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HIGHLIGHTS GRAPHICAL ABSTRACT

e This research evaluated particle emis-
sion characteristics.

o This study used biofuel and lubricating
oil.

During cold-start, using biofuel leads to
higher small particles, therefore higher

e Cold-start, hot-start, and two interme- ..
toxicity

diate warm-up phases were studied.
o Particles in nucleation mode elevated
during the engine warmed up. x
e Using 5% lubricating oil increased the
nucleation mode particles significantly.

ARTICLE INFO ABSTRACT

Editor: Zaher Hashisho The increasing share of using biofuels in vehicles (mandated by current regulations) leads to a reduction in
particle size, resulting in increased particle toxicity. However, existing regulations disregarded small particles
(sub-23 nm) that are more toxic. This impact is more significant during vehicle cold-start operation, which is an
inevitable frequent daily driving norm where after-treatment systems prove ineffective. This study investigates
the impact of biofuel and lubricating oil (as a source of nanoparticles) on the concentration, size distribution,
median diameter of PN and PM, and their proportion at size ranges within accumulation and nucleation modes
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during four phases of cold-start and warm-up engine operation (diesel-trucks/busses application). The fuels used
were 10% and 15% biofuel and with the addition of 5% lubricating oil to the fuel. Results show that as the engine

warms up, PN for all the fuels increases and the size of particles decreases. PN concentration with a fully warmed-
up engine was up to 132% higher than the cold-start. Sub-23 nm particles accounted for a significant proportion
of PN (9%) but a smaller proportion of PM (0.1%). The fuel blend with 5% lubricating oil showed a significant
increase in PN concentration and a decrease in particle size during cold-start.

1. Introduction

The transportation industry is currently experiencing a substantial
move towards low- and zero-emission vehicles; various approaches and
technologies are being implemented to reduce harmful emissions from
burning fossil fuels in internal combustion engines [1]. Currently, the
main approaches are electrification and using hydrogen fuel cells in
vehicles; however, these can take years to be fully implemented. During
this transition period, there are measures to control and mitigate the
adverse impact of emissions from vehicles with internal combustion
engines on the environment and human health. One particular strategy
is focused on fuel choice.

In the transportation sector, the negative impact of fossil fuels has
garnered considerable attention and interest in renewable alternatives,
such as biofuels. To promote the use of renewable alternatives, in-
centives have been introduced. As an example, Directive 2003/30/EC
was introduced with the objective of elevating the proportion of biofuels
to 5.75% by 2010, whereas Directive 2009/28/EC sought to further
amplify the share to 10% by 2020. The current Euro 6.2 (WLTP) regu-
lation uses 10% biodiesel in the market fuel.

Using biofuel in transportation has some advantages in terms of
engine performance [2-5] and exhaust emissions [6-8]. For example,
the use of biofuels, such as waste cooking biodiesel, holds promise in
enhancing the efficiency of diesel engines (thermal efficiency, and some
cases, mechanical efficiency) compared to conventional diesel [9].
However, the extent of the improvement depends on the specific biofuel
used [10,11]. The lubricity of biofuels, such as waste cooking oil, is
superior to that of diesel, resulting in lower friction parameters [12].
However, biofuel blends have been found to have higher fuel con-
sumption and lower power due to their lower calorific value, higher
density and higher viscosity [13,14]. Biofuels have been found to pro-
duce lower hydrocarbon (HC) and carbon monoxide (CO) emissions but
higher nitrogen oxides (NOx) emissions compared to diesel [15,16];
however, the use of after-treatment systems, such as exhaust gas recir-
culation (EGR), can help to address the NOx issues [13]. One of the most
significant advantages of using biofuels (first-generation) is the sub-
stantial reduction in PM emissions because of their oxygen content [17,
18].

Particulate matter emissions are complex pollutants composed of
solid and liquid mixtures in exhaust fumes. Due to their chemical
composition and formation, they are recognised as a global risk factor,
posing a significant environmental threat. Studies have linked them to
human cardiorespiratory issues [19-21]. Furthermore, prolonged
exposure to such emissions has been shown to increase free-radical
levels, which can negatively impact health [22-26]. The evaluation of
particulate matter emissions involves two interrelated perspectives. The
first perspective involves the measurement of particulate mass—PM. PM
quantifies the mass of particles released from vehicle exhaust tailpipes.
However, relying solely on PM measurement is insufficient in assessing
the health risks posed by particles since the smaller and more harmful
particles have less or no contribution to PM [27].

On the other hand, PN, which stands for the particulate number, the
second perspective, provides more informative insights and has
garnered significant attention, leading to its inclusion in recent emis-
sions regulations [28]. The reporting of PN emissions for passenger cars
became mandatory in Euro 5 regulations, while there were no regula-
tions concerning PN for Euro 1-4 [28]. PN, representing the number of

particles, encompasses small-size particles, including those with mini-
mal weight/contribution to PM.

The use of biofuels impacts PN; some research showed an increase in
PN emissions when using biofuels instead of diesel [29], while others
have reported lower PN emissions [10,30,31]. However, most studies
indicated that using biofuels reduces particle size [32-34]. This is sig-
nificant because of a link between an increase in toxicity and a decrease
in particle size [35]. Nevertheless, current regulations, such as Euro 5
and Euro 6, have established a PN measurement guideline and amended
their particle measuring method (PMP) to include PN emissions and
limit them; however, it still ignores sub-23 nm. It should be noted that
the upcoming Euro VII emissions regulation standard, anticipated to
become effective in 2025 (although there are discussions about
extending this timeline), will encompass more stringent constraints on
released particles. Following the approach pioneered by the European
Automobile Manufacturers’ Association (ACEA), the limitations on
emitted particle numbers will encompass particles larger than 10 nm in
diameter. These particles must not surpass the previous limit of 6 x 10!
#/kWh [36]. Several research initiatives, like the "DownToTen" project
in Europe [37], along with articles [38,39] in relevant literature, have
focused on the analysis and measurements of sub-23 nm particles.

PMP considers a count efficiency of 90% (D90) at 41 nm. It also
considers 50% (D50) at 23 nm. The literature has reported that changing
D50 with smaller sizes (e.g. 10 nm) in PMP for vehicle emissions tests
can increase PN significantly. For instance, Leach et al. [40] stated that
replacing D90 and D50 with 23 and 10 nm led to a 36% increase in PN.
The growing use of biofuels in vehicles, which can increase small PN (e.
g. sub-23 nm, which are not included in the regulation), emphasises
further investigations on PN emissions and their characteristics and
sources in more detail.

Kittelson and colleagues [41] conducted research indicating that the
presence of sulphur in lubricating oil led to an increase in nanoparticles.
In addition, it is reported that the lubricating oil ash and metal contents
are correlated to particle emissions [42,43]. Particles in the nucleation
mode, which primarily emerge while exhaust gas is cooling and diluting,
consist of organic fractions that are both volatile and soluble. These
fractions arise from the lubricating oil and fuel that have not undergone
the oxidation process [44]. Our study investigates how lubricating oil
presence in the cylinder can impact particulate matter emissions during
combustion. The study achieves this by mixing lubricating oil with the
biofuel blend and examining its effects on particle matter emissions
characteristics.

Excessive emissions can be controlled by after-treatment systems
[45], such as diesel particulate filters (DPFs), which are specifically
designed to reduce PM emissions [1]. However, the effectiveness of such
systems in cold-start operation when the engine is not sufficiently
warmed up is still a concern [1]. This is because, for many vehicles, the
cold-start operation is a common occurrence, especially during the
morning and afternoon commuting to and from work. A considerable
number of trips have been reported to start and finish during this period
[46]. An instance of this is a research study that analysed over a thou-
sand trips and found that > 30% of them began and ended during
cold-start operations [47].

EU Directive 2012/46/EU defines the period of cold-start from the
engine start, following 12-hour soaking, for the first 5 min or until the
temperature of coolant reaches 70 degC, whichever occurs first. During
this period, the combustion process is impacted because of the low/sub-
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optimal temperature of the engine, which results in different engine
emissions and performance compared to hot operation [48,49]. Several
research investigations have indicated that cold-start fuel consumption
and friction power are higher, as the elevated lubricating oil viscosity at
lower temperatures can disadvantage the friction and, consequently,
more fuel consumption in order to sustain the engine brake power [46,
50]. Additionally, lower engine/fuel temperatures within cold-start
affect fuel evaporation and atomisation, impacting vehicle perfor-
mance and emissions [51,52].

According to previous works [53,54], emissions are higher within
cold-start. For instance, one study showed that PN with biofuels
increased significantly during the cold-start section of a custom driving
cycle [32]. Another study reported that during cold-start—the first 12%
of the LA92 Unified Driving Cycle, the particulate matter emissions were
7.5 times more than Phase 3—hot-start [55]. PN emissions are higher
even at low ambient temperatures [56].

While there are some research about NOx, CO, and CO emissions
[46,57-611, only a limited number of studies have looked in detail at PN
and PN size distribution within cold-start [62]. Most of the in-
vestigations on cold-start emissions used driving cycles with abrupt
load/speed changes, like NEDC or WLTC, and presented average values
and not detailed results, which limits the fundamental study. Therefore,
it is crucial to limit the number of variables (e.g. engine load/speed)
when examining the influence of cold-start and engine temperature on
exhaust emissions such as PN. Using constant speed/load, this study will
examine the different stages of cold-start and engine warm-up and their
respective effects on the particulate number and mass characteristics.

This fundamental research aims to investigate the effects of biofuel,
lubricating oil and transient engine temperatures during engine warm-
up stages, which includes the cold-start period, on particulate matters.
The research will analyse PN, PM and PN median diameter and size
distribution, and the particle share at various sizes (e.g. accumulation/
nucleation/sub-23) from different perspectives. While previous
research has touched on the relationship between lubricating oil and
particle emissions [63], this study appears to be the first to specifically
investigate the impact of lubricating oil on particle emissions and size
distribution of particles within warm-up operations (including
cold-start) when biofuel blends are used. This makes the study partic-
ularly significant for understanding the potential environmental and
health impacts of biofuel and lubricating oil during the combustion
process. Not only from the impact of lubrication oil point of view but
also the significance of this study stems from the growing usage of
biofuel in the market, which is associated with an increase in toxicity as
a result of a decrease in particle size when biofuel is used. By comparing
the current market blending ratio of 10% and also the next step (15%
blending ratio), this study can serve as a reference for car manufacturers
and engine researchers to meet upcoming emissions regulations such as
Euro 7, where biofuel usage and particle size are of growing importance.
In the upcoming regulations, small particles, such as sub-23 nm, are of
significant importance, and including such sizes in the vehicle type
approval process can lead to certification and homologation test failures;
therefore, it is very important to look at the source of such small particles
such as biofuels and lubricating oil.

2. Methodology

As can be seen in Table 1, this study used a turbocharged six-cylinder
Cummins ISBe220 (common-rail injection) and a hydraulic dynamom-
eter to control the engine load and speed. The engine used in this study
did not use any after-treatment system. The reason was to study the pure
impact of fuel properties and engine temperature on particulate matter
characteristics. Having an after-treatment can limit the study, given that
the emissions would depend on the type and performance of such sys-
tems [64-66].

Fig. 1 presents the schematic diagram of the test setup. Dynolog
software was used to collect the engine and also the dynamometer data.
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Table 1
Specifications of the tested diesel engine:.

Cummins ISBe220 31

Aspiration
Maximum power
Maximum torque
Fuel injection

Turbocharged
162 @ 2500 (kW @ rpm)
820 @ 1500 (Nm @ rpm)
Common rail

Capacity 59L
Cylinders 6 in-line
Compression ratio 17.3:1

Bore x stroke 102 x 120 (mm)

Turbocharger E
Exhaust line
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Fig. 1. Schematic diagram of the test setup in this experimental study.
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Given that during the engine cold-start and warm-up, the injection
strategy changes, the in-cylinder data (e.g. injection signal and crank
angle) was measured using a crank angle sensor (Kistler type 2614) and
pressure transducer (Kistler 6053CC60) both connected to an A-to-D
convertor (DT9832). A National Instruments LabView program was used
to record the data [67,68]. The accuracy of the mentioned equipment is
shown in Table 2.

This study utilised a scanning mobility particle sizer (SMPS) to
measure the particulate matter emissions. The system included a TSI
3071 classifier and TSI 3782 CPC to preselect the particles in various
sizes and to grow particles to detectable sizes for the optic, respectively.
To measure the emissions during the experiment, the hot exhaust gas
(~350 °C) was diluted about 20 times with the HEPA-filtered ambient
air at the temperature of ~23 °C within a CVS—constant volume dilu-
tion system. A CAI and SABLE CO» analysers (Table 2) were used before
and after the dilution system to measure the CO, and calculate the
dilution ratio.

This research investigates particulate matter number and mass, and
their size distributions using SMPS which counts particle number in each
channel, dividing it by the geometric width of the size of the channel and
reporting the normalised concentration. The SMPS Spectrometer

Table 2
The accuracy of instruments used in this experimental study.
Instrument Unit Accuracy
Dynamometer kw + 0.5%
CAI-600 NDIR CO; analyser ppm > 0.5%: Linearity
> 1% of full scale:
Repeatability
Kistler 6053CC60 piezoelectric pC/bar ~ + 20
transducer
Kistler type 2614 crank angle +0.5
degrees
SABLE CA-10 Carbon CO, gas % 1% of reading within the range

analyser of 0-10%
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Aerosol Instrument Manager Software was used to convert PN to PM and
report the normalised particulate mass concentration [69].

As per the literature, ultrafine particles can be categorised by
nucleation and accumulation modes based on their size. Particles with a
diameter size smaller than 50 nm are typically called nucleation mode
particles, and those with a diameter size above 50 nm are categorised in
accumulation mode [70]. This study used these two definitions to
interpret the data, given that the SMPS measured particles from 10 to
500 nm.

The particles in the exhaust gas include solid particles, and also
liquid droplets and volatiles. In PMP, there is a guideline for using a
system to remove volatile particles. Such systems use different consec-
utive stages of hot dilution, heated evaporation tube, and cold dilution,
named PND;, ET and PND,, respectively (ECE/TRANS/WP.29/GRPE/
2016/3 amended by GRPE-72-09-Rev.2). This method is to remove the
liquid particles and volatiles ensuring that the particle measurement
system only counts solid particles. However, in this study, the mea-
surement is not only limited to solid particles. The size resolution
capability of the SMPS can be up to 128 channels per decade—192
channels in total. In terms of measuring sub-23 nm particles and the
difficulties related to such measurements [71], it should be mentioned
that while the SMPS is capable of measuring such particles and char-
acterising them into different sizes, this instrument is not designed for
emissions certification tests (e.g. Euro 6.2) and complying with PMP,
due to its time response (Commission Regulation (EU) 2017/2400).
Such homologation tests need a particle counter with a high sampling
rate (e.g. 10 Hz).

2.1. Fuel selection

This study used neat diesel (D100), D90B10 and D85B15, blends of 0,
10% and 15% biofuel with diesel, respectively. These are the fuels used
in the market for different emissions regulations. D100 can represent the
past fuels (before Euro 5), and 10 (Euro 6.2) and 15% biofuel blends can
be considered as a future blending ratio in the fuel market. This study
aimed to investigate the particulate matter emissions within cold-start
and warm-up and focused on particles in nucleation mode. The litera-
ture has reported that the existence of lubricating oil in the engine
during combustion is a significant contributor to nucleation mode par-
ticles [63,72-74]. It is reported that the sulphur and phosphorus con-
tents of the lubricating oil [75], as well as the metallic additives
originating from lubricating oil [76], were the reason for increased
nucleation mode particles. This study artificially added 5% commercial
engine lubricating oil into the combustion chamber by mixing it with the
fuel blend of diesel and biofuel (D85B10L5), facilitating the evaluation
of changes in PN. Given that lubricating oil has a high viscosity, it was
decided not to add more than 5% to the fuel blends. In terms of
fuel-lubricating oil mixture realism, it is acknowledged and understood
that the 5% mixture used may not reflect real-world conditions, and it
could be a lower portion depending on the age of the engine; however,
this choice allows the analysis of the impact of lubricating oil on emis-
sions, contributing to the broader understanding of emission charac-
teristics. In this study, D, B and L stand for diesel, biofuel and lubricating
oil, and the two digits after D, B and L show their volume portion in the
blend. For example, D85B10L5 means this fuel blend includes 85%
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diesel, 10% biofuel and 5% lubricating oil.

Table 3 presents the fuel properties. Trace 1310 Gas chromatograph,
a single quadrupole GC-MS System) was utilised to analyse the chemical
composition of the fuels. As shown, between the tested fuels, D100 has
no cyclic hydrocarbons but the highest aliphatic compounds (low con-
centration of limonene and alkanes with 7-13 carbons mainly) and ar-
omatic compounds (including mesitylene, xylene, naphthalene,
phthalan, and benzene and its derivates). Other fuel blends contained
cyclooctane, cyclohexane and cycloalkanes.

It can be seen in Table 3 that the densities of D100, D90B10, D85B15
and D85B10L5 are 0.84, 0.843, 0.845, 0.845 and 0.846, g/cc, respec-
tively. The density of lubricating oil is higher than the other two fuels,
and diesel (D100) had the lowest density. For all the fuels in Table 3, the
heating value decreases slightly as more biofuel and lubricating oil are
added to the blends. The changes are not significant, but it has been
reported in the literature that even a small change in fuel properties may
have an impact [74]. For example, higher density and lower calorific
value of biofuel can adversely impact engine power and fuel economy
[12]. Another important parameter that distinguishes biofuels from
diesel is the fuel oxygen content, which has been frequently reported as
a factor in decreasing PM emissions when biofuel is used as diesel has no
oxygen content [24,77]. This could be one of the decision factors for
increasing the share of biofuel in the market. When it comes to partic-
ulate matter emission, especially small particles, the sulphur content of
fuel will be of significant importance as it can be a reason for higher
particulate matter emissions [41]. Diesel had 5.9 ppm sulphur content,
while the lubricating oil had 7500 ppm, which can lead to higher
nucleation mode particles (examined in the Result section). Another fuel
property that can make a difference is the higher viscosity of lubricating
oil when compared to diesel. This can have an adverse impact on fuel
atomisation and evaporation, therefore emissions and performance,
especially within cold-start and warm-up, as low temperature leads to
higher viscosity [73].

2.2. Design of experiment

This research utilised a constant engine speed (1500 rpm) & 25%
engine load to run the cold-start tests. The rationale for selecting a fixed
speed/load was to facilitate a study on the pure influence of fuel prop-
erties and engine temperature during engine warm-up and cold-start. It
is appreciated that there are different ways of conducting cold-start
tests, such as using driving cycles (e.g. NEDC, WLTC, etc.); however,
such cycles include abrupt speed/load variations that can add additional
variables when it comes to data analysis [78-80], and it complicates and
limits the fundamental investigations into the pure impacts of engine
temperature and fuel properties within the cold-start and warm-up
period. Therefore, this study tried to eliminate the effect of speed/load
changes by limiting the number of variables via selecting constant en-
gine operation parameters so that it potentially aids a better conclusion.
The tested engine had its maximum torque at 1500 rpm, and the reason
behind choosing a 25% engine load instead of other typical ones (50%,
75% and 100%) was that when compared to warmed-up operation,
within the cold-start and warm-up phases, the engine load is usually
lower [81]. An example of this can be WLTC, which is the Euro 6.2
driving cycle designed based on real driving data. In this driving cycle,

Table 3
The properties of fuels used in this experimental study.
Density at 15 °C (g/ Kinematic viscosity at 40 °C Lower heating value (MJ/ Area%
2
ki
cc) (mm/s) &) aromatic oxygenated cyclic aliphatic
hydrocarbons hydrocarbons
D100 0.84 2.64 41.77 1.43-5.66 1-12.24
D90B10 0.843 2.86 41.31 0.09-0.17  0.19-0.31 0.119-1.12 0.09-0.37
D85B15 0.845 2.97 41.08 0.04-0.10  0.04-0.08 0.04-0.22 0.04-0.74
D85BI10L5  0.846 4.24 41.38 0.05-0.08  0.07-0.19 0.05-0.43
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the average vehicle speed (combination of engine load and rpm) during
the cold-start phase (low phase) is lower than the other parts [81]. For
instance, the WLTP Class 3 cycle has four consecutive phases (low--
medium-high-extra high, within which the first one can be considered as
the cold-start phase) with average speeds of 25.7, 44.5, 60.8 and 94 kph.
Comparing these average speed values, it was decided to use a quarter
load for cold-start experiments in this study to replicate the real-world
condition while keeping the tests simple enough so that it facilitates a
fundamental study.

At ambient temperature, the cold-start experiments were conducted
daily (consecutive mornings) in an engine laboratory. According to EU
Directive 2012/46/EU regulation, the temperatures of engine coolant/
oil were checked at the beginning of each test to ensure they were the
same as the ambient temperature (23 + 3 °C). The ambient temperature
in the air-conditioned laboratory stayed within the defined boundary
(23 £ 5 °C), based on EU Directive 2012/46/EU. For each experiment,
the engine was turned on and ran at 1500 rpm under quarter load for at
least 60 min till it fully warms up, and meanwhile, the data was recor-
ded. After each test and repeat, in order to use new fuel for the next day,
the fuel tank was disconnected, and the engine ran for a while at a high
load to flush the fuel pump/lines from the previous fuel. Then, with a
new tank of fuel, the engine was run for about an hour to ensure the new
fuel was the only fuel that remained in the lines. Then, the engine was
soaked for at least 12 h before the new experiment.

The equipment accuracy in this study is shown in Table 2. Error bars
are added to the figures in the Result Section, and the experiment
repeatability analysis is shown in Table 4. Tests were done twice. As can
be seen, the table shows the statistical analysis of test repeatability using
a coefficient of variation (CV) between repeated tests during engine
cold-start and warm-up. As mentioned, during the experiment, the en-
gine load&speed were constant. The table shows the variation of
measured engine speed and load within each test, shown in Test 1 and
Test 2 rows. The difference between the tests is low, proving that the
tests were repeatable. Also, this study used a high-tech quality CO, gas
analyser (non-dispersive infrared CAI-600) to measure CO; between the
tests, evaluating the test repeatability and lab uncertainty, which is a
common and trustworthy method in the automotive industry when it
comes to emissions laboratory uncertainty measurements.

This study divides the engine warm-up process into four stages based
on how the engine coolant and oil warmed up (Appendix, Fig. Al). In
brief, Phase 1 represents cold-start, Phases 2 and 3 are intermediate
periods between cold-start and hot-start, and Phase 4 represents the
engine warmed-up condition. Please refer to the Appendix for details
and analysis.

3. Results and discussion

This section analyses the particulate matter emissions by evaluating
the total PN, PM and PN median diameter and size distribution, and the
variations as the effects of fuel and engine temperature. It also evaluates
how the share of sub-23 nm and nucleation mode particles changes

Table 4
Test repeatability analysis: cold-start and warmed-up engine.
Engine Engine CO,
load speed
Cold-start Coefficient of variation Test I 3.74 0.15 0.97
within each test (%) Test 5.42 0.13 2.27
I
Difference between Test 1 and Test ~ 0.82 0.02 0.12
I
Warmed- Coefficient of variation Test I 1.34 0.15 0.51
up within each test (%)
Test 1.00 0.14 0.36
I
Difference between Test 1 and Test 1.5 0.04 0.17

I
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under the effects of biofuel and lubricating oil as the engine temperature
increases.

Fig. 2 demonstrates the total PN concentration within the engine
warm-up phases. As shown, for all the tested fuels, PN during cold-start
(Phase 1) has the lowest value and as the engine warms up, PN increases.
For example, PN with D100 increased by 52%. One of the main reasons
for this increase could be the engine temperature rise, as between the
engine operating parameters, the engine speed and load stayed constant,
and the engine temperature was increasing. This is similar to another
study in the literature [82]. From a fuel properties point of view, the
figure illustrates that using 10% and 15% biofuel (D90B10 and D85B15)
increases PN emissions in all the phases (this is reported in the literature
as well [33,83]. However, adding 5% lubricating oil (D85B10L5) de-
creases the PN emissions in the first two phases while it increases PN in
the last two phases. This shows that the impact of adding lubricating oil
to the fuel depends on the engine temperature. This is contradictory to
adding biofuel as well, given that the percentage of increase drops as the
engine warms up. This will be discussed further by evaluating different
particle sizes.

Fig. 3 illustrates the particles’ median diameter of particles changes
through the four phases of engine warm-up; the size of particles has a
slight decrease with biofuel and diesel blends but a significant decrease
when using the blend with 5% lubricating oil [84], except in Phase 1. It
should be mentioned that similar to PN (Fig. 2), higher variability can be
observed in Phase 1.

The literature shows that fuel properties and cold-start have a sig-
nificant impact on the concentration and size of particulate matter (PN)
[85,86]. Hence, the analysis presented here is divided into two sections:
the first one will examine the data from the perspective of engine tem-
perature, and the second one will discuss the effects of fuel properties.

3.1. Engine temperature impact

The comparison of PN in Phases 2-4 with cold-start (Phase 1) is
presented in Fig. 4(a). The results indicate that the concentration of PN
increased in other phases in comparison with Phase 1. As the engine
load&speed were maintained constant during Phases 1-4, it can be
inferred that the engine temperature played a key role in causing these
changes [62,87]. However, it should be noted that while the engine
operating parameters (speed and load) remain constant, there are other
parameters that can change, such as the start of injection, start of
combustion, injection delay, and ignition delay. Fig. 4(a) depicts the
temperature of exhaust gas as an engine temperature indicator during all
phases. The results show that the exhaust temperature increased
through Phases 1-4, but the Phase 3 to Phase 4 change was not as sig-
nificant as the Phase 1 to Phase 2 change.

Phase 1, with the lowest PN concentration, falls under the cold-start
period. In Phase 2, PN increased significantly compared to the first
phase, with an increase between 27% and 65%, which was attributed to
the changes in injection strategy and engine temperature. In Phase 3, PN
was higher than in Phase 1, with an increase of 16-112% for different
fuels. Within this Phase 4, PN was higher than in Phase 1, with up to a
132% increase. PN in Phase 3 was slightly different from Phase 4,
indicating the impact of the sub-optimal temperature of the lubricating
oil despite the optimal coolant temperature. This was more significant
(20%) for the fuel with 5% lubricating oil, which means that the engine
temperature change had a higher impact when using this fuel. More
discussions will be presented in Section 3.2, where the impact of fuel
properties is investigated.

Fig. 4(b) illustrates that in comparison to Phase 1, the particles’
median diameters rose during the second phase significantly. This is due
to the change in the start of injection at this phase, which leads toward
incomplete combustion and bigger particles. This trend is followed by a
decline in Phases 3 and 4 for each type of fuel. According to existing
literature, an increase in nanoparticle concentration is linked to higher
exhaust gas temperatures [72]. Therefore, an increase in exhaust
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Fig. 3. Particulate number count median diameter within 4 phases of engine warm-up with D100, D90B10, D85B15 and D85B10L5.

temperature from Phase 2 to Phase 4 is linked to a decrease in median
diameter. Hence, the characterisation of particle sizes should be further
investigated by evaluating the particle size distributions at each phase
and for each fuel.

The SMPS used in this study measured particles from 10 to 500 nm;
therefore, it cannot consider the large particle sizes. The data presented
in Fig. 5(a) and (b) show the size distribution of PN and PM during the
engine warm-up. The nucleation mode particles have a negligible
contribution to PM but notably to PN. These nanoparticles commonly
consist of hydrocarbon or sulphate materials and arise through nucle-
ation as exhaust gases are diluted and cooled. Conversely, accumulation
mode particles primarily comprise agglomerates of carbonaceous soot
that are directly generated through combustion processes. During the
process of exhaust dilution and cooling, volatile substances undergo
nucleation, condensation, and adsorption, leading them to transition
into solid and liquid particulates. In the hotter confines of the tailpipe,
where temperatures are elevated, the majority of volatile components
exist in gaseous form. The specific intricacies of the dilution and cooling
mechanisms govern the proportions of substances that adhere or
condense onto pre-existing particles and initiate nucleation for the
creation of fresh particles [70].

Fig. 6(a) and (b) display the PM and PN cumulative share at various
size ranges (the SMPS used in this study measured particles from 10 to
500 nm). It shows that, for all fuels and phases, sub-50 nm particles
accounted for less than 1% of the total mass, while up to 45% of PN was
attributed to sub-50 nm particles. Additionally, sub-30 and sub-23 nm
particles accounted for up to 0.1% of the PM cumulative share, while
their cumulative PN share was 13% and 9%, respectively, depending on
the phase/fuel. Hence, neglecting sub-23 nm particles in current regu-
lations would disregard a considerable number of small and hazardous
particles, which is concerning given the volume of automobiles within
towns and the PN limitation in regulations. As an example, the threshold
of PN from the vehicle homologation testis 6 x 10”11 #/km in Euro 6.2.

Carbonaceous agglomerates and adsorbed materials are the primary
contributors to accumulation mode particles, while through the
condensation of volatile materials, particles in the nucleation mode can
also form particles in the accumulation mode [70]. As shown in Fig. 6(a)
and (b), sub-100 nm particles accounted for 50-75% of PN, but only up
to 13% of PM. The comparison of Fig. 5(a) and (b) clearly indicates the
significant impact of particles larger than 50 nm on the concentration of
PM, as evidenced by the size distribution graphs for PN and PM. The
influence of particles larger than 100 nm on total PM concentration was
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particularly noteworthy, elucidated further by examining Fig. 7, which
presents the median diameter of PM in conjunction with Fig. 3, which
illustrates the median diameter of PN. The data reveals that the median
diameter of particulate mass emissions ranged from 178 up to 213 nm;
however, the PN median diameter was from 57 up to 100 nm. These
prove that accumulation mode particles have a significant role in par-
ticulate mass concentration. Given that the size distribution of particle
number and mass from Phase 1 to Phase 4 differs, further investigation is
necessary. It should be mentioned that similar to PN count median
diameter data (Fig. 3), higher variability can be observed in Phase 1.

Generally, a decrease in particle size indicates a greater proportion of
nucleation mode particles. Fig. 3 illustrates the trend of the median
diameter, which corresponds to the trend of the nucleation mode par-
ticle share in Fig. 6(a) and (b). There is a noticeable increase in the
particles’ median diameter as they progress through Phase 1 to Phase 2;
this can be attributed to the injection strategy shift. However, after that,
as the engine warms up, the median diameter gradually decreases.
Therefore, an inverse pattern emerges in the distribution of nucleation
mode particles; the proportion of particles below 50 nm (and also
23 nm) declines through Phase 1 to Phase 2, before the gradual increase
afterwards.

Here is the summary of the observed results during engine warm-up
phases (Phases 1-4) in this study. According to Fig. 3, during Phase 1
(formal cold-start), the median diameter of PN was 79-94 nm,

depending on the fuel. Fig. 4(b) shows median diameter changes within
4 phases. Fig. 6(a) and (b) show that during Phase 1, a significant
portion of PN and a negligible portion of particulate mass are in the
nucleation mode. Among them, the proportion of particles with sizes less
than 23 nm is up to 13% for PN and 0.1% for PM. Within Phase 1, the
exhaust pipe’s low temperature decreased the temperature of exhaust
gas, and volatile materials homogeneously nucleated into particles
during the cooling process. This occurs because a drop in the tempera-
ture of exhaust gas can increase the saturation ratio and saturation
vapour pressure of volatile materials, leading to condensation and
nucleation of volatile materials [88]. VOCs during cold-start are higher
than hot-start, as reported in [89], which increases the likelihood of
nucleation of particles from the exhaust gas before sampling. This effect
is more considerable with biofuels due to their higher VOC content than
D100 [90].

Fig. 5(a) and (b) indicate that in Phase 2, as compared to Phase 1, PN
is higher and there are bigger particles. This trend is better illustrated in
Fig. 4(b), which shows that the median diameter increases from Phase 1
to Phase 2. For instance, with D100, the median diameter of PN in-
creases by 15%. In Phase 2, the shift toward larger particles is also
evident by comparing the blue and red colours in Fig. 5(a)—PN cumu-
lative share in the nucleation mode significantly decreased in compar-
ison with Phase 1. For instance, with diesel, the proportion of particles in
nucleation mode dropped to 12% from 20%. The proportion of particles
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with sizes less than 23 nm also dropped in Phase 2. During this unsteady
warm-up phase, the shift towards larger particles can be attributed to
injection strategy variation—the increased start of injection and
decreased ignition delay, which negatively influence the atomisation of
fuel&premixed combustion. Although the engine temperature was also
variable between Phases 1 and 2, it may not be the cause of the increase

in particle diameter size. Fig. 4(b) shows that the increasing temperature
of the engine may decrease the particle size, as indicated by the
declining trend of the median diameter via Phases 2-4. This is relevant
to fuel properties, which will be discussed in Section 3.2.

During Phase 3, the particle size distribution graph indicates that the
particles were smaller than in Phase 2 but still larger than in Phase 1. In
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Phase 3, the start of injection remained constant while the engine
temperature continued to increase.

When comparing Phase 3 with Phase 2, a correlation becomes
evident between the rising exhaust temperature and a decrease in the
median diameter of particles. Additionally, there is an observed increase
in the proportion of nucleation mode particles in Phase 3 in comparison
with Phase 2. It is worth noting, however, that this change was relatively
minor for the majority of fuels.

When comparing Phase 4 to both Phase 2 and Phase 3, a notable

trend emerges, indicating that the elevated exhaust gas temperature
correlates with a reduction in the size of particles, as demonstrated in
Fig. 4(b). Moreover, the proportion of particles in the nucleation mode
in Phase 4 surpasses that of Phase 3, suggesting that the sub-optimal
engine oil temperature in Phase 3 may have contributed to this
disparity; however, the change was minor with most fuels, except the
one with 5% lubricating oil, which will be discussed in Section 3.2.
When comparing Phase 1 to Phase 4, the trend varied with fuels, indi-
cating that the driving factor is likely the properties of fuels.
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3.2. Fuel impact

It has been frequently reported in the literature that utilising biofuel
blends instead of pure diesel impacts the emissions [91-97]; however,
this impact can be different under cold-start when compared to

hot-operation [53]. In Fig. 2, it was observed that the PN had an
increasing trend in all phases when biofuel blends were used compared
to diesel. For instance, D85B15 led to a 27%, 16% and 15% increase in
PN at Phase 2, Phase 3 and Phase 4 when compared to Phase 1. The
reason behind this could be the higher concentration of biofuel VOCs as
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compared to diesel [90]. Fig. 4(a) shows that the difference between
cold-start and hot-operation was lower for the fuel blends than for D100.
Moreover, increasing the share of biofuel in the blend decreased the PN
variation, as illustrated in Fig. 4(a), in which, when compared to
D90B10, D85B15 had lower variations in different phases. However, it
could be a misleading conclusion, and data should be studied from
another perspective. As shown in Fig. 8(a), when compared to D100,
using D90B10 and D85B15 increased the PN within all phases, partic-
ularly during cold-start. During Phase 1, as compared to pure diesel,
utilising biofuel blends increased PN (27-57%), while within the hot
operation (Phase 4), the increase was 4-19%. This observation is of
importance as after-treatment systems are less effective during
cold-start, which is a regular part of daily driving. The higher viscosity of
biofuels (which has an adverse impact on fuel evaporation and atom-
isation [98] and the increased number of small particles could be some
reasons for the increased PN during cold-start. Additionally, the higher
oxygen content in biofuels could lead to higher PN. This is because
biofuels have higher oxygen in the centre of the diffusion flame where
HC concentration is higher, resulting in an increase in smaller size
particles [51]. Fig. 8(b) illustrates the negative impact of biofuel usage.
It demonstrates that during the initial two phases, the emitted particles’
median diameter by D85B15 is smaller than D100. This indicates that
using 15% biofuels in the blend emits finer particles during cold-start
when the after-treatment systems are not yet effective. This is con-
cerning because smaller particle size has been linked to increased
toxicity [30].

Fig. 9 depicts the cumulative particles share in all phases, indicating
an increase in smaller particles when using fuel blends instead of D100
during cold-start. The percentage of sub-50 nm particles was higher for
the fuel blends, with D85B15 having the highest share of 29% in Phase 1.
This is similar to sub-23 nm particles, with D85B15 showing an increase
from 1% to 9% in Phase 1. This increase in nucleation mode particles
could be attributed to the higher concentration of VOCs found in bio-
fuels in comparison with diesel [20,90].

The results show that in Phases 3 and 4, D85B10L5 has the highest
PN compared to other fuels. Fig. 5(a) illustrates that the nucleation
mode particles’ share when using the fuel blend with 5% lubrication oil
(D85B10L5) has a significant increase as the engine warms up, which is
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again concerning from a health and toxicity point of view. This increase
can be explained by the particle size, where smaller particles tend to
contribute more to PN, and larger particles contribute more to PM. As
shown, the particles’ median diameter with this fuel in Phase 4 is around
50 nm, while the median diameter is above 80 nm with the other tested
fuels. This notably reduced the median diameter in comparison with
other tested fuels, which is the reason for the increased PN. According to
Kittelson et al. [41], the lubricating oil’s sulphur content increases
nanoparticles. Particles in nucleation mode—mainly formed within the
exhaust gas dilution&cooling process—are composed of solu-
ble&volatile organic fractions which are formed from the evaporated
lubricating oil and fuel that escape from the oxidation process. There-
fore, nucleation mode particles can be potentially increased by higher
evaporated lubricating oil. Within cold-start, the low temperatures of
fuel and cylinder wall can adversely impact fuel vaporisation and
lubricating oil, which leads to fewer particles in the nucleation mode.
However, with the elevated engine temperature, the charge air tem-
perature in the cylinder rises, and therefore, it can lead to better
vaporisation of fuel and oil, which can increase the particles in the
nucleation mode consequently. Since lubricating oil presence during
combustion can affect the particles in nucleation mode, the fuel blend
with 5% lubricating oil has more particles in the nucleation mode when
compared to D100 within the engine warming up period.

It should be noted that the effect of using biofuel on CMD was only a
few nanometers (Fig. 3) and not significant compared to the error bars
shown in the figure. The most significant changes were observed for
lubricating oil addition to the fuel, as seen in Fig. 4(b). However, this
lube oil effect originated from the formation of nucleation mode, shown
in Fig. 5(a).

3.3. Practical implications

The cost and negative health effects associated with fossil fuels have
led to an increased focus on the use of biofuels, with measures put in
place to promote their usage. However, vehicle emissions continue to be
a concern, and governments are implementing tighter emission regula-
tions to limit the amount of pollution from vehicles. This study reveals
that during the cold-start period, which frequently occurs in daily
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driving, in which vehicle emissions are not effectively treated by after-
treatment systems [99], the use of biofuels leads to an increase in
smaller particles that are more toxic. While current regulations (e.g.
Euro 6.2) disregard particles with sizes less than 23 nm, this research
showed that a significant proportion of particles during cold-start are
sub-23 nm. The current rising share of utilising biofuel in the market can
elevate the number of such small particles, which is a concern from a
health point of view. Also, it can be seen that as the engine warms up, the
dilution and mix of lubrication oil with the fuel in the engine can lead to
a significant increase in the number of particles, including small parti-
cles in nucleation mode. This is also a concern that should motivate car
manufacturers to improve their engine design to avoid this mixing.
However, amending the current regulations to take into account the
small particles will indirectly force car manufacturers to find a solution
so that they can pass the vehicle certification tests when it comes to PN
emissions.

The study suggests that considering sub-23 nm particles in regula-
tion would increase the number of particles during vehicle emissions
certification tests, and many cars may not be able to comply with the
current threshold for PN emissions. This study highlights that with
current regulations, failing or passing the vehicle homologation tests
cannot address the fact that the already certified vehicles in towns emit a
significant amount of small particles that can adversely affect people’s
health. The study concludes that future regulations should include
smaller particles, or the current regulations should be amended to
include them. Also, during the type approval vehicle certification tests,
as well as the emission limits for the whole drive cycle, regulations
should put a limit on cold-start emissions. It is understood that cold-start
operation is a part of the driving cycles when it comes to homologation
tests; however, some vehicles only operate within cold-start. For
example, driving a short distance between home and work. Another
example of the importance and significance of cold-start emissions can
be when the parents drop their kids at school every morning when their
cars are still cold. Such emissions from cold-start can impact children’s
health. This study used a 6-cylinder turbocharged diesel engine. Given
that a significant portion of vehicles on roads use diesel engines, and
some are 6-cylinder turbocharged, the results of this study can be valid.
It should also be clarified that the intention of this study was not to
mimic real-world conditions directly but rather to isolate and analyse
specific emission characteristics under controlled parameters. The
choice of laboratory conditions helped to precisely control variables and
obtain meaningful insights into particle emissions under controlled
settings. While the differences between laboratory conditions and real-
world scenarios are acknowledged, the controlled nature of this study
provides a foundational understanding of the emissions characteristics.

4. Conclusions

Using a 6-cylinder, turbocharged Cummins diesel engine, the study
aimed to investigate the impact of biofuel and lubricating oil (as sources
of nanoparticles) on the concentration, PM and PN median diameter and
size distribution, and their cumulative share at different size ranges
during four different phases of cold-start and warm-up operation. 10%
and 15% biofuel and 5% lubricating oil were added to the fuel. This
study categorised the engine warm-up period into cold-start, hot-start
and two intermediate phases, which cannot be considered as official
cold-start or hot-start by the regulations. Results revealed that:

e PN for all the fuels increased, and particle size decreased during the
engine warm-up period. PN during hot-start was up to 132% higher
compared to cold-start.

e During Phase 1 (cold-start), the PN median diameter for tested fuels
was 79-94 nm. In Phase 2, the particles tend to have higher PN and
bigger particles than in Phase 1 due to the change in injection
strategy. The nucleation mode particle share in Phase 4 was higher in
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comparison with Phase 3 due to the impact of sub-optimal engine oil
temperature in Phase 3.
Compared to the cold-start phase, the rate of PN concentration in-
crease and PN size decrease are more significant for the fuel blend
with 5% lubricating oil. The median diameter of particles with this
fuel in Phase 4 was around 50 nm, while for the other fuels, it was
above 80 nm. The sulphur content of lubricating oil is the likely
cause of an increase in nanoparticles.

PN had an increasing trend in all phases when biofuel was used. As

the engine warmed up, the PN variation compared to diesel

decreased when the share of biofuel in the blend was increased.

Biofuel blends emitted smaller particles during cold-start when the

after-treatment systems were not effective.

e Sub-23 nm particles accounted for up to 0.1% of the PM cumulative
share, while their cumulative PN share was 9%. Sub-100 nm parti-
cles accounted for 50-75% of PN, but only up to 13% of PM. It was
shown that the median diameter of PM ranged from 178 to 213 nm,
while the median diameter of PN ranged between 57 and 100 nm.

Environmental implications

This study focuses on unregulated hazardous fine particles emitted
from vehicles, particularly highlighting the impact of increasing the
share of biofuel (as mandated by current regulations), which leads to a
reduction in particle size, resulting in increased particle toxicity. How-
ever, existing emissions regulations and standards disregarded small
particles (diameter < 23 nm) that are more toxic. The particle size
reduction, therefore increased toxicity, escalates significantly during
vehicle cold start operation, which is an inevitable frequent daily driving
norm where after-treatment systems prove ineffective. Thus, urgent
attention is required to include smaller particles in regulations to safe-
guard public health..

CRediT authorship contribution statement

Ali Zare: Conceptualization, Methodology, Validation, Formal
analysis, Writing — original draft, Visualization, Project administration
Supervision Meisam Babaie: Writing — review & editing, Visualization,
Alireza Shirneshan: Conceptualization, Methodology, Writing — review
& editing Puneet Verma: Formal analysis, Writing — review & editing
Liping Yang: Formal analysis, Writing — review & editing, Visualization
M.M Rahman: Methodology, Validation, Writing — review & editing
Zoran D. Ristovski: Conceptualization, Methodology, Resources,
Writing — review & editing, Funding acquisition Richard J. Brown:
Conceptualization, Methodology, Resources, Writing — review & editing,
Funding acquisition Timothy A. Bodisco: Software, Formal analysis,
Writing — review & editing, Visualization, Svetlana Stevanovic:
Conceptualization, Methodology, Validation, Writing — review & edit-
ing, Project administration, Supervision.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.
Data availability

The data that has been used is confidential.
Acknowledgement

The authors would like to express gratitude for the assistance pro-
vided by Prof. Jochen Mueller, Mr. Andrew Elder, Mr. Doug Stuart, and

Mr. Noel Hartnett, as well as the Australian Research Council (project
number LP110200158).



A. Zare et al.

Appendix

Journal of Hazardous Materials 460 (2023) 132516

Based on EU Directive 2012/46/EU regulation, the cold-start duration begins from the engine start after 12-hour soak until the coolant tem-

perature reaches 70 degC, otherwise until the first 5 min. In this study, Phase 1, which is 4 min, is within the cold-start period. It can be seen in Fig. A1
that in Phase 1, the coolant temperature and oil are increasing but still less than 70 degC. Also, the start of injection of the engine which is commanded
by ECU is constant. It can be seen that when the engine temperature reaches 65 degC, the start of injection changes. This is due to the injection strategy
of the tested engine, which can be slightly different for engines manufactured by different OEMs. This injection strategy change can lead to some
transient behaviours. Therefore, Phase 2 in this study is dedicated to this transient engine operation in which the start of injection changes as well as
the engine coolant and s phase, the engine is already warmed up. Given that this study utilised an SMPS with 2-minute sampling time, the two samples
at the beginning are dedicated to Phase 1 (cold-start), the third one is dedicated to Phase 2, and the fourth and fifth were measured during Phase 3.
Phase 4 consists of the last samples.

J o Coolant e QOil @ Start of injection r 363
100 -
g
oo
5
G 80 + - 360 o
P 3
z ~
L 60 -+ &
2 - 357 S
S c
@ o
o i ‘5
g 40 kot
[ c
- 354
5)
20 ©
Phase 1 Phase 2| Phase 3 Phase 4 g
0 T T T T T 351
0 200 400 600 800 1000 1200
Time (s)

Appendix Fig. Al. Start of injection, and engine coolant & oil temperatures within cold-start and warm-up with D100.
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