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H I G H L I G H T S

• Exhaust emissions from a current
Indian standard diesel vehicle were
investigated.

• Particle size distributions, BC content
and chemical mass composition were
measured.

• Emissions were compared during
NEDC and WLTC with three fuels.

• Emissions characteristics were
strongly dependent on the fuels and
driving conditions.

• The lowest BC emissions were ob-
tained with sulphur- and aromatic-free
renewable diesel.
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A B S T R A C T

The use of fossil fuels in traffic is a significant source of air pollutants and greenhouse gases in rapidly growing
and densely populated cities. Diesel exhaust emissions including particle number concentration and size dis-
tribution along with the particles’ chemical composition and NOx were investigated from a Euro 4 passenger car
with a comprehensive set of high time-resolution instruments. The emissions were compared with three fuel
standards – European diesel (EN590), Indian diesel (BS IV) and Finnish renewable diesel (Neste MY) – over the
New European Driving Cycle (NEDC) and the Worldwide harmonized Light vehicles Test Cycle (WLTC). Fuel
properties and driving conditions strongly affected exhaust emissions. The exhaust particulate mass emissions
for all fuels consisted of BC (81–88%) with some contribution from organics (11–18%) and sulfate (0–3%). As
aromatic-free fuel, the MY diesel produced around 20% lower black carbon (BC) emissions compared to the
EN590 and 29–40% lower compared to the BS IV. High volatile nanoparticle concentrations at high WLTC speed
conditions were observed with the BS IV and EN590 diesel, but not with the sulfur-free MY diesel. These na-
noparticles were linked to sulfur-driven nucleation of new particles in cooling dilution of the exhaust. For all the
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fuels non-volatile nanoparticles in sub-10 nm particle sizes were observed during engine braking, and they were
most likely formed from lubricant-oil-originated compounds. With all the fuels, the measured particulate and
NOx emissions were significantly higher during the WLTC cycle compared to the NEDC cycle. This study de-
monstrated that renewable diesel fuels enable mitigations of particulate and climate-warming BC emissions of
traffic, and will simultaneously help tackle urban air quality problems.

1. Introduction

Combustion of fossil fuels is a significant anthropogenic source for
greenhouse gases (GHG) (CO2, CH4, N2O, O3, NOx) and black carbon
(BC) emissions causing climate warming [1–3]. In 2016 direct CO2

emissions of transport sector (road, air, water, other) worldwide were
32.3 GtCO2/yr, of which road sector (i.e., diesel fuel combustion) ac-
counted for 74% being 18% of global CO2 emissions [4]. Around 30% of
road sector emissions were generated in America and 30% in Asia.
Additionally, particulate matter from diesel emissions contain carci-
nogenic and mutagenic agents, and they have been linked to increased
complications in cardiovascular and respiratory systems [5–11].

The combustion processes in diesel engines produce a complex
mixture of gaseous and particulate emissions [12]. Particulate emis-
sions can be divided into three types according to their formation me-
chanisms: (1) Primary emissions are formed in the engine. Primary
particles are soot particles, composed of non-volatile carbonaceous soot
agglomerates [13,14] and small particles possessing non-volatile cores
(< 10 nm in size) that have been observed in some driving conditions
[14–16]. The origins of these particles are fuel aliphatic hydrocarbons
[17] and lubricant oil metal compounds [18–20]. (2) Fresh emissions
contain the abovementioned primary particles and the particulate
matter formed in the atmosphere during rapid cooling and dilution of
the exhaust; that is, semi-volatile compounds that can condense onto
the surfaces of primary particles or nucleate and form new particles in
less than 1 s atmospheric residence time when H2SO4-H2O nucleation
takes place [15,21–26]. The nucleated particles consist of volatile ma-
terials such as water, sulfate, and hydrocarbons [12]. (3) Secondary
organic aerosol (SOA) is formed in the atmosphere due to the effects of
oxidants and UV light on precursor gases emitted by vehicles. In this
process, high vapour pressure organic compounds oxidize into low-
volatility compounds which then can form SOA via gas-to-particle
conversion [27,28].

Due to their adverse health effects and climate-warming potential,
the emissions of diesel vehicles are regulated. In 2014, stringent reg-
ulations for new diesel passenger cars were implemented in Europe
(Euro 6 standards) and in the USA (EPA Tier 3 regulations) [29]. Fuel
sulfur content (FSC) less than 10 ppm (weight) for diesel fuels became
mandatory in the EU from 2009, and less than 15 ppm in the USA from
2006. Since September 2018, all new vehicles in the EU must be cer-
tified according to the new Worldwide harmonized Light vehicles Test
Cycle (WLTC) chassis dynamometer procedure, which replaced the
earlier New European Driving Cycle (NEDC) test. The WLTC simulates
real driving conditions better than the NEDC. Furthermore, since 2017,
in addition to laboratory testing of Euro 6 standards, real driving
emissions (RDE) road test must be performed using a portable emissions
monitoring system (PEMS) to control vehicle emissions in real opera-
tion [29]. Developing countries follow the legislation of the EU and the
USA. For example, in 2000, India began adopting European emission
and fuel regulations for four-wheeled light-duty and heavy-duty ve-
hicles. BS IV standards, corresponding to the Euro 4, have been en-
forced for the entire country since April 2017, and India would adopt
the BS VI standards (Euro 6) in 2020. The diesel fuel sulfur content
(FSC) was reduced from 2500 ppm to 50 ppm nationwide in 2017 (BS
IV standards). The FSC specifications call for sulfur reductions down to
10 ppm with the introduction of BS VI in 2020.

To meet the Euro 6 regulations, new diesel vehicles need to be
equipped by after-treatment systems (ATS) such as diesel oxidizing

catalysts (DOCs), particulate filters (DPFs) and selective catalyst re-
duction (SCR) systems. It should be noted that the countries with less
restrictive emission legislation still have a large number of diesel ve-
hicles without these advanced ATS, and that the renewal of vehicle fleet
is a very slow process. However, alternative fuels, such as biodiesel
(FAME) and renewable fuel (hydrotreated vegetable oil, HVO), ethanol,
vegetable oils, and their blends with diesel fuel, have recently been
developed and used in diesel engines. Details of biofuels are presented
in Section 2. A DOC is used to remove hydrocarbons and CO, a DPF to
trap PM, and a SCR or a NOx adsorption catalyst to remove NOx. Un-
fortunately, DOCs simultaneously increase SO2 to SO3 conversion en-
hancing gaseous sulfuric acid formation [21,22]. Sulfuric acid has been
shown to participate in condensation and nucleation processes during
the dilution and cooling of the exhaust [21,22,18,23–26]. Physico-
chemical properties of diesel exhaust emissions significantly depend on
engine and after-treatment technology as well as used fuel
[30–32,28,33] and lubricant oil [34,35]. Furthermore, driving condi-
tions [36] and temperature of the engine (i.e. cold start) have been
shown to significantly influence the concentration and composition of
emissions [37]. More details on the physical and chemical character-
istics of regulated diesel exhaust emissions can be found in the review
papers by Burtscher [38], Maricq et al. [32], Myung et al. [39], and
Choi et al. [40].

Only a limited number of studies yet exist concerning diesel exhaust
emissions over the WLTC; most of them deal with gaseous emissions
[41–46]. Many aspects of diesel exhaust emissions remain poorly
characterized, especially the influence of real-driving conditions to
emissions, influence of biofuels to composition of emissions as well as
to nanoparticle emissions. The novelty of this paper lies on in-
vestigating the potential of renewable fuel compared to European and
Indian diesel fuels to reduce the climate and air quality influencing
particle emissions, especially regarding (but not limited to) Indian
diesel-powered traffic. The number of particle emissions and size dis-
tributions together with their chemical composition were studied over
the WLTC by a comprehensive set of high-time-resolution instruments.
More detailed objectives are (i) to quantitatively investigate the influ-
ence of different fuels including HVO and two commercial fossil fuels
on exhaust emissions, (ii) to study primary and freshly emitted PM and
gaseous compounds from a representative Indian diesel passenger car
(Euro 4) under laboratory conditions, and (iii) to identify differences in
particulate emissions due to different driving conditions over the NEDC
and WLTC cycles.

2. Renewable biofuels

To mitigate the climate change, alternative fuels with less en-
vironmental impacts are needed to replace the use of fossil fuels. Low-
carbon fuels, especially different types of biofuels have been developed.
For example, biodiesel is produced from vegetable oils by esterification
and the products are called fatty acid methyl esters (FAME).
Hydrotreated vegetable oil (HVO) is a renewable diesel fuel whose
feedstock are vegetable oils (rapeseed, sunflower, soybean, palm, ja-
tropha and algae oils) and waste animal fats. E.g. in Neste MY renew-
able diesel, at least 80% of renewable raw material is waste and re-
sidues. In the production process, hydrogen is used to remove the
oxygen from the vegetable oil after which catalytic isomerization into
branched alkanes is done to get paraffinic hydrocarbons. Consequently,
HVO is practically free of metals and ash-forming elements.
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Concerning energy conversion, GHG emissions (in gCO2eq/km) and
energy use (in MJ/100 km) are the most important aspects in life cycle
assessment (LCA) of fuels. Total energy use covers fossil energy con-
sumption during all life cycle phases, i.e. feedstock production and
transportation to refineries, fuel refining and transportation to dis-
tribution stations, and fuel combustion [47,48]. Edwards et al. [49]
estimated 45–75% fossil energy saving for biodiesel and 79% saving for
HVO compared to conventional diesel fuel. In addition, the GHG
emission saving was 40–70% for biodiesel, 42% for HVO and 50–90%
for the MY. On the other hand, Arvidsson et al. [47] estimated some-
what higher total energy use for HVO when biomass energy losses, i.e.
inefficiencies in the use of biomass feedstock in the production of bio-
fuels, were included. However, in their study the GHG emissions for
HVO were 30% lower than for diesel. IPCC [1] reports that biofuels
have 30–90% lower GHG emissions than diesel fuels; however, indirect
emissions from land use and change are not well known [50].

Although the heating value of HVO per mass (~44MJ/kg) is
somewhat higher than that for EN590 diesel (~42.7 MJ/kg), the volu-
metric fuel consumption of HVO is higher due to its lower density
leading to a slightly lower volumetric heating value of 34.4MJ/dm3

compared to 35.7 MJ/dm3 for EN590. However, HVO has higher energy
content compared to FAME. Nylund et al. [51] reported that during
their bus tests HVO increased fuel consumption by 5.2% and FAME
around 9% in maximum compared to fossil diesel with no bio-compo-
nent.

Nevertheless, HVO has many beneficial properties to the engine,
ATS and environment. Practically all new diesel cars are equipped with
a diesel catalyst system and a DPF. The functioning of DPF depends on
the composition of soot particles in diesel exhaust, and the type of soot
depends on the fuel used. Renewable fuels have higher cetane number
paraffinic hydrocarbons that are free of aromatics and sulfur, and
therefore produce less particulate emissions enabling longer regenera-
tion frequency and, consequently, lower fuel consumption [52]. As
HVO is sulfur-free, harmful SO2 oxidation to SO3 in DOCs is limited
reducing particle number and mass emissions formation. Additionally,
undesirable storage of sulfur compounds in the DOC that decreases the
DOC oxidation power (“sulfur poisoning”) and thus increases emissions
of gaseous hydrocarbon compounds [53], does not exist for HVO. Use of
HVO has been shown to reduce GHG emissions, CO, and total hydro-
carbon (THC) emissions as well as soot emissions [54,55,22,56,51,57].

3. Experimental setup

3.1. Tested vehicle, lubricant oil and fuel properties

The tested diesel vehicle was a Euro 4 Toyota Corolla 2.2 D-4D (4
cylinders, displacement 2.2 dm3, model year 2007, maximum power
100 kW), equipped with a DOC. The engine had a common rail direct
injection system. The used engine oil was fully synthetic high perfor-
mance motor oil Neste City Pro LL 5W-30 (Supplementary Table S1),
developed for extended oil drain intervals for passenger cars and vans.
Excellent cold start properties provide easy cold starts under all oper-
ating conditions.

Three types of diesel were used in the experiments: (i) Indian diesel
(BS IV) with FSC of 34.7 mg/kg, (ii) European commercial diesel
(EN590) with FSC of 6.1mg/kg, and (iii) renewable diesel (Neste MY)
with FSC less than 1mg/kg. The main differences between the fuels
were in sulfur content, aromatic hydrocarbons and cetane number.
Higher cetane helps an engine start in colder conditions and decreases
exhaust emissions. The detailed fuel properties are given in
Supplementary Table S2.

3.2. Driving modes

The measurements were conducted with the standardized NEDC
(duration 1180 s, 10.9 km) and the WLTC (1800 s, 22.3 km). The NEDC
is composed of four urban-like sub-cycles constituting the urban driving
cycle (UDC) with a total duration of 780 s, followed by a 400 s long
extra-urban driving cycle (EUDC). The UDC simulates city driving and
is characterized by low engine load, low exhaust gas temperature, and
an average speed of 18.4 km/h, whereas the EUDC simulates highway
driving with an average speed of 62.6 km/h. The WLTC is composed of
four phases including different maximum speeds and highly varying
accelerations. The average speed during the low phase (589 s) is
19.0 km/h, during the medium phase (433 s) 39.4 km/h, during the
high phase (455 s) 53.7 km/h, and during the extra-high phase (323 s)
89.4 km/h. More information on the phases is given in Supplementary
Table S3. The WLTC simulates real driving conditions better than the
NEDC.

The vehicle was soaked overnight (at least 8 h) at 20 °C prior to the
cycles. The first driven cycle of each day is hereafter named the “cold
start cycle”. After the cold start cycle, the cycle was repeated three
times, and all of these were considered “hot start cycles”. One of the hot
start cycles was measured for primary emissions (see Section 3.3), and
two for fresh emissions and these two results were averaged. Before

Fig. 1. Schematic of the experimental setup.
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each hot start cycle, the engine was run for 10min at 80 km/h to ensure
sufficient warming of the engine, indicated by a coolant temperature of
~100 °C.

3.3. Exhaust sampling and instrumentation

The measurement setup is shown in Fig. 1. Particle sampling was
conducted with two different partial flow dilution systems at the ex-
haust transfer line, with (1) a system [58] measuring the fresh emis-
sions and (2) a double-ejector diluter system measuring the primary
emissions. In both of the systems, the raw exhaust sample flow was
nearly constant, ~5 L min−1 in the fresh emission measurements and
~4 L min−1 in the primary emission measurements. In the first case,
the sampling system consisted of a porous tube diluter (PTD) with a
dilution ratio (DR) of about 12, a short ageing chamber with a residence
of 2.5 s, and a secondary diluter, a Dekati Diluter (Dekati Ltd.) with a
DR of ~8. By this system the exhaust is diluted to a ratio of ~100,

whereas in atmospheric conditions it might be even more than 1000 at
plume ages of 2.7 s [19,59]. However, the nucleation mode is fully
formed at a dilution ratio of approximately 100 [60], or after less than
0.7 s residence time in the atmosphere [15]. From the nucleation point
of view, this system mimics atmospheric dilution and particle formation
in roadside environments.

In the second case, the exhaust was diluted by double ejector di-
luters (DED) (Dekati Ltd.), the first of which was heated to ~300 °C.
After the second ejector, the sample temperature was around 25–30 °C.
Heating of the dilution air in the first ejector diluter prevents new
particle formation; thus, the particles measured downstream in the
sampling system represent primary particles. Pressurized dilution air
was purified of particles and gaseous contaminants. The dilution ratios
were calculated based on the measurements of the raw CO2 con-
centration in the tailpipe and the diluted CO2 concentration. The raw
CO2 concentration was measured with a specific PEMS CO2 analyser.
The diluted concentration was monitored with a LI-COR LI-840A gas

Fig. 2. Primary and fresh (hs=hot start, cs= cold start) particle emissions (measured by UCPC) during the NEDC (a) and WLTC (b) cycles when the vehicle was
fuelled by Indian diesel (BS IV). Also shown are the vehicle speed profiles. Note that the peak emissions of the cs and hs curves at the extra-high speed phase of the
WLTC are as high as 1.8×1013 and 2.6 × 1013 #/s, respectively. The subplots (c) show the extra-high phase emissions for all fuels.
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analyser or with a SIDOR SICK MAIHAK gas analyser.
The distribution of the size of exhaust particles was measured with a

time resolution of 1 Hz in the size range of 5.6–560 nm (mobile dia-
meter) with an engine exhaust particle sizer (EEPS; TSI Inc.) [61], and
in the size range of 7 nm–10 μm (aerodynamic diameter) with electrical
low-pressure impactors (ELPI, Dekati Ltd) [62]. The ELPI was equipped
with a filter stage [63] and an additional impactor stage designed for
nanoparticles [64]. The particle concentration was measured with ul-
trafine condensation particle counters (UCPC3776 and UCPC3775, TSI
Inc.) downstream of two additional diluters (bridge diluters with
minimized losses for nanoparticles, total DR~ 330) to ensure that the
concentrations were in the operational range of the UCPC.

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) with a time resolution of 1 s. The AE 33 uses
the dual-spot method to compensate for the “spot loading effect”, and
gives a compensated BC concentration and a loading compensation
parameter for each wavelength. The missing BC concentrations due to
tape advances (~5min) were measured using another similar aethal-
ometer (AE33) installed in parallel to the AMS (not shown in Fig. 1).
The absorption at the wavelengths 880 and 370 nm was converted to
BC and BrC using mass-absorption cross section values given by the
manufacturer.

A soot particle aerosol mass spectrometer (SP-AMS, Aerodyne
Research Inc., [65]) was used to study the influence of fuel and driving
cycle on temporal variations in particle chemistry. The SP-AMS has a
dual vaporizer system in which, in addition to the normal tungsten
oven, an intracavity Nd:YAG laser (1064 nm) vaporizer is added, into
high resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS,
[66]). The dual vaporizer enables measurements of refractory black
carbon (rBC) and associated refractory particulate material (e.g.,

metals) in addition to non-refractory species such as sulfate (SO4), ni-
trate (NO3), ammonium (NH4), chloride (Cl) and organics (Org). In this
study, SP-AMS was measured in a mass spectrum (MS) mode mostly
with ~8 s time resolution, but due to software-related issues during
some cycles, a higher time resolution was used (up to 20 s). The data
shown in this paper for organic and inorganic species were measured
with the laser off only. A PM1 cyclone was inline in front of the SP-AMS,
but the real measured particle size range was limited by an AMS
aerodynamic lens between ~50 to 800 nm. The SP-AMS data were
analysed using standard AMS data analysis software (SQUIRREL v1.57
and PIKA v1.16) within Igor Pro 6 (Wavemetrics, Lake Oswego, OR).
The mass concentrations from the SP-AMS were calibrated with 300 nm
ammonium nitrate particles, and data were calculated by using a de-
fault collection efficiency of 0.5 [67] and references therein. Due to a
technical issue in the SP-AMS, the measurement results were only
available for both cycles for the Indian diesel and MY diesel with the
PTD dilution system.

Gaseous concentrations of nitrogen oxides NO, NO2 and NOx (model
APNA 360, Horiba) were also monitored downstream of the diluters
with a time resolution of 1 s.

All the data shown below have been corrected by a total dilution
ratio for each instrument representing the raw exhaust concentrations.
To calculate the emissions (#/s for particle number and g/s for masses),
the instantaneous concentrations were multiplied by the measured in-
stantaneous exhaust flow volume (the air density was assumed to be
1.2 kg/m3). The emissions factors (#/km, g/km) were then obtained by
dividing the combined emissions over the cycles by the combined speed
(km/s) over the cycles.

Fig. 3. Cumulative particle emissions (a)–(b) together with coolant temperatures (blue curve for cold start, red curve for hot start) and vehicle speed (green curve)
(c)–(d) for three used diesel fuels. The left side presents the NEDC cycle and the right side represents the WLTC cycle. Note different scales of the vertical axes. Note
that cs and hs refer to cold start and hot start cycles, respectively.

L. Pirjola, et al. Applied Energy 254 (2019) 113636

5



4. Results and discussion

4.1. Particle number emissions during the NEDC and WLTC cycles

Fig. 2 presents the time series of the vehicle speed and number of
particles larger than 2.5 nm emitted over the NEDC and WLTC cycles
for the diesel vehicle fuelled by Indian diesel BS IV (see Supporting
Information Fig. S1 for the other fuels). The results are presented for the
primary exhaust particles measured downstream of the double-ejector
dilution system as well as for the fresh exhaust measured downstream
from the porous tube dilution system for the fresh cs and fresh hs cycles.

For all fuels, driving conditions were observed to strongly affect
exhaust emissions. Fig. 2 for the Indian diesel and Fig. S1 for the MY
and EN590 diesels show that during the NEDC and WLTC cycles, the
emissions had similar characteristics, but some notable deviations were
also observed. The peak emissions occurred at accelerations and de-
celerations during engine braking. However, due to more aggressive
acceleration, the peak emissions were higher during the WLTC. Con-
sequently (and also due to the longer duration of the WLTC), the cu-
mulative particle number emissions at the end of the cold and hot
WLTC cycles were much higher than the ones measured in the NEDC;
for example, two and five times higher for the Indian fuel (Fig. 3).

High exhaust particle emissions occurred during the last accelera-
tion in the EUDC part of the NEDC and the extra-high speed phase of the
WLTC (Figs. 2 and 3). In the EUDC, the primary and fresh emissions
were rather similar, indicating that these particles were non-volatile
and already existed in the tailpipe. On the contrary, the primary par-
ticle emissions were much lower than the fresh particle emissions (hs)
during the extra-high speed phase, indicating that most of these parti-
cles were volatile and formed when the exhaust was cooled from the
elevated tailpipe temperature (Fig. 3) to the room temperature. Note
that the dilution air temperature of the PTD was approximately 30 °C in
the measurements of fresh exhaust. Comparing the primary and fresh
exhaust particle concentrations, about 67, 84 and 23% of the particles
(> 2.5 nm) for the Indian diesel, EN590 and MY diesel, respectively, in
the extra-high speed phase were volatile. It should be noted that the
fresh emissions might be underestimated since losses onto the walls of
the ageing chamber in the PTD cannot be taken exactly into account,
due to the partly unknown dynamics of volatile nanoparticle formation.

The observed particle number emission factors EFN (#/km) for all
fuels were systematically larger over the WLTC than over the NEDC
(Table 1). Considering the fresh exhaust emissions, the highest observed
emission factor over the WLTC was 1.0×1014 #/km for the EN590
diesel, and over the NEDC it was 2.7× 1013 #/km for the MY diesel.
The greatest difference between the driving cycles was observed for the
EN590 fuel for which the ratio of the emission factors (WLTC/NEDC)
were 1.9 and 4.3 for the fresh exhaust cold start and hot start cycles,
respectively, whereas they were 1.5 and 2.9 for the Indian diesel, and
1.2 and 1.4 for the MY diesel. The main reason for this behavior is the
high EFN for EN590 during the extra-high speed phase of the WLTC as
given in Table 1 and Fig. S2(b).

Regarding the primary exhaust, the highest particle number emis-
sion factors were obtained for the Indian diesel over the NEDC
(3.6×1013 #/km) and over the WLTC (4.8×1013 #/km) as well as
also over all the phases of both cycles (Table 1 and Fig. S2c). The re-
latively high primary particle number emissions with the Indian diesel
seems to be caused by the highest soot/BC emissions (see below), and
the reason for those might be the highest aromatic hydrocarbon content
of the Indian diesel (Table S2).

4.2. Particle size distributions during the NEDC and WLTC cycles

As an example, Fig. 4 depicts the time series of particle number size
distributions (particles in the size range of 5.6–560 nm) for the fresh
exhaust emissions (both cold and hot start cycles) and primary exhaust
emissions with the EN590. The other cases are presented in Fig. S3.

During the first 200 s of the NEDC and WLTC cold start cycles
(Fig. 4a and d) the fresh emissions of particles > 30 nm were clearly
higher than during the hot start cycles (Fig. 4b and e). In both cycles the
smaller particles (< 20 nm) were emitted during acceleration and de-
celeration, particularly during the extra-high phase of the WLTC. Since
the majority of these smallest particles cannot be observed in the pri-
mary emissions during the extra-high phase (Fig. 4f), the particles have
been formed in the sampling system used to study fresh exhaust emis-
sions (i.e., during the rapid cooling and dilution of exhaust). This in-
dicates that these smallest particles could be of sulfuric acid origin [34],
thus they are likely also affected by the fuel sulfur content. However,
although the FSC was higher in the Indian diesel than in the EN590,
relatively similar emissions were observed when these fuels were used
(Fig. S3). Instead, equally high nanoparticle emissions were not ob-
served in the fresh exhaust when the vehicle was fuelled with the sulfur-
free MY diesel.

During accelerations and high-speed driving, the primary particle
size distributions were typically dominated by soot mode particles (i.e.,
particles in sizes larger than 10–20 nm). Instead, during deceleration
conditions, the particle size distributions were shifted to smaller par-
ticle sizes, and the role of the sub-10 nm particles became much more
significant (Fig. 4). Plausibly they were formed during engine braking,
and their origin was from the lubricant oil [16,20]. It should be noted
that with all fuels, the primary exhaust nanoparticles were also emitted
during the extra-high speed phase of the WLTC, meaning that especially
with the EN590 and Indian diesels, the resultant fresh exhaust was
externally mixed with two types of nanosized particles. Furthermore,
particle size distribution measurements showed that with the MY diesel
(Fig. S3), the sizes of the soot particles emitted during acceleration
conditions were smaller than with the other fuels.

The average fresh particle (hot start) size distributions for particle
number (#/km) and volume (cm3/km) emissions over the different
phases of the NEDC and WLTC cycles are presented in Fig. S4 and the
distributions over the whole cycles in Fig. 5. Since the EEPS data were
not available for the Indian diesel during the NEDC cycle, the results
concerning the NEDC particle number size distributions are presented
based on the ELPI data. However, the results concerning the WLTC are
shown based on the both ELPI and EEPS data since the EEPS has better
size resolution in the smaller sizes. To enable comparisons of the par-
ticle volume emissions, all of them were calculated from the ELPI data.
With the MY diesel during the UDC (Fig. S4) and over the whole NEDC
(Fig. 5), the number emissions of 6–100 nm particles were larger than
with EN590 and Indian diesels, but the observed particle sizes were
smaller. With the MY diesel, the soot mode peaked at ~40 nm, whereas

Table 1
Primary and fresh exhaust number emission factors of particles larger than
2.5 nm (EFN, #/km) for the MY diesel, the standard diesel EN590, and the
Indian diesel BS IV over the NEDC and WLTC cycles and over the different
phases (Section 3.2). Note that cs and hs refer to cold and hot start, respectively.

NEDC WLTC

EFN (×1013

#/km)
NEDC WLTC UDC EUDC Low Medium High Extra-high

MY diesel
fresh cs 2.99 3.63 3.90 2.48 3.69 3.20 3.30 4.14
fresh hs 2.73 3.86 3.36 2.38 3.68 3.55 3.82 4.13
primary 2.92 3.67 3.34 2.67 3.72 4.00 3.99 3.18

EN590 diesel
fresh cs 3.76 7.31 5.10 2.99 5.98 4.16 4.55 11.96
fresh hs 2.36 10.12 2.71 2.15 3.61 3.93 4.08 21.22
primary 2.96 3.65 3.31 2.75 3.45 3.66 3.98 3.45

BS IV diesel
fresh cs 4.14 6.07 6.01 3.09 5.49 3.77 3.95 9.40
fresh hs 2.57 7.44 3.12 2.26 3.27 3.58 3.59 14.47
primary 3.55 4.77 3.89 3.36 4.50 4.85 4.89 4.73
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with the other fuels the soot modes peaked at ~70 nm. Additionally, the
number emissions of> 100 nm particles with the MY diesel were less
than for the EN590 and Indian fuels. Due to the smaller particle sizes it
is not surprising that the particle volume emissions were lowest for the
MY diesel and highest for the Indian diesel (Figs. 5 and S4).

Over the WLTC, more differences in the particle number size dis-
tributions can be observed between the fuels, and in general the
emissions were clearly higher when compared to those over the NEDC.
During the low-, medium- and high-speed phases (Fig. S4), the size of
the soot mode from the MY diesel was smaller than from the other fuels;
the mode peaked at ~55 nm (mobility diameter), whereas with the
Indian diesel the soot mode peaked at ~60 nm, and with the EN590
diesel the mode peaked at 55 nm and 100 nm at the low phase and at
~60 nm for the medium and high phases. Additionally, in the particle
number size distribution a nucleation mode peaking at ~11 nm is evi-
dent during the extra-high phase and during the whole WLTC with the
EN590 and Indian fuels (Figs. 5 and S4).

As to the particle volume emissions, the emissions over the WLTC
were almost two times the emissions over the NEDC. The highest
emissions were measured for the EN590 fuel and lowest for the re-
newable MY diesel. As explained earlier, the larger soot mode and thus
the larger particle volume emissions with the Indian diesel and EN590
can be explained by the higher aromatic hydrocarbon content of the
fuels (Table S2).

4.3. NOx emissions

The NOx emissions from the studied vehicle behaved in a relatively
similar way as the total particle emissions; at the beginning of the cy-
cles, the cold start emissions were somewhat higher compared to the
hot start cycles, and high peaks occurred during the last acceleration of
the NEDC and during the extra-high speed phase of the WLTC (Fig. S5).
The NOx emission factors for the NEDC were 138–205mg/km
(Table 2), and the highest emission factors were obtained with the
EN590. However, with all fuels the factors were below the Euro 4
standard (250mg/km), and for the MY diesel and Indian diesel the NOx
emissions were even below the Euro 5 standard (180mg/km), but still

far from the Euro 6 standard of 80mg/km. However, the NOx emission
factors depended on the test cycle; under the WLTC they were con-
siderably higher compared to the NEDC, being in the range of
264–360mg/km in hot start cycles. Interestingly, for the Indian diesel
the NOx emissions were higher in cold start cycles but for the MY diesel
they were lower, possibly resulting from differences in fuel properties.
Compared to this study, Marotta et al. [42] reported somewhat higher
average NOx emissions of nine diesel passenger cars (Euro 4–6),
217 ± 21mg/km and 391 ± 171mg/km under the NEDC and WLTC,
respectively, whereas Suarez-Bertoa et al. [68] reported the values of
184mg/km and 458mg/km for two studied diesel cars (Euro 5–6) over
the WLTC. On the other hand, Ko et al. [46] reported that the NOx
emissions from a Euro 6 compliant diesel passenger car equipped with a
lean NOx trap exceeded the regulatory limit by approximately 17mg/
km in the WLTC at 23 °C but met the limit in the NEDC. It should be
noted that in our study the cumulative emissions of NOx (Fig. S6) sig-
nificantly increased during the extra-high phase of the WLTC, even to
2–3-fold when the vehicle speed increased from 80 km/h to 120 km/h.
Typically, EFNO was around 30–35% of EFNOx in the WLTC and slightly
higher, around 40%, in the NEDC. As shown in Table 2, the NOx
emission factors were higher in the urban areas (UDC and low speed
phase of the WLTC) where the average speed is 18–19 km/h due to stop
and go driving (Table S3) compared to the EUDC and medium–high
speed phases of the WLTC. However, the emission factors were much
higher in the extra-high phase.

4.4. Chemical composition of primary and fresh particle emissions

4.4.1. Time series of BC, sulfate and organics
Fig. 6 shows the time series of the BC emissions in the NEDC (a) and

in the WLTC (b) for the Indian diesel, based on the aethalometer data
measured with the wavelength of 880 nm. This wavelength has been
observed to be the most suitable wavelength to measure the light-ab-
sorbing soot originating from traffic [69,70]. BC emissions for other
fuels can be seen in Fig. S7. In general, the BC emissions were asso-
ciated with acceleration conditions, and regarding the steady driving
situations of the NEDC, they increased when the vehicle speed

a) NEDC fresh cs  b) NEDC fresh hs c) NEDC primary 

  d) WLTC fresh cs  e) WLTC fresh hs f) WLTC primary 

Fig. 4. Time series of the size distributions of the exhaust particle number emissions (#/s) along with the vehicle speed during the NEDC (a–c) and WLTC (d–f) cycles
with the EN590 diesel. Particles in the size range of 5.6–560 nm were measured by the EEPS. Shown are the size distributions for the fresh emissions cold start cycles
(a, d) and hot start cycles (b, e), as well as for the primary emissions (c, f). The particle emissions are indicated by the color scale and the vehicle speed by the green
curve.
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increased. In the middle of the NEDC, minor BC emission peaks were
also observed during deceleration conditions or short steady speed
periods between them.

The WLTC is more aggressive than the NEDC (i.e., it contains more
speed changes). This results in higher BC emissions, especially at the

end of the cycle. In general, the temporal behavior of the BC emissions
was very similar with the soot mode particle emissions seen in Fig. 4.

Fig. 7 presents the temporal behavior of sulfate and organic com-
pounds in the particulate matter of the fresh exhaust. The results are
shown for the Indian diesel and MY diesel. In regard to sulfate, for both

Fig. 5. Average size distributions of fresh (hot start) particle number (#/km) (a)–(b) and volume (cm3/km) (c)–(d) of emissions for different fuels over the NEDC and
WLTC cycles. The size distributions were measured with the ELPI (solid curves). Furthermore, the particle number size distributions were measured with the EEPS
over the WLTC (dotted curves in b). Idle emissions are also included. The average speed over the NEDC was 33.4 km/h and over the WLTC it was 46.5 km/h. Note the
different scales of the vertical axes.

Table 2
Emission factors (mg/km) of NO and NOx during the NEDC and WLTC for different fuels. Note that the emission factors of NOx during the different segments of the
NEDC and WLTC are also shown; cs and hs refer to cold and hot start cycles, respectively.

NO NOx NEDC WLTC

EF (mg/km) NEDC WLTC NEDC WLTC UDC EUDC low medium high extra-high

MY diesel
fresh cs 58 122 141 282 167 127 229 146 132 506
fresh hs 53 135 172 360 193 161 262 193 173 652

EN590
fresh cs 80 127 205 336 247 182 256 174 169 599
fresh hs 54 120 182 343 205 170 260 180 164 619

BS IV diesel
fresh cs 59 138 143 338 154 137 389 157 150 581
fresh hs 41 94 138 264 147 134 184 139 122 487
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cycles and fuels the emissions were mostly observed during the high-
speed conditions (when the vehicle speed was>80 km/h). Due to the
low FSC of MY diesel (< 1 ppm) it is assumed that these sulfate
emissions are more related to lubricant oil than fuel. This lubricant oil
hypothesis is supported by the results of Timonen et al. [71] who also
observed sulfate emissions for alcohol fuels. This result is also in line
with the results of Carbone et al. [72] who showed that large fraction of
a diesel engine emissions originated from the lubricant oil. Additionally
in this study, we observed that the emissions of particulate zinc rela-
tively closely followed the sulfate emissions (Fig. S8). Pirjola et al. [35],

for instance, found a positive correlation of the Zn concentration in the
lubricant oil with non-volatile particle number emission factors during
the NEDC, and on the other hand, the non-volatile particles correlated
positively with the lubricant oil sulfur. However, we note that sulfur
compounds may also experience partial storage in the DOC of the stu-
died vehicle at low exhaust temperatures and then eventually be re-
leased at higher temperatures. Consequently, the driving history and
the consequent storage–release effect cannot be totally ruled out. Or-
ganic matter concentrations seem to be mostly correlated with accel-
erations for both cycles. The highest organic particulate matter

Fig. 6. Primary BC emissions during the NEDC (a) and WLTC (b) for the Indian fuel.

Fig. 7. Time series of hot start emission of fresh exhaust particulate sulfate and organics over the NEDC (left panels) and over the WLTC (right panels) for the Indian
diesel and MY diesel. The vehicle speed is also shown. Note that sulfate emissions for MY diesel over the WLTC were multiplied by 0.1.

Fig. 8. Chemical compositions of the fresh exhaust emissions over the NEDC and WLTC hot start cycles for the MY diesel and Indian diesel.
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emissions, measured from the fresh exhaust, were observed at the
highest speeds at the end of the cycle for both NEDC and WLTC.

4.4.2. Emission factors for BC
Fig. S9 presents average emission factors for primary and fresh BC

and BrC (brown carbon), calculated from the aethalometer data
(880 nm and 370 nm). Due to technical issues, the data for the MY
diesel are missing during the cold start of the WLTC. For BC and BrC,
the emission factors were lowest for the MY diesel (7.8–15mg/km) and
slightly higher for EN590 (7.6–17.7 mg/km), and the highest EFs
(7.6–21.6 mg/km) were observed for the Indian diesel. In fact, the EFBC
was ~20% lower for MY compared to EN590, and ~29–40% lower
compared to the Indian diesel. For all fuels the EFBcC were on average
20% higher than the EFBC. Typically the cold start EFs for BC and BrC
were higher than the hot start EFs. With an exception of the NEDC for
the MY diesel, the EFs for the primary emissions were higher than for
fresh hs emissions (Fig. S9).

Fig. 8 represents the relative contribution of different main chemical
compounds (BC, organics and sulfate) over the NEDC and WLTC cycles
for the MY diesel and Indian diesel. The composition is clearly domi-
nated by the BC (81–88%) with some contribution from organics
(11–18%) and sulfate (0–3%). Similarly, Maricq [73] measured PM
from diesel and gasoline vehicles of model years 2012–2013 and ob-
served these vehicles exhibiting a high (> 80%) BC fraction. In general,
the particulate exhaust emissions of a diesel vehicle without a DPF
mainly consist of BC and some minor fraction of organic compounds
and sulfates [28,32]. With the DPF, most of the BC emissions are re-
moved and contribution of organics and sulfate to total PM increases,
but the amount of particulate emissions significantly decreases. How-
ever, regardless of a DPF, elevated BC emissions have been observed in
certain conditions including e.g. cold start [37] and DPF regeneration
[33].

5. Conclusions

In this study the emissions of NOx and particles for a Euro 4 diesel
vehicle, representative of a diesel passenger car in India, were de-
termined. Regarding the particle emissions, we studied the size dis-
tributions, chemical composition, and mass and number concentrations
of exhaust particles. The measurements were made using three fuels
with significantly different characteristics: (i) Indian diesel fuel (BS IV)
with relatively high fuel sulfur and aromatic content, (ii) European low
sulfur diesel fuel (EN590) with relatively high aromatic content, and
(iii) sulfur and aromatic free renewable diesel (MY diesel). The emis-
sions were characterized over the standardized test cycles NEDC and
WLTC whose driving patterns significantly differ from each other. The
emission factors for NOx and particles were also calculated.

The major conclusions drawn from our present investigations are as
follows.

• The lowest primary particle BC emissions were measured when MY
diesel was used, for which the BC emissions were 17% and 29%
lower compared to the use of EN590 and Indian diesel, respectively.
This result, based on the aethalometer data, was in line with particle
volume size distributions that indicated the lowest volume con-
centration in particle sizes larger than 100 nm for the renewable fuel
for both test cycles and in all segments of those cycles. Lower BC
emissions for the renewable fuel may likely be caused by its low
aromatic content, but other fuel or combustion parameters may also
have effects on BC emission formation.

• For all the fuels, exhaust particle composition measurements re-
vealed that most of the fresh exhaust particulate mass emissions
consisted of BC (81–88%), and clearly a minor fraction was organic
compounds (11–18%) and sulfate (0–3%). This was also indicated
by the number size distributions, dominated by the non-volatile
particles in the typical soot particle size range.

• The instantaneous particle emissions depended strongly on the
driving situation. In general, the highest BC emissions were ob-
served during accelerations, mostly originated from soot formation
in the fuel combustion process.

• Instantaneous peaks of high particle emissions were observed also
during decelerations, especially in UDC parts of the NEDC cycle.
These were associated with the emissions of sub-10 nm particles,
seen also in the primary particles, which indicates different origins
of the particles. These nanoparticles were observed to contain non-
volatile compounds and were most likely formed from lubricant-oil-
originated compounds. During motoring, no fuel injection or com-
bustion process exists in cylinders.

• Furthermore, high concentrations of nanoparticles in high-speed
conditions were clearly observed with Indian diesel and EN590
diesel but not with the sulfur- and aromatic-free renewable MY
diesel. These nanoparticles were observed to consist of volatile
material. We interpret the result as being linked to fuel sulfur con-
tent and to sulfur-driven nucleation of new particles in cooling di-
lution of exhaust.

• The particle emissions were significantly higher during the WLTC;
the difference was seen in all the emission factors reported above
(i.e., in the particle number emissions, BC emissions, and in total
particulate mass emissions). For example, the fresh exhaust number
emission factor for particles larger than 2.5 nm varied in the range
of 2.4× 1013–2.7×1013 #/km over the NEDC, whereas during the
WLTC, they were in the range of 3.9× 1013–1.0×1014 #/km, the
lowest value was obtained with the MY diesel. In the regulatory
emission testing of passenger cars, the WLTC is replacing the NEDC.
Compared to the NEDC, the WLTC is more aggressive in respect to
accelerations and decelerations, and it has been designed to corre-
spond better to the real driving conditions of vehicles. It is im-
portant to note that the observed difference may indicate that real
particle emissions of diesel passenger cars, especially regarding the
technology level currently used in India, are higher than indicated
before.

Although the use of DPFs is the most effective technology to control
particle emissions, and already is quite commonly used in Europe and
North America in new vehicles, the countries with less restrictive
emission legislation, e.g. in Asia and southern America, still have a
large number of diesel vehicles without DPF. As the renewal of vehicle
fleet is slow (more than a decade), one reasonable alternative to miti-
gate the GHG and soot emissions could be the replacement of fossil fuels
to the renewable biofuel in the transport sector. The results of this study
regarding the effects of fuels and driving conditions on vehicular ex-
haust can be used in more efficient and modernized traffic regulations
in developing countries to tackle their urban air quality problems. The
renewable MY diesel is a commercial product that is suitable for all
diesel engines. It satisfies the greenhouse gas and sustainability re-
quirements. Moreover, to develop new low emissions and environment
friendly fuels for traffic is a part of the development of the global sus-
tainable energy system.
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