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Abstract: The utilisation of internal combustion engines is one of the main causes of particle emissions
in urban areas. As the interest for the utilisation of biofuels increases, it is important to understand
their effect on particle number emissions. In this paper, the particle size distribution and the
particle number emissions from a gasoline-optimised direct-injected spark-ignited (DISI) engine are
investigated. The effects of five different biofuel alternatives on these emissions were evaluated
and compared to gasoline. The utilisation of the high-resolution, high-temperature ELPI+ enabled
undiluted measurements of the particle size distribution down to 6 nm, without extensive cooling of
the engine exhaust. Contrary to other studies, the results show that the particle number emissions
for the three measured cut-off sizes (23, 10 and 7 nm) increased with the utilisation of oxygenated
biofuels. The results indicate that the decreased volatility and energy density of the alcohols has a
more significant impact on the particle formation in a DISI engine than the increased oxygen content
of these fuels.

Keywords: renewable fuels; biofuels; ethanol; methanol; butanol; MTBE; particle emissions; particle
size distribution

1. Introduction

In urban areas, vehicle traffic can be a major source of aerosol particles, where particles
with particle sizes down to 1.3 nm have been detected [1]. Moreover, with the introduction
of direct-injected spark-ignited (DISI) engines, the particle emissions from spark-ignited (SI)
engines have increased [2]. Since particles may have a severe impact on human respiratory
health [3], the European legislation tries to enforce the reduction in particles and other
harmful emissions from internal combustion engines (ICEs). For future legislation (Euro 7),
guidelines have been presented with suggestions of stricter limits on the current regu-
lated species (both for laboratory and real-driving emissions) and limits on previously
unregulated pollutants, including sub-23 nm particles [4,5].

Particle emissions originate both from the pyrolysis of the fuel in fuel-rich areas and
lubrication oil [6]. The particles formed from oil contain ash particles which could have a
negative effect on after-treatment systems [7]. Researchers have shown that some of the
emitted nucleation mode particles from ICEs originate from the lubricating oil [8]. These
particles form larger particles together with the soot formed from fuel pyrolysis but still
contain metals and other additives found in the oil itself [9].

To reduce the impact of current transport on the climate, increasing the utilisation of
biofuels is being promoted. However, it has been shown that biofuels, such as alcohols and
ethers, may impact both the particle emissions derived from fuel [6] and cause oil dilution,
affecting the oil-derived particles [10].

The research on DISI engines shows that increasing the concentration of oxygenated
fuels in the fuel blend increases the number of smaller particles, with particle diameters
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of around 10 nm. Increased levels of smaller particles have been reported for ethanol
blends [11–14], pure ethanol [15,16], methanol blends [17,18], and butanol blends [19,20].

Anselmi et al. [14] reported decreasing particle number (PN) emissions with increasing
levels of ethanol in fuel, but the same trend was not exhibited with increasing levels of
butanol. These results are supported by Karavalakis et al. [13], who observed decreased
levels of PN emissions with higher concentrations of ethanol, but no clear trend as the
iso-butanol concentration was increased. Price et al. [12] reported decreased PN emis-
sions for high-level ethanol blends (E85) but not for high-level methanol blends (M85).
In a previous article published by the authors, the level of both particle mass (PM) and
PN emissions increased when using pure ethanol as a fuel in a gasoline-optimised DISI
engine [21]. The increase in PN was more pronounced at higher loads and lower engine
speeds and varied depending on the end of injection (EOI). Therefore, it was concluded
that the reduction potential of oxygenated fuels with regard to particle emissions is not
straightforward but depends on the fuel injection strategy and combustion conditions,
which is supported by Salamanca et al. [22].

In a review conducted by Raza et al. [6], it was stated that injection strategies that
promote lower levels of PN emissions at early start of injection (SOI) and increased fuel
pressures. An early injection increases the time available for fuel evaporation and mixture
preparation, and increased injection pressures increase fuel atomisation, promoting the
homogeneity of the fuel/air mixture. However, Lee et al. [23], who investigated a blend
of 50% (by volume) ethanol and gasoline in a DISI engine, saw an increased level of
impingement at early injection (330° crank angle (CA) before top dead center (bTDC)).
The PN emissions decreased as the injection timing was retarded [23]. Furthermore,
Bonatesta et al. [24] discussed that very early fuel injection can lead to increased fuel
impingement, causing increased rates of particle formation. Moreover, Bonatesta et al. [24]
reported that in DISI engines, increased levels of wall and liner impingement were seen at
higher loads, increasing particle formation, whereas increasing the engine speeds decreases
particle emissions as it increases the evaporation and in-cylinder turbulence, allowing for a
better mixture preparation.

This experimental study aims to evaluate the particle emissions of multiple pure bio-
fuel alternatives, and to investigate the effect of fuel properties under different operating
conditions. Moreover, since previous studies have reported on the impact of dilution on
particle measurements [25–28], this paper includes a comparison between the undiluted
and diluted measurements for all tested fuels. The experiments were conducted on a
gasoline-optimised DISI engine. The measurement of particle size distribution was per-
formed using an undiluted measurement setup without the need of extensive cooling of the
exhaust to minimise the losses associated with dilution and cooling. The particle number
emissions and the particle size distribution for gasoline were compared to five pure biofuel
alternatives: methanol, ethanol, n-butanol, iso-butanol and methyl tert-butyl ether (MTBE).
Furthermore, an elemental analysis of the particle emissions was performed to evaluate
the effect of biofuels on the oil-derived particles.

2. Materials and Methods
2.1. Experimental Setup

The measurements were performed on a spray-guided Volvo Cars T6 DISI engine.
A schematic figure of the engine and the particle measurement setup used can be seen
in Figure 1. A more detailed figure of the particle measurement setup can be found in
Appendix A. The details of the engine can be seen in Table 1. No modifications to the engine
hardware were made. The original catalyst was used during all experiments. The engine
was not equipped with a particle filter.



Atmosphere 2021, 12, 1493 3 of 22

Figure 1. Schematic figure of the experimental setup used including temperatures, where, mair is
the mass air flow, mfuel is the mass fuel flow, Pcyl is the in-cylinder pressure, Texh is the exhaust
temperature, λ is the excess air ratio and TafterTWC is the temperature after the TWC. The value of
345 ◦C is the temperature measured at the outlet of the first diluter stage, and 40 ◦C is the temperature
measured at the outlet of the second diluter stage.

Table 1. Specifications of the test engine used, Volvo Cars T6 DISI engine.

Displacement volume 1969 cc

Stroke 93.2 mm

Bore 82 mm

Connecting rod 143.8 mm

Compression ratio 10.3

Number of cylinders 4 (inline)

Peak power 225 kW (5700 RPM)

Peak injection pressure 200 bar

Measurements of exhaust emissions of carbon monoxide (CO), undburned hydrocar-
bons (HC) and nitrogen oxides (NOx-emissions) were performed upstream of the three-way
catalyst (TWC). All particle emissions were measured downstream of the TWC. To evaluate
the effect of fuel on different particle sizes, PN was measured using three different conden-
sation particle counters (CPCs) with different cut-off sizes: CPC3010 with a cut-off size
of 23 nm, CPC3772 with a cut-off size of 10 nm, and CPC3750 with a cut-off size of 7 nm.
The CPCs were connected to the exhaust using a two-stage ejector dilution system from
Dekati (DI-1000) [29]. The diluter stages were placed in series. The first diluter stage was
heated by the incoming dilution air to maintain an outlet temperature of 345 ◦C. The high
temperature used at the first dilution stage drives the removal of a large fraction of volatiles
but this setup does not guarantee that only solid particles are measured [30]. The second
diluter stage operated at ambient temperature with a constant outlet temperature of 40 ◦C,
see Figure 1. The dilution ratio for each stage was 1:8.45, resulting in a total dilution ratio
of 1:71.4.

The particle size distribution was measured using a Dekati high resolution high-
temperature ELPI+ (HT-ELPI+). The HT-ELPI+ allows for real-time measurements of
particle emission samples up to 180 ◦C [31]. The high-resolution HT-ELPI+ measured the
particle number distribution from 6 nm to 10 µm and classified it into 100 bins depending
on the aerodynamic size of the particles. For these tests, the impactor stages of the HT-ELPI+
was kept at 120 ◦C. In this work, the particle size distribution is presented for particle
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sizes from 6 nm to 1000 nm. For this setup, measurements using the HT-ELPI+ could be
performed without the need of any dilution of the exhaust (more detail in [21]).

The heated lines are connected to the exhaust via stainless steel pipes with a diameter
of 8 mm (see Figure 1). The exact length of the pipes can be found in Appendix A.

2.2. Test Fuels

The fuels evaluated in this study were gasoline (non-commercial blend without oxy-
genated compounds) and five oxygenated fuels: ethanol, methanol, n-butanol, iso-butanol
(i-butanol) and MTBE. The properties for the fuels can be seen in Table 2. The gasoline had
an aromatic content of approximately 29% based on volume.

The fuels were analyzed at a commercial laboratory to determine the octane number,
lower heating value (LHV) and dry vapour pressure equivalent (DVPE). The research
octane number (RON) and motor octane number (MON) values for MTBE were estimated
using octane numbers from reference [32] as the measured water content was below 0.03%.

Table 2. Properties of the tested oxygenated biofuels.

Fuel RON (-) MON (-) DVPE (kPa) LHV (MJ/kg) Oxygen Content
(wt-%)

Gasoline 93.7 84.9 52.5 43 0

Ethanol 107.2 89.5 16.5 26.8 34.7

Methanol 108 88.7 30.9 19.7 49.9

N-butanol 98 84.7 <9.0 (2.3) 33.1 21.6

I-butanol 104.6 89.6 <9.0 (1.8) 33.2 21.6

MTBE 116 [32] 101 [32] 53.6 38.2 18.2

2.3. Methodology

All the fuels were tested at six different engine operating points (see Figure 2). An ini-
tial stabilisation period of 45 min was applied every time the engine was restarted and
when the fuel had been changed. For each operating point, the engine was stabilised
for 15 min. The stabilisation time was used to ensure that the temperature throughout
the exhaust would stabilise and that the fuel throughout the system was the desired one,
and to burn of any excess particles or hydrocarbons formed due to oil changes. The oil
temperature was kept at 90–115 ◦C and the coolant temperature was kept at 90–100 ◦C.
The excess air ratio (λ) was kept at 1 ± 0.1. The data were sampled under steady-state
conditions, which were identified as the point when the exhaust gas temperature was
steady within a range of ±10 ◦C and the PN measurements were steady. To ensure the
repeatability of the measurements, gasoline and ethanol were run at 1500 revolutions per
minute (RPM) and approximately 7.5 bar is the mean effective pressure (IMEP) before,
in the middle of and after the conducted experiments, and the arithmetic means of the PN
emissions (cut-off 7 nm) were compared (see Appendix B).

An elemental analysis of the heavy elements of the high-temperature electrical low-
pressure impactor (HT-ELPI+) filters was performed using energy-dispersive X-ray fluores-
cence (EDXRF). The analysis was performed using the Bruker M4 Tornado spectrometer
equipped with an Rh-source. The power parameters used for all the analyses were a voltage
of 50 kV and a current of 200 µA. For each filter, three accumulation points were analyzed
together with a blank point (only filter grease). Each measurement point was measured for
≈5 min and three different particle sizes (D50: 54, 150 and 250 nm. The chemical analysis
of the filters was performed by Mancini Alessandro at Brembo (Stezzano, Italy).
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Figure 2. The engine test points marked for all tested fuels in terms of load (IMEP) and engine speed
(RPM). All fuels were tested at two different load conditions and three different engine speeds for
each load condition.

The injection pressure (pinj) and injection duration (tinj) were set by the engine control
unit (ECU) for each fuel to allow for tests under the same engine load conditions. No
manual control of the injection pressure, injection duration, or timing was performed.
The start of injection (SOI) varied between 310 and 343 CA bTDC depending on the
operating point. SOI was constant between fuels. The combustion phasing varied due
to variations in the combustion speed and knock resistance of each fuel. Spark timing
was adjusted to reach the maximum brake torque (MBT) or knock limited spark advance
(KLSA) for all fuels and operating points.

2.4. Data Acquisition and Analysis

The in-cylinder pressure was measured for 150 engine cycles for each test point using
piezoelectric pressure sensors from Kistler. Measurements of temperatures, pressures,
excess air ratio (λ) and emissions were made at 2 Hz for 5 min. The sensor signals
were collected using hardware from National Instruments (NI) and a LabVIEW program
developed in-house. The injection pressure, injection duration and injection timing from
the ECU were collected for 1 min.

The measurement of exhaust emissions of carbon monoxide (CO), undburned hy-
drocarbons (HC) and nitrogen oxides (NOx-emissions) were performed using a Horiba
MEXA-7100 DEGR emission cabinet. λ was measured before the TWC using a Bosch
wideband oxygen sensor (LSU 4.9). All particle measurements were collected at 1 Hz
for 5 min.

The sensors used and their uncertainty can be seen in Table 3. All results are presented
as mean values. For the engine parameters, the error bars represent the standard deviation
(±σ). For the particle number and particle size distribution, the error bars represent the
normalised random error for a confidence interval of 95% (see Equation (1)).

ε = C · σ√
n

(1)

where ε is the normalized random error, C is a constant for the confidence level (1.96), σ is
the calculated standard deviation and n is the total number of samples (300 samples).



Atmosphere 2021, 12, 1493 6 of 22

Table 3. Sensor measurement range and uncertainty.

Measurement Sensor Range Uncertainty
(≤ ± % FS)

In-cylinder pressure Kistler 6045A32420 0–250 Bar 0.4
Kistler Noridc AB,
Jonsered, Sweden

Lambda Bosch O2-sensor LSU 4.9 0.65–∞ 0.7 (λ = 1)
Via National Instruments,
Budapest, Hungary

CO emissions Horiba MEXA-7100 0–7000 ppm
HC emissions Horiba Europe, 0–5000 ppm 2
NOx emissions Guthenburg, Sweden 0–5000 ppm

Particle number ≥ 23 nm TSI CPC3010 ≤10,000 #/cm3 10
TSI Europe,
Aachen, Germany

Particle number ≥ 10 nm TSI CPC3772 ≤10,000 #/cm3 10
TSI Europe,
Aachen, Germany

Particle number ≥ 7 nm TSI CPC3750 ≤105 #/cm3 5
TSI Europe,
Aachen, Germany

Particle size distribution Dekati HT-ELPI+ 6 nm–10 µm 20
Dekati,
Kangasala, Finland

The particle losses were calculated in regard to thermophoretic losses, sedimentation
losses and diffusive losses according to the method applied in [33,34]. The loss over
the diluter was assumed to be 5%, according to previous results by Vanhanen et al. [35].
The sums of the losses are 26.3%± 3.2 % for the HT-ELPI+ measurements and 29.1% ± 1.7%
for the CPCs. A detailed description of particle loss calculation can be seen in Appendix A.
The residence time for the particles in the system is 2.1 s for the CPCs and 0.8 s for HT-ELPI+.
The residence time is thus lower for both the measurement setups than the recommended
residence time of 3 s [36].

3. Results
3.1. Injection Pressure and Duration

To achieve the same load points for all fuels, the injection pressure and injection dura-
tion were varied. The SOI was kept constant between fuels (310–343 CA bTDC depending
on load point). The injection pressures and injection timings during the performed tests
can be seen in Figure 3a,b. Injection timing did not change with engine speed. Methanol
is the fuel with the highest injection pressure and the longest injection duration. This is
consistent as methanol exhibits the lowest air-fuel ratio and energy density of the tested
fuels. MTBE used a slightly higher injection pressure than n-butanol and iso-butanol, since
MTBE was run at marginally higher load.

The increased injection pressure of methanol compared to the other fuels can affect the
spray atomisation, allowing for better mixture preparation compared to the other fuels [6].
However, the longer injection duration can lead to the opposite effect as it puts EOI closer
to the spark timing. Delaying the EOI leads to less time available for evaporation and
mixture preparation. This could lead to a lower homogeneity of the fuel and air in-cylinder
mixture and thus increased PN emissions [6].
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(a)

(b)
Figure 3. The injection parameters for all tested fuels at different operating points: (a) injection
pressure and (b) injection duration. The error bars show the standard deviation (±σ).

3.2. Particle Number Emissions

The particle number (PN) emissions were measured at six different operating points
using the CPCs (see Figure 4). The left side shows the low-load conditions, and the right
side shows the mid-load conditions. The dashed line is the instrument measuring limit
for 23 and 10 nm. For the points where the mean value exceeds this value, the presented
values have a larger uncertainty than given in Table 3. All fuels exhibited higher levels
of PN emissions at higher loads and lower speeds. The highest level of PN emissions,
for all fuels except MTBE, was seen at 1500 RPM and 13 bar IMEP. Since PN increases as
the cut-off size decreases, one can assume that the engine is also emitting particles smaller
than 7 nm that could not be measured in this measurement setup.

For all tested operating points, n-butanol exhibited the highest number of particle
emissions, independent of the cut-off size. Iso-butanol showed slightly lower emissions
compared to n-butanol, but these were still significantly higher than the other fuels. How-
ever, as engine speed increases, the difference between n-butanol, iso-butanol and the other
fuels decreased. The biofuel with the lowest level of PN emissions is MTBE. MTBE emits
approximately 57% less PN emissions than ethanol, and almost 100% less than n-butanol
(comparing for 7 nm cut-off). MTBE is also the biofuel with the properties most similar to
gasoline. However, at a low load, methanol showed higher levels of bigger particles (above
23 nm) compared to gasoline, but at mid-load conditions the emissions from methanol are
lower. Ethanol exhibits lower PN emissions, compared to gasoline, at mid-load conditions
and higher engine speeds only.
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(a) (b)

(c) (d)

(e) (f)

Figure 4. The particle number emissions at different cut-off sizes and different operating conditions
measured using the CPCs. The dashed lines show the concentration limit for the CPCs with cut-offs at
23 nm and 10 nm. The error bars show the normalised random error (±ε). (a) 1500 RPM, 7.5 bar IMEP,
(b) 1500 RPM, 13 bar IMEP,(c) 2500 RPM, 7.5 bar IMEP, (d) 2500 RPM, 13 bar IMEP, (e) 3500 RPM,
7.5 bar IMEP and (f) 3500 RPM, 13 bar IMEP.

The effect of fuel properties on PN emissions are shown in Figure 5. Figure 5a shows
the volatility of the fuel through the dry vapour pressure equivalent (DVPE) compared
to the PN emissions, and Figure 5b shows the carbon to oxygen (C/O) ratio of the fuel
compared to the PN emissions. As the gasoline used had no oxygen content, its C/O ratio
was equal to infinity and could not be represented in the graph. The PN emissions shown
are the arithmetic means for all operating points.

From Figure 5a, it can be seen that the decreased volatility of the fuel (lower DVPE)
leads to an increased level of PN emissions. However, ethanol exhibited similar levels
of PN emissions compared to gasoline, even if the DVPE of ethanol is less than half. In
Figure 5b, the effect of increasing oxygen content on the PN emissions can be seen. It seems
that, for the alcohols, an increasing level of oxygen in the fuel (lower C/O ratio) decreases
the level of PN emissions. MTBE, which has the highest C/O ratio of the biofuels, did
not exhibit the highest level of PN emissions. Furthermore, gasoline, with the highest
C/O ratio of all fuels, did not exhibit the highest PN emissions. Hence, in DISI engines,
compared to port-fuel injected (PFI) engines, it seems that the dilution effect has a less
critical effect on particle formation, and the volatility of the fuel has the biggest effect.
This has been shown by Leach et al., in a spray-guided DISI engine, who developed the
PN-index [37]. However, these results indicate that this is also true for oxygenated biofuels,
and not only gasoline.
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(a)

(b)

Figure 5. Particle emissions measured using the CPCs (cut-off 23, 10 and 7 nm) compared to the
(a) DVPE and (b) C/O-ratio of the fuels. No value for C/O-ratio is displayed for gasoline as its
oxygen content was 0 vol-%. The error bar show the normalised random error (±ε).

3.3. Particle Size Distribution

The total particle size distribution for all tested fuels at low-load conditions (7.5 bar
IMEP) is shown in Figure 6. The shape of the particle size distribution varies between fuels.
Gasoline, ethanol, n-butanol, and iso-butanol exhibit clear bimodal shapes, with one peak
at 10 nm and one at 30 nm. For gasoline and ethanol, the peak at 10 nm is larger, indicating
a higher ratio of small particles emitted from these two fuels. At low engine speeds
(1500 RPM), n-butanol and iso-butanol show a higher ratio of larger particles (30–40 nm)
being emitted. This is more notable for n-butanol than iso-butanol. Gasoline and methanol
are the only fuels to exhibit a higher level of emissions at increased engine speeds.

Methanol exhibits a more unimodal shape with a clear peak at 10 nm and some lower
peaks at larger particles sizes. The chemical structure of MTBE is different from the other
oxygenated fuels, which seem to have an influence on the size distribution. MTBE exhibits
a significantly higher ratio of accumulation mode particles than the other fuels. The first
peak is visible at a higher particle size (20 nm) than for the other fuels. The particle diameter
of the first peak seem to decrease as the engine speed increases.
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(a) (b)

(c) (d)

(e) (f)

Figure 6. The total particle size distribution for (a) gasoline, (b) MTBE, (c) ethanol, (d) methanol,
(e) n-butanol and (f) iso-butanol at low-load conditions. The shadowed areas show the normalised
random error (±ε).

At 1500 RPM and 7.5 bar IMEP gasoline, MTBE, ethanol and methanol all exhibit
similar particle size distributions around 100 nm. These peaks are probably associated with
particles formed from oil or engine wear. For n-butanol and iso-butanol, these emissions
are probably masked by the increase in accumulation mode particles from the fuel itself.

The total particle size distribution for all tested fuels at 1500 RPM and under mid-load
conditions (13 bar IMEP) is shown in Figure 7. The shape of the particle size distribution is
similar to the one at low load. However, under these operating conditions, all fuels but
methanol exhibit an increase in accumulation mode particles. Moreover, the particle diam-
eter for the first peak for MTBE increased compared to that under the low-load conditions.

The total particle size distribution for all tested fuels at 3500 RPM and under mid-
load conditions (13 bar IMEP) is shown in Figure 8. A similar trend to the one under
low-load conditions can be observed in these graphs. All of the biofuels (except for
methanol) show a lower ratio of accumulation mode particles as the engine speed increases.
For gasoline, there is no distinct difference between 1500 RPM and 3500 RPM under these
load conditions. Only methanol and MTBE exhibit a higher level of particle emissions
at 3500 RPM compared to at 1500 RPM. Moreover, the peak for MTBE at approximately
20 nm is even more distinct at this engine speed and under these load conditions.
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(a) (b)

(c) (d)

(e) (f)

Figure 7. The total particle size distribution for particle emissions for (a) gasoline, (b) MTBE,
(c) ethanol, (d) methanol, (e) n-butanol and (f) iso-butanol at 1500 RPM and 13 bar IMEP. The shad-
owed areas show the normalised random error (±ε).

(a) (b)

(c) (d)

Figure 8. Cont.



Atmosphere 2021, 12, 1493 12 of 22

(e) (f)

Figure 8. The total particle size distribution for particle emissions for (a) gasoline, (b) MTBE,
(c) ethanol, (d) methanol, (e) n-butanol and (f) iso-butanol at 3500 RPM and 13 bar IMEP. The shad-
owed areas show the normalised random error (±ε).

3.4. Comparison of Undiluted and Diluted Particle Measurements

A comparison between the total measured PN and the distribution is shown in
Figure 9. In general, the CPCs emit a higher number of total PN than the HT-ELPI+.
Only when a high number of larger particles (≥23 nm) the HT-ELPI+ exhibit similar levels
of PN to the CPCs. Moreover, there is some difference in the measured particle size distri-
butions between the two measurement setups. In general, the undiluted measurements
show a higher ratio of larger particles than the diluted measurements. The difference seem
to be independent of whether a high number of larger or smaller particles are emitted,
which is shown by comparing the operating points of 1500 RPM and 13 bar IMEP and,
3500 RPM and 7.5 bar IMEP, respectively.

(a)

(b)

Figure 9. A comparison of the total number and particle size distribution between the undiluted
(HT-ELPI+) and the diluted (CPC) particle number measurements at (a) 3500 RPM and 7.5 bar IMEP
and (b) 1500 RPM and 13 bar IMEP.
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3.5. Elemental Analysis

The elemental composition of the particles retrieved from the HT-ELPI+ filters can
be seen in Figure 10. Zinc and phosphorus are displayed as these components are usually
found in lubricating oil. The analysis is based on three filters with three different median
particle sizes (D50): 54, 150 and 250 nm.

(a)

(b)

Figure 10. Elemental composition of the particles from the HT-ELPI+ filters: (a) zinc and
(b) phosphorus.

For the smallest particle size (54 nm), there is only a minor difference in the elemental
composition, both in terms of zinc and phosphorus. At 150 nm, gasoline shows a signif-
icantly higher ratio of oil-derived elements than the other fuels. At 250 nm, the highest
level of zinc is seen for gasoline followed by n-butanol, while higher levels of phosphorus
are seen for all fuels but methanol and iso-butanol. The results indicate that a higher num-
ber of oil-derived components can be seen for the particles emitted by gasoline than the
oxygenated biofuels but only at larger particle sizes and not in nucleation or accumulation
mode particles. There does not seem to be a correlation between a high level of emitted
particles (n-butanol and iso-butanol) and the ratio of oil-derived particles, indicating that
for the oxygenated fuels the increase in particles is associated with the fuel and not the
lubricating oil.
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4. Discussion

The reported results should be interpreted keeping the estimated particle losses in
mind. For both the CPCs and the HT-ELPI+, the particle losses were around 25–30%,
with slightly higher losses for the CPCs. Thus, the reported values of PN could be higher
than those reported in this article, but the qualitative difference between the fuels should
remain valid. However, the diffusion losses increase as the particle size decreases [34]; thus,
it is possible that the losses are a few percentage points (1–10 percentage points) higher
for the smallest measured particle diameters (6 nm for HT-ELPI+ and 7 nm for CPC3750)
than for 23 nm. Moreover, this article does not include the losses due to agglomeration.
These losses are reported to be dependent on flow, residence time and particle number
concentration [38]. Thus, it is possible that the fuels emitting higher levels of PN can have
higher losses associated with agglomeration. However, only a minor reduction in particles
was reported for particle concentrations below 107#/cm3 [38], and thus it is assumed that
the thermophoretic losses are still the most significant losses.

The effect of oxygenated biofuels on particle number emissions depends on the
properties of the fuel and the operating point. Contrary to previous research, gasoline
shows lower levels of PN emissions compared to most of the biofuel alternatives, also at
particle sizes larger than 10 nm [12–14]. The alcohols exhibit three fuel properties that could
be considered to increase the level of fuel impingement and pool fires: decreased energy
density, increased heat of vaporisation and decreased volatility. The decreased energy
density increases the amount of fuel that needs to be injected for the desired load. This
causes an increase in the injection duration and decreases the time available for evaporation
and air/fuel mixture preparation, which could decrease the homogeneity at the start of
combustion. A higher heat of vaporisation will decrease the in-cylinder temperatures,
especially in the vicinity of the spray or the fuel films. Furthermore, the low volatility of
the fuel means that a longer time and higher temperatures are needed to fully evaporate
the fuel. This could cause fuel films to develop within the combustion chamber that are
not fully evaporated at the start of combustion and locally rich zones where high levels
of particle are formed after spark. In a gasoline-optimised DISI engine, these properties
have a more significant effect on the PN emissions than the increased oxygen content of
the biofuel candidates.

The results indicate that the main fuel property affecting the particle number emissions
is the volatility of the fuel. Decreased volatility increases PN emissions regardless of the
particle size. The fuels with the lowest volatility, n-butanol and iso-butanol, showed
a significant increase in PN emissions at low engine speeds and mid-load conditions.
The increase in emitted particles at these conditions can be attributed to fuel impingement
on the piston and other components in the combustion chamber. These results show that,
contrary to port-fuel injected engines, or DISI engines with higher injection pressures,
the dilution effect due to increased levels of embedded oxygen is not significant, and the
main property affecting particle formation is the volatility of the fuel.

It is interesting that the oxygenated biofuels with the least similar fuel properties,
MTBE and methanol, show similar levels of mean PN emissions. The low PN emissions
for MTBE are assumed to be due to it having similar fuel properties to gasoline (DVPE
and LHV). Thus, the fuel injection strategy is more suitable for the utilisation of MTBE
compared to the other biofuels. However, the low PN emissions for methanol are attributed
to a combination of factors: a higher volatility than for the other alcohols, increased injection
pressure and high O/C-ratio, causing a more pronounced dilution effect at the flame front
compared to the other fuels, as reported by [39–42].

In this engine, an early injection is applied. This has been shown by previous re-
searchers to allow for more time for evaporation and mixture preparation, which is im-
portant to decrease particle emissions from gasoline [6]. However, it can also lead to a
substantial fuel film being formed on the surfaces inside the cylinder [43]. The results
from this study indicate that early injection with alcohol fuels are not optimal in regard to
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particle emissions. Thus, the optimisation of the fuel injection is needed to decrease the PN
emissions from fuels, such as ethanol, n-butanol and iso-butanol.

As the engine speed increases, the particle emissions drop. This effect is more pro-
nounced for the alcohol fuels than for gasoline and MTBE. This is assumed to be attributed
to three parameters: increased injection pressures, increased piston and in-cylinder temper-
atures, and the morphology of the formed particles affecting oxidation rates. The difference
in injection pressure between the alcohol fuels and gasoline increases as the engine speed
increases. Increased injection pressures facilitate fuel atomisation and lead to a more homo-
geneous fuel/air mixture at the start of combustion. The increased piston and in-cylinder
temperatures lead to increased rates of evaporation and oxidation. Furthermore, as re-
ported by researchers, the morphologies of the particles formed from alcohol fuels are less
dense and thus more reactive than those formed from hydrocarbon fuels, such as gasoline
or diesel [41,44,45]. These three effects combined decrease PN significantly for ethanol,
n-butanol and iso-butanol as engine speed increases. At 3500 RPM, these fuels exhibit PN
emissions close to those of gasoline.

The undiluted measurements of the particle number distribution show that the fuel
and the operating point also affect the size distribution of the emitted particles. Gaso-
line and the alcohol fuels show a high ratio of nucleation mode particles (below 50 nm).
Methanol and ethanol, which are the fuels with the highest oxygen content, show a higher
number of emitted particles at 10 nm than at 30 nm. MTBE is the only fuel to show a higher
fraction of accumulation mode particles (50–500 nm) than nucleation mode particles for all
operating points. However, under mid-load conditions and 1500 RPM, ethanol, n-butanol
and iso-butanol also exhibit emissions of larger particles.

The formation of particles with increased particle sizes is promoted at low engine
speeds and higher load due to increased rates of particle formation, but also increased rates
of particle adsorption and coagulation. Particles are initially formed from pyrolysis in areas
with low oxygen concentrations, such as pool fires due to fuel impingement. The high level
of particle emissions under these operating conditions indicate decreased homogeneity
during combustion and will cause increased levels of particle nucleation, adsorption and
coagulation, as they all depend on the particle concentration [34,46]. The coagulation to
form larger particles is more probable at lower engine speeds, since there is more time
available for coagulation to occur and the in-cylinder temperature is lower. Furthermore,
due to decreased in-cylinder turbulence, the particles are conserved in the area of the pool
fire where it has a higher probability of coagulation and growth.

The increased particle sizes for MTBE do not seem to depend on the volatility of the
fuel. The volatility of MTBE is on the same level as gasoline. As the first peak for MTBE
is at a larger particle diameter (20 nm) compared to the other fuels, it is probable that the
primary particles formed from MTBE have larger sizes than those formed from the alcohol
fuels or gasoline. Previous research has shown that the branched structure of iso-butanol
promotes the onset of nucleation further, leading to larger particle sizes [47], and that the
pyrolysis of larger alcohols results in the formation of large alkenes [48]. The same theory
could apply to the size distribution of MTBE, which has a branched chemical structure as
well. It would also explain the high number of accumulation mode particles for n-butanol
and iso-butanol.

The comparison between the undiluted (HT-ELPI+) and diluted (CPCs) measurements
shows a higher level of measured total PN for the diluted setup. This could be due to the
fact that the CPC setup does not remove all volatile particles, as discussed in previous
publications [30]. It is also possible that all volatile particles are already removed upstream
of the measurement point due to the hot exhaust temperatures or in the TWC, as discussed
in a previously published study conducted by the authors [21]. However, there is a
difference in the particle size distribution between the undiluted and diluted particle
measurements. From the results in this study it is not possible to determine why. This
is a topic for future studies. Moreover, future studies to compare the difference should
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use more similar measurement setups (measurement devices, pipe length and flows) and
include measurements according to the particle measurement programme (PMP).

The biofuels exhibited lower ratios of oil-derived elements in their particle chemical
compositions than gasoline. This could indicate that the mass of particles derived from oil is
similar independent of the fuel used, as fuels with higher levels of emitted particles would
give lower mass fraction values. Previous research conducted with hydrogen indicates
that fuels with lower levels of fuel-derived particle emissions would increase the level
of oil-derived particles in the nucleation mode [9], but this is not seen in these results.
The effect could be associated with the increased heat of vaporisation for the alcohols.
The increased heat of vaporisation (HOV) of the biofuels would decrease the evaporation
rate of the oil film on the cylinder walls, decreasing the amount of oil in the cylinder
gas during combustion [10]. There is a lack of research on the exact effect of particles
emitted from lubrication oil from ICEs on human health. However, in addition to having
the same negative impact that has been reported for exhaust emissions in general [49],
the inhalation of phosphorous has been reported to cause respiratory tract irritation [50]
and the inhalation of zinc oxide (ZnO) can have pulmonary effects [51].

As future legislation will consider particles down to 10 nm, it is important to consider
the optimisation of the fuel injection and after-treatment systems to decrease the number
of emitted particles, also with particle sizes below 23 nm. Fuels with low volatility, such
as n-butanol and iso-butanol, will be harder to use as a biofuel alternative in engines
considering future legislation limits.

5. Conclusions

In this paper, the undiluted particle size distribution and the total particle number
emissions from a production DISI engine fueled with five different biofuel alternatives were
investigated and compared to gasoline. The fuels were tested at different engine operating
points instead of a drive cycle to evaluate the compliance to a legislation including a
cumulative emission budget. The correlation of PN emissions with the fuel properties has
been presented and discussed.

From the presented results, the following conclusions were made:

• The particle number emissions increased with the utilisation of oxygenated biofuels,
compared to gasoline, in a gasoline-optimised DISI engine.

• For the oxygenated fuels, the highest number of emissions was seen for n-butanol,
and the lowest number was seen for MTBE.

• The particle size distribution seems to depend on the type of fuel used. MTBE
exhibited a significantly higher ratio of accumulation mode particles compared to the
other fuels (including gasoline).

• Gasoline exhibited a higher mass ratio of zinc and phosphorus in the particles than
the biofuels.

• For spray-guided DISI engines, the volatility of the fuel is the main fuel property
to consider for the optimisation of the fuel injection in regard to decreasing particle
emissions.
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Abbreviations
The following abbreviations are used in this manuscript:

ε Normalised random error
λ Excess air ratio
µ Mean value
σ Standard deviation
bTDC before top dead center
C constant for the confidence level (1.96)
CA Crank angle
CO Carbon monoxide
C/O Carbon oxygen ratio
CPC Condensation particle counter
DISI Direct-injected spark-ignited
DVPE Dry vapour pressure equivalent
ECU Engine control unit
EDXRF Energy-Dispersive X-ray Fluorescence
EOI End of injection
HC Unburned hydrocarbons
HOV Heat of vaporisation
HT-ELPI+ High-temperature Electrical Low-Pressure Impactor
i-butanol Iso-butanol
ICE Internal combustion engine
IMEP Indicated mean effective pressure
KLSA Knock limited spark advance
LHV Lower heating value
mair mass flow of air
mfuel mass flow of fuel
MBT Maximum brake torque
MON Motor octane number
MTBE Methyl tert-butyl ether
n number of samples
NI National Instruments
NOx Nitrogen oxide
Pcyl In-cylinder pressure
PFI Port-fuel injected
pinj Injection pressure
PM Particle mass
PN Particle number
RDE Real driving emissions
RON Research octane number
RPM Revolutions per minute
SI Spark-ignited
SOI Start of injection
TafterTWC Temperature after three-way catalyst
Texh Exhaust temperature
tinj Injection duration
TWC Three-way catalyst
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Appendix A. Particle Loss Calculations

The particle losses were calculated considering thermophoretic losses, sedimentation
losses, and diffusive losses according to the method applied in [33,34]. The mean exhaust
temperature (878 ◦C) was used as the temperature at the inlet of the sample setup. A value
of 150 ◦C was assumed as the temperature at the end of the insulated pipes (due to the
heated hoses), and the temperature at the wall of the insulated pipes was assumed to be
60 ◦C. The estimated losses for the CPCs and the HT-ELPI+ can be seen in Table A1. As the
losses changes depending on particle size, the losses for three different particle sizes are
presented here: 10, 100 and 1000 nm.

The CPCs were connected via one insulated pipe, one heated hose and a two-stage
ejector diluter. The CPCs were assumed to have similar particle losses as they used the
same setup until after the diluter. The sample flow was 1 l/min. It is assumed that the
wall of the heated hoses are at a higher temperature than the center of the tube; hence,
thermophoretic losses are only considered for the insulated pipe and are independent
of particle size. Since the sedimentation and diffusive losses of the insulated pipe are
negligible compared to the thermophoretic losses, the sedimentation and diffusive losses
are only reported for the heated hoses. The losses over the diluter were assumed to be
5% according to previous results of Vanhanen et al. [35]. The HT-ELPI+ is connected
via one insulated pipe and two heated hoses and losses are calculated similarly to the
CPCs. The sample flow was 10 L/min. The losses for the heated hoses (sedimentation and
diffusive losses) are summarised. The lengths of pipes and heated hoses can be seen in
Figure A1.

Figure A1. Schematic figure of the experimental setup used for particle emission measurement and
the lengths of the pipes.

Table A1. Particle losses in percentage for the CPCs and the HT-ELPI+ in the measurement setup
used for different particle sizes.

Type of Loss
CPCs HT-ELPI+

10 nm 100 nm 1000 nm 10 nm 100 nm 1000 nm

Thermophoresis 27.8 24.4

Sedimentation 7.0 × 10−4 8.7 × 10−3 0.34 2.7 × 10−3 0.03 1.36

Diffusion 3.0 0.14 0.02 5.1 0.24 0.04

Appendix B. Repeatability Measurements

The repeatability of the particle measurements was evaluated by investigating the
variation of the measured mean values for the PM and PN emissions. PM was measured
using the AVL MSS and PN was measured using the CPC3750 (cut-off 7 nm).

The engine operating point for the repeatability test was 1500 RPM and 7.5 bar IMEP;
λ was kept at 1 ± 0.05 for all tests. The mean values for gasoline (six repetitions) and
ethanol (three repetitions) were compared. The number of repetitions is in the order of
which they were tested. The tests were performed on different days and other fuels run in
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between these tests to consider the effects of different fuels on the particle measurements.
The same conditions as in Figure 1 were applied.

The repetitions of the PN measurements can be seen in Figure A2 (gasoline) and
in Figure A3 (ethanol). One of the PN measurements for gasoline (repetition 3) was
considered as an outlier and was discarded from the analysis in the appended papers.
Without the outlier, the variations in the mean value of PN for gasoline was considered to
be within acceptable limits, however, with a slight increase in PN over time. The variation
for ethanol was greater than for gasoline, but no clear increase over time was observed.
The repeatability was considered to be acceptable.

Figure A2. The mean values of PN measurements of gasoline (cut-off: 7 nm) without the outlier.

Figure A3. The mean values of PN measurements of ethanol (cut-off: 7 nm).

The mean values of the PM measurements for gasoline and ethanol are presented in
Figures A4 and A5, respectively. For gasoline, the mean PM values were relatively close,
with one discrepancy for repetition 4. For ethanol, all the mean values were comparable.
The variation in PM was less than in PN for both fuels.
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Figure A4. The mean values of PM measurements of gasoline.

Figure A5. The mean values of PM measurements of ethanol.
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