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Featured Application: This work highlights the critical role of oil formulation in
minimizing sub-23 nm particulates; it is particularly relevant in emerging H2 and
NH3 engines, crucial for meeting stricter SPN emission standards in decarbonized
fuel platforms.

Abstract: As the world transitions to decarbonized fuels, understanding the impact of
engine oil on emissions remains crucial. Lubricant-derived particulate emissions can
influence air quality and regulatory compliance in future transport. Researchers have
predominantly focused on transient driving cycles to replicate real-world conditions and
capture the full range of particle size. This emphasis has led to a lack of comprehensive
data on oil-related particulate emissions during steady-state operations, particularly for
particles smaller than 23 nm. This paper addresses this gap as upcoming regulations, such
as Euro 7, are expected to impose stricter limits by extending measurement thresholds
down to 10 nm. The investigation was conducted on a 1.0 L gasoline direct injection engine,
assessing total particulate number (TPN) emissions using three oil formulations: a baseline
oil with mid-ash content and mid-volatility, a low-ash and low-volatility oil (LoLo), and a
high-ash and high-volatility oil (HiHi). A DMS500, with and without a catalytic stripper,
measured particle size distribution and TPN. Two digital filters were applied to obtain
particle number (PN) metrics comparable to condensation particle counters: “F1-PN > 23”
with d50 = 23 nm and “F3-PN > 10” with d50 = 10 nm. Sub-23 nm particles dominated
emissions, with baseline oil generally producing higher PN emissions except at low loads.
Using F1-PN > 23, HiHi exhibited higher PN counts across moderate to high speeds,
while F3-PN > 10 revealed lower PN emissions for HiHi at specific conditions, excluding
2250 rpm-fast idle. By a weighted arithmetic mean, HiHi’s emissions were 9.7% higher than
LoLo with F1-PN > 23 and 3.6% higher with F3-PN > 10. Oil formulation did not influence
nucleation mode diameter. A three-way ANOVA demonstrated that load and speed were
the predominant factors affecting emissions over the entire testing map; albeit at specific
operating conditions the effect of the oil is evident. This suggests that under steady-state
conditions, carbon-based fuel still plays a key role in particle formation. Future work will
investigate decarbonised fuels to further isolate the effect of oil on emissions.

Keywords: gasoline direct injection (GDI); oil formulation; sub-23 nm; particle number
(PN); catalytic stripper; DMS500; soot; particulate emission

1. Introduction
Soot is one of the main risk factors causing millions of deaths, ranked 6th highest

by the global burden of disease (GBD) analysis in 2018 from 2016 data [1]. On the same
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note, the World Health Organisation (WHO) in a report from 2016 [2] approximated the
number of deaths that can be linked to particulate pollution close to 4.2 million yearly,
with more than 90% of people exposed to dangerous quantities of PM2.5 (particulate
matter <2.5 microns) worldwide. This is because soot is a well-known cause of diseases of
the lungs and heart [3,4] with the smallest, PM0.1, being the most harmful, as they can pen-
etrate deeper and result in various conditions in multiple organs [3,5–7]. In environmental
terms, black carbon (which also includes soot) is one of the main global warming agents,
third compared to CO2 and CH4 [8,9]. This is due to its light absorption characteristic; it
can heat its surroundings with a warming impact of about 450–1500 times higher than CO2

per unit mass [10]. However, due to its short life in the atmosphere, black carbon emissions
reduction can have more rapid benefits, slowing down climate change at a more significant
rate [9,10]. From simulation work, it was shown that eliminating fossil fuel organic matter
and black carbon in the atmosphere can bring net warming down by 20–45% within only
3–5 years, while the same effect with CO2 would be achieved by reducing it by a third
and would take about 50–200 years [9,11]. Transport alone is responsible for 26% of black
carbon [10] emissions as soot is emitted from internal combustion engine vehicles (ICEVs)
as a combustion by-product. Although the shift to electric vehicles is now imminent with
ICEV sales banned or restricted by countries from 2025 onwards [12], these will continue
to exist on the road without limitation in the used market. Another at least 25 years are
expected with ICEVs around [13]. For this reason, together with soot’s short atmospheric
life, research to reduce soot emissions and understand the particles being emitted is greatly
significant to progress in the climate change fight.

Soot is generated in the incomplete combustion of hydrocarbons [14], where the fuel
is in excess, locally in the chamber. The main events where this occurs are diffusion com-
bustion droplets close to the injector, improper mixing during stratified combustion, and
pool fire (owing to spray depositing on piston/cylinder walls) [15,16]. Generally, the high
complexity of hydrocarbon chemistry during combustion has made comprehension of
how these particles form extremely difficult [17,18]. Overall, the current understanding
of soot formation can be divided into five phases: nucleation, mass growth, coagulation,
carbonisation, and oxidation [18–20]. Nucleation is where PAHs (polycyclic hydrocar-
bons) form, which are seen as soot’s first molecular precursors [18–21]. Mass growth
involves further PAHs condensation and additional carbon inclusion through the hydrogen
abstraction–acetylene addition (HACA) mechanism [18–20], which allows for size increase.
Nucleation-mass growth gives rise to the smallest single building blocks of soot known
as primary particles constituted of a core, shell, and amorphous layer [15]. Coagulation
consists of bundles and clusters being formed by primary particles sticking together, orig-
inating agglomerations [18–20,22]. These are also known as secondary particles and can
have chain-like or clustered structures [14]. Carbonisation, not always found, describes
amorphic to graphitic carbon conversion in soot in some local regions [19,23]. Finally,
oxidation burns away the particles by reacting with oxygen at high temperatures [20,23].
During combustion, all these stages are fast and can take place simultaneously, but this
seems to be the overall particles’ formation order.

Soot emissions have been studied extensively from diesel engines [21,24] as they are
10× higher than port fuel injection engines [25]. These have always been maintained under
control through the use of diesel particulate filters. However, in the last decade, due to
the advent of gasoline direct injection (GDI) technology to diminish CO2 emissions, also
propelled by concerns regarding excessive NOx emissions of diesel engines [26], GDI soot
has also been observed. This is quantitatively similar to diesel, and therefore, the study of
its soot becomes fundamental to understanding whether it can be tackled equivalently by
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using new gasoline particulate filters (GPFs), which are the same concept as the diesel ones
but with different design requirements.

Current regulation, Euro 6, restricts only >23 nm particles not to be more than
6 × 1011/km [27,28]. This threshold is due to knowledge from past diesel studies and,
above all, due to past measurement limitations, which could measure with a maximum
detection efficiency of 50% at 23 nm and 90% at 41 nm (d50 = 23 nm and d90 = 41 nm) [29].
This limit is defined by the particle measurement protocol (PMP) and is known as SPN23
(solid particle number), based on the accuracy of particle number counters (PNCs) as refer-
ence measuring devices. Over the last years, as more evidence is showing more presence
of SPN below 23 nm also for past technologies [28,30,31], new regulations are expected
to get tighter with Euro 7. The Consortium for Ultra-low Vehicle Emissions (CLOVE),
which is made up of emissions experts across Europe, has proposed for Euro 7 a limit of
1 × 1011/km for particles >10 nm [13]. In Table 1, CLOVE propositions for Euro 7 are
summarised. Eventually, the European Commission on 10 November 2022 proposed the
limits [32] highlighted in the last row of the table, which may become effective from 2025.

Table 1. Euro 7 CLOVE proposition (adapted from [13]).

Regulation Nitrogen Oxides (NOx) Particulate Number (PN) Particulate Mass (PM) Carbon Monoxide (CO) Non-Methane Organic
Gases (NMOGs)

Euro 6 (Current) 80 mg/km 6 × 1011/km including all
>23 nm particles (SPN23) 4.5 mg/km 1000 mg/km 68 mg/km

Euro 7 (CLOVE) 20 mg/km 1 × 1011/km including all
>10 nm particles (SPN10) 2 mg/km 400 mg/km 25 mg/km

Euro 7 (European
Commission) 60 mg/km 6 × 1011/km including all

>10 nm particles (SPN10) 4.5 mg/km 500 mg/km 68 mg/km

Samaras et al. [33] carried out a study comparing SPN10 to SPN23 emissions, which
showed that with a 6 × 1011/km limit, SPN10 would still accept most of the vehicles but
with 1 × 1011/km might become too stringent, affecting a large quantity of existing vehicles.

The reason for choosing 10 nm as the new standard is owing to the improvements
in measurement capabilities achieved by the European Union’s Horizon 2020 research
and innovation program. This funded three projects to explore the possibility of passing
from an SPN23 to an SPN10 standard, with d50 = 10 nm and d90 = 23 nm [34]. These
projects are DownToTen, PEMs4Nano, and SUREAL-23 [34]. The former two focused on
developing a new PEMS (portable emissions measurement system) to quantify particle
numbers (PNs) of current and future vehicle technologies for both laboratory and RDE
(real driving emissions). On the other hand, the latter concentrated its efforts on producing
new technologies to solve exhaust sampling and treatment methodology issues [34]. All of
these contributed to attaining d50 = 10 nm for the new SPN10 regulation.

An alternative method to find TPN or SPN is by using a DMS (differential mobility
spectrometer). One of the most common commercially available DMS machines used in
research is Cambustion DMS500. Generally, this is mainly utilised to find PSD (particle
size distribution), but with the use of empirical approximations based on instrument
calibrations, the particle count from DMS500 can be obtained [35]. One method to convert
PSD to PMP-comparable was with lognormal fitting [35,36]. This was effective for the
SPN23 standard with d50 = 23 nm and d90 = 41 nm. However, for the implementation of
the newly discussed SPN10, where sub-23 nm particles are observed, lognormal fitting is
no longer viable due to fitting modes being close to prescribed size limits, substantially
decreasing its reliability [35,36].

Another way to obtain the PMP equivalent TPN from the DMS is to use digital filtering
(DF) [35–37]. The equation below (where dp is the particle diameter) was proposed by
Leach [35] and employed in some studies [38,39], showing results representative of the
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SPN23 standard. As DMS has a higher particle size resolution than the condensation particle
counter (CPC), capturing particles down to 5 nm, digital filtering works by prescribing the
SPN23 detection efficiencies with the filter [35] and suppressing the high-level noise for sub-
23 nm particles. A Wiebe function structure was adopted for the filtering operation [35,36].

f
(
dp

)
=


1 − exp

[
−3.54

(
dp−14

40

)1.09
]

, d ≥ 14

0, d < 14

 (1)

This was validated in [35], where results from DMS500 Wiebe were compared to AVL
CPC (called APC) with SPN23 detection efficiencies. Therefore, this equation can be applied
to prescribe CPC detection efficiency of d50 = 23 nm and d90 = 41 nm on DMS500 PSD data.

Two more digital filters were proposed by Leach et al. [40] and one by Pfau et al. [36]
to model counting efficiencies that have been proposed for future SPN10 regulations.
However, these would need to be validated against a CPC with the same detection efficiency
as it was done for Equation (1). Pfau et al.’s [36] equation to prescribe detection efficiency
of d65 = 10 nm and d90 = 15 nm is reported here in Equation (2).

f
(
dp

)
=


1 − exp

[
−5

(
dp−5

20

)1.12
]

, d ≥ 5

0, d < 5

 (2)

In the following, the two digital filters used in this study are referred to as
“F1-PN > 23” for d50 = 23 nm and d90 = 41 nm and “F3-PN > 10” for d65 = 10 nm
and d90 = 15 nm. This naming is in line with the study by Pfau et al. in [37] that used
these same two filters. Many studies have been performed to understand the relationship
between soot and engine running conditions, engine metrics (air-to-fuel ratio—AFR, spark
timing, start of injection—SOI, mass of fuel burnt—MFB, exhaust temperature), or fuel
type. Pfau et al. [41], using a DMS with and without a catalytic stripper (CS), found that
the engine emits most particles at fast idling conditions at 0 Nm-1250 rpm, while the lowest
amount was at 20 Nm-2250 rpm. In this experiment, it was noticed that a high level of total
unburned hydrocarbons (THCs) encourages higher solid particle numbers. Leach et al. [40]
investigated 14 different fuels and several engine conditions. Literature [17,42,43] shows
that fuels’ propensity to generate soot grows from alkanes to aromatics, with aromatics
being the most prone to cause high PN.

There is also evidence that oil characteristics can affect emissions. Kittelson et al. [44]
showed how sulfur content had an impact on nanoparticle formation. Wihersaari et al.
and Pirjola et al. [45,46] saw that zinc additives also affected overall emissions. Volatility
was seen to increase oil consumption due to more evaporated oil in the chamber [47,48].
Nonetheless, with higher volatility, more emissions were encountered by Wihersaari
et al. [45] and Lensch-Franzen et al. [49], while viscosity did not have a large impact
in these studies. Ash content should be expected to emit more soot as it decreases the
oxidation reactivity of particles [50]. This was observed in Zinola et al. [51], where a higher
ash content oil slightly increased emissions, and above all, it increased the sub-23 nm
particle fraction.

This work focuses specifically on sub-23 nm particle emissions from various oils
under steady-state conditions, in contrast to the majority of existing literature, which
primarily examines oils’ effects on total particle number (TPN) during transient driving
cycles [45,46,51–54]. This is part of a project investigating emissions from lubricant oils
in decarbonised engine platforms (H2 and NH3) with a focus on emitted particles below
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the 23 nm threshold. The overall aim is to assess the viability of new/decarbonised fuels,
selecting the most suitable candidate for zero emissions, including the particulate matter,
often neglected in H2/NH3 engines. The next step will then be to test the different oil
formulations in the decarbonised platforms to remove the effect of the carbon-based fuel.

2. Experimental
For the experimental work of this analysis, a three-cylinder 1.0 litre Ford Ecoboost

GDI engine was run with three different oil formulations. A Froude Consine EC38 TA
Eddy-Current dynamometer with a rated power of 154 kW was attached to the engine
power shaft to measure its torque. The Bosch MED17 engine control unit (ECU) was
used to manage spark and injection timing (manufacturer calibration was employed for
mapping). At the start of experiments, the engine was run up to 20 Nm-1750 rpm until
the oil temperature reached 85 ◦C. Then, the engine was operated at three torque-speed
reference points. These were run at the start and at the end of each testing day to ensure
engine running was consistent and that the eventual change in results was not affected by
the unexpected alteration of engine parameters. The overall engine specification is shown
in Table 2. The engine test setup is represented in Figure 1. All tests were performed on
EN228 [55] gasoline fuel with an anti-fouling additive intended to maintain clean injectors
and thus minimise the impact of injector fouling on PN as the study progressed.
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Figure 1. Test rig set-up schematic.

Steady-state conditions were investigated with speeds ranging from 1250 rpm to
2250 rpm (in 250 rpm steps) and loads from idle to 40 Nm (in 20 Nm steps). These were
chosen to reflect the operating points of the World Harmonised Light Vehicles Test Cycles
(WLTC) to be congruous with Euro 6c vehicle testing [56]. The oils tested were:

• 0 W–16, low volatility, low ash “bookend”—(LoLo)
• 0 W–16, high volatility, high ash “bookend”—(HiHi)
• 0 W–20, mid-ash baseline—(Baseline)

In Table 3 a summary of the oil formulations is also included.
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Table 2. GDI Ford Ecoboost specifications.

Variable Value

Max. Torque 170 Nm @ 1400–4500 rpm
Max. Power 92 kW @ 6000 rpm

Stroke 82.0 mm
Bore 71.9 mm

Compression ratio (CR) 10.5:1
Volume 999 cm3

Injector 5-hole solenoid
Max. Injection Pressure 200 bar (common rail)

Table 3. Oil formulation summary.

ASTM Parameter LoLo (0–16 W) Baseline (0–20 W) HiHi (0–16 W)

D2270 [57] KV at 40 ◦C mm2/s 39.2 41 38
D4683 [58] KV at 100 ◦C mm2/s 7.7 8.1 7.7
D5293 [59] HTHS (cP) 2.5 2.6 2.5
D5800 [60] Noack (%) 12 11.2 30.2
Calculated Sulfated ash (%) 0.6 0.8 1.4

The first two oils are expected to define, respectively, the lowest and the highest
emission limits, while the baseline is used as a mid-limit reference. To ensure that residual
oil, soot, and wear were removed, a cleaning procedure was followed. This comprised two
rounds of flushing with the new engine oil combined with a brief steady-state engine run
each to ensure the entire oil circuit was cleared. With the third and final filling of the new
oil, 10 h of steady-state running was conducted to break in the oil.

The sampling of the exhaust was performed with a Cambustion DMS500 for particulate
measurements. The 5 m heated line and the sampling block were run at 191 ◦C. The 1000 nm
mode was selected to operate the instrument to acquire particles ranging between 5 and
1000 nm. Only the 5:1 primary dilution was adopted, bypassing the second one. The latter
was employed 12–250:1 only for 1250 rpm and 1500 rpm fast idling, achieving a better
signal strength. The VPR equipped for these experiments was a CS by Cambustion, which
had a 99% removal efficiency for 30 nm tetracontane. This was placed in line with the DMS
and the heated sampling line (HSL) with cooler and heater temperatures set respectively at
80 ◦C and 410 ◦C. A 180 s measurement window was implemented with a 0.5 Hz sampling
rate. In addition, a penetration efficiency model by Cambustion was employed, which
was also pursued in other research studies [41,61]. This penetration model was executed
considering the CS and heated sampling line particle losses and correcting them.

In addition to obtaining the TPN from the PSDs, DFs from Equations (1) and (2) were
applied to the raw PSDs to obtain “filtered” PSDs. From the “filtered” PSDs, a “filtered”
TPN could be obtained. The same digital filter terminology introduced by Pfau et al. [37]
is utilised here for the “filtered” TPNs, and these are “F1-PN > 23” for filtering as per
Leach [35] with Equation (1) using d50 = 23 nm and d90 = 41 nm and F3-PN > 10 for
filtering as per Pfau [37] with Equation (2) using d65 = 10 nm and d90 = 15 nm.

3. Results and Discussion
First, the DMS500 without CS was used to analyse PSDs on the GDI engine. The

digital filtering approach by Leach [35] (1) was then implemented on the raw PSDs to
obtain F1-PN > 23 [35]. Subsequently, PSDs were measured again, this time using the
catalytic stripper. Equation (2) by Pfau et al. [37] was applied to obtain F3-PN > 10 [37]
from the new raw PSDs. F1-PN > 23 and F3-PN > 10 for the baseline, LoLo and HiHi oils
are shown in Figure 2.
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Figure 2. Baseline, LoLo, and HiHi SPN with F1-PN > 23 and F3-PN > 10.

Both LoLo and HiHi exhibit F1-PN > 23 concentration levels that are generally lower
than baseline oil, especially at medium-high loads for all speed ranges. In contrast, they
are higher at all speeds of idling. A similar outcome is found in F3-PN > 10 with LoLo
and HiHi emissions only exceeding baseline at fast idle and at 2250 rpm-40 Nm. This
result is better emphasised and represented in the comparison contour graphs in Figure 3,
where the percentage difference in filtered PNs of baseline to LoLo and to HiHi is directly
plotted by overlapping Figure 2 images. This indicates that the baseline has a greater PN
relative to either LoLo or HiHi when a red shade colour is present (positive percentage),
whereas a green shade colour indicates the opposite. Also, in the figure, the tables display
the percentage differences in the contour plots at each of the selected test matrix points.



Appl. Sci. 2025, 15, 2212 8 of 19

These plots make it easier to see how the two oils have lower F1-PN > 23 and F3-PN > 10
than baseline at multiple points. The baseline has reduced emissions mostly at fast idle and
2250 rpm-40 Nm.
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Furthermore, a direct percentage difference of HiHi relative to LoLo is also performed
and depicted in Figure 4. HiHi confirms a higher F1-PN > 23 level at mid-high speeds for
all loads. This changes for F3-PN > 10, where HiHi has a lower count in the region between
2000 rpm-fast idle and 2250 rpm-20 Nm, except at 2250 rpm-fast idle. Variation ranges from
−22% to +289% in F1-PN > 23 and from −34% to 104% in F3-PN > 10. To condense the
PN differences in a single value, a weighted arithmetic mean (WAM) was calculated while
accounting for the confidence interval (CI) correction. According to this, HiHi’s overall
F1-PN > 23 was 9.7% higher than LoLo, and its F3-PN > 10 was 3.6% higher than LoLo.
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Figure 4. F1-PN > 23 and F3-PN > 10 HiHi to LoLo comparison plots.

High ash and volatility emitting more PN have also been detected in other research
work. Easter et al. [50] show that higher ash content is expected to decrease the oxidation
reactivity of soot particles, leading to a higher particle count due to less soot being lost
through oxidation. Zinola et al. [51] found not only slightly higher emissions with higher
ash but also a higher sub-23 nm proportion being formed. Lenschen-Franzen et al. [49]
observed a 5% increase in particle number emission from exhaust (measured using DMS)
with Noack volatility from 8% to 19% over eight medium power points. Wihersaari
et al. [45] learnt similar results using three different oil formulations. The two oils with
higher Noack volatility had higher soot emissions, except in the <30 nm region, where the
low volatility oil had more particles in steady-state driving cycles. This overall trend of
higher volatility increasing emissions could be due to an increase in oil consumption—a
relationship supported by past research [47,48]. The way volatility can affect consumption
can be due to its direct effect on oil evaporation. The oil evaporation mechanism from
the cylinder wall occurs as the piston rings deposit during the downward stroke a thin
oil film on the surface. Over the combustion, high temperatures cause the oil to vaporise
and mix with the combustion gases, particularly in the power and exhaust strokes [49]. In
modern engines with low oil consumption, only a few molecular layers of oil are lost per
cycle, influenced by pressure, temperature, gas velocity, and oil composition. Lubricating
oil with higher volatility enables more oil vapour into the combustion chamber. One of
the ways in which oil volatility can affect particle formation is with the volatile elements
getting condensed or adsorbed onto the particle surface. Volatile hydrocarbon vapours
may also nucleate and form new particles. As also found by Miller et al. [62], this depends
on the level of volatility, local cooling degree, and concentration. The relative impact also
depends on running conditions and fuel mixture [45,49]. Therefore, the outcome of this
investigation is consistent with previous research, though the baseline is not exactly in
the middle of the spectrum, being even higher than HiHi under some conditions. This
would need further investigation of why it occurred. Since higher ash results in even
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smaller particles, it may be that these were grown by condensation of more oil on them
due to higher volatility, remaining at the end in the same nucleation order. However, it
is not clear why at some matrix points HiHi PN is lower than baseline even without the
catalytic stripper. This notably shows that the running condition is pivotal in causing
fewer or more TPN emissions. To further verify this, a three-way ANOVA was performed
(Tables 4 and 5). This is a robust method for determining what has the most statistically
significant impact on the emissions. The observed data were F1 PN > 23 (Table 4) and F1
PN > 10 (Table 5) for all 15 conditions. Below are the summary tables, where “Source” is
the factor or interaction being analysed and “DoF” are the degrees of freedom from the
number of independent variables contributing to the variance. Oil type, load, and speed
were chosen as independent variables. The tables show that for the overall 15 steady-state
conditions, load and speed are the dominant factors impacting the TPN emissions. The
same was repeated for raw TPN, obtaining the same result. However, individual test points
still show a significant impact of oil formulation as per Figures 3 and 4.

Table 4. Summary ANOVA F1 PN > 23.

Source DoF Sum of Squares Mean Square F-Statistic p-Value

Oil Type 2 1.34 × 1013 6.70 × 1012 0.03 0.971
Load (Nm) 2 2.39 × 1015 1.19 × 1015 5.19 0.01

Speed (rpm) 4 4.13 × 1015 1.03 × 1015 4.48 0.005
Error 36 8.29 × 1015 2.30 × 1014

Total 44 1.48 × 1016

Table 5. Summary ANOVA F3 PN > 10.

Source DoF Sum of Squares Mean Square F-Statistic p-Value

Oil Type 2 2.04 × 1013 1.02 × 1013 0.01 0.994
Load (Nm) 2 1.86 × 1016 9.30 × 1015 5.15 0.011

Speed (rpm) 4 3.32 × 1016 8.30 × 1015 4.59 0.004
Error 36 6.51 × 1016 1.81 × 1015

Total 44 1.17 × 1017

Another important aspect to highlight is observing how the F3-PN > 10 difference
(3.6%) decreased with respect to the F1-PN > 23 (9.7%) from HiHi to LoLo oil in Figure 4.
This could indicate that LoLo is emitting a higher number of <23 nm particles than HiHi.
A reasonable explanation may be that high volatility shifts particle size towards a larger
diameter as there is a larger quantity of oil vapour that can condense on particles [63] or
more simply, the catalytic stripper used in F3-PN > 10 has eliminated more volatiles being
formed in HiHi. This can be interpreted by looking at the PSDs plots in Figure 5.

They are equally extracted from the DMS500 for each test condition and oil utilised.
The sets of charts from lowest to highest speed (Figure 5) are represented in a grid to
visualise the results and compare them to each other more easily. Mean raw PSDs with (w)
and without (w/o) CS are plotted together. Confidence intervals are not included for more
clarity, but are shown in Appendix A (Figures A1–A3).

The correlation between PSDs and filtered PNs in Figure 3 is evident, as either the
baseline or the HiHi has the highest nucleation mode, except at 1250 rpm-idle where all
three oils are similar (Figure 5). In addition, the effect of the CS can be noticed, as it
eliminates the volatiles in the exhaust gas and shifts all the PSDs towards larger mobility
diameters. Also, the PSDs allow verifying that LoLo is not emitting more sub-23 nm than
HiHi as could have been thought by the drop in the weighted arithmetic mean previously
computed. Since the HiHi oil produces more volatiles and, hence, higher emissions without
CS, it typically has a larger nucleation mode, especially around 2250 rpm. This is why HiHi
has a higher proportion of sub-23 nm particles than LoLo, with no obvious movement
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towards larger diameters. Consequently, as expected, the CS has a greater impact on the
HiHi oil than the LoLo and the baseline, significantly lowering its PSD modes between 5
and 10 nm, since most of the volatiles are present in this range.
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Looking at Figure 5, at 1250 rpm, both LoLo and HiHi show the lowest nucleation
modes with CS at approximately 5 × 108/cm3 at idle, respectively, 1.9 × 106/cm3 and
2.6 × 106/cm3 at 20 Nm and 5 × 105/cm3 at 40 Nm. Without CS, their profile is close to
the baseline, but at 40 Nm, the accumulation mode is much less pronounced. LoLo has
a lower level only at 20 Nm. All graphs show nucleation mode with particle diameters
around 10–12 nm.

At 1750 rpm, the baseline is lower than the HiHi oil, except at 40 Nm, where it
has a higher nucleation mode. HiHi emits the highest quantity overall at idle with
6 × 106/cm3 w/o CS and 5 × 106/cm3 w CS. All oils present a nucleation mode in an
equivalent size range at approximately 8–10 nm at idle, 10–13 nm at 20 Nm, and 6.5–12 nm
at 40 Nm.

Finally, at 2250 rpm, the baseline has low concentration levels below 5 × 105/cm3

(again remaining consistent with Figure 3). Only 20 Nm has the highest emissions among
the oils. HiHi has the highest emissions at idle and 40 Nm. At this speed, its PSD profile is
different from the baseline, unlike the previous results, where they were more analogous.

The raw PSDs made it possible to comprehend the size range of PN emissions with
speed and load conditions, as well as to see the functioning of the digital filters. Leach
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et al. [48], similarly, utilised the PSDs to determine what the DF was discounting from the
TPN produced by 10 different fuels. In doing so, particles that the DMS500 had identified
in the raw PSDs were effectively eliminated. This impact may be seen in Figure 4 when
comparing F1-PN > 23 and F3-PN > 10. In Pfau et al. [36], the comparison between different
DF approaches showed in detail how results could vary depending on which one was
employed. Overall, it is evident that PSDs are fundamental to estimating the sub-23 nm
fraction and assessing their contribution to the PN emissions. The most important finding
in this study is that the three oil formulations did not alter the nucleation mode diameter in
the PSDs. Changes occurred only in terms of filtered PNs at specific conditions, while the
nucleation mode diameter shift was caused only by the CS due to the burning of volatiles.
This disagrees with the hypothesis that more oil vapour from high-volatility oils is expected
to condense on particles, making them larger.

4. Conclusions
The PN emissions of three different oil formulations were examined in a 1.0 L gasoline

direct injection engine under 15 steady-state load and speed conditions. Unlike most
studies that focus on transient driving cycles, this research investigates oil impact on total
particulate number (TPN) emissions under stable operating conditions, with particular
emphasis on sub-23 nm particles. To simulate the detection efficiency of a condensation
particle counter, two digital filters were applied to the raw PN data from a DMS500.
F1-PN > 23 had a detection efficiency of d50 = 23 nm and d90 = 41 nm, while F3-PN > 10
had a detection efficiency of d50 = 10 nm and d90 = 15 nm. The three tested oil formulations
included a mid-ash baseline, a low-ash low-volatility (LoLo) formulation, and a high-ash
high-volatility (HiHi) formulation. The main findings included:

• Depending on the condition, the baseline oil exhibited higher PN emissions with both
digital filters, except at low loads. LoLo generally produced the lowest PN. Using the
weighted arithmetic mean, HiHi had a higher F1-PN > 23 than LoLo by 9.7%, while
F3-PN > 10 was higher by 3.6%.

• Over the full test matrix, a three-way ANOVA analysis revealed that load and speed
were the dominant factors influencing TPN emissions. However, under specific
conditions, the impact of oil on particulates is still clear and relevant.

• Particle size distributions (PSDs) and filtered PNs showed that HiHi had a higher
sub-23 nm fraction than LoLo due to its greater volatile content. All PSD nucleation
modes were observed around 8–12 nm, confirming that most emissions were in the
sub-23 nm region.

• Oil formulation did not significantly impact the nucleation mode diameter of PSDs, as
no lateral shift in the distributions was observed. However, nucleation modes shifted
to larger diameters when the catalytic stripper was used, as it effectively removed
volatile particles in the 5–10 nm region.

In conclusion, this study highlights the critical need for further research on oil-related
particulate emissions under steady-state conditions, particularly for sub-23 nm particles, as
upcoming Euro 7 regulations tighten measurement thresholds to 10 nm, and emphasises
the importance of exploring non-carbon fuels like ammonia (NH3) or hydrogen (H2) to
fully understand the real impact of oils on particulate emissions.
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Abbreviations
The following abbreviations are used in this manuscript:

WAM Weighted arithmetic mean—this accounted for the confidence intervals in the calculation of the mean.
HiHi High ash high volatility formulation
LoLo Low ash low volatility formulation
PN Particle number
TPN Total particle number—this includes solid and volatile particles.
CS Catalytic stripper
DMS Differential mobility spectrometer
PSD Particle size distribution
CPC Condensation particle counter
d50 = 23 nm Naming convention to indicate that only 50% of particles with 23 nm in size can be detected. This refers to the

detection efficiency of condensation particle counters.
SPN Solid particle number—TPN after a VPR is applied, like a catalytic stripper.
SPN23 Standard detection efficiency method counting “Solid Particle Number” with 50% efficiency at 23 nm

(d50 = 23 nm) and 90% at 41 nm (d90 = 41 nm). This is currently used by PMP with Euro 6.
Sub-23 nm Particles under 23 nm in diameter
SPN10 New proposed standard detection efficiency method counting “Solid Particle Number” with 65 ± 15% efficiency

at 10 nm (d65 = 10 nm) and 90% at 15 nm (d90 = 15 nm). This should be in Euro 7 from 2025.
Sub-10 nm Particles under 10 nm in diameter
DF Digital filter. This applies prescribed counting efficiency to discount from a DMS the particles from a raw PSD

diagram. This allows comparison of DMS data to a condensation particle counter.
F1-PN > 23 Digital filter with detection efficiency of d50 = 23 nm and d90 = 41 nm, this is the PN derived from the DMS

PSDs without the catalytic stripper.
F3-PN > 10 Digital filter with detection efficiency of d65 = 10 nm and d90 = 15 nm, this is the PN derived from the

DMS PSDs with the catalytic stripper.
dp Particle diameter
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Appendix A
PSDs with confidence intervals are shown here.
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