, 2021). Thus, this study is one of the 
first systematic real-world experimental investigations that produced 
novel information for these purposes from “Indian” perspective. The 
results of this study can be used in assessment and designing new traffic 
fuel related policies, in air quality modelling, in emission inventories 
and when designing new emission and air quality regulations especially 
for heavily polluted urban environments. 

2. Methods 

2.1. Measurement site, test vehicles and fuels 

Real-world driving tests were conducted by a chasing method for two 
passenger cars on an approximately 2 km long straight road in Alastaro, 
Finland. The location was suitable for emission measurements due to 
insignificant local pollutant sources and other traffic (Karjalainen et al., 
2014; Wihersaari et al., 2020; Pirjola et al., 2015, 2019). The tested cars 
were a diesel vehicle Euro 4 Toyota Corolla 2.2 D-4D (4 cylinders, 
displacement 2.2 dm3, model year 2007, maximum power 100 kW), 
equipped with a diesel oxidation catalyst (DOC), and a gasoline vehicle 
Euro 4 Suzuki SX4 (4 cylinders, displacement 1.6 dm3, model year 2005, 
maximum power 79 kW), multipoint injection (MPI) engine that was 
equipped with a three-way catalyst converter (TWC). 

European diesel (EN590) with fuel sulphur content (FSC) of 6.1 mg/ 
kg, and Indian diesel (BS IV) with higher FSC of 34.7 mg/kg. The diesel 
vehicle and diesel fuels were the same as used in Pirjola et al. (2019). 
The fuel properties can be found in Table S1 (see also the Supplement of 
Pirjola et al., 2019). The gasoline vehicle run with low sulphur (<10 
mg/kg) 98-octane gasoline-ethanol blend fuel the ethanol concentration 
being below 10%. For both vehicles the used engine oil was fully syn
thetic high performance motor oil Neste City Pro LL 5 W-30 which al
lows extended oil drain intervals. 

2.2. Mobile laboratories and instrumentation 

Mobile laboratories Sniffer (e.g. Pirjola et al., 2004, 2016) and 
ATMo-Lab (Rönkkö et al., 2017) with different instrumentation were 
used to chase the cars. In Sniffer the sampling occurred above the front 
bumper at 0.7 m height from the ground, and the distance between 
Sniffer and the passenger car was kept constant ~10 m. With 1 s time 
resolution the number concentration of particles larger than 2.5 nm was 
measured by a CPC 3776 and number size distribution of particles (10 
nm - 1 μm) by an ELPI (Electrical Low Pressure Impactor, Dekati Ltd.) 
(Keskinen et al., 1992) equipped with a filter stage (Marjamäki et al., 
2002) and an additional impactor stage (Yli-Ojanperä et al., 2010). 
Fresh exhaust particles were measured before and primary exhaust 
particles after the thermodenuder (TD) (Rönkkö et al., 2011) where the 
sample temperature was raised to 265 ◦C and the evaporated compo
nents were removed by activated charcoal. Particle losses were cor
rected according to Heikkilä et al. (2009). The black carbon (BC) in the 
PM1 size fraction was measured by a 7-wavelength (370, 470, 520, 590, 
660, 880, and 950 nm) aethalometer (AE 33, Magee Scientific) (Drino
vec et al., 2015) with a time resolution of 1 s. The 880 nm wavelength 
was used for the BC analyses. The CO2 concentration was monitored 
with a LICOR LI-840A gas analyzer. A weather station on the roof at a 
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height of 2.9 m provided meteorological parameters (wind speed and 
direction, temperature and relative humidity). The Sniffer’s speed was 
recorded by a GPS system (model GPS V; Garmin). 

In the ATMo-Lab, the aerosol sample was drawn from the lower-mid 
sampling line at the front of the vehicle, which is located approximately 
50 cm above ground at the hight of the front bumper. The sample was 
drawn to a CO2 analyzer (Sick Maihak, Sidor), to a classic ELPI (Dekati 
Inc.) with additional stages, to a PSM (including Airmodus A20 CPC, 
particle sizes down to 1.5 nm), two CPCs (CPC 3776, 3775, TSI Inc) and 
TSAR (Simonen et al., 2017) operated with 5.5 lpm sample flow and 
75% light intensity setting. A bridge diluter (DR 7.5) was used to dilute 
the sample flow to PSM and CPCs. Before the TSAR, additional ozone, 
CO, and water vapour were fed to the sample line. After the TSAR, the 
other ELPI was used downstream of the TSAR to measure the particle 
concentrations of aged aerosol sample, after an additional dilution. An 
addition dilution with the DR of 4.1 preceding the second ELPI was used 
to keep the total flow rate through the TSAR at 5.5 lpm. CO (Environ
nement S.A., CO12M), RH (Vaisala MI70) and ozone (Model 205, 2B 
Technologies) were measured after the TSAR. A soot-particle aerosol 
mass spectrometer (Onasch et al., 2012) (SP-AMS; Aerodyne Research 
Inc.) was used to measure the composition of particles, equipped with a 
valve to choose the aerosol from TSAR or from sampling line bypassing 
the TSAR. 

The measurement instrumentation of both mobile laboratories can 
be found in the supplement Fig. S1. 

2.3. Driving cycles 

Constant speed tests at 20, 40 and 70 km/h with gears 2, 3 and 4, 
respectively, were carried out on three sequential days in September 
2017. Mild wind of 1 m/s blew from north-east and temperature varied 
in the range of 10–15 ◦C. Furthermore, transient acceleration/deceler
ation tests were performed in the following way: Fast acceleration 
occurred from 20 km/h to 50 km/h with gear 2 or 3 followed by constant 
speed driving around 20 s after which the speed decelerated by engine 
braking back to 20 km/h. The cycles (20-50-20) were repeated 5–6 
times. The other cycle (30-70-30) with gear 3 was repeated 4 times. 

2.4. Data analyses methods 

Quality of the measurement data were validated first in respect of the 
proper functioning of instruments and then aligned based on the mea
surement time. Particle number emission factors EF (#/km) were 
calculated by equation (1) 

EF =

∑n

i=1

(
ΔNj • MAFi

)

ρexh•S
•

∑n

i=1
ΔCOraw

2,i

∑n

i=1
ΔCOdil

2,i

(1) 

where n is the number of seconds considered, ΔN (cm-3) and Δ CO2,i
dil 

(ppm) are the momentary concentrations of particles and CO2 when the 
background concentrations (bg) were subtracted, MAFi is the exhaust 
mass flow (g/s), ρexh is the exhaust density (0.0012 g/cm3) and s is the 
mileage in km. Δ CO2,i

raw (ppm) refers to the momentary raw CO2 con
centration (bg subtracted) measured on the dynamometer over the same 
transient cycle. 

For the steady state tests the OBD data including speed, engine load 
and exhaust mass flow (MAF) from both vehicles were available 
allowing the determinations of emission factors in #/km. For the tran
sient cycles it was successfully saved only for the gasoline car, but the 
OBD parameters for the same transient cycles were measured later in the 
laboratory. Although run resistances in the laboratory conditions can 
slightly differ from the real-world conditions, these values could be used 
since the road in Alastaro was flat, wind speed was very low, no rain 
occurred, and no other traffic was available. Besides emission factors, 
also the Δ Nmean/ Δ CO2,mean and Δ Nmedian/ Δ CO2,median i.e., ratios of the 

mean and median values (over the measurement period) of the 
momentary Δ N and Δ CO2 values, were calculated since those values 
might be interesting and valuable for the air quality researchers and 
authorities. These represent particle number emissions and can be 
compared to the ratios of Δ N and Δ CO2 measured e.g. for traffic in 
urban environments (Rönkkö et al., 2017). 

3. Results and discussions 

3.1. Exhaust plume particle number concentrations 

Fig. 1 shows temporal variation of vehicles’ exhaust plume particle 
number concentrations measured with instruments with different cut-off 
sizes, i.e., particle number concentration for particles with diameter 
(Dp) larger than 1.5 nm, 2.5 nm and 4 nm. In addition, the figure shows 
the time series of vehicles’ speed during the three subsequent cycles and 
the changes in plume CO2 concentrations. These are shown separately 
for gasoline and diesel car, the latter with two different diesel fuels. 

CO2-trends shown in Fig. 1 describe how the combustion originated 
exhaust is seen in exhaust plume. In all situations studied here the CO2 
elevated especially in acceleration conditions and decreased in decel
eration conditions. In this study, the deceleration was conducted mostly 
by engine braking, meaning the situation when no fuel is injected to the 
engine cylinders. In general, the CO2 concentrations measured simul
taneously with particle concentrations can be used to calculate the real 
fuel consumption specific emission factors and, on the other hand, to 
investigate the origin of the particles; previous studies have shown that 
the vehicles with internal combustion engines emit particles both during 
fuel combustion, in accelerations and steady driving (Maricq, 2007; 
Pirjola et al., 2015), and when fuel is not combusted in the engine, i.e. in 
engine braking conditions (e.g. Rönkkö et al., 2014; Karjalainen et al., 
2014; Wihersaari et al., 2020). 

The particle number emissions of gasoline car were significantly 
lower than the emissions of diesel car. Regarding the particle emissions 
of gasoline car, they were observed mostly in accelerations but minor 
increases in plume concentrations of particles were seen also during 
decelerations. In addition, higher exhaust plume concentrations were 
observed in 30–70 cycle than in 20–50 cycle, both of them conducted 
with 3rd gear, indicating that the driving pattern have significant effect 
particle emissions of gasoline cars. It should be noted that the change in 
particle number concentration patterns was associated especially with 
the emissions of small particles; while the particle number concentra
tions were relatively independent of the lower cut of size of the instru
ment during the 20–50 cycle, in 30–70 cycle the number concentrations 
were higher when measured with lower cut-off size instruments. Thus, 
the result indicates that the change in driving pattern affects especially 
the gasoline car exhaust particles smaller than 4 nm in particle size, and 
even the nanoclusters being below 2.5 nm in particle size. 

With both diesel fuels, the particle emission from diesel car was even 
more than ten times higher than the particle emission from gasoline car. 
In addition, the temporal patterns of particle concentrations and thus 
also the instantaneous particle emissions were different; like the gaso
line car, diesel particles were emitted during acceleration but also dur
ing deceleration. We did not observe large effects of diesel fuel quality 
on particle number concentrations in the exhaust plume; both diesel 
fuels produced relatively similar particle number concentrations during 
accelerations and decelerations. As well the effect of driving conditions 
on particle emissions during decelerations was similar with the both 
diesel fuels; high particle number concentrations were observed espe
cially when decelerated from 50 km/h to 20 km/h with 2nd gear. 

With diesel car, the sizes of emitted particles were clearly dependent 
on driving conditions; while during accelerations similar values were 
measured with all the instruments (Fig. 1), during decelerations signif
icantly higher concentrations were measured with instruments with 
lower cut-off size (CPC and PSM). This means that the particles emitted 
during accelerations were larger than 4 nm in particle size and thus 
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larger than the particles emitted during the decelerations. Hence, diesel 
cars are a source of sub-4 nm particles at motoring conditions. 

3.2. Time resolved particle number size distributions of exhaust plumes 

As an example, Fig. 2 shows the time series of particle number size 
distributions for the fresh and primary exhaust particles for all fuels 
during the three subsequent transient cycle 20-50-20 driven with the 
2nd gear. The size distributions were measured by the ELPI, and the 
particles in the size range of 7–1000 nm are shown. The effect of 
background particles was subtracted. The particle number size distri
butions of exhaust plumes for two other driving cycles (20-50-20, 3rd 
gear; 30-70-30, 3rd gear) are presented in Figs. S3 and S4. 

With all fuels the emitted particles were mostly in the ultrafine 
particle size range, i.e., smaller than 100 nm. However, particle emis
sions depended on driving conditions so that the largest emissions, in 
respect of particle concentrations and sizes, were observed during ac
celerations, even though with the gasoline vehicle the particle sizes and 
the concentrations were much lower than with the diesel-fuelled 
vehicle. This is in good agreement with Fig. 1. With both diesel fuels 
some particle emissions were seen during decelerations, whereas for the 
gasoline vehicle the particle emissions were negligible. With both cars, 
the particle concentrations were lower when running at the constant 
speed of 20 km/h than with the constant 50 km/h speed (Fig. 1). The 
particle size range was typically narrower at lower speed due to the 
significantly lower concentrations of nanosized particles (Dp < 20 nm). 

Fig. 3 illustrates the results from the more detailed analysis of par
ticle size distributions during acceleration and deceleration. Left hand 
side panels of Fig. 3 show average fresh and primary particle size dis
tributions during acceleration conditions (acceleration larger than 1 m/ 
s2) and right-hand side panels show the single fresh exhaust particle size 
distributions for deceleration conditions conducted by engine braking so 

that the distributions dec1, dec2 and dec3 describe the beginning, the 
middle and the end of the deceleration. In addition, background aerosol 
particle size distributions (bg) are shown. 

For the gasoline car the average fresh exhaust plume particle size 
distributions during acceleration were bi-modal; separate particle 
modes were observed in particle size ranges smaller and larger than 40 
nm, peaking at around 20 nm and at around 70 nm. However, the mode 
at 70 nm was significantly affected by background aerosol particles, 
which can be seen from Fig. 3a (green line). The 96 h backward- 
trajectory analysis of FLEXTRA by NILU (Norwegian Institute for Air 
Research; Stohl et al., 1995) showed that an air mass was transported 
through central Russia and arrived in southern Finland (Fig. S5a) 
potentially carrying anthropogenic pollutants. 

Furthermore, it should be kept in mind that the distributions shown 
in Fig. 3 are averages of size distributions measured during accelera
tions. Every individual size distribution can significantly deviate from 
the averaged value due to different phases of the acceleration and dif
ferences between the individual acceleration situation, e.g. driver’s 
behaviour, driving direction, as well as slightly different acceleration of 
the test vehicle and chasing laboratory vehicle. This is indicated by 
Fig. 2 which shows how the exhaust plume particle size distributions 
change in time, and by Fig. S6 which shows the standard deviations for 
20-50-20 case with 2nd gear. 

The exhaust plume particle size distributions of gasoline cars were 
substantially affected by thermal treatment of the sampled aerosol 
(Fig. 2, right panel) and Fig. 3 left panel); this was observed especially 
with the particle mode at particle sizes larger than 40 nm (soot mode 
particles). However, also this effect seems to be originated by the effect 
on background aerosol particles (see the difference between solid and 
dashed green lines in Fig. 3a), and thus the effect on particles emitted by 
the car was minor. The thermodenuder slightly decreased the concen
trations of the smallest particles emitted by gasoline car at two of three 

Fig. 1. Time series of exhaust plume particle number concentrations, i.e., fresh exhaust particle concentrations, speed, and increase of exhaust plume CO2 con
centration. Time series are shown for different speed profile and gear combinations and for different vehicle and fuels; a) gasoline, b) European diesel, c) Indian 
diesel. Three subsequent transient cycles are shown in each subfigure. The cutpoints of 4 nm, 2.5 nm and 1.5 nm correspond to measurement with CPC3775, 
CPC3776 and PSM, respectively. Note that the subfigures for gasoline car have different y-axes. The results in logaritmic scales are presented in supplementary 
material (Fig. S2). Background particles were not subtracted. 
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driving cycles. One should remember that when comparing the fresh and 
primary particle size distributions they were not measured simulta
neously and, as indicated by Fig S6, the deviation of individual particle 
size distributions was large. 

In case of diesel car, the averaged particle size distributions during 
acceleration were unimodal and relatively similar for both of the studied 
fuels, even though the distribution was somewhat higher and wider with 
the Indian diesel than with the European diesel. 20–80 nm particles 
dominated the concentrations. The effects of background particles 
cannot be ruled out, since during the Indian diesel measurements an 
airmass transported pollutants from central Russia (Fig. S5b) whereas 
during the European diesel measurements an airmass moved three days 
over the North Atlantic transporting cleaner air to the measurement 
location (Fig. S5c). 

The thermodenuder slightly shifted the distributions towards smaller 
particle sizes (Fig. 3, at least when using EN590 diesel fuel. This shift of 
size distributions to smaller particle sizes can be interpreted as a result of 
evaporation of semivolatile compounds from surfaces of soot particles. 
The particle size distribution measurements combined with volatility 
measurements indicate higher emissions of solid black carbon/soot 
particles from diesel car compared to gasoline car. It is worth noting that 
the thermodenuder measurements did not indicate the presence of 
nucleation mode source in the size range observed by the ELPI. This 
differs from some previous studies reporting nucleation mode particle 
formation especially at elevated loads and when fuels with higher 
sulphur contents are used. 

Regarding diesel exhaust emissions during deceleration, Fig. 1 
showed that high number concentration of particles smaller than 4 nm 

Fig. 2. Time resolved exhaust plume particle size distributions for fresh exhaust (left) and primary exhaust particles (right) during the driving cycle 20-50-20 km/h 
driven with 2nd gear. Size distributions are shown for gasoline car (a,b) and diesel car, for the latter separately for two different diesel fuels, European diesel (EN590) 
(c,d) and Indian diesel(e,f). Particle size in aerodynamic diameter (nm) is shown on the left y-axis, vehicle speed (km/h) on the right y-axis and particle concen
trations (particles/cm3) by colour scale.Engine load (%, orange curve) is shown for the gasoline car. Background particles were subtracted. 
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were observed and these particles were smaller than the ones observed 
during acceleration. When comparing the number emissions from the 
diesel fuels measured by the ELPI and CPC, a large amount of 2.5–7 nm 
particles appeared in exhaust plume during decelerations as shown for 
example for Indian diesel (Fig. 4a). These particles consisted of semi
volatile compounds since the thermodenuder treatment reduced the 
concentration measured by the CPC closer to the parallel measurements 

by the ELPI (Fig. 4b). These semivolatile compounds are most likely 
originated from lubricant oil. Similar conclusions were reported by 
Karjalainen et al. (2016a) who studied emissions from two heavy duty 
diesel vehicles over a transient cycle and reported high numbers of 
emitted exhaust particles during engine motoring. Those particles were 
smaller than 40 nm and the majority of them were volatile. After the TD 
their sizes were smaller than 10 nm thus owing a small nonvolatile core, 

Fig. 3. Average exhaust plume particle number size distributions during accelerations for the gasoline car (a), diesel car with European diesel (EN590) (c) and diesel 
car with Indian diesel (e). The size distributions are shown for primary and fresh exhaust and for each studied driving cycle. Furthermore, shown are three single size 
distributions (dec1, dec2, dec3, see details in the text) for fresh exhaust particles emitted from gasoline (b), European (EN590) (d), and Indian (f) fuelled vehicles 
during decelerations for the 20-50-20 cycle with 2nd gear. Ambient background particles size distributions are shown as well. 
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originated from lube oil. As seen from Figs. 2 and 3, right side panels, the 
particle emissions gradually drop during decelerations, and after the 
~20 s engine braking period the size distributions are rather close to the 
background distributions. As mentioned earlier, no fuel is injected to 
cylinders during engine braking. On the other hand, the evaporation of 
lubricant oil compounds in the engine cylinder depends on wall and 
piston temperatures of the cylinder leading to consumption of oil and to 
semivolatile particulate emissions (Karjalainen et al., 2016a,b). During 
engine braking the temperature decreases with time, reducing oil 
evaporation and thus the source of semivolatile particulate matter. This 
explains the drop of particle emissions during deceleration. 

3.3. Particle number emission factors 

The number emissions factors (EF, #/km), shown in Table S2 for 
constant speed driving and in Table S3 for transient cycles for particles 
larger than 2.5 nm were calculated using the data from the CPC mea
surements. Due to a technical problem, the CPC data were not available 
for the EN590 diesel at 20 km/h constant speed driving. Therefore, the 
corresponding data for that driving situation were adopted from the 
corresponding parts of the transient cycles. 

Over the steady state driving, the obtained particle EFs were sys
tematically larger for the fresh emissions compared to the primary 
emissions (Table S2). Largest emission factors of 8.6 × 1013 #/km and 
6.6 × 1013 #/km with European and Indian diesel fuels, respectively, 
appeared at a constant speed of 70 km/h. Importantly, the Indian diesel 
fuel was not observed to produce larger particle number emissions 
compared to the European diesel in spite of its larger sulphur content; 
thus, the improving of fuel quality in respect of its sulphur content may 
not directly decrease the primary and fresh exhaust particle number 
concentrations of traffic influenced areas. In this study, the reason for 
this observation is the lack of nucleation mode particles under these 
steady state driving conditions. However, it should be kept in mind that 
the fuel sulphur content has been observed to affect particle number 
emissions, especially in heavy duty diesel vehicles. Furthermore, the 
larger sulphur content might affect fresh particle mass concentrations 
due to higher condensation of sulphur compounds on the soot particles. 
The particle number emission factors for the gasoline vehicle were only 
1–3% of the emissions factors of the diesel vehicle, both regarding fresh 
and primary particle emissions. 

However, over the transient cycles the fresh and primary particle 
number emission factors (EF, #/km) were systematically highest for the 
Indian diesel, followed by the European diesel and more than a decade 

smaller for the gasoline fuelled vehicle (Table S3). This observation was 
independent of the cycle. As expected, based on the information above, 
the highest EFs for fresh and primary particles were obtained when 
driving with 2nd gear over the cycle 20-50-20 km/h; for example, EFs 
were 2.1 × 1012 #/km, 9.0 × 1013 #/km and 1.6 × 1014 #/km for fresh 
gasoline, European and Indian exhaust particles, respectively. The 
smallest EFs were determined with 3rd gear over the same speed cycle of 
20-50-20 km/h. 

In addition to emission factors using the unit #/km, Tables S2 and S3 
present the particle emissions as an increase of exhaust plume particle 
number divided by the increase of exhaust plume CO2 concentrations. 
The values show that, under the conditions studied here, the ratios dN/ 
dCO2 had large variation, both because of the changes in driving con
dition but also because of changes in fuel and vehicle. For instance, 
regarding fresh exhaust particles, the lowest ratios were observed for 
gasoline vehicle driving with constant speed, and the highest for diesel 
vehicle operating at transient conditions with Indian diesel fuel. Thus, 
the results demonstrate that, from the viewpoint of individual vehicles, 
the ratio between particle number and CO2 is not constant and any 
universal ratios cannot be assumed to be observed in ambient studies. 
However, when studying the ambient aerosols in the vicinity of traffic 
routes, the differences between the individual vehicles are averaged 
over the local vehicle fleet, and the emission factors as well as the dN/ 
dCO2 ratios represent the average emissions of local traffic. To enable 
the determination of such emission factors also in the studies of ambient 
aerosols (e.g. Rönkkö et al., 2017), it is necessary to combine air quality 
measurements with simultaneous measurements of ambient CO2 
concentrations. 

3.4. Chemical composition of particles and secondary aerosol formation 
potential of exhaust 

BC concentrations of vehicle exhaust plume as a function of time, 
together with increases of exhaust plume CO2 concentrations, are pre
sented in Fig. 5. The average compositions of particulate matter for each 
driving situation are presented in Fig. 6. In general, the time series of BC 
had some similar features than particle number time series (Fig. 1); fresh 
BC concentrations of gasoline vehicle exhaust plume were very small, 
close to the detection limit of the measurement instrument, and those of 
diesel vehicle were peaking especially in accelerations. However, in 
contrast to particle number concentrations, BC was not peaking during 
decelerations. Because the BC formation takes place in combustion, 
resulting to similar concentration trends with exhaust plume CO2 

Fig. 4. Fresh (a) and primary (b) particle number concentrations for the Indian diesel during 20-50-20 cycle with 2nd gear measured by the ELPI and CPC. Also 
shown are the concentrations during engine braking (red color). Note that both the ELPI data and CPC data have been corrected by the same correction factor for the 
losses in the thermodenuder. 
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Fig. 5. Black carbon concentrations of fresh exhaust plumes of gasoline car and diesel car with two different fuels. Also the speed of test vehicle as well as increase of 
exhaust plume ΔCO2 concentrations (background CO2 was subtracted) are shown. 

Fig. 6. Mass concentrations of the components of exhaust particles (left axis) and O:C ratio of particles (right axis). AE33 was used for the BC, other components and 
O:C were measured using the SP-AMS. Two bars are shown for each driving situation, left bar indicating fresh exhaust particles and the right-hand bar indicating aged 
exhaust particles. 
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(Fig. 5), this observation supports the discussion above that the elevated 
particle number emissions during deceleration are not originated from 
combustion process. 

Fig. 6 shows the average composition of fresh and aged particulate 
matter of exhaust plumes of diesel car and gasoline car. Due to technical 
reasons affecting the data quality, the data for aged particulate matter at 
transient cycles of diesel car fuelled with European diesel and gasoline 
car are not presented. In addition, also the compositions of ambient 
background particles are shown, separately for each vehicle and each 
fuel investigated. Furthermore, Fig. 6 shows the O:C ratios of particles 
analysed from the SP-AMS data. Firstly, with the diesel car fuelled with 
Indian diesel and European diesel, the BC formed the most important 
fraction of the particulate mass. Secondly, the mass concentration of 
particulate organic compounds was higher in exhaust plume than in 
background aerosol measurements, and the share of organic compounds 
in particulate mass was higher with Indian fuel. Thus, it can be 
concluded that, in respect of particle composition, the role of organic 
compounds is significant which should be taken into account e.g. when 
evaluating the health impacts of the exhaust aerosol from these two 
types of diesel fuels. However, it should be noticed that the exhaust 
plume particle size distributions typically consisted only of soot mode, 
indicating that the exhaust originated organic compounds shown in 
Fig. 6 were mostly internally mixed with soot/BC particles. With all of 
the cars and fuels studied here, the mass of particulate sulphuric com
pounds in the exhaust plume was relatively close to the values measured 
for the background aerosol, indicating that the cars did not emit 
significantly sulphate. In principle, the higher fuel sulphur content of 
Indian diesel could lead to higher particulate sulphate concentrations 
and increased particle number concentrations in the exhaust plume. 
However, in this study we did not observe these. 

Interestingly, the O:C ratios of organic compounds of fresh diesel car 
exhaust plume particles varied; the O:C ratio of exhaust plume particles 
gradually decreased from 0.5 (measured for the background aerosol) to 
approximately 0.3 (measured for the fresh exhaust aerosol at 70 km/h). 
This observation can be explained by higher contribution of less 
oxidized exhaust particles in the measured aerosol, since the O:C fol
lowed inversely the exhaust plume BC concentration. Thus, the O:C 
ratios of fresh exhaust plume particles are clearly lower than the O:C 
ratios of background air, giving one relatively simple way to 

differentiate fresh exhaust particulate matter from aged exhaust and e.g. 
urban background. Furthermore, Fig. 6 also shows the O:C ratios of aged 
exhaust for the situations when the functioning of TSAR was valid. All of 
those are slightly above the O:C ratios for the background and signifi
cantly higher than for the fresh exhaust aerosol. It should be noted that 
there are uncertainties in the concentrations of Fig. 6 because the 
measurements of each presented concentration bars were not simulta
neous, and the measurements were affected e.g. by environmental pa
rameters. However, the O:C ratios were always determined from 
simultaneously measured peaks of mass spectra, making their values 
more comparable than the ratios of the concentrations of exhaust plume 
particle compounds measured for fresh and aged exhaust and for 
different driving situations. 

The oxidation state of fresh exhaust particles was further examined 
by subtracting the impact of background particles from the exhaust 
particles and plotting the average O:C and hydrogen to carbon ratios (H: 
C) for each car and measurement point (Fig. 7a). The particles from 
European diesel were least oxidized (smallest O:C for 20–50 2nd cycle) 
but the difference between Indian diesel and European diesel was small. 
Organics from the gasoline car were clearly more oxygenated than those 
from the diesel cars. By comparing steady and transient driving, organics 
from the constant speed measurement points were more oxygenated 
than those from transient cycles for Indian diesel and gasoline car, O:C 
ratio increasing with decreasing speed, however for the diesel car that 
trend was not visible. 

The hydrocarbon content of exhaust particles was also different for 
different cars. Although the hydrocarbon pattern looked quite similar 
for every car in transient cycles, Indian diesel had relatively larger signal 
for saturated hydrocarbons (e.g. C3H7

+, C4H9
+ and C5H11

+ at m/z 43, 57 
and 71) compared to corresponding unsaturated hydrocarbon fragments 
(C3H5

+, C4H7
+ and C5H9

+ at m/z 41, 55 and 69) than European diesel 
(Fig. S7). Gasoline car had nearly equal signal for the saturated and 
unsaturated hydrocarbons. Larger ratio of saturated to unsaturated hy
drocarbons have been associated with the diesel fuel like organics 
whereas a lower ratio has been attributed to lubricating oil-like organics 
(Carbone et al., 2019). Based on this estimation, hydrocarbons from the 
gasoline car and European diesel car were located close to lubricating 
oil-like organics in fC4H9

+ vs fC4H7
+ plot (fC4H9

+ and fC4H7+ denoted as 
the fraction of C4H9

+ and C4H7
+ in total hydrocarbons) while Indian diesel 

Fig. 7. Ratios of hydrogen-to-carbon (H:C) and oxygen-to-carbon (O:C) for organics (a), and the correlation of fC4H7
+ (at m/z 55) and fC4H9

+ (at m/z 57) for fresh 
gasoline, European diesel and Indian diesel particles (b). Dash lines in (b) are reference ratios for lubricating oil-like organics and diesel fuel-like organics from 
Carbone et al. (2019). The impact of background particles has been subtracted from the values. Constant speed measurement for Indian diesel at 20 km/h (a) and 
gasoline car at 20 km/h (b) were excluded from the figure as they were clear outliers. 
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particles were closer to diesel fuel-like organics (Fig. 7b) in transient 
cycles. However, when the constant speed points were examined, hy
drocarbons from the European diesel car shifted close to Indian diesel at 
40 and 70 km/h (close to pure diesel fuel organics) whereas at 20 km/h 
they were in line with the transient cycles. That finding is in line with the 
fraction of BC in particles (Fig. 6) as the contribution of BC was larger at 
constant speed of 40 and 70 km/h that at 20 km/h and transient cycles 
for European diesel. Hydrocarbon composition of Indian diesel was 
much less dependent on transient cycle or speed than that of gasoline 
and European diesel with all the measurement points at fC4H9

+-fC4H7
+

space being close to each other. 
In terms of SOA formation, unsaturated hydrocarbon can be specu

lated to have larger SOA formation potential due to their larger reac
tivity. In this study, the comparison of fresh and aged exhaust 
composition indicates that the ageing of exhaust plume in the OFR did 
not significantly affect the mass of particles. Thus, the potential of 
exhaust to produce secondary aerosol mass was relatively low when 
compared to some previous studies of aged exhaust (Karjalainen et al., 
2016b; Timonen et al., 2017). In principle, the result can be compared e. 
g. with Karjalainen et al. (2019) where the ratio of emission factors of 
aged and fresh particulate matter was low, approximately 1.1, for the 
diesel engine equipped with DOC and fuelled with fossil EN590 diesel 
fuel. The diesel car of this study was also equipped with DOC, and thus 
this real-world experiment confirms the previous laboratory experi
ments indicating relatively low secondary aerosol mass potential of the 
exhaust for diesel engines and vehicle with oxidizing exhaust 
after-treatment system. Thus, DOC can be seen as an efficient exhaust 
after-treatment device to mitigate the emissions of secondary aerosol 
precursors also in real-world driving conditions. 

In this study the gasoline car had a multipoint fuel injection system 
which can be different in respect of secondary aerosol precursor emis
sions than the fuel injection systems in cars of previous studies. More 
importantly, these measurements were made when the three way cata
lyst (TWC) of the car was already warm; the TWC can significantly lower 
the SOA precursor emissions which has been seen in studies reporting 
the emissions during cold starts when the TWC is initially at ambient/ 
room temperature and then start to warm during the emission testing 
(Pieber et al., 2018; Simonen et al., 2019). However, it should be noted 
that the real-world experiment and measuring from atmospheric 
exhaust plume can increase some measurement uncertainties, related to 
the effects of dilution, ambient background aerosols and environmental 
parameters such as temperature and humidity. Compared to the labo
ratory investigations, these parameters can have more variation be
tween the individual measurements and even during each measurement. 
In addition, the exhaust is in real-world studies shortly exposed to at
mospheric UV radiation before the measurement of potential secondary 
aerosol mass; however, the atmospheric lifetimes of the compounds 
proposed to be the most significant secondary aerosol precursors (BTEX 
compounds, see e.g. Timonen et al., 2017) are typically much longer 
(several days) than the time the exhaust is in the atmosphere between 
the emission and sampling (<1s). 

4. Summary and conclusions 

In general, passenger cars with internal combustion engines are 
significant sources of particle number emissions. Interestingly, the par
ticle number emissions are contributed to also by very small particles, in 
addition to soot particles. Regarding the smallest particles, particle size 
range down to 1.5 nm was covered in this study, and we observed that 
especially with the diesel car, the deceleration conditions conducted 
with engine braking produced relatively high nanoparticle emissions. 

The emission factors over the transient cycles varied in the range of 
(3.2–8.9)x1013 #/km and (3.9–8.7)x1013 #/km for fresh and primary 
particles larger than 2.5 nm, respectively, when the engine was fuelled 
with the European diesel. With the Indian diesel the corresponding 
emissions factors were (4.6–16)x1013 #/km and (4.1–9.8)x1013 #/km 

indicating slightly higher and more volatile particle emissions compared 
with the standard diesel. In the case of gasoline engine, the emission 
factors were in the range of (0.2–2.1)x1011 #/km. Consequently, our 
study highlights the need to include sub-10 nm particles in real world 
particle emissions studies. 

Particle size distribution measurements showed that the particle 
number was mostly in ultrafine particle size range. In general, the par
ticle number size distribution depended on driving situations and engine 
type, and it was significantly contributed by soot/black carbon particles. 

Regarding the composition of particles, BC emission from gasoline 
car was very small while that from diesel cars was peaking during ac
celeration. In general, BC formed a significant fraction of particles from 
the diesel cars while gasoline car particles consisted mostly of organics. 
Additionally, the composition of organics was different for diesel and 
gasoline cars as organics from the gasoline car were more oxygenated 
while organics from diesel were largely hydrocarbons. Recent studies by 
Hakkarainen et al. (2022) showed that BC and related organic com
pounds can have significant impact on human alveolar cell toxicity. 

With both vehicles investigated here in real-world driving condi
tions, the potential of exhaust to produce secondary aerosol mass was 
relatively low when compared to some previous laboratory studies of 
aged exhaust. This can be caused by exhaust after-treatment devices that 
mitigate efficiently the emissions of secondary aerosol precursors. 
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2022. Black carbon toxicity dependence on particle coating: measurements with a 
novel cell exposure method. Sci. Total Environ. 838, 156543–156555. https://doi. 
org/10.1016/j.scitotenv.2022.156543. 
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Pidcock, R., Connors, S., Matthews, J.B.R., Chen, Y., Zhou, X., Gomis, M.I., 
Lonnoy, E., Maycock, T., Tignor, M., Waterfield, T. (Eds.), Global Warming of 1.5◦C. 
An IPCC Special Report on the impacts of global warming of 1.5◦C above pre- 
industrial levels and related global greenhouse gas emission pathways, in the context 
of strengthening the global response to the threat of climate change, sustainable 
development, and efforts to eradicate poverty. Cambridge University Press, UK and 
New York, NY, USA, pp. 3–24. https://doi.org/10.1017/9781009157940.001. 

Janssen, N.A., Hoek, G., Simic-Lawson, M., Fischer, P., van Bree, L., ten Brink, H., 
Keuken, M., Atkinson, R.W., Anderson, H.R., Brunekreef, B., Cassee, F.R., 2011. 
Black carbon as an additional indicator of the adverse health effects of airborne 
particles compared with PM10 and PM2.5, 2011 Dec Environ. Health Perspect. 119 
(12), 1691–1699. https://doi.org/10.1289/ehp.1003369. Epub 2011 Aug 2.PMID: 
21810552.  

Karjalainen, P., Pirjola, L., Heikkila, J., Lähde, T., Tzamkiozis, T., Ntziachristos, L., 
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Rönkkö, T., Lähde, T., Heikkilä, J., Pirjola, L., Bauchke, U., Arnold, F., Rothe, D., Yli- 
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