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Abstract: We mainly aimed to determine how alternative liquid fuels affect the exhaust particle size
distributions (PSD) emitted by a medium-speed diesel engine. The selected alternative fuels included:
circulation-origin marine gas oil (MGO), the 26/74 vol. % blend of renewable naphtha and baseline
low-sulfur marine light fuel oil (LFO), and kerosene. PSDs were measured by means of an engine
exhaust particle sizer from the raw exhaust of a four-cylinder, turbocharged, intercooled engine.
During the measurements, the engine was loaded by an alternator, the maximum power output being
set at 600 kW(e) at a speed of 1000 rpm. The partial loads of 450, 300, 150 and 60 kW(e) were also used
for measurements. At each load, the PSDs had a distinct peak between 20 and 100 nm regardless
of fuel. Relative to the other fuels, circulation-origin MGO emitted the lowest particle numbers at
several loads despite having the highest viscosity and highest density. Compared to baseline LFO
and kerosene, MGO and the blend of renewable naphtha and LFO were more beneficial in terms of
total particle number (TPN). Irrespective of the load or fuel, the TPN consisted mainly of particles
detected above the 23 nm size category.

Keywords: diesel engine; medium-speed; exhaust particle number; alternative fuel; renewable
naphtha; circulation-origin MGO; kerosene; light fuel oil

1. Introduction

Medium-speed diesel engines are largely used for power generation on land and sea. In addition
to base load and peak shaving, combustion engines are used to stabilize the electricity grid in the case
of sudden peak power demands if the energy production is widely based on the renewable sources.
Small amounts of harmful pollutant emissions may be generated due to the combustion of either liquid
or gaseous fuel in the engine cylinder. Gaseous and particulate emissions are regulated worldwide to
inhibit the effects of pollutants on the ambient air quality, human health, and climate change.

For stationary engines of generating sets above 560 kW, the emission regulations of non-road
mobile machinery (NRMM) must be met. In the newest Stage V, the NRMM set of regulation includes
limits for exhaust particle number (PN) emissions [1]. The PN emission limitation will also be applied
to inland waterway vessels when the regulation comes gradually into effect within 2019–2020.

The effect of the high sulfur content and other fuel characteristics on the particle emissions of
medium-speed diesel engines have been reported [2,3]. Diesel engine exhaust contains particles that
usually form a bimodal size distribution: one mode consists of nucleation particles (mean diameter
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under 50 nm) and the other of accumulation particles (50–500 nm) [4–8]. When either the fuel or the
remnants of lubricating oil do not burn completely during combustion, accumulation mode particles
form in the cylinder. The majority of the nucleation mode particles are thought to form when the
exhaust gas mixes with the ambient air [6,9].

Clean renewable fuels are one material that can be used to reduce exhaust pollutants below the
legislation limits, simultaneously increasing the sustainability of combustion-based power generation.
We concentrated on determining the effects of three fuel options on the particulate number (PN)
emissions of a medium-speed diesel engine intended for power plants and marine applications. Of the
fuels, marine gas oil (MGO) was a product of the circulation economy. Naphtha was a residue of the
manufacturing process of renewable diesel. Wood and forest residues formed the feedstock and the
process used crude tall oil (CTO) as the raw material. Kerosene-based Jet A-1 fuel, used widely in
commercial aviation, has properties similar to diesel fuel oils (DFO) or low-sulfur light fuel oil (LFO).
Thus, kerosene was selected for investigation. The interest in studying jet fuels has increased after
the U.S. Army Single Fuel Forward Policy was introduced. The aircraft gas turbine engines are now
fueled by kerosene-based Jet Propellant 8 (JP-8) fuel, which has been the low-sulfur substitute for JP-4.
Regarding fuel properties, JP-8 is similar to Jet A-1 [10].

The PN has earlier been reported to significantly decrease when using low-sulfur marine fuels
instead of heavy fuel oil (HFO) [3,11,12]. Anderson et al. [11] determined how distillate fuels affect the
exhaust particle size distribution (PSD) of a marine high-speed diesel engine in laboratory conditions.
Zetterdahl et al. [3] investigated the number of particles emitted with low sulfur residual marine fuel
oil on-board a ship. Sarvi et al. [2] studied the differences in the PSDs when LFO and HFO were used
in a medium-speed diesel engine.

Nabi et al. [13] investigated how two low-sulfur fuels, MGO and regular on-road diesel fuel,
affect the PN emissions from a marine high-speed diesel engine. As a preparative investigation for the
present study, Ovaska et al. [14] studied the effects of circulation-origin MGO, a blend of renewable
naphtha and marine LFO, and kerosene on the exhaust PSDs of a high-speed diesel engine. The
blend was found to decrease the accumulation mode particles. However, combustion in a marine
medium-speed engine differs from that in a smaller high-speed engine. Medium-speed engines are
operated at lower engine speeds and higher air-to-fuel ratios. Lower engine speed allows more time
for fuel to combust, which promotes soot oxidation. Compared to the emission limitation intended
for road vehicles at some loads, the use of the LFO fuel in a marine engine may result in much lower
specific mass emissions of particles [12].

Despite the sustainable and affordable alternative liquid fuels are needed for the reduction of
exhaust pollutants from compression ignited (CI) engines, the technical compatibility of the alternative
fuel has to be assessed [15]. Especially for marine applications where alternative fuel options are
used, fuel must be compatible with the other systems. Kerosene-based jet fuel has typically lower
viscosity and cetane number compared to LFO or MGO used in the CI engines in marine and land-use
applications. Ignition delay is extended by a low cetane number. Thus, the cetane number affects the
combustion timing. Due to the extended delay, changes in cold-starting performance, combustion
noise level, and exhaust emissions are expected. Low fuel viscosity may worsen the fuel injection
system performance, which leads to fuel pump wear and fuel leakage [10].

Poor lubricity is characteristic, for example, for neat naphtha, and thus it may be assumed to
cause problems in the entire engine fuel system. The lubricity features of naphtha can be improved
by blending. However, use of blended fuels by the marine or power plant operators requires
accurate knowledge of the physical and chemical properties of the blends. The blend stability and the
compatibility issues with the engine and lubricants have to be carefully assessed to avoid operational
problems such as carbon deposition, lubricating oil dilution, piston ring sticking, or injector nozzle
choking [16–18].

This paper presents how the selected alternative fuels affected the PSD of the medium-speed
experimental engine. The main aim was to determine the effect of two completely novel fuel options:
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circulation-origin MGO and a blend of renewable naphtha and marine LFO. Both meet the sustainability
and affordability goals set by the ship owners. Along with these fuels, the other studied low-sulfur
fuels were LFO (baseline) and kerosene. Alongside the exhaust particle number and size distributions,
gaseous emissions and basic engine performance were determined. The engine was loaded by an
alternator, with a maximum power output set to 600 kW(e) at a speed of 1000 rpm. Partial loads were
also used for the measurements. The default engine control parameters were kept constant during the
experiments. No parameter optimization was applied with the studied fuels.

2. Materials and Methods

The experimental measurements were performed at the University of Vaasa (UV) at the Internal
Combustion Engine (ICE) laboratory of Vaasa Energy Business Innovation Centre (VEBIC), Finland.

2.1. Engine and Fuels

The experiments were performed with a medium-speed diesel engine connected to an alternator
on a common base-frame. The engine was a turbocharged, intercooled (air-to-water), 4-cylinder engine,
not equipped with any exhaust gas after-treatment devices. The engine specifications are provided in
Table 1. In addition to baseline LFO, the effects of naphtha-LFO blend, MGO, and kerosene on the
exhaust PSD were investigated (Table 2).

Table 1. Engine specifications.

Parameter Value

Cylinder Number 4
Bore (mm) 200

Stroke (mm) 280
Swept volume/cylinder (dm3) 8.8

Speed (rpm) 1000
Selected Maximum Alternator Power Output at 1000 rpm (kW(e)) 600

Table 2. Fuel specifications.

Parameter Method
Light

Fuel Oil
(LFO)

Kerosene
Marine
Gas Oil
(MGO)

Naphtha-
LFO

Unit

ISO 8217:2017(E),
Distillate Marine

Fuel Category
ISO-F-DMX

Min. Max.

Kin. viscosity
(40 ◦C)

EN ISO
3104/ASTM D7042 3.1 0.99 3.7 1.8 mm2/s 1.4 5.5

Density
(15 ◦C)

EN ISO
12185/ASTM

D7042
836 787 838 810 kg/m3 - -

Cetane
number EN 15195 58 44 54 52 - - -

Sulfur content EN ISO 20884/EN
ISO 20846 0.0006 0.09 0.003 0.00045 wt.% - 1

Carbon ASTM D5291 84.5 85.1 84.8 85.0 wt.% - -

Hydrogen ASTM D5291 13.4 13.9 13.7 13.8 wt.% - -

The naphtha content in the naphtha-LFO blend was 26 vol. %. The naphtha was a side-product
of wood-based renewable diesel production. The MGO was a Finnish marine fuel produced from
recycled lubricating oils. The kerosene was Jet A-1 type aviation fuel. The baseline LFO was light fuel
oil with low sulfur content of below 1 wt.%, fulfilling the ISO 8217:2017(E) standard requirements as
did the other fuels regarding sulfur [19]. For the fuels, kinematic viscosity at 40 ◦C, density, cetane
number, sulfur content, and the contents of carbon and hydrogen were analyzed by the fuel laboratory
of the University of Vaasa, Vaasa, Finland.
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2.2. Analytical Instruments

In this study, particles ranging from 5.6 to 560 nm were recorded using an engine exhaust particle
sizer (EEPS). The adopted measurement instruments for gaseous emissions and combustion analysis
are listed in Table 3.

Table 3. Measuring equipment for gaseous emissions.

Parameter Device Technology

Particle number and size
distribution TSI EEPS 3090, Shoreview, MN, USA spectrometer

Hydrocarbons J.U.M. VE7, Karlsfeld, Germany heated flame ionization detection (HFID)

NOx
Eco Physics CLD 822 M h,

Dürnten, Switzerland chemiluminescence

CO Siemens Ultramat, München, Germany non dispersive infra-red (NDIR)

Oxygen content Siemens Oxymat 61, München,
Germany paramagnetic

Cylinder pressure, heat release Kistler KiBox®, Winterthur, Switzerland -

The analyzers were calibrated manually once a day according to the manufacturers’ instructions
prior to the measurements. The sample flow rate was adjusted to 5.0 L/min for the EEPS. In the data
processing, the “SOOT” inversion was applied [20]. The arrangement of the test bench with auxiliary
systems and measurement devices is depicted in Figure 1.

Energies 2019, 12, x FOR PEER REVIEW 4 of 14 

 

2.2. Analytical Instruments 

In this study, particles ranging from 5.6 to 560 nm were recorded using an engine exhaust 
particle sizer (EEPS). The adopted measurement instruments for gaseous emissions and combustion 
analysis are listed in Table 3. 

Table 3. Measuring equipment for gaseous emissions. 

Parameter Device Technology 
Particle number and size 

distribution 
TSI EEPS 3090, Shoreview, MN, USA spectrometer 

Hydrocarbons J.U.M. VE7, Karlsfeld, Germany 
heated flame ionization detection 

(HFID) 

NOx 
Eco Physics CLD 822 M h, 

Dürnten, Switzerland 
chemiluminescence 

CO Siemens Ultramat, München, Germany non dispersive infra-red (NDIR) 

Oxygen content 
Siemens Oxymat 61, München, 

Germany 
paramagnetic 

Cylinder pressure, heat 
release 

Kistler KiBox®, Winterthur, 
Switzerland  

- 

The analyzers were calibrated manually once a day according to the manufacturers’ 
instructions prior to the measurements. The sample flow rate was adjusted to 5.0 L/min for the EEPS. 
In the data processing, the “SOOT” inversion was applied [20]. The arrangement of the test bench 
with auxiliary systems and measurement devices is depicted in Figure 1. 

 
Figure 1. Experimental set-up. Figure 1. Experimental set-up.



Energies 2019, 12, 2050 5 of 14

The exhaust sample was first diluted with ambient air in a rotating disc diluter (RDD) (model
MD19-E3, Matter Engineering AG, Wohlen, Switzerland). During the measurements, the dilution
ratio in the RDD was a constant 60. The exhaust aerosol sample was passed through the RDD, which
maintained dilution air at 150 ◦C. The diluted sample (5 L/min) was further diluted using purified air
with a dilution ratio of 2 to fit the sample volume flow to measurable for the EEPS. Thus, the total
dilution ratio used in PSD measurements was 120.

The particle number (PN) was recorded consecutively three times. Each recording was one
minute long, after which the averaged interval of 2 seconds was used when the data were stored. The
uncertainty of the PN measurement was approximated by calculating the standard deviation of the PN
averages, taken from each one-minute recording. By means of the extended measurement period of
eight minutes, the stability of the PN measurement was monitored.

Total particle number (TPN, from 5.6 to 560 nm) was calculated from the PN recordings by adding
the PN concentrations indicated in the size bins of the EEPS spectrometer during the one averaging
interval. For the presented TPN results of this paper, the average of PN sums was calculated. The
averages of the normalized PN concentrations (dN/dlogDp, where N is particle concentration and
Dp the mobility diameter of a particle) were calculated from each bin in order to illustrate the PSDs.
The calculated TPN averages and the averages of the normalized PN concentrations were multiplied
by the total dilution ratio of the exhaust sample to present the corresponding concentrations in the
raw exhaust.

The sensor data were collected and the engine control parameters were applied via engine
management software. By using the software, the temperatures of cooling water, intake air, and
exhaust gas, plus the pressures of the intake air and exhaust gas were recorded. Cylinder pressure and
heat release were also monitored simultaneously from all four cylinders.

Emissions of total hydrocarbons (HC), nitrogen oxides (NOx), and carbon monoxide (CO),
plus oxygen content were also measured on dry basis. Based on the measured HC, NOx, and CO
concentrations, the brake-specific emissions of HC, NOx, and CO were calculated according to the ISO
8178 standard [21].

2.3. Experimental Matrix and Running Procedure

The engine was loaded by the alternator, the maximum power output being set to 600 kW(e) at a
speed of 1000 rpm. The speed was kept constant. The measurements were also recorded at the partial
loads of 450, 300, 150, and 60 kW(e). Mainly, the procedure followed the D2 test cycle of the ISO 8178-4
standard. The only controllable variable regarding the engine loading was the power output of the
alternator due to the test installation. The output of the test installation was measured as net electric
power downstream the frequency converter used to control the engine-driven generator set. We used
the net electric power as the most accurate measure of the produced output.

At each load point, recordings were collected after the engine had stabilized, i.e., the temperatures
of coolant water, intake air, and exhaust were stable. The length of the measurement period was not
tied to a certain time.

Despite the PN and PSD, all measurement values were recorded once at each load point.

3. Results

3.1. Particle Size Distributions

With all fuels at different loads, a bimodal shape was detected for the distributions. One low
peak was detected at a particle size of ca. 10 nm and the maximum within the range of 30 to 100 nm.
The accumulation mode peaks were normally higher by two orders of magnitude compared to the
nucleation mode peaks.

Figure 2 shows the PSDs at full load. The highest peak was detected with LFO. Below a particle
size of 50 nm, the naphtha-LFO blend generated the lowest PN, and LFO or kerosene the highest. In
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the range of 85 to 200 nm, kerosene emitted the fewest particles whereas the order of other fuels varied.
For all fuels, the peak PN was detected at different particle size bins.Energies 2019, 12, x FOR PEER REVIEW 6 of 14 
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Figure 2. Exhaust particle size distributions (PSD) at full load.

Both at 75% and half loads, one distinct peak was observed between 20 and 50 nm regardless of
fuel (Figures 3 and 4). The detected PN was the lowest for naphtha-LFO between 20 and 35 nm. From
35 to 100 nm, the lowest PN was recorded for MGO.
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Figure 3. Exhaust PSDs at 75% load.

At 75% load, the lowest peak of the distributions was produced by naphtha-LFO. The blend,
kerosene, and baseline LFO peaked at the size bin of 34 nm, whereas MGO peaked at 29.4 nm. The
greatest peak was recorded with kerosene at 29.4 nm, but the maximum of LFO was almost as high.

At half load, again, naphtha-LFO showed the lowest peak. With naphtha-LFO (34 nm), MGO
(29.4 nm), and LFO (34 nm), the PN peaked at the same size bins as at 75% load.
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Figure 5 illustrates the PSDs for the 25% load. Again, one distinct peak was detected between 20
and 50 nm regardless of fuel. From the size category of 35 nm and larger, the lowest PN was produced
by MGO and the greatest by kerosene. The lowest peak out of the distributions was produced by MGO
at the size bin of 29.4 nm and the highest peak was produced by kerosene at 39.2 nm. Between MGO
and kerosene, LFO peaked at 34 nm, and naphtha-LFO at the same size bin as kerosene.

Energies 2019, 12, x FOR PEER REVIEW 7 of 14 

 

At 75% load, the lowest peak of the distributions was produced by naphtha-LFO. The blend, 
kerosene, and baseline LFO peaked at the size bin of 34 nm, whereas MGO peaked at 29.4 nm. The 
greatest peak was recorded with kerosene at 29.4 nm, but the maximum of LFO was almost as high. 

At half load, again, naphtha-LFO showed the lowest peak. With naphtha-LFO (34 nm), MGO 
(29.4 nm), and LFO (34 nm), the PN peaked at the same size bins as at 75% load. 

Figure 5 illustrates the PSDs for the 25% load. Again, one distinct peak was detected between 20 
and 50 nm regardless of fuel. From the size category of 35 nm and larger, the lowest PN was 
produced by MGO and the greatest by kerosene. The lowest peak out of the distributions was 
produced by MGO at the size bin of 29.4 nm and the highest peak was produced by kerosene at 39.2 
nm. Between MGO and kerosene, LFO peaked at 34 nm, and naphtha-LFO at the same size bin as 
kerosene. 

 

Figure 5. Exhaust PSDs at 25% load. 

At 10% load, the detected PN was the lowest for naphtha-LFO between the size categories of 20 
and 30 nm (Figure 6). From the size category of 29 nm and larger, the lowest PN was detected for 
MGO. The recorded distribution for MGO peaked again at the size of 29.4 nm, the peak also being 
the lowest. The second lowest peak was for naphtha-LFO at 45.3 nm, for LFO at 39.2 nm, and then 
for kerosene at 34 nm. 

 
Figure 6. Exhaust PSDs at 10% load. 
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At 10% load, the detected PN was the lowest for naphtha-LFO between the size categories of 20
and 30 nm (Figure 6). From the size category of 29 nm and larger, the lowest PN was detected for MGO.
The recorded distribution for MGO peaked again at the size of 29.4 nm, the peak also being the lowest.
The second lowest peak was for naphtha-LFO at 45.3 nm, for LFO at 39.2 nm, and then for kerosene at
34 nm.

For all loads, the lowest peak was usually measured for MGO or naphtha-LFO, and the highest
for kerosene. The positions of the peaks varied but MGO often showed a peak at lower particle size
than the other fuels.
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3.2. Total Particle Number Emissions

Figure 7 depicts the total particle number (TPN, from 6 to 560 nm) for all engine loads. In total,
MGO and naphtha-LFO emitted fewer particles than LFO and kerosene. By far the highest TPN for
kerosene was observed at half load, for MGO at 75% load, and for the blend at 25% load.
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Figure 7. Total particle number (TPN) at different engine loads.

At full load, the blend produced the lowest TPN, whereas baseline LFO produced the highest. At
75% load, the lowest (almost equal) particle numbers were measured for MGO and naphtha-LFO. LFO
and kerosene emitted the highest TPNs. As at full load, the blend produced the lowest TPN at half
load; the highest TPN was detected with MGO. At 25% and 10% loads, MGO produced the lowest
TPN, whereas kerosene the highest.

At full load, kerosene produced the fewest particles at sizes greater than 70 nm. The highest PN
was observed with LFO at around 50 nm. The maximum PN was detected with kerosene at the size of
40 nm, whereas with naphtha-LFO, the maximum was detected at 80 nm.

At both 75% and half loads, naphtha-LFO emitted the least particles within 15–35 nm, but between
40 and 100 nm, MGO was the most favorable. At half load, the particle numbers above 40 nm were the
highest with LFO. Now, the maximum PN of fuels varied between 25 and 40 nm. MGO produced the
lowest and kerosene the highest PN from 30 nm onward. As at 25% load, MGO was clearly the most
favorable at 35–100 nm. Irrespective of load, the blend often generated the least PN at approx. 25 nm,
but compared to LFO, it produced more particles at the 100 nm size category.
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Table 4 lists the shares of the particles detected above the size category of 23 nm. In this study,
the TPN consisted mainly of the particles above this size category. For all fuels, the share of particles
larger than 23 nm was the highest at full load, being always higher than 95%. Regarding all loads, the
lowest average share of the particles above 23 nm was detected with kerosene, and the highest share
with naphtha-LFO.

Table 4. Shares of the particles detected above the size category of 23 nm.

Fuel Full Load 75% Load Half Load 25% Load 10% Load

LFO 99.2 84.9 88.7 88.5 92.0
Kerosene 99.0 81.0 80.8 80.5 82.5

MGO 95.6 82.7 81.9 92.7 91.0
Naphtha-LFO 98.6 93.0 88.1 91.2 95.7

3.3. Gaseous Emissions

Although the gaseous emissions of HC, NOx, and CO, and oxygen content were measured,
any relationship between the PN emission and gaseous emissions, e.g., NOx–PM trade-off, were not
investigated. Calculated for each fuel at full load, the brake specific emissions of HC, NOx and CO
are presented as supportive background information for the test engine emission levels in Table 5.
The HC emission varied from 0.34 to 0.40 g/kWh, NOx from 15.1 to 16.3 g/kWh, and CO from 0.37 to
0.40 g/kWh. The naphtha-LFO blend produced the lowest HC emissions and kerosene the highest
NOx emission. The high NOx levels indicated that the engine was tuned to high efficiency and low
fuel consumption. Consequently, smoke and PM were inherently low.

Table 5. Brake specific emissions of hydrocarbons (HC), nitrogen oxides (NOx), and carbon monoxide
(CO) at full load with different fuels.

Fuel HC (g/kWh) NOx (g/kWh) CO (g/kWh)

LFO 0.39 15.2 0.39
Kerosene 0.39 16.3 0.37

MGO 0.40 15.3 0.40
Naphtha-LFO 0.34 15.1 0.39

The oxygen content of the engine exhaust is presented in Figure 8. The oxygen content was almost
equal for all fuels.
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4. Discussion

The formation of exhaust particles depends on several issues related to fuel injection and
combustion. The physical properties of the liquid fuel tend to control fuel spray characteristics,
whereas the fuel composition determines the pathways of chemical reactions during combustion [22].
Besides the fuel sulfur content, fuel characteristics, such as the fuel density [23,24], viscosity [25,26],
cetane number [27,28], and fuel contents of aromatic compounds [29], influence particle formation.

All alternative fuels selected for this study had fairly good quality in terms density and viscosity.
If the fuel viscosity is extremely low or high, poor fuel injection and increased fuel consumption result.
Due to low fuel viscosity, the fuel injection system performance can deteriorate and fuel pump wear
and leakage through the nozzle sealing may occur [10,30]. Higher fuel viscosity may lead to incomplete
combustion due to less favorable fuel atomization, and the soot emission may increase [13,31]. In
this study, kerosene had the lowest kinematic viscosity at 40 ◦C (0.99 mm2/s), whereas the blend was
the second lowest (1.77 mm2/s), and MGO the highest (3.74 mm2/s). At 40 ◦C, the viscosity of LFO
(3.12 mm2/s) was between the blend and MGO.

High fuel density may deteriorate fuel spray formation during fuel injection. As a result, fuel
burns incompletely and high emissions may occur [30]. At 15 ◦C, the density was the lowest for
kerosene (787 kg/m3), second lowest for naphtha-LFO blend (810 kg/m3), and the highest for MGO
(838 kg/m3). The density of reference fuel LFO (836 kg/m3) was almost equal to that of MGO.

Kerosene-based jet fuel typically has lower viscosity and cetane number compared to LFO or
MGO used in CI engines in marine and land-use applications. The higher the cetane number, the
shorter the ignition delay plus advanced combustion. Cold-starting performance, combustion noise
level, and exhaust emissions may change due to the extended delay [10,13,31].

In this study, MGO emitted the lowest PN at several loads despite its highest viscosity and density.
The cetane number, viscosity, and density of MGO were, however, within an appropriate range for a
CI engine.

The lowest density and viscosity of kerosene may explain the favorable PN result at full load,
although the cetane number was the lowest and the sulfur content the highest. The high sulfur content
of kerosene may still be the most evident reason for the high PN result at all part loads. All fuel
properties, presented in Table 2, including cetane number, density, sulfur content, and kinematic
viscosity, were the second lowest for naphtha-LFO. Therefore, naphtha-LFO emitted the lowest TPN at
full and half loads and always lower TPN than neat LFO.

In this study, the detected PSDs were bimodal but the peak at a particle size of ca. 10 nm was
rather low compared to the maximum within 30–100 nm.

No consistent conclusions could be drawn concerning the particle numbers under the size category
of 20 nm for the following reasons. First, mobility particle size spectrometers, as EEPS, have been
found to be best for measuring particle numbers within the size range of 20 to 200 nm [32]. Outside
this size range, increased uncertainties may exist, as described by Wiedensohler et al. [33]. Second,
the complex nature of nucleation mode PN has to be considered. The engine parameters [34], fuel
and lubricating oil characteristics [35], and exhaust after-treatment [36] are not the only factors that
influence the formation of the nucleation mode PN. The dilution conditions, such as dilution ratio,
temperature, and relative humidity of the dilution air [37], also affect the formation. Rönkkö et al. [6]
reported that nucleation mode PN formation was insensitive to the fuel sulfur content, dilution air
temperature, and relative humidity of ambient air.

Figure 9 illustrates the actual TPN versus the measurement time at full load. Each fuel had a
stable TPN level over the extended measurement period of eight minutes. Thus, during data curation,
the arithmetic mean was calculated over each measured dataset by means of EEPS, including each fuel
at each load, to describe the variation in the PN during the measurements.
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For full load, Figure 10 illustrates the variation in the PN between three consecutive one-minute
EEPS scans. The average values, shown in Figure 10, were calculated from the recordings of four EEPS
measurement channels. As shown, the average PNs remained almost constant in relation to time.
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four channels.

In future studies, engine parameters should be optimized because no parameter optimization
was applied to any fuels in this study. The fuels were first chosen for comparison without any
modifications. Further experiments for different operational conditions should be designed to obtain a
wider viewpoint on the NOx and particulate matter (PM) emissions. Those studies should also include
the effects of the humidity of the supplied air [38].

5. Conclusions

The current study determined the effects of three fuel options on PN emissions of a medium-speed
diesel engine. The fuels were circulation-economy-derived MGO, a blend of renewable naphtha and
low-sulfur LFO, and kerosene. Neat LFO formed the baseline. The engine was run at five alternator
output loads at a constant engine speed. The PN was measured by means of an EEPS analyzer.

Based on the results, the following conclusions could be drawn:

(1) Bimodal PSDs were detected for all fuels and loads. However, the peak of the nucleation mode
particles was always lower by two orders of magnitude than that of larger particles.



Energies 2019, 12, 2050 12 of 14

(2) Circulation-economy-based MGO emitted the lowest PN at several loads despite its slightly
higher viscosity, density, and sulfur content.

(3) In terms of TPN, MGO and the blend of renewable naphtha and LFO were more beneficial
compared to LFO. At full, 75%, and half loads, the blend emitted clearly fewer particles than LFO,
but at low loads, the difference in TPN was smaller.

(4) For all fuels within the entire load range, the share of particles larger than 23 nm was high—80–99%.
The highest load-averaged share was measured for the naphtha-LFO blend.

(5) Compared with the other fuels, the NOx emissions were slightly higher with kerosene. The blend
generated the lowest HC.
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Nomenclature

Symbol
Dp mobility diameter of a particle
dN/dlogDp normalized particle number concentration, 1/cm3

N particle concentration
Abbreviations
ASTM American Society for Testing and Materials
CO Carbon Monoxide
CTO Crude Tall Oil
EEPS Engine Exhaust Particle Sizer
DMX Distillate marine fuel category ISO-F-DMX
EN European Standard
HC Hydrocarbon
HFID Heated Flame Ionization Detection
HFO Heavy Fuel Oil
ICE Internal Combustion Engine
ISO International Organization for Standardization
LFO Light Fuel Oil
MGO Marine Gas Oil
NDIR Non-Dispersive Infra-Red
NOx Nitrogen Oxides
NRMM Non-Road Mobile Machinery
PN Particle Number
PM Particulate Matter
PSD Particle Size Distribution
RDD Rotating Disc Diluter
TPN Total Particle Number
UV University of Vaasa
VEBIC Vaasa Energy Business Innovation Centre
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