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Abstract

Particle emissions from a marine diesel engine operating at low loads with four different fuels were
characterized with respect to particle number (PN) and particle mass (PM), size distribution, volatility
and chemical composition. The four different fuels used were Swedish Environmental class 1 (MK1)
and class 3 diesel (MK3), heavy fuel oil (HFO, 0.12 wt% S) and marine diesel oil (MDO, 0.52 wt%
S). The measurements were performed for a marine diesel engine in a test-bed engine lab and the
particle emissions were measured with an Engine Exhaust Particle Sizer and a Dust monitor, giving
the number concentrations in the size range of 5.6-560 nm and 300 nm to 20 pum, respectively. To
quantify the amount of solid particles a thermodenuder was used. Additionally, filter samples were
taken for gravimetric, black carbon (BC) and elemental analysis. The particle emissions showed a
bimodal size distribution by number and the number concentrations were dominated by nanoparticles
(diameter (Dp) <50 nm). The nanoparticles measured were both primary and secondary particles,
depending on fuel and engine load, while the particles with Dp >50 nm generally were solid primary
particles. Combustion of HFO resulted in the highest PN and PM concentrations. Emission factors
(EFs) for PM and PN for both the total particle emissions and the fraction of primary, solid particles
are presented for different fuels and loads. EFs for nitrogen oxides (NOy), BC and some elements (Ca,
Fe, V, Ni, Zn) are presented as well. This study contributes to understanding particle emissions from
potential future fuels as well as emissions in ports and coastal areas where lower engine loads are

common.
Keywords: ship emission, emission factor, nanoparticle, black carbon, low engine load, marine fuel

1. Introduction

Shipping is the one of the most fuel efficient means of transportation of goods and resources, but at the
same time a source of air pollution to consider (Corbett, 2003). Given that around 70% of emissions
from ship operations are emitted within 400 km from land, ship operations can be seen as a significant

source of air pollution in coastal areas (Corbett et al., 2007). In light of up-coming regulation of
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allowed sulfur (S) content in marine fuels, both within sulfur emission control areas (SOx ECAs, allow
0.1 wt% S from 2015) and at global level (0.5 wt% S from 2020, possibly postponed to 2025), there is

an interest to study how the lower sulfur content in marine fuels will affect particle emissions.

Knowledge about the size distribution of the emitted particles is important for assessments of impact
on human health and fate in atmosphere. Fine particles (diameter, (Dp) <2.5 pm) reach deeper down in
the respiratory system and ultrafine particles (Dp <0.1 um) may be transported further to other parts of
the body with the blood (Pope and Dockery, 2006). Other properties to consider are chemical
composition, number concentration and mass (Finlaysson-Pitts and Pitts, 2000). Further, the volatility
of the particles may be important, since it will impact the particles ageing in the atmosphere (Salo et

al.,2011).

Particles emitted from operating ships comprise of different compounds, e.g. particulate sulfate, black
carbon (BC), ash and heavy metals associated to fuel and lubrication oil (Lack et al., 2009, Moldanova
et al., 2009). Both fuel type and quality together with parameters related to the engine will have an
impact on the character of the particle emissions (Lack et al., 2009). In aspect of particle size, solid
particles from operating ships are found to peak at smaller particle sizes than particles from land-based
sources, 20-40 nm and 50-100 nm respectively (Kasper et al., 2007). However, also particles with
diameters of several um have been observed in emissions from ship engines running on heavy fuel oil
(HFO) (Fridell et al., 2008, Lyyrinen et al., 1999). The nanoparticles (Dp <50 nm (Hinds, 1999)), are
of primary and secondary origin. They consist of volatile sulfuric and organic compounds, together
with compounds of solid carbon and metals, while larger particles (Dp >50 nm) are of solid character

and consist of carbonaceous agglomerates with associated and absorbed species (Kittelson, 1998).

There are few studies that consider emissions of small particles, i.e. nanoparticles with respect to
number concentration and size distribution, from ship engines operating at low loads e.g.
manoeuvering and use low sulfur marine fuels for propulsion. Hallquist et al. (2013), Fu et al. (2013)
and Moldanov4 et al. (2013) have performed onboard measurements that consider some of these areas.
Petzold et al. (2011), Kasper et al. (2007), Ushakov et al. (2012) and Ushakov et al. (2013) present

results from measurements on different test-bed engines and focus on different loads and fuel types.

The aim of this study is to characterize the particle emissions from four different fuels, when the
engine is operating at lower engine loads (< 35%). The fuels used were Swedish Environmental class 1
(MK1) and class 3 diesel (MK3) and HFO (0.12 wt% S) and marine diesel oil (MDO, 0.52 wt% S).
MK1 and MK3 are similar with the fuels that are used for inland shipping, while and MDO are used
onboard ocean-going ships. The HFO used here has lower sulfur content than the HFO normally used
on ocean-going ships today. However, the sulfur content complies with limits in future regulations in

SO ECAs (0.10 wt% S 2015) and makes it possible to study the emissions from combustion of a HFO
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with low sulfur content and investigate what other properties of the fuel that affect the particle
emissions. The sulfur content of the MDO is in line with up-coming regulation of allowed sulfur

content in marine fuel oils at global level (0.5 wt% S 2020).
2. Method and experimental setup

2.1 Experimental setup

The measurements were conducted in a test-bed engine lab equipped with a 4-stroke, turbocharged
Volvo Penta D3-110 marine diesel engine. The engine has five cylinders with a crankshaft power of
81 kW, maximum engine speed of 3000 rpm and is equipped with a common rail injection system.
The engine is designed with four separate heated fuel tanks in order to control the viscosity of the fuel.
During the experiments described here the maximum load and speed was restricted to 35 % and 1750
rpm, respectively. The properties of the fuels and lubrication oils used during the two campaigns
(Campaign 1 in March 2012 and Campaign 2 in October 2012) are presented in Table 1. Results for
MK3 are from Campaign 1, while the other results are from Campaign 2. The HFO used here was
diluted with 50% (by volume) MK1 to reduce the viscosity. According to the manufacturer, the
injection system is optimized for fuels with a density of 810-860 kg/m’ at 15°C and viscosity of 1.5-
4.5 cst at 40°C. The values for both viscosity and density for the studied fuels are in accordance with

the limits set by the manufacturer.

Table 1: Properties of the fuels (MKI1, MK3, HFO and MDO) and lubrication oils (Lub. oil 1 from campaign 1

and Lub. oil 2 from campaign 2) used in Campaigns 1 and 2. n.a stands for not analyzed.

MK1 MK3 HFO MDO Lub.oil1 Lub. il 2

Aromatic content (v/v %) 4.4 154 7.7 18.1 n.a n.a
Ash content (% m/m) <0.010 <0.010 <0.020" n.a n.a n.a
Carbon residue (% m/m) <0.20 <0.20 <70* n.a. n.a n.a
Density at 15°C (kg m™) 819.0 835.5 948 4" 862.9 n.a n.a
PAH content <002viv% 23m/m% 14viv% 33v/v% n.a n.a
Viscosity (cSt) 2.093* 2.595% 3.6% <1-2.5% n.a n.a
Sulfur (wt%) <0.0003 0.0003 0.12 0.52 n.a n.a
Vanadium (mg kg™) <0.05 n.a 1.10 <0.05 <1 1
Nickel (mg kg™) <0.05 n.a 1.10 <0.05 1 1
Iron (mg kg™) 0.05 n.a 0.50 0.10 40 20
Calcium (mg kg™) 0.05 n.a 0.30 0.05 2850 2400
Zinc (mg kg™) n.a n.a 0.10 0.40 1275 1150

*For HFO not diluted with MK1; * viscosity at 40°C; * viscosity at 40°C, measured with a Viscomar viscometer, MAR-TEC
Marine GmbH
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The experimental set-up is illustrated in Figure S1. Two types of aerosol instruments were used: an
Engine Exhaust Particle Sizer (EEPS, Model 3090, TSI Inc.) measuring particles in the size range of
5.6-560 nm; and a Dust Monitor (Model 1.108, Grimm) measuring particles in the size range from 300
nm to over 20 um in diameter. The EEPS classifies the particles after their differential electrical
mobility and the Grimm uses light scattering technology to count the number of particles and classify
into different sizes (TSI, 2006, Grimm Aerosol Technik GmbH & Co KG, 2010). The instruments
were measuring simultaneously and were connected directly to the dilution system (FPS, Model 4000,
Dekati) and the raw exhaust was diluted in two steps. The primary dilution occurred in a perforated
tube with preheated, clean and dry air (300-315°C, i.e. the temperature of the raw exhaust gas). The
secondary dilution used clean air of ambient temperature to dilute the sample and an ejector diluter
drew the sample from the primary dilution section. According to the manufacturer the residence time
in the system is below 0.5 seconds (Dekati., 2010). Table S1 presents data about the dilution ratios and
dilution conditions during the measurements. To quantify the non-volatile fraction of emitted particles,

i.e. primary solid particles, a thermodenuder (TD, Dekati), heated to 300°C was used.

For most experiments, except for MK1 (all loads) and MDO (35% load), the FPS was connected to the
exhaust gas pipe with a heated tube (held at 300-315°C). For MK1 (all loads) and MDO (35% load)
the FPS was connected directly on the exhaust gas pipe. The aerosol samples were extracted under
isokinetic conditions using a fixed inlet (Apex instruments) adapted to the exhaust and sampling flows
(Hinds, 1999). Additionally, samples on Teflon filters were collected at 35% engine load for each fuel
type for subsequent gravimetric (total suspended particles (TSP)), BC and elemental analysis. The BC
content was determined with a visible light reflectometer that is a part of the beta gauge monitor FH62
I-N (ESM Emberline, Germany) (Pettersson et al., 2011). For the elemental analysis Energy
Dispersive X-Ray Fluorescence (EDXRF) was used (Boman, 2009).

During Campaign 2 gaseous compounds: nitrogen monoxide (NO), nitrogen oxides (NOy), sulfur
dioxide (SO,), carbon monoxide (CO), carbon dioxide (CO,) and oxygen (O,) were measured with an
infrared gas analyzer (Fuji Electric Model ZRE NDIR-analyzer, Fuji Electric Systems Co, Ltd, Japan).
In addition during Campaign 2, the concentration of NO was measured after the FPS using a
chemiluminescence instrument (TH42i, Thermo Scientific) for verification of the dilution ratio. In
Campaign 1, the dilution ratio reported by the FPS was corrected with a correction factor (1.29). This
correction factor was the same for all loads and the DR for 10% and idle might be overestimated since
the measurements in Campaign 2 indicated a variation of the correction factor with load. The factor
was calculated from experiments with the FPS and NOy, in which calibration gas of NOx (880 ppm)
was lead through the FPS and the concentration of NOy was measured after dilution. The dilution

conditions were similar to the conditions during the particle measurements.
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2.2 Test cycle

The measurements were conducted at an engine load of 10%, 25% and 35% of maximum continuous
rate (MCR), with an engine speed of 1750 rpm and at idle. The engine was working on each load for
30-40 minutes and the test cycle was repeated twice for each fuel type in order to test the repeatability.
Measurements at each load were conducted both with and without a thermodenuder (TD) for

determining the thermal characteristics of the particles.

2.3 Data analysis

To ensure stable conditions during sampling, the last five minutes of each experimental setting were
used for the data analysis and calculations of data from measurements with the EEPS and Grimm. The
data were corrected for the dilution ratio used and size dependent particle losses within the TD were
accounted for following instructions from the manufacturer. Data from measurements using the heated
tube were also corrected for losses in the tube. Data from analyses of the filters were corrected for

dilution ratio, not for losses of particles in the heated tube.

Particle emission factors by mass (EFp,) were calculated in two different ways. First, from particles
sampled on filters (EFrg) according to IMO (2009) (Table 3) and secondly from the mass
concentration measured with the EEPS (5.6-560 nm) assuming spherical particles with unit density
(Tables 2 and 4). 95% confidence intervals (CI) to each mean value in Tables 2 and 4 was calculated.

EFyox were calculated following the IMO NO, Technical Code (IMO, 2009).
3. Results and discussion

3.1 HFO

Table 2 presents total particle number (PN) and particle mass (PM) concentrations measured during
combustion of HFO. An engine load of 35% resulted in the lowest and idle in the highest PN
concentration, i.e. increased with reduced loads, as also found by Petzold et al. (2011). This may be
due to reduced temperatures in the exhaust at low loads, causing unburnt fuel and oil to nucleate and
form new particles, i.e. secondary particles, and also to condense on existing particles (Kittelson,
1998). For PM concentration no clear relation with load was found. An engine load of 35% resulted in
the highest PM concentration, two times higher than PM at idle (Table 2). Nanoparticles were the
dominating fraction in the total PN concentration (85-99.9%, lowest number for 35% load), while Dp
>50 nm dominated the PM concentrations. Similar results were found by Ushakov et al. (2012). The
measurements of PN and PM concentrations with the Grimm showed that the emissions contained low
concentrations of particles in the size range 300 nm to over 20 um (PN: 2.2-29%10* /cm® and PM: 593-
7065 ug/m’).
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Table 2: PN and PM concentrations together with emission factors (EFs) by number and mass for total particle
emission, without (wo) TD, and the solid fraction, with (w) TD, for HFO at each load. Values are calculated for

particles with Dp 5.6-560 nm. A 95% CI for each mean value is presented like mean+X.

Fuel Load PN PM EF,, EF,, EF, EF, EF,

type (% of MCR)  (10°#cm™)  (10°pgm?) (gkg") (ekWh")  (10"#kg")  (10"#kWh™')  (10'# h™)

HFO 35 wo TD 3070053 1191063 263x0.14 065:003 0.68£0012  0.17x0003  5.1+0.087
35w TD 224+0097 5624139  125:031 0312008  050£0.022  0.12£0005  3.70.16
25 wo TD 2515074  108+1.72  257x041  0.7120.11 600.18 1740059 382+1.13
25w TD 25240046  8.10£0.50  1.94£0.12 05320033 0.60+0011  0.1720003  3.83+0.07
10 wo TD 789+026  3.05:0.17 0.82+0046 04520025 212007 12+0.04 1074036
10 w TD 209+0032 3233020 0.87+005 0482003  056£0.009  031£0005  2.8+0.043
0 wo TD 432£183 643027  1.98+0.083 - 133£0.57 - 230+0.97
0w TD 450£0.034 2574013  0.79+0.04 - 1420011 - 2.4£0.019

Table 3 presents EFs for NOy, TSP, BC and five inorganic compounds at 35% engine load for
combustion of HFO. The calculated value of EFyy in g/kWh at 35 % load, from measurements with
the EEPS (Table 2) is considerably higher than EF g in g/lkWh from filter measurements (Table 3).
This emphasizes the differences between sampling methods, the uncertainty an assumption of unity
density causes and that volatile species may evaporate during filter sampling, which is particularly
important for HFO (Kasper et al., 2007). In reality the density will differ significantly from unity and
may vary with particles size (Barone et al. (2011), Ahlvik et al. (1998), Park et al. (2003), Virtanen et
al. (2002)). EF;gp in Table 3 is in line with EFs for maneuvering ships reported by Winnes and Fridell
(2010), 0.11 g/kWh compared to 0.16-0.23 g/kWh from combustion of HFO (0.49 wt% S). Other
values from literature of EFp), for low loads are 0.423 and 1.009 g/kWh for HFO (2.17 wt% S) at 25
and 10% load respectively (Petzold et al., 2011). The higher values can be related to a higher sulfur
content of the fuel in Petzold et al. (2011). It should be noted that it is difficult to compare results from
measurements on different engine types with e.g. different injection systems. Measured EFy- was 110
mg/kg fuel and the elemental analysis showed high concentrations of V and Ni, known tracers for
HFO (Isakson et al., 2001, Popovicheva et al., 2009, Mazzei et al., 2008). Other elements found were

Fe, Ca and Zn that mainly origin from the lubrication oil.

Table 3: EF rgp, EF yo,, EF g and EF for inorganic compounds at 35% load from particles sampled on filter.

MK1* MK3 HFO MDO
EF, (g kKWh') | 0.02 0014 0.11 0016
EF. (gkg") | 0.09 0.06 0.47 0.06
EFy, (g kWh™) | 7.0 6.4 72 78
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EF, (mgkg) | 30 10 110 10
EFc, (mg kg™") - - 0.31 -
EF (mgke") | 071 0.06 1.12 0.11
EF, (mg kg™ - 0.02 0.40 -
EFy; (mg kg™) 1.0 - 0.52 0.04
EF,, (mgkg') | 051 0.21 0.35 0.26

*Sampled without the heated tube

The particle size distribution by number for HFO and the distillates are shown in Figure la-d. For
HFO (circles) a pronounced peak at 6-10 nm was found for all loads. At 35% load a pronounced peak
at 100-110 nm was also found. This peak was not significantly changed with reduced load, however,
the peak for smaller particles became wider and the bimodal size distribution became less pronounced.
Similar trends were also seen for particles of non-volatile character, i.e. solid primary particles (Figure
2a-d). At 35% engine load a bimodal character of the number size distribution was found with distinct
peaks at around 10 nm and at 100-110 nm (Figure 2a). The peak at 100-110 nm for the solid particles
became less distinct with reduced load. A comparison of the size distributions in Figure 2a-d and data
in Table S2 indicate that particles with Dp >50 nm were mainly solid, primary particles while the
nanoparticles were both primary and secondary particles. For loads below 35% (Figure 2b-d), the
major part of particles lost in the TD, i.e. volatile, secondary particles, was in the size range of
nanoparticles. Measured data of PN and PM concentrations indicate as well a considerable fraction of

volatile particles in the emissions from combustion of HFO.
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Figure 1: Number size distributions for measured particles (5.6-560 nm) for a) 35% load, b) 25% load, c) 10%
and d) idle and four different fuel types; MKI (triangles), MK3 (squares), HFO (circles) and MDO (diamonds).
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3.2 Distillate fuels

The three distillates investigated were MDO (0.52 wt% S), MK1 (<0.0003 wt% S) and MK3 (0.0003
wt% S). PN and PM concentrations and emission factors (EFs) for each load and fuel type are
presented in Table 4. In comparison to HFO, the three distillates resulted in lower total PN and PM
emissions and consequently also lower EFpy and EFpy. MDO resulted in the highest values of the three
distillates while the order for MK1 and MK3 varied with load. The total PN concentrations, at
different loads, for MDO were between 0.3-46% of PN for HFO. For MK1 the corresponding number
were 0.1-3.0% and for MK3 0.1-4.0%. Similar to HFO, the total PN concentration, in general,
increased with decreased load. For both MK1 and MK3 the highest values were found during idle,
while for MDO the highest value was found for 10% load. Total PM concentrations for the distillates
were lower compared to HFO, which is in line with other studies (Kasper et al., 2007, Petzold et al.,
2011) and is suggested to depend on an increase of the amount of organic soluble fraction and residue
fraction in particles from HFO (Kasper et al., 2007). The emitted particle masses from MDO were 0.9-
7.9% of the mass of particles from HFO. The corresponding number for MK1 and MK3 were 1.2-
15.7% and 1.9-4.8%, respectively. The PM concentrations for MDO were in the same range or lower
compared to MK1 and MK3 at all loads, except for idle where MDO resulted in higher PM
concentration compared to the other two distillates. These results indicate that the PM concentration is
more dependent on other fuel properties than the sulfur content in the fuel. These other fuel properties
may be viscosity, content of metals, flash point and carbon residue, which are considerably higher for
HFO than for the distillates. In contrast to what was observed for the PN concentrations, no clear
relationship between engine load and PM concentration was found. This may be influenced by that the
engine is equipped with a common rail system, which continues to have a high injection pressure even

at lower loads.

Table 4: PN and PM concentrations and EFs by number and mass for total particle emission, without (wo) TD
and the solid fraction, with (w) TD, for MKI1, MK3 and MDO at each load. Values are calculated for particles

with Dp 5.6-560 nm. A 95% CI for each mean value is presented like mean=X.

Fuel Load PN PM EF,, EF,,, EF,y EF,, EF,,
type (% of (10" # cm™) (10°ugm? (102 gkg™) (*102gkWh') (10" #kg") 10" # 10%#h™
MCR) kWh')
MK1 35 wo TD 0.91+0.20 1.37+0.19 343047 0.77+0.11 2.3+0.349 0.5120.11 15.6+3.36
35wTD 0.89+0.12 1.29+0.15 3.21+0.40 0.76+0.08 22+031 0.50+0.069 153+2.11
25 wo TD 1.67+0.30 2.05+0.14 6.23+0.42 1.40+0.09 5.1+0.89 1.1x0.2 26.0+4.56
25w TD 1.57+0.17 1.73+0.09 527027 1.18+0.06 4.8+0.52 1.07+0.12 24 4+2 .68
10 wo TD 4.23+0.69 4.77+0.24 20.0+1.01 6.82+0.35 17.7+2.87 6.05+0.98 56.5+9.18
10 w TD 4.02+0.40 3.76+0.17 15.7+0.70 5.37+0.24 16.8+1.67 5.74+0.57 53.7+5.34
0 wo TD 521147 2.68+0.26 19.6+1.87 - 38.1x10.8 - 28.1+7.94
0wTD 2.83+0.34 2.65+0.13 19.3+0.93 - 20.7+2.49 - 15.2+1.83
MK3 35 wo TD 1.22+0.06 2.29+0.19 5.3+0 44 1.3+0.10 2.89+0.15 0.65+0.03 19.9+1.06
35wTD 1.12+0.06 2.02+0.24 4.7+0.50 1.120.10 2.61+0.14 0.62+0.03 18.3+1.00
25 wo TD 1.96+0.08 3.02+0.18 8.27+0.49 2.13+0.13 5.36+0.23 1.38+0.06 28.0+1.21
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25w TD 1.94+0.08 2.84+0.16 7.80+0.44 2.01+0.11 5.33+0.22 1.37+0.06 27.8+1.14
10 wo TD 2.30+0.09 3.01+0.16 10.88+0.57 4.58+0.24 8.31+0.33 3.50+0.14 28.5+1.12
10 w TD 2.40+0.08 2.52+0.14 9.12+0.50 3.84+0.21 8.66+0.30 3.64+0.13 29.6+1.03
0 wo TD 6.61+0.15 3.07+0.27 9.94+1.77 - 42.9+0.97 - 32.3+0.73
0w TD 7.13+0.17 2.89+0.33 18.76+2.16 - 46.3+1.10 - 34.9+0.83
MDO 35 wo TD 14.2+4.57 1.61+0.44 3.56+0.96 0.87+0.24 31.5+10.1 7.68+2.47 236+75.8
35wTD 5.53+2.07 1.31+0.31 2.91+0.68 0.71+0.16 12.2+4.59 2.98+1.12 91.6+34.4
25 wo TD 8.30+0.052 1.02+0.15 2.74+0 .41 0.67+0.10 22.3+0.14 5.50+0.035 120+0.76
25wTD 11.3+0.048 0.97+0.13 2.60+0.36 0.64+0.09 30.3+0.13 7.46+0.032 164+0.69
10 wo TD 67.5+0.13 1.34+0.17 4.63+0.59 1.75+0.22 234+0.46 88.7+0.18 829+1.64
10 w TD 62.2+0.097 1.11+0.12 3.84+0.43 1.45+0.16 216+0.34 81.7+0.13 764x1.19
0 wo TD 24.6+0.26 5.06+0.36 30.96+2.19 - 150£1.62 - 130£1.39
0w TD 24.6+0.16 4.70+0.32 28.77+1.93 - 150+0.98 - 130+0.85

EF s for the distillates were lower compared to HFO. EF. for HFO was several times higher than
EFy for the distillates (Table 3), as also reported by Petzold et al. (2011). Similar with HFO there
were some differences between EF ¢, in g/kWh from filter measurements (Table 3), with values of
EFpy in g/kWh at 35 % load in Table 4. For MK1 and MDO, EF., were considerably higher than the
values of EFpy calculated from PN concentrations with assumed unit density, while values for MK3
were in line with each other. EFy, was within the same range for all fuels (Table 3). Regarding the
content of inorganic elements in the particles, Ca was expected to be found in particles from all fuel
types, since it is associated with the lubrication oil (Amann and Siegla, 1981). However, as presented
in Table 3, Ca was only found in particles from HFO due to a higher concentration of Ca in HFO than
in the distillates. Fe and Zn were found in particles from all distillates, with a likely origin from the
lubrication oil (Table 1). A higher content of Fe in HFO or increased consumption of lubrication oil
when running on HFO resulted in a higher EF;, for HFO compared to the distillates (0.06-0.71 mg/kg
fuel compared to 1.12 mg/kg fuel). Fe together with other metals found in emitted particles, can also
be a result of the wear of the engine (Stone, 2012). Despite a higher concentration of Fe in MDO,
resulted combustion of MK1 in the second highest EFg., (0.71 mg/kg). Further, combustion of MK 1
resulted in the highest EF,, and EFy;, despite a higher concentration of Ni in HFO. EF g and EFc
were as well higher for MK 1 compared to the other two distillates (Table 3). EF ¢ in g/kWh for MK 1
was 20% and 30% higher than the corresponding value for MDO and MK3 respectively and EFg for
MK was three times higher compared to EF- for MDO and MK3, despite the similarities with MK3
and MDO in EF,,, for the solid fraction (Table 4).

Similar to HFO, the total PN concentrations for the three distillates were dominated by nanoparticles.
Dp >50 nm dominated the PM concentrations and the emissions contained low concentrations of
particles in the size range 300 nm to over 20 pm. Combustion of MK1 and MK3 resulted in smaller
fractions of nanoparticles than from MDO (60-70% (90-94% for idle) compared to 94-99.8% for

MDO), which is thought to be related to other properties of the fuel than just sulfur content, since a

10



The final version of this article is published in Atmospheric Environment in 2015, vol. 101 pages
65-71

high amount of the nanoparticles found for MDO and HFO are solid primary particles (Figure 2). The
PN concentration for larger particles (300 nm up to over 20 um) was for MK1 393-3900 /cm’, for
MK3 251-1780 /cm’ and for MDO 555-2740 /cm’. The PM concentrations varied between 14-230
ug/m’ for MK 1, 8-207 pg/m’* for MK3 and 23-145 pg/m’ for MDO.

MK1 (triangles) and MK3 (squares) showed similar size distributions by number: bimodal character
with a minor peak around 10 nm and a major peak at 45-50 nm (Figure la-d). At 35% load, MDO
(diamonds) showed a major peak at 10 nm and a minor at 45-50 nm. Similar to HFO, the second peak
at 45-50 nm became less pronounced with reduced load. The distillates showed small or no differences
in the size distribution for particles with Dp >50 nm. Even the PN concentration for Dp >50 nm for
HFO gets more in line with the other fuel types with decreased load. Still, HFO resulted in a higher
PN concentration for Dp >50 nm. Figure 1a-d indicates that the sulfur content and other properties of
the fuel mainly affect the peak around 10 nm (i.e. nucleation mode) and that the quality of the fuel has
more impact on the size distribution for Dp >50 nm. Bimodal size distributions were also reported by

Hallquist et al. (2013), with peaks at 10 nm and 40 nm for lower loads.

The particle emissions from the three distillates mainly contained primary solid particles. The highest
amounts of volatile particles were found for 35% load for MDO and at idle for MK1 (Table S2).
Similar to HFO, nanoparticles were the dominating fraction in the emissions of solid primary particles,
62-71% for MK1 and MK3 (78% for MK1 and 94% for MK3 at idle) and 94-99.8% for MDO. In
general, the EFs for the solid primary particles were lower for the distillates than for HFO (Table 4
compared to Table 2), which was found by Petzold et al. (2011) as well. This implies a relation
between fuel quality and emissions of solid primary particles and is indicated by Lack and Corbett
(2012). The PN concentration for solid primary particles increased with engine loads below 35%
(Table 4), which is the load that the engine is tuned for and as discussed in Lack and Corbett (2012),

emissions of soot/BC can be expected to increase if an engine operate outside the tuned engine load.

The size distributions by number for the solid primary particle fraction from combustion of MDO
were in line with the distribution for the total PN concentration (Figure 2a-d). Peaks were found at 10
nm and 45-50 nm, which was also found by Kasper et al. (2007) and there was a loss of nanoparticles
in the TD when operating at 35% load (Figure 2a). When operating at lower loads the nanoparticles
were mainly of solid character (Figure 2b-d) and independent of load particles with Dp >50 nm were

mainly solid primary particles. This is in line with the results for HFO and by Hallquist et al. (2013).
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Figure 2: Number size distributions for particles in the size range 5.6-560 nm for HFO (circles) and MDO
(diamonds) with TD (filled circles) and without TD (unfilled circles) at a) 35% load, b) 25% load, c) 10% load
and d) at idle.

The results from this study indicate the importance of considering PN concentrations in standards and
regulations, due to that nanoparticles are the dominating fraction of total PN concentration and these
particles can have considerable impact on human health (Pope and Dockery, 2006). The nanoparticles
have a low contribution to the PM concentration and EFpy, which often are used in calculations and
evaluation of emissions from operating ships. This point at the importance of considers both PN and
PM concentrations to get a more accurate picture of the emissions. The measurements also indicate
that reducing the sulfur content in marine fuels to the level of MK1 and MK3 will reduce the amount
of emitted nanoparticles, but will have low impact on the emission of Dp >50 nm since these are
mainly solid primary particles and associated to quality of the fuel rather than sulfur content. This
shows that both sulfur content and quality of the fuel are to consider in regulation of particle
emissions. Additionally, the results further indicated that today’s regulation regarding maximum
allowed sulfur content in marine fuels, when the ships operate in ports and coastal areas/SOx ECAs,
are a step in the right direction to improve air quality. There is a need for further work and
investigations on how to consider the emissions of solid primary particles, which like the volatile

fraction have impact on both health and climate.

4. Conclusion

The particle emissions from four different fuels were characterized. For all fuels there were an
increase of PN concentrations with decreased load, which point at the importance of consider particle
emissions even in port areas when lower loads are used. Independently of fuel, bimodal size
distributions by number were shown, with peaks at 10 nm and 45-50 nm for distillates and 10 and 100-

110 nm for HFO. The emissions of nanoparticles (Dp <50 nm) were the dominating fraction of the
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total PN concentration and can be related to both sulfur content and other properties of the fuel. The
total PM concentrations were dominated by particles with Dp >50 nm. Particles with Dp >50 nm were
solid primary particles and associated to the quality of the fuel. There were no or small differences
between the distillates, while HFO resulted in somewhat higher emissions of Dp >50 nm. The amounts
of volatile particles in the emission were associated to sulfur content and quality of the fuel, and were
mainly found in emissions from HFO and MDO and in the size range of nanoparticles. This study
indicate that a reduction of sulfur in the fuels and use of more high quality fuels will decrease the
emissions of nanoparticles, which have negative impact on human health and climate. It also points at
the importance of handle particles with Dp >50 nm that are of importance as well, for both human

health and climate, since even high quality fuels emits considerable amounts of these particles.
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Supplementary Information

Characterization of particles from a marine engine operating at

low loads
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Figure S1: Illustration of the experimental set-up. The thermodenuder (TD) can be bypassed. The heated tube
was used in the MK3, HFO and MDO experiments.

Table S1: Data considering the dilution conditions and dilution ratios during the measurements. Tl represents

the temperature of the dilution air at the sampling point, T3 is the temperature upstream the ejector (i.e.

secondary diluter), T4 is the temperature downstream the ejector and THI11 is the dilution air temperature. The

actual dilution ratio (DR) was calculated from the measured concentration of NO before and after the FPS, DR-
FPS shows the DR reported by the FPS, PD DR is the dilution by the primary diluter (PD), ED DR is the

dilution by the ejector diluter (ED, i.e. secondary diluter). For MK3 the actual DR was calculated as described

in the method section in the article.

Load Actual DR- PD ED PD ED T1 T3 T4 TH11 Q-
DR FPS DR DR flow flow “C) (CC) (O (o sample
(I/min) (I/min) (I/min)
MK1 35% 53.5 354 43 8.2 11.8 100.2 108.1 1482 412 3327 34
25% 53.8 356 44 8.2 11.8 100.1 96.6 1438 399 3344 34
10% 62.8 36.1 44 8.2 11.9 99.9 1003 1422 394 3260 33
Idle 794 42.1 5.0 84 11.7 99.8 1585 1590 402 312.8 29
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Filter 35%  30.5 234 29 8.2 10.1 100.3 1222 1496 420 3328 5.1
MK3 35% 273 211 25 8.3 94 98.9 1895 1509 439 4074 57
25% 27.7 214 26 8.3 9.3 98.9 189.6 1509 445 3144 56
10% 280 216 26 8.4 9.3 99.2 189.0 1506 455 3143 55
Idle 28.7 221 26 8.4 92 99.2 1844 1465 452 3144 54
Filter 35% 289 223 26 8.5 9.3 99.1 1904 1499 449 3163 54
HFO 35% 520 361 42 8.5 11.2 100.2 1256 1479 428 318.1 33
25% 49.6 376 44 8.6 11.2 100.2 1238 1483 41.8 3189 32
10% 254 329 38 8.7 10.5 100.1 1265 1509 409 3192 36
Idle 215 351 40 8.8 10.3 100.0 1239 1506 409 3212 34
Filter 35% 519 362 43 8.5 11.2 100.3 1256 1499 435 3209 33
MDO 35% 525 402 48 8.4 11.9 99.7 1944 1513 373 305.1 30
25% 39.6 344 39 8.8 10.6 99.8 236.7 1743 424 3035 35
10% 25.6 349 40 8.8 10.6 99.8 2359 1743 424 3037 34
Idle 219 371 42 8.9 10.5 99.7 2352 1755 427 303.1 32
Filter 35%  29.6 235 27 8.8 90 99.9 2427 186.1 457 3046 5.1

Table S2: Number fraction remaining (NFR) and mass fraction remaining (MFR) of emitted particles at 300 °C

for different loads and fuel types for total particle concentration, nanoparticles (NP) and particles >50 nm (Dp

>50 nm).
Load MK1* MK3 HFO MDO
Total NP Dp>50 Total NP Dp>50 Total NP Dp>50 Total NP Dp>50
nm nm nm nm
NFR (%) 35% 98 101 95 92 95 87 73 75 61 39% 38%* 89%*
25% 94 97 90 99 101 96 1 0.8 94 136 80 93
10% 95 101 85 104 111 90 3 2 86 92 96 78
Idle 54 48 103 108 109 98 1 1 76 100 110 103
MFR (%) 35% 93 103 91 88 90 84 47 108 47 82 4% 89%*
25% 85 96 83 94 100 91 75 1 94 95 92 92
10% 79 100 76 84 102 82 106 13 127 83 93 80
Idle 99 70 101 94 107 94 40 3 82 93 104 87

* data from measurements without heated tube.
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