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Tiivistelma

Dieselmoottorien pakokaasun pienhiukkaslukumaaraa saadellaan maailmanlaajuisesti.
Taman vaitoskirjan tavoitteena oli tutkia, miten uusiutuvat ja kierratyspolttoaineet
vaikuttavat nopea- ja keskinopeakayntisten dieselmoottorien  pakokaasun
pienhiukkasten lukumaaraan. Kierratyspolttoaineen lisaksi selvitettiin uusiutuvien
polttoaineiden seka polttoaineiden seosten vaikutus. Tulokset perustuvat viiteen
tutkimukseen, joissa  pienhiukkaslukumaara mitattiin  laboratorio-olosuhteissa
kokoalueella 5,6-560 nm.

Seka kierratyspolttoaine ettd uusiutuvan naftan ja fossiilisen polttoaineen seos
vahensivat keskinopeassa voimala- ja laivamoottorissa hiukkasten kokonaislukumaaraa.
Nopeakayntisessa tyokonedieselmoottorissa nama polttoaineet eivat pienentaneet
hiukkasmaaraa.

Yhdessa tutkimuksista nopeakayntisen moottorin hiukkaslukumaara oli pienin, kun
ajettiin  vaharikkisella fossiilisella dieselpolttoaineella. Rypsi- ja soijapohjaiset
metyyliesterit tuottivat kuitenkin yleensa vahiten hiukkasia valilla 70-200 nm.

Toisessa tutkimuksessa saman moottorin kokonaishiukkaslukumaara pieneni, kun
seospolttoaineessa puuperdisen uusiutuvan dieselin maara lisaantyi. Joutokaynnilla
seostamaton uusiutuva diesel vahensi pienimpia hiukkasia merkittavasti.
Tyokonemoottorin 500 tunnin pitkaaikaiskokeessa soijametyyliesterin (20 %) ja
fossiilisen dieseloljyn seos ei juurikaan lisannyt yli 50 nm hiukkasia, mutta pienempien
hiukkasten maira nousi. Todennakoinen syy oli voiteludljyssi havaittu kuparin
lisaantyminen eika seospolttoaineen palamiseen liittyva tekija.

Kokonaisuudessaan tulokset osoittivat, etta uusiutuvien ja kierratyspolttoaineiden
kiaytto auttaa vahentamain nopea- ja keskinopeakayntisten dieselmoottorien
pienhiukkasten lukumaarapaastoa niin tyokone- kuin voimala- ja laivamoottoreissakin.
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Abstract

The number of exhaust particles emitted from non-road diesel engines is regulated
worldwide. This dissertation aimed to evaluate how different alternative fuels affect the
exhaust particle number in high- and medium-speed engines. The fuels, all originating
either from renewable or circular-economy feedstock, were used either neat or as
blending components. Five experimental studies were performed in the laboratory,
recording particle numbers within the size range of 5.6 to 560 nm.
Circular-economy-based marine gas oil and a blend of renewable naphtha and light fuel
oil reduced the exhaust total particle number in a medium-speed engine compared with
neat light fuel oil. However, similarly produced marine gas oil and another blend of
naphtha and light fuel oil did not lead to particle reductions in a high-speed engine.

In another study with a high-speed engine, low-sulphur fossil diesel produced the lowest
total particle number at most loads, while methyl esters of rapeseed and soy bean oil
mostly reduced particles within a size range of 70 to 200 nm. In one high-speed engine
study, increasing the share of renewable diesel in the fuel blend consistently reduced
the exhaust particles. At low idle, neat renewable diesel reduced ultrafine particles
significantly.

A blend containing 20 vol.-% soy bean oil methyl ester in fossil diesel fuelled another
high-speed engine in a 500-hour endurance test. The number of particles above 50 nm
remained almost constant but finer particles increased. The probable reason seemed
to be wear-out copper in the lubricant, not combustion degradation.

As a whole, the results showed that alternative fuels originating either from renewable
or circular-economy feedstock will not bring penalties in terms of number-based
particle emissions in high- or medium-speed non-road engines.
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1 INTRODUCTION

Human beings need oxygen to keep their vital organs working. The oxygen comes
from breathing-in ambient air. Unpolluted air is favourable for human health
(Apte et al. 2018; Heft-Neal et al. 2018; Im et al. 2018). According to the global
ambient air quality database published by the World Health Organization (WHO),
the air is polluted for nine out of 10 people around the world (WHO 2019). WHO
estimated that each year seven million lives are exposed to potentially fatal
diseases as a consequence of breathing polluted air that contains fine particles
(WHO 2018). The fatal effects of polluted air can be avoided by improving ambient
air quality i.e. reducing the annual mean concentrations of fine particulate matter
(PM,, and PM. ;) in the air. PM. ; refers to ambient airborne particles that have a
diameter of up to 2.5 microns, PM,, particles have a diameter of up to 10 microns.
Fatal effects of particles on human health are usually associated with the
concentrations of PM, ; or PM,, in the ambient air (Oberdorster, Oberdorster &
Oberdorster 2005; Janssen et al. 2011). There is special concern for the smallest
particles, as they readily deposit into the respiratory system and may penetrate
into the cardiovascular and even cerebrovascular system via respiratory organs.
(Anderson, Thundiyil & Stolbach 2012; Oravisjarvi et al. 2014).

Road traffic is the main source of PM. 5 in urban ambient air globally. Out of the
total contribution to the concentration of PM,;, road traffic accounts for 25%;
combustion and agriculture 22%; domestic fuel burning 20%; natural soil dust and
sea salt 18%; and industrial activities 15%. (Karagulian et al. 2015). Road traffic-
related PM originates mainly from the combustion of liquid fuels that are burned
incompletely inside vehicles” internal combustion engines (ICE). Additionally,
compression ignition (CI) engines are widely used for other purposes unrelated to
conventional traffic, such as generating power for non-road vehicles or providing
electricity in stationary applications. (Mollenhauer & Tschoke 2010).

As is widely known, PM arising from the use of non-road vehicles or power
generation can be effectively reduced by using natural gas as the main fuel (Burel,
Taccani & Zuliani 2012; Andresson, Salo & Fridell 2015; Srinivasan et al. 2019).
However, the need for new liquid fuels and fuel blends will remain over the next
few decades (Kalghatgi, 2018). Before the introduction of new fuels or fuel blends,
they need to be assessed for compatibility with combustion engines and engine
systems (Florentinus et al. 2012; Sirvio et al. 2016; Sirvio et al. 2019).

Non-road PM emissions are regulated worldwide. Engine manufacturers have to
satisfy the relevant local emission limits in order to sell their products. Moreover,
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fuel and lubricating oil refiners, plus the end-users of the engines and oil products,
must also comply with the local emission legislation. The particle number (PN)
emission from non-road mobile machinery (NRMM) has been regulated in the EU
since 2019 (EU Regulation 2016/1628).

The main goal of this thesis was to investigate and evaluate how different
alternative fuels, originating either from renewable or circular-economy feedstock,
affect the exhaust PN in non-road diesel engines. In particular, PN describes the
fatality and adverse effects of exhaust fine particles more precisely than particulate
mass. PN was therefore selected as the main measure for the detrimental effects of
exhaust particulates. A total of seven alternative fuels were studied. They were two
renewable diesels from different feedstocks (RDOA, RDOB); circular-economy-
based marine gas oil (MGO); a blend of renewable naphtha and marine light fuel
oil (LFO); rapeseed methyl ester (RME); soy bean oil methyl ester (SME); and a
blend of SME and low-sulphur fossil diesel fuel oil (DFO). Two fossil diesels, DFO
and LFO, were used as baseline fuels. The selection of fuels was based on the needs
of corporate partners and on the availability of fuels.

Five experimental studies were carried out to achieve the thesis” main goal. All
research was performed in the School of Technology and Innovations at the
University of Vaasa.

This dissertation produces new scientific conclusions about the effects of
alternative fuels on the exhaust particle numbers in non-road diesel engines.
Engine manufacturers, fuel producers and refiners in particular, as well as
authorities, can utilise the conclusions. The dissertation”s principle novelty is its
evaluation of completely new alternative fuels, such as circular-economy-based
MGO and renewable naphtha. This includes their comparison with other
renewable fuels and commercial low-sulphur fossil fuels.

This thesis consists of five research papers in which the results were originally
presented.

The effects of current alternative fuels on the exhaust PN are not yet sufficiently
clear. In Paper I, “Exhaust Particle Number of a Non-Road Diesel Engine Fuelled
by Methyl Esters with Different Fatty Acid Compositions,” the main aim was to
find out how different methyl esters affect exhaust PN. The non-road diesel engine
was also fuelled with RDOA, produced from waste fats, residues or vegetable oils.

Of particular relevance to end-users is long-term adherence to PN limits when a
non-road engine is fuelled by a blend. In Paper II, “Exhaust Particle Size
Distributions of a Non-Road Diesel Engine in an Endurance Test,” the main
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objective was to investigate exhaust PN from a high-speed non-road diesel engine
subjected to a 500-hour running period when the engine is fuelled by a blend of
SME and DFO.

Paper III was entitled “Effects of Wood-Based Renewable Diesel Fuel Blends on
the Performance and Emissions of a Non-Road Diesel Engine.” One of this
study’s goals was to clarify how blending RDOB derived from crude tall oil (CTO)
with DFO affects the exhaust PN of a non-road diesel engine. This paper set out to
provide valuable information about the use of innovative renewable diesel and its
blends in a modern non-road diesel engine.

More extensive use of renewable energy sources includes the introduction of novel
liquid fuel types. In Paper IV, “Effects of Alternative Marine Diesel Fuels on the
Exhaust Particle Size Distributions of an Off-Road Diesel Engine,” the main aim
was to investigate how seldom-used alternative fuels affect the exhaust PN.
Circular- economy-based MGO and a blend of renewable naphtha and marine LFO
have hitherto received little attention. The fuels were intended for marine
applications and the study was the first stage of a large marine fuel research project
(see Paper V).

In PaperV, “Effect of Alternative Liquid Fuels on the Exhaust Particle Size
Distributions of a Medium-Speed Diesel Engine,” the main objective was to
establish how circular-economy-based MGO and naphtha-LFO blend affect
exhaust PN in a medium-speed engine. The novelty of this paper was the use of
these fuels in a marine diesel engine. The study was the second stage of the large
marine fuel research project.

Kerosene also was one of the fuels studied in Papers IV and V. However, kerosene
was not included in this dissertation because it is a conventional fossil fuel, not
based on feedstocks that are renewable or part of a circular economy.
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2 BACKGROUND

High-speed CI engines are widely used in mobile land-use applications whereas
medium-speed CI engines are largely used for electrical power generation on land
and at sea. In addition to base load and peak-shaving in power generation,
combustion engines are used to stabilise the electricity grid in the event of sudden
peak power demands if the energy production is largely based on renewable
sources. CI engines have been the main choice for a long time in ships. Regardless
of an engine application, harmful pollutant emissions may be generated by
combustion of either liquid or gaseous fuel in the engine cylinders. However,
gaseous and particulate emissions are tightly regulated worldwide to inhibit the
effects of pollutants on ambient air quality, human health and climate change.
Pollutants can be reduced by several means including selection of fuels, a large
number of in-cylinder methods, and exhaust after-treatment. The present study
decided on finding out how renewable and circular-economy-based fuels affect the
reduction of harmful particulates.

2.1 Exhaust particles

Diesel engine exhaust particles often conform to a size distribution which has two
distinctive particle modes; nucleation mode and accumulation mode. The mean
diameters of particles in nucleation mode are less than 50 nm, whereas the mean
diameter range in accumulation mode is 50-500 nm (Kittelson 1998; Ronkko et
al. 2006; Ronkko et al. 2007; Filippo & Maricq 2008; Lihde et al. 2010; Heywood
2018).

Initiation of particle nucleation is a very complex process, still not fully understood
(Heywood 2018). Some researchers assume that sulphur promotes the initiation
(Vaaraslahti et al. 2004; Arnold et al. 2006; Giechaskiel et al. 2007; Ronkko et al.
2007; Biswas et al. 2008). Initiation is followed by particle formation. Nucleation
mode particles are believed to form during dilution as exhaust gas mixes with
ambient air.

Accumulation mode is thought to consist mainly of the agglomerated carbon soot
particles which result from the incomplete burning of either the fuel or the
lubricating oil remnants inside the cylinder (Kittelson, Arnold & Watts 1999;
Ronkko et al. 2007; Nousiainen et al. 2013). Moreover, black carbon is the fraction
of the agglomerated carbon soot particles that actively absorbs the visible light
(Petzold et al. 2013; Maricq 2014; Timonen et al. 2019). Combustion air and
material breakdown from engine components are also sources of particles in diesel
exhaust gas (Mason et al. 2016).
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The maximum PN limits are specified in the EU Stage V standard of the NRMM
regulations. This standard applies to land-based mobile machines; items of
transportable industrial equipment (or vehicles); stationary engines of generating
sets of above 560 kW; and inland waterway vessels. The EU Stage V standard is
phased into effect in 2019—2020.

2.2 Effects of fuel properties on exhaust particle
numbers

The physical properties of liquid fuel tend to control its spray characteristics, while
the fuel’s composition determines the pathways of chemical reactions during
combustion (Eastwood 2008). Particle formation with low-sulphur fuels is
influenced by fuel characteristics such as its density (Szybist et al. 2007; Bach,
Tschoke & Simon 2009), viscosity (Mathis et al. 2005; Tsolakis 2006), cetane
number (Li et al. 2014; Alrefaai et al. 2018) and the fuel”s water content (Samec et
al. 2002). The fuel’s aromatic content acts as a precursor of particulates during
the combustion (Ntziachristos et al. 2000, Tree & Svensson 2007, Zetterdahl et al.
2017). Nevertheless, researchers have obtained divergent results about the effect
of fuel aromatic content on PM emission (Bach, Tschoke & Simon, 2009).

Earlier studies have reported how fatty acid methyl esters (FAMEs), either as neat
or as blending components, reduced the number of accumulation mode particles
(Jung et al. 2006; Heikkila et al. 2009; Rounce et al. 2012; Sun et al. 2019).
However, Sun et al. (2019) reported that the exhaust PN of a turbocharged CI
engine increased under the size category of 22 nm with increasing RME content in
the fuel blend. PN above 22 nm decreased compared to petroleum diesel. Nystrom
et al. (2016) detected a lower PN around the peak size values of 75—116 nm when a
high-speed, non-road diesel engine was fuelled with RME instead of low-sulphur
diesel. In the study of Hellier et al. (2019), waste date pit methyl ester led to a
reduction in PN within the size range of 100 to 200 nm compared to petroleum
diesel. However, they did not detect a corresponding PN reduction with RME or
SME. Even though many researchers report on the reducing effect of FAMEs on
accumulation-mode particles, the mechanism and results are not unambiguous
but seem to depend on several factors.

Zhu et al. (2016) investigated three different FAME fuels, based on rapeseed oil,
soy bean oil and palm oil. They concluded that palm oil methyl ester increased the
nucleation mode PN but decreased the accumulation mode PN. The researchers
(Zhu et al. 2016) discussed whether the presented PN result could have been
influenced by a lower fraction of unsaturated molecules and shorter carbon chain
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length in palm oil methyl ester than those in RME and SME. According to a study
by Pinzi et al. (2013), the oxygen content in the FAME molecule structure controls
PM formation, which depends quantitatively on the carbon chain length of the
molecule. Barrientos et al. (2015) expressed the view that reactivity of soot
particles, e.g. their ability to oxidise, was affected by the chain length and the type
and location of carbon-carbon bond. Wang et al. (2016b) also found that the
smaller the fraction of unsaturated fatty acids, the lower the soot particle
precursors from FAME fuel combustion.

Ushakov & Lefebvre (2019) assessed RDOA”s use as an alternative marine fuel.
Within the measured size range of 14—750 nm, the total particle number (TPN)
was 30% higher for RDOA compared to low-sulphur MGO. There are only a few
published studies concerning CTO-derived RDOB s effect on PN emissions of a CI
engine. Therefore, PapersIII and IV of the present study provide valuable
additional knowledge about the effects of this renewable diesel.

Nabi et al. (2012) investigated total concentrations of fine particles of up to
10 000 nm with a high-speed marine engine. The engine was fuelled by MGO and
also by diesel fuel with sulphur contents of 50 and 10 mg/kg respectively. The
results showed that TPN was lower with diesel fuel than with MGO. This study also
measured particle mass emissions. The authors stated that the lower PM for diesel
probably resulted from fuel properties such as sulphur content, density, viscosity
and carbon-to-hydrogen ratio, all of which were lower for diesel than for MGO.

Consequently, fuels clearly affect the PN emissions of CI engines. Therefore,
additional knowledge of those effects is essential when adopting new fuel options.
Compliance with the prevailing particle emission legislation has to be ensured
before the introduction of novel liquid fuels. The increasingly stringent limits of
future emissions legislation mean this information is always in demand by engine
manufacturers, fuel producers and refiners, as well as end users. This dissertation
aims to increasing information about the effects of alternative fuels on exhaust
particle numbers from non-road diesel engines. Moreover, the research primarily
focused on the type of renewable and recycled fuels that will become necessary.
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3 MATERIALS AND METHODS

The experimental measurements were performed by the University of Vaasa at the
ICE laboratories of the Technobothnia Research Centre and Vaasa Energy

Business Innovation Centre (VEBIC) in Vaasa, Finland.

3.1 Engines

The research was conducted by using three different engines at laboratory

conditions. Table 1 lists the engines” main specifications. All the experimental

engines were in service at the laboratory. Maximum torques quoted are measured

values obtained with commercial low-sulphur DFO in Papers I, III and IV. In

Paper II, the maximum torques are those obtained when the fuel consisted of

20 vol.-% SME and 80 vol.-% DFO.

Table 1. The specifications of the experimental engines.

Paper [, 1, 1V [l V
Cylinder number 4 4 4
Bore (mm) 108 108 200
Stroke (mm) 120 134 280
Swept volume (dm?3) 4.4 4.9 35.2
Rated speed (rpm) 2200 2100 1000
Rated power (kW) 101 103

Maximum torque at rated speed (Nm) 455 462

Maximum torque at 1500 rpm (Nm) 583 583

Selected maximum alternator power output at €00

1000 rpm (kW)

The engines used in Papers I-IV were high-speed, non-road diesel engines.

Paper V’s was a medium-speed diesel engine. All engines had a common-rail fuel

injection system. The engines were not equipped with exhaust aftertreatment

systems, except in Paper II, in which a diesel oxidation catalyst and a urea-based
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selective catalyst reactor were incorporated into the exhaust pipe. No engine
parameter optimisation was applied during the experiments.

An eddy-current dynamometer (Horiba WT300) was used to load the high-speed
engines for Papers I-IV. The medium-speed engine in Paper V was loaded by an
ABB alternator.

3.2 Fuels

The selection of fuels was based on the needs of corporate partners and on the
availability of fuels. Table 2 lists the properties of the investigated fuels. The
properties were analysed by the fuel laboratory of the University of Vaasa if not
otherwise mentioned in Table 2. The reference fuel used for Papers I and III was
DFO which conformed to the EN 590 fuel standard (SFS-EN 590:2013). The same
DFO was a constituent part of the fuel blend in Paper II.

In Paper I, the aim was to evaluate how different methyl esters affect the exhaust
PNs. A high-speed, non-road diesel engine was fuelled in turn by four different
fuels: RME, SME, RDOA and the reference DFO. RME and SME fulfilled the
requirements of EN 14214 fuel standard (EN 14214:2012+A1:2014). The RDOA"s
feedstock consisted of waste fats, residues or vegetable oils. The RDOA was
originally referred to as HVO in Paper I.

In Paper II, the objective was to investigate exhaust PN from a high-speed non-
road diesel engine subjected to a 500-hour running period when the engine is
fuelled by a blend of 20 vol.-% SME and 80 vol.-% DFO. The length of the running
period corresponds to the oil change interval of the studied non-road engine.

In Paper III, one of the goals was to clarify how blending CTO-derived RDOB with
DFO affects the exhaust PN of the non-road engine. Blends containing 10, 20, and
50 vol.-% of RDOB were studied, described in this dissertation as RDOB1o0,
RDOB20 and RDOB50, respectively. Additionally, the engine was also operated
with neat RDOB (RDOB100). In Paper III, the blends were originally referred to
as HB1o, HB20 and HB50, and neat RDOB as HB100. The baseline fuel was DFO.
Small shares of 10 and 20% are realistic in practical commercial applications while
the stronger blend and neat option extended the range to show trends about the
effects of renewable diesel.

In Paper IV, the aim was evaluate how various alternative fuels affect the exhaust
PN when used in a high-speed diesel engine. The investigated alternative fuels
were circular-economy-based MGO, RME, CTO-derived RDOB and a
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20/80 vol.-% blend of renewable naphtha and LFO. The baseline fuel was low-
sulphur marine LFO.

In Paper V, the objective was to establish how alternative fuels affect the exhaust
PN when used in a medium-speed diesel engine. The engine was fuelled by
circular-economy-based MGO, but now with different properties from those of the
MGO used in Paper IV. The second alternative fuel tested was a 26/74 vol.-% blend
of renewable naphtha and LFO. The baseline fuel was LFO.

3.3 Measurement of particle numbers

PN of raw exhaust gas was measured by using an engine exhaust particle sizer
(EEPS 3090, TSI Inc.). It measures the particles in a size range of 5.6 to 560 nm.
The term TPN in this dissertation refers to all particles that were detectable by
using the EEPS device. Mobility particle size spectrometers, such as EEPS, have
been found to be most accurate when measuring particle numbers within the size
range of 20—200 nm (Wiedensohler et al. 2012). Greater uncertainties may exist
outside this size range, as described by Wiedensohler et al. (2018).

The EEPS classifies particles based on their differential electrical mobility. The
particles in the incoming sample are charged negatively by a first charger. Thus,
the number of highly positive charged particles is reduced and overcharging of the
second charger is prevented. The particles are then charged positively by the
second charger. Each particle carries a charge that relates to its size. Positively
charged particles are led into the central column which contains a central rod with
a high voltage. The rod s electrical field repels the particles radially outward to 22
electrically isolated electrometers on the outer wall of the column. Large particles
are detected near the bottom of the column while smaller particles are higher up.
When a particle hits an electrometer, the resultant electrical current is measured.
The currents from the 22 electrometers are interpreted as the concentration of PN
and converted into 32 size channels of output by using a data inversion algorithm.
The noise level of the EEPS electrometers may increase as they become dirty. Thus,
determination of zero current values for the electrometers is recommended in
order to compensate as the noise level increase. (TSI 2009). These zero current
values were determined in all measurements performed for the papers.

The determination of the exhaust PN requires dilution of the sample. The EEPS
measures PN from the partial exhaust flow. During the research work, the sample
was processed to meet the requirements set for EEPS inlet aerosol, including inlet
sample flow rate, temperature and dilution.



Acta Wasaensia 11

In Paper I, the exhaust gas sample was diluted at two stages. First, the sample was
diluted with ambient air by means of a porous tube diluter. Then, the sample was
led through secondary dilution, performed with a Dekati ejector diluter. The
overall dilution ratio was determined by simultaneously measuring carbon dioxide
concentration before and after the dilution stages. The total dilution ratio varied
from 118:1 to 286:1.

In all the other papers, the exhaust sample was first diluted with ambient air by
means of a rotating disc diluter (model MD19-E3, Matter Engineering AG,
currently Testo AG). This used a constant 60:1 dilution ratio during the
measurements. The dilution air was kept at 150 °C in order to control the
presumed drop in the temperature from raw sample state to the diluted sample
state. Control of the dilution air temperature targeted to prevent condensation of
any vapours in the exhaust sample during the first dilution (Testo 2016). The
diluted sample (5 dm3/min) was further diluted by purified air with a dilution ratio
of 2:1, giving an overall dilution ratio of 120:1.

During every study (Papers I-V), the PN was recorded once, for a period of three
minutes. The stability of the PN level during recording was checked to ensure
reliable results.

3.4 Engine running procedures

Standardised ICE running procedures ensure that similar conditions of engine
operation are used during the measurements. They also enable comparison of the
results with other experiments and legislative limits. The standardised procedures
define the engine speeds and loads to be used in the parameter recordings. In
Papers I, III and IV, the load points selected for the high-speed engine were based
on the eight-mode C1 driving cycle of the ISO 8178 standard. The C1 steady state
cycle is known as the non-road steady cycle (NRSC), shown in Table 3. The
intermediate speed was chosen to be 1500 rpm.

With each fuel, the same engine torques were used in each study. At each speed,
the maximum torque selected for Paper I was 90% of the full load torque. This
allowed the test engine to always run at the same loads, irrespective of the studied
fuel. The same torque values were used in Paper III. In Paper IV, each maximum
torque was 80% of the full load torque, and the engine was also run at 25% load at
intermediate speed. The maximum torque values were lower than full load values
to ensure the whole cycle could run with all fuels.
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Table 3. Experimental matrix with high-speed engine in Papers I, IIT and
Iv.
Point 1 2 3 4 5 6 7 8
Speed Rated Intermediate ldle
Load (%) 100 75 50 10 | 100 75 50 0

Torques in Papers |, [l (Nm) | 410 308 205 41 | 525 394 263 0
Torque in Paper IV (Nm) 351 263 176 35 | 450 338 225 0

Weighting factor 0.15 0.15 0.15 0.10]0.10 0.10 0.10|0.15

In PaperII, the total engine running time was 500 hours. Before starting the
running period, PN measurements were performed with the new engine
installation. Thereafter, the engine was operated each day according to a defined
running procedure, consisting of sequential load points chosen to represent typical
actual engine use as accurately as possible. Table 4 sets out the daily running cycle.
The PN measurements performed with the new engine were repeated after 250
hours of engine operation, and again after 500 hours.

In Paper V, the maximum electrical power from the alternator used to load the
engine was set at 600 kW, at a fixed engine-speed of 1000 rpm. The output was
measured as net electrical power downstream of the frequency converter used to
control the engine-driven generator set. Measurements were also taken at partial
electric loads of 450, 300, 150 and 60 kW. These load points were selected
according to the D2 test cycle of the ISO 8178-4 standard.

At the beginning of each measurement day, the zero current values for the EEPS
electrodes were determined in order to avoid the increase in the EEPS noise level.
This procedure entailed running the EEPS for 60 seconds with a high-efficiency
particulate air filter on the inlet. Additionally, for the high-speed engines
(Papers I-1V), the intake air temperature was adjusted to 50 °C downstream of the
charge-air cooler at the selected maximum torque at rated speed. The temperature
was controlled manually by regulating cooling water flow to the heat exchanger.
After this initial adjustment, the temperature was allowed to freely change with
engine load and speed.
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Table 4. Daily cycle between measurements in Paper II.

Point Speed (rpm) Load (%) Torque (Nm) Duration (min)

1 1000 0 0 15
2 1300 14 75 15
3 1600 21 123 15
4 1800 29 175 30
5 2000 40 214 15
6 2100 51 236 15
7 1900 60 346 15
8 1700 49 293 15
9 1500 30 175 30
10 1200 25 127 15

To ensure reliable results, the engines were always allowed to stabilise at each load
point before PN recordings were taken. The criteria for this were stable
temperatures of coolant water, intake air and exhaust.

3.5 Processing of particle number data

The EEPS data inversion algorithm involves an instrument matrix that is used for
the representation of the relationship between particle diameters and electrometer
currents. Studies have shown that the original instrument matrix of EEPS (IM-
2004) is not capable of estimating the geometric mean diameters of diesel exhaust
particles in a way that agrees with other commercial devices for measuring PN
within the comparable size range (e.g. Zimmerman et al. 2014; Quiros et al. 2015).
Thus, TSI Inc. developed a new instrument matrix for engine exhaust particles
(IM-Soot) in order to improve EEPS accuracy (Wang et al. 2016a). Apart from the
results presented in Paper III, the IM-Soot data inversion algorithm was used to
process the PN data. In the original Paper III, the IM-2004 data inversion
algorithm was applied, but for this dissertation, Paper III's results were
reanalysed using the new instrument matrix IM-Soot.
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Processing of PN data for this dissertation differed from that of the original papers.
In all this dissertation”s papers, the PN results presented were based on three-
minute stable time periods. The averaging interval of two seconds was used. For
Papers I, IV and V, the three-minute PN recordings were split up into three one-
minute recordings. The uncertainty of the PN measurement was approximated by
calculating the standard deviation of the PN averages, taken from each one-minute
recording. For Papers II and III, in contrast, the full three-minute recordings were
used without any division. The uncertainty of the PN measurement was not
presented.

For this dissertation, the TPN in the size range of 5.6 to 560 nm was calculated
from the original PN recordings, each of which was three minutes long. The PN
concentrations of the 32 size resolution channels in the EEPS spectrometer output
were added up at the time intervals of 0.1 s in order to calculate TPN. The time
interval of 0.1 s corresponds to the time resolution capability of EEPS.

The TPN results represent the calculated three-minute averages of PN sums.
Moreover, the averages of the normalised PN concentrations were calculated from
each size resolution channel (dN/dlogD,, where N is particle concentration and D,
the mobility diameter of a particle). The averages of the calculated TPN and of the
normalised PN concentrations were multiplied by the overall dilution ratio of the
exhaust sample, thus translating the values into corresponding concentrations in
the raw exhaust.

With regard to the EEPS output’s size channels, the first 10 channels represent
particle geometric mean sizes from 6.0 to 22.1 nm. The data analysis includes a
calculation of PN sum of these first 10 size channels as a proportion of TPN from
all 32 size channels. This calculation was used to approximate the PN split between
nucleation and accumulation modes of TPN.
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4 RESULTS

This chapter revises the exhaust TPN results from each study (Papers I-V) in
which renewable or recycled fuels fuelled either high- or medium-speed diesel

engines.

Differences in TPN were detected within the studied fuel sets of Papers I, III, IV
and V, as well as during the 500-hour endurance test (Paper II). With the
exception of Paper V’s tests, nucleation mode particles accounted for the greater
proportion of the detected TPN. Within this mode, the distinct PN differences
between fuels were mostly detected around the size category of 10 nm.

4.1 High-speed engine with methyl esters and renewable
diesel

Paper I’s aim was to assess how different methyl esters affect the exhaust PN.
Along with DFO and RDOA, the studied fuels were methyl esters RME and SME.
Figure 1 shows the TPN at rated speed. Each bar represents the mean value of TPN,
with standard deviation depicted as error bars. As at rated speed, the studied fuels
also produced distinctly different TPN emissions at all other load points of the
NRSC.

15108 2200 rpm
mm DFO
mmm RME
SME
- mmm RDOA
10-108
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|»]
=
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5-108 -
0-10°

10 50 75 100
Load (%)

Figure 1. The effect of methyl esters and RDOA on exhaust TPN at rated
speed.
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Figure 2. The effect of methyl esters and RDOA on exhaust PN within the size
range of 70 to 200 nm at 75% of rated speed. PN with DFO forms
the zero line.

The lowest TPN was mostly detected with baseline DFO and the highest with SME.
Figure 2, however, illustrates how methyl esters significantly reduced PN (by 62 to
78%) within the size range of 70 to 200 nm at 75% load at rated speed. A similar
trend was detected at several load points. RDOA also was beneficial in this size
range, relative to DFO. However, methyl esters were not observed to reduce PN
emission outside the size range of 70 to 200 nm.

4.2 Endurance test of high-speed engine with a methyl
ester blend

In Paper II, the objective was to investigate how a 500-hour running period affects
the exhaust PN of a high-speed, non-road diesel engine when fuelled by a
20/80 vol.-% blend of SME and DFO. Figure 3 illustrates the TPN results at two
loads at intermediate speed. The TPN increased clearly with running hours. It also
increased distinctly between initial and final measurements at every other load
point. The TPN was affected by the considerable increase of PN within an
approximate size range of 7 to 30 nm. In contrast, no notable differences were,
observed in PN of above 50 nm during the 500-hour period. Analysis showed that
copper concentration in the lubricating oil increased considerably (from 49 to
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420 ppm) between the running hours of 357 and 553. The increase in TPN with
running hours was assumed to be caused by the copper particles, not by the effects
of SME in the fuel blend.
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Figure 3. The effect of a 500-hour running period on exhaust TPN at
intermediate speed.

4.3 High-speed engine with blends of wood-based
renewable diesel fuel

One of the goals of Paper III was to evaluate how blending CTO-derived RDOB
with DFO affects the exhaust PN of a non-road diesel engine. The studied blends
contained 10, 20, and 50vol.-% of RDOB, termed RDOB10, RDOB20 and
RDOB50, respectively. The two neat constituents, DFO and neat RDOB
(RDOB100), were also tested. Figure 4 shows the effects of the various fuels on the
exhaust particle size distribution (PSD) at low idle. The averages of the normalised
PN concentrations are represented as data points which are connected by lines.
The shaded area illustrates the size of standard deviation. As shown, neat RDOB
gave a clear PN reduction at a particle size category of 10 nm. However, no equally
coherent trend was observed in the PSDs at other engine loads. Nevertheless,
RDOB improved the TPN performance. Figure 5 depicts the weighted TPN
emissions over the C1 driving cycle of the ISO 8178 standard. Throughout the
entire test cycle, the TPN emissions decreased with increasing share of renewable
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diesel. Fuelling with RDOB100 produced a TPN reduction of 33% compared with
fossil DFO. With RDOB10, the TPN decreased by approximately 8%.
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Figure 4. The effect of CTO-derived RDOB fuel blends on the exhaust PSD
emission at low idle.
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Figure 5. TPN emission for blends of CTO-derived RDOB and DFO within a
size range of 5.6—560 nm, weighted over ISO 8178 C1 cycle.
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4.4 High-speed engine with alternative marine diesel
fuels

Paper IV’s aim was to find out how potential alternative marine diesel fuels affect
the exhaust PN of a high-speed diesel engine. Five fuels were studied: LFO, MGO,
CTO-based RDOB, RME and a naphtha-LFO blend. Figure 6 illustrates the TPN
results at intermediate speed. Results at both intermediate and rated speeds, and
at all loads, show none of the alternative fuels led to a distinctive TPN reduction
relative to the baseline LFO. Nevertheless, RDOB and the naphtha-LFO blend were
quite similar to LFO with regard to TPN. Depending on the load, RDOB and the
blend slightly decreased or increased TPN compared to LFO. At some loads, MGO
emitted TPNs similar to baseline LFO, but at other loads, slightly higher.

204106 1500 rpm
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Figure 6. The effect of selected alternative fuels on the exhaust TPN of a high-
speed engine at intermediate speed.

4.5 Medium-speed engine with alternative liquid fuels

In Paper V, the objective was to establish how alternative marine diesel fuels (LFO,
MGO and the naphtha-LFO blend) affect the exhaust PN when the fuels are used
in a medium-speed diesel engine. Figure 7 depicts the TPN differences between
the two alternative fuels in relation to LFO. Compared to the LFO baseline, MGO
and the renewable naphtha-LFO blend both proved to be beneficial in terms of
TPN. The blend and MGO generated fairly similar TPNs at the higher electric loads
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from 300 to 600 kW, with both fuels showing clear reductions in comparison to
LFO. Depending on the load, the blend reduced TPN by between 5 and 51%
whereas MGO reduced TPN by between 24 and 44%. At low loads (60 and 150 kW)
the TPN was lowest with MGO and the decrease in TPN with the blend was not so
great. Overall, blending renewable naphtha with LFO resulted in a clear reduction
of TPN emissions within the particle size range of 5.6 to 560 nm. Circular-
economy-based MGO was even better at low loads.
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Figure 7. The effect of selected alternative fuels on the exhaust TPN of a
medium-speed engine at different loads. TPN with LFO forms the
zero line.

Irrespective of the load or fuel, the TPN now consisted almost solely of particles
above the size category of 23 nm. For all fuels, the share of particles larger than
23 nm was the highest at full load, being always above 95%. At each load and with
all three fuels, the PSD had a distinct peak between 20 and 100 nm.
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5 DISCUSSION

The exhaust gas TPN of a CI engine is measured under critical physical conditions
due to the instability of the emitted particles. TPN undergoes continuous changes
since the initiation of single particles inside the engine cylinder. (Heywood 1988).
Thus, numerous uncertainties are intrinsic to the presented TPN results. The
uncertainties that may have affected the TPN results during the research work are
next discussed.

Liquid fuel has to be mixed with intake air prior to proper combustion inside the
engine cylinder in which PM initiation occurs. Several factors affect air-fuel
mixture preparation that then affect PM initiation. Mason et al. (2016) mention
that PM initiation depends on the time available for mixture preparation, air-fuel
ratio and fuel composition. Initiation and evolution of PM continues during the
exhaust gas transport. Thus, in addition to differences in the actual TPN,
subsequent losses may affect the results. Giechaskiel et al. (2012) divide the
particle loss mechanisms into two categories: sampling and transport. The
transport category includes issues related to particle dynamics and particle losses.
Transport-related loss may occur not only inside the sampling line but also inside
the exhaust pipe (Mason et al. 2016). This study performed all the measurements
under very stable engine conditions. PN number was also followed up at each load.
It was not recorded until the level remained stable. Therefore, the results are
completely comparable for all fuels independent of possible sampling or transport
losses.

This dissertation”s TPN results comprise all particles that were detectable by the
EEPS device within its size range capability of 5.6 to 560 nm. Thus, the presented
TPN results include particles from both the nucleation mode and the accumulation
mode (Kittelson 1998; Ronkko et al. 2006; Ronkko et al. 2007; Filippo & Maricq
2008; Lahde et al. 2010; Heywood 2018).

The nucleation mode formation has been reported to be sensitive to the engine
parameters (Lihde et al. 2011), fuel and lubricating oil characteristics (Vaaraslahti
et al. 2005) and exhaust aftertreatment (Maricq et al. 2002). Dilution conditions
such as dilution ratio, temperature and relative humidity of the dilution air are also
seen to affect nucleation mode formation (Mathis et al. 2004). On the other hand,
Ronkko et al. (2007) reported that the PSD dominated by nucleation mode was
unaffected by the changes in dilution air temperature and relative humidity
between 20 °C and 82 °C and 0% and 60%, respectively. The TPN remained
unchanged although the fuel sulphur increased from 10 to 48 ppm (R6nkko et al.
2007). These results indicate that nucleation mode formation might be insensitive
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to fuel sulphur content, dilution air temperature and relative humidity of ambient
air. So, it seems that there are contradictory results and perceptions regarding how
dilution conditions affect formation of nucleation mode particles. However, unlike
the nucleation mode, the accumulation mode is not sensitive to dilution conditions
(Maricq et al. 2002; Kittelson, Watts & Johnson 2002).

With the exception of Paper I, the first dilution stage was made with heated air (at
150 °C) in order to prevent condensation of ambient moisture in the sampling
lines. According to Vaaraslahti et al. (2004), the nucleation mode evaporates
completely when an exhaust sample is heated sufficiently after the dilution stage.
However, nucleation mode formation was not disabled during the present research
work, so the TPN included both nucleation mode and accumulation mode
particles. The TPN results would have been different without the nucleation mode
particles. Nevertheless, each study used completely similar sampling methods for
all fuels, so this consistent methodology does favour comparability of the results.
Stable TPN levels over the three-minute measurement period also facilitated
thorough comparison of the fuels. Figure 8 illustrates an example of this, drawn
from Paper V’s study. It shows the actual TPN of LFO, MGO and naphtha-LFO
blend as a function of measurement time at 100% load at 1000 rpm. Similar
follow-up recordings were used in all the studies to ensure reliable and comparable
results.

1000 rpm, 100% load
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Figure 8. The actual TPN of LFO, MGO and the blend of naphtha and LFO
during three-minute measurement period at 100% load at
1000 rpm.
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Paper I’s conclusion that methyl esters reduce accumulation mode PN in the 70
to 200 nm size range is consistent with the earlier findings (e.g. Jung et al. 2006,
Heikkild et al. 2009, Rounce et al. 2012, Sun et al. 2019). They reported how
FAMEs, either neat or as blending components, had a reducing effect on the
number of accumulation mode particles. Similar results were also obtained in
Paper L. In any case, the PN reductions in accumulation mode can be most likely
explained by oxygen bounded in mono-alkyl-ester molecules (Yang et al., 2007;
Lapuerta et al., 2008). Promotion of soot oxidation was more effective with methyl
esters than with DFO and RDOA. The DFO and RDOA evaluated in Paper I were
similar to the studied fuels of Happonen et al. (2010), who reported that the soot
oxidation properties for both fuels were similar. However, in the present study,
RDOA also reduced accumulation mode particles when compared with baseline
DFO, although to a lesser extent than the methyl esters (Figure 2). Vaporisation of
water releases oxygen that also promotes soot oxidation (Samec et al. 2002). In
Paper I, however, the water content of both methyl esters was low, and for DFO
and RDOA it was negligible. The water contents of alternative fuels were assumed
to be too low to explain the obtained PN reductions in accumulation mode.

Paper I1’s objective was to find out how a 500-hour running period affects the
exhaust PN emission of a high-speed, non-road diesel engine fuelled by a blend of
SME and DFO. Addressing the detected increase of copper concentration in the
lubricating oil, one assumption was that these copper particles might have caused
the considerable PN increase within an approximate size range of 7 to 30 nm.
Copper is one of the metallic elements originating from engine wear (Chu-Van et
al. 2020). However, there were no increases in the oil s level of other wear metals,
such as lead, as would have been probable in the case of damage to bearings or
other engine parts (Sirvio et al. 2016). Schumacher, Peterson & Van Gerpen (2005)
suggested that the high levels of copper in their lubrication oil samples originated
from a copper oil-cooler. Thus, one possible reason for the substantial increase in
the nucleation mode PN was assumed to be copper originating from the break-in
of a new oil-cooler (Paper II). Therefore, the increase in the TPN with running
hours, depicted in Figure 3, could be explained by the copper particles, not by the
effects of SME in the fuel blend. It should be noted that the number of particles
larger than 50 nm did not increase during the 500-hour running period. The use
of the blend of SME and DFO proved, thus, not deteriorate the combustion-derived
PN performance of the engine during this period.

Turning to Paper III”s studies, there are only a few publications available on the
effect of CTO-derived RDOB on PN emissions from a CI engine. Laurikko et al.
(2014) performed a field test of four cars fuelled by a blend of 20 vol.-% CTO-
derived RDOB and 80 vol.-% DFO. No clear differences in PM mass emissions was
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detected compared with the DFO reference fuel during the 20 000 km of on-road
driving covered by each car. One of Paper III"s goals was to clarify how blending
CTO-derived RDOB with DFO affects the exhaust PN emission of a non-road diesel
engine. The polyaromatic hydrocarbon content of the blend fell as the share of
RDOB increased. Thus, the reduction in aromatics was most likely one of the main
reasons for the lower TPN emissions throughout the entire test cycle. Furthermore,
the clear PN reduction at a particle size category of 10 nm at idle with neat RDOB
may be explained by this fuel’s negligible sulphur and aromatics contents.
Moreover, neat RDOB had a cetane number of 65, compared with the baseline
DFO’s 59 (Table 2). Presumably, RDOB contained more paraffins, which
increases the cetane number (Laurikko et al. 2014, Heywood 2018). Based on
Erman et al. (2020), an elevated cetane number followed by a shortened ignition
delay seems to lower the nucleation mode PN at low load. The higher cetane
number of RDOB might have promoted the reduction of the number of the finest
particles further.

CTO-derived RDOB was also studied as an alternative marine diesel fuel in
Paper IV. This paper aimed to evaluate how LFO, RDO, MGO, RME and a
naphtha-LFO blend affect the exhaust PN of a high-speed engine. Considering the
variation of mean TPN values, no consistent conclusion could be drawn about the
differences between fuels with regard to TPN. The sulphur content of MGO was
below 100 mg/kg. Thus, MGO contained slightly more sulphur than the other
fuels, which showed very low sulphur levels (all < 10 mg/kg). This might explain
the slightly higher TPNs detected with MGO at some loads (Aufdenblatten et al.
2002). In the study of Vaaraslahti et al. (2004), however, an increase in the
sulphur content to 40 mg/kg did not show any change in the PSD. Overall, the
results obtained with circular-economy-based MGO and the renewable naphtha
and LFO blend cannot be compared with those of other comparable published
studies of these fuels” effects because such studies are sparse. Consequently, Paper
IV’s TPN results are unique and novel information about two realistic alternative
fuel options.

Paper V concerned the effects of LFO, MGO and the naphtha-LFO blend on the
exhaust PN of a medium-speed engine intended for power plants and marine
applications. Each fuel showed a stable TPN level over the extended measurement
period of eight minutes. The high-volatility fractions of naphtha most probably
promoted air-fuel mixing and a reduction of particulates in the case of the blend.
The blend’s lower sulphur content, relative to the baseline LFO, was another
possible reason for its lower TPN.
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Finally, PN reductions can be improved further by optimising the fuel injection
separately for each alternative fuel (Aatola et al. 2008; Bohl et al. 2018). However,
in the current study, no engine parameters were optimised for any of the fuels. The
individual optimisation of engine parameters to suit fuels must be the next step in
order to realise the maximum potential benefits of new renewable fuels.
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6 CONCLUSIONS

The results obtained from the studies of PapersI-V allow the following
conclusions to be drawn.

1)

3)

)

5)

6)

7)

8)

9)

Circular-economy-based MGO and a blend of renewable naphtha and LFO
are potential novel fuel options for medium-speed diesel engines if seeking
a notable reduction of PN emissions. The share of up to 26 vol.-% of
naphtha in the blend proved to work well in the medium-speed diesel
engine.

Depending on the load, TPN reductions of 5 to 51% were achieved by
fuelling the medium-speed engine with the naphtha-LFO blend instead of
neat LFO.

Circular-economy-based MGO also reduced the TPN compared with LFO
in the medium-speed engine. Reductions of 24 to 44% were recorded
within the power output range of 300 to 600 kW.

In a high-speed engine, neither the blend of renewable naphtha and LFO
(20/80 vol.-%) nor the circular-economy-based MGO reduced TPN
relative to the baseline LFO. However, the naphtha blend was quite similar
to LFO with regard to TPN.

RME and SME reduced the exhaust PN within a particle size range of 70 to
200 nm at the majority of loads in the same high-speed engine. This was
most likely due to the high oxygen content of those fuels.

TPN, however, was higher with RME and SME than with DFO because the
nucleation mode particles increased with methyl esters.

RDOA from waste fat, residue or vegetable oil did not bring any clear
benefit for the TPN of the same high-speed engine. Results were better than
those with DFO at some loads, but worse at other loads.

Increasing the share of CTO-derived RDOB in the fuel blend with DFO
reduced TPN emissions throughout the entire test cycle of the high-speed
engine. TPN with neat RDOB was 33% lower than with fossil DFO.

Neat RDOB gave a clear PN reduction at a particle size category of 10 nm
with the high-speed engine at low idle. Two of the main reasons for this PN
reduction are most probably RDOB’s negligible sulphur and aromatics
contents.
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10) There was a notable rise in TPN emissions during a 500-hour endurance
test run on the other high-speed engine, fuelled by a blend of SME
(20 vol.-%) and DFO (80 vol.-%). This was caused by a large increase in
nucleation mode particles: PN above 50 nm did not change. The rise in
nucleation mode particles seemed not to be combustion-related but
associated with the fine copper particles originating from some engine
component.

11) Overall, the results provided new information, especially concerning two
renewable diesels, renewable naphtha and circular-economy marine gas
oil. Each of these offers potential for better fuel sustainability.

Future studies of exhaust PN of non-road diesel engines will entail individual
optimisation of the engine parameters to suit each fuel. Extended, endurance-type
studies are also required. Thorough analyses of particle composition are needed.
Further investigation of the influence of lubricating oil composition is another
task, aiming to limit PN emissions caused by oils. Additionally, maintenance
procedures and service life of the lubricating oil filter must be examined.
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7 SUMMARY

The main goal of this thesis was to investigate how different alternative fuels,
originating from either renewable or circular-economy feedstock, affect the
exhaust PN in non-road diesel engines. The seven studied alternative fuels
included two renewable diesels from different feedstock; circular-economy-based
MGQO; a blend of renewable naphtha and marine LFO; RME; SME; and a blend of
SME and DFO. Two fossil diesels, DFO and LFO, served as baseline fuels. The
selection of fuels was primarily based on the demands of the company partners
and on the availability of fuels.

Five experimental studies (Papers I-V) were performed in order to achieve the
goal. Three different engines were examined at laboratory conditions during the
research work. The engines used in Papers I-IV were high-speed, non-road diesel
engines while the engine in Paper V was a medium-speed diesel. The engines were
not equipped with exhaust gas aftertreatment systems, except in Paper II, where a
diesel oxidation catalyst and a urea-based selective catalyst reactor were
incorporated into the exhaust pipe.

PN from raw exhaust gas was measured during the research by means of an engine
exhaust particle sizer (EEPS 3090, TSI Inc.), assessing particles in a size range of
5.6 to 560 nm. For this dissertation, the TPN was calculated from the original PN
recordings in the same size range, applying a time interval of 0.1s for the
processing of PN data.

From the viewpoint of particulate emissions, circular-economy-based MGO and
the blend of renewable naphtha and LFO both proved to be potential novel fuel
options for the high and medium-speed, non-road diesel engines. The naphtha-
LFO blend with 26 vol.-% of naphtha worked well in the medium-speed diesel
engine.

Depending on the load, TPN reductions of 5 to 51% were achieved by fuelling the
medium-speed engine with the naphtha-LFO blend. Circular-economy-based
MGO also reduced the TPN compared with LFO, giving reductions of 24 to 44%
within the engine load range of 10 to 100%. These results provide new insights
about renewable and recycled fuel options offering a sustainable fuel policy.

This research aimed to also provide valuable information about the use of
innovative renewable diesel and its blends in a modern, non-road diesel engine.
Increasing the proportion of renewable CTO-derived RDOB in a fuel blend with
DFO reduced TPN emissions throughout the entire load-speed range of the engine.
Using neat RDOB instead of fossil DFO lowered TPN by 33%. Raising the
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proportion of RDOB in the fuel reduced its aromatics content, which most likely
contributed to the TPN reductions. The beneficial effect of neat RDOB was also
detected with the engine at low idle with zero load, giving a clear reduction of
nucleation mode PN. Another renewable diesel, RDOA, did not improve the PN
emissions performance of the high-speed engine but, as a whole, the results were
quite similar to those with DFO.

When considering the end-users, long-term compliance with PN limits is an
important issue. TPN emissions deteriorated notably during a 500-hour
endurance test of an engine fuelled by a blend of SME (20 vol.-%) and DFO
(80 vol.-%). However, only the nucleation mode particles increased and the reason
was, most probably, not related to combustion but to wear of some engine
component.

This dissertation presents new scientific conclusions about the effects of renewable
and recycled fuels on the exhaust particle numbers in non-road diesel engines.
Engine manufacturers, fuel producers and refiners as well as authorities are those
most likely to make use of the results and conclusions.
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Abstract. The main aim of this study was to find out how methyl esters with different fatty acid
compositions affect the exhaust particle numbers. Along with fossil diesel fuel oil (DFO) and
renewable diesel (HVO), a high-speed non-road diesel engine was fuelled by rapeseed (RME)
and soybean (SME) methyl esters. Particle numbers within the size range of 5.6-560 nm were
measured by means of an engine exhaust particle sizer (EEPS). The exhaust smoke, gaseous
emissions and the basic engine performance were also determined. During the measurements, the
4-cylinder, turbocharged, intercooled engine was run according to the non-road steady cycle.
Methyl esters reduced particles within the size range of 70 to 200 nm. For RME and SME, both
positive and significant correlations were found between the sum of the particle numbers detected
above the size category of 23 nm and methyl palmitate (C16:0), methyl stearate (C18:0) and
methyl linoleate (C18:2) contents at 10% load at rated speed. In terms of nitrogen oxide (NOy)
and hydrocarbon (HC) emissions, HVO was beneficial while carbon monoxide (CO) emission
was the lowest with DFO. The level in smoke emission was negligible.

Key words: diesel engine, particle number, methyl ester, fatty acid composition.
INTRODUCTION

The European Parliament and of the Council promoted the use of energy from
renewable sources by setting the renewable energy directive in 2009. For the transport
sector, the sub-target of the directive was that 10% of the fuels are from renewable sources
by 2020 (Directive 2009/28/EC). In order to meet this target, the Fatty Acid Methyl
Esters (FAME) has been widely used in EU as a blending component with fossil diesel
fuel oil (DFO) during the past 10 years. Furthermore, the use of FAME in cultivation,
transportation and distribution machineries is seen as an option for the improvement of
the life cycle based greenhouse gas (GHG) balances of FAME (Jungmeier et al., 2016).

Diesel engine exhaust particles form the size distribution with two distinctive
particle modes; accumulation mode and nucleation mode. The particle mean diameters
in nucleation mode are under 50 nm, whereas the mean diameter range in accumulation
mode is 50-500 nm (Kittelson, 1998; Ronkko et al., 2006; Ronkkd et al., 2007; Filippo
& Maricq, 2008; Lihde et al., 2010). Nucleation mode includes the particles which are
believed to form during dilution when the exhaust gas gets mix up with the ambient air.
Accumulation mode is thought to consist mainly of the agglomerated carbon soot
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particles which result from the incomplete burning of either the fuel or the lubricating
oil remnants inside the cylinder (Kittelson et al., 1999; Ronkko et al., 2007; Nousiainen
et al., 2013). Soot formation can be enhanced by improving soot oxidation (Wang et al.,
2016D).

FAME fuels contain fatty acids with different lengths of molecule chains. As the
molecule chain shortens, relative amount of oxygen increase in the chain. Soot oxidation
improves (Pinzi et al., 2013; Barrientos et al., 2015). Moreover, the different fatty acids
have divergent number of carbon—carbon double bonds in the chemical structure of
FAME. Saturated fatty acids do not have double bonds while unsaturated have one or
more. The less the fraction of unsaturated fatty acids the lower the soot precursors
resulted from FAME fuel combustion (Zhu et al., 2016; Wang et al., 2016b).

Schonborn et al. (2009) studied the combustion behaviour of pure individual fatty
acid alcohol ester molecules in a single-cylinder research engine. As a one result,
particulate mass was detected to increase as the length of ester molecule was increased.
They gave reason for the increased mass by means of particle numbers. Unsaturated fatty
ester molecules produced more particles in the diameter range of about 40 and 200 nm
compared to diesel fuel. In the study of Pinzi et al. (2013), particulate mass was increased
as chain length of methyl ester was increased.

This paper presents how methyl esters with different fatty acid compositions
affected the exhaust particle numbers. Along with fossil diesel fuel oil (DFO) and
renewable diesel (HVO), a high-speed non-road diesel engine was fuelled by rapeseed
(RME) and soybean (SME) methyl esters. Alongside the exhaust gas particle number
and size distributions, the exhaust smoke, gaseous emissions and basic engine
performance were determined. The high-speed off-road diesel engine was driven
according to the non-road steady cycle (NRSC). During the experiments, no parameter
optimization was applied with the studied fuels.

MATERIALS AND METHODS

The experimental measurements were performed by the University of Vaasa at
the engine laboratory of the

Technobothnia Research Centre in Table 1. Main engine specification
Vaasa, Finland. Engine AGCO POWER 44 AWI
Cylinder number 4

Engine Bore (mm) 108

The 4-cylinder test engine Stroke (mm) 120
was a turbocharged, intercooled Swept volume (dm’) 4.4
(air-to-water)  off-road  diesel Rated speed (rpm) 2,200

. . . Rated power (kW) 101

engine, eq‘_“‘,’pec_l with a common- Maximum torque with ~455%*
rail fuel injection system. The rated speed (Nm)
engine had no exhaust gas after Maximum torque with  583*
treatment. The main engine 1,500 rpm (Nm)
specification is given in Table 1. *conformable to measured torques obtained with DFO fuel.

Fuels
The effects of rapeseed methyl ester (RME), soybean methyl ester (SME), and
hydrotreated vegetable oil (HVO) on the exhaust gas particles were investigated along
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with commercial low-sulphur diesel fuel oil (DFO). The fuel specifications are in
Table 2. RME and SME fulfilled the requirements of EN14214 standard. DFO was used
as the reference fuel, completely fulfilling the fuel standard EN590. For DFO, the lower
heating value (MJ L") was based on the information received from the fuel supplier. The
unit conversion from MJ 1! to MJ kg! was calculated. The lower heating values of RME,
SME and HVO were computed based on the elementary analyses of fuels (Mollenhauer
& Schreiner, 2010).

Table 2. Fuel specifications

Parameter Method DFO RME SME HVO  Unit
Cetane number ASTM D6890 - 53.5 47.3 74.7 -
Density (15 °C) ENISO 12185 834 883 885 779 kg m3
Sulfur content EN ISO 20846 3.6 - - <1 mg kg!
ASTM D7039 - <2 3 - mg kg!
Carbon content ASTM D5291 - 77.4 77.0 84.2 wt.-%
Hydrogen content ASTM D5291 - 12.2 11.9 15.1 w.t-%
Nitrogen content ASTM D5291 - <02 <02 - wt.-%
Water content ENISO 12937 - 132 353 19 mg kg!

Kin. viscosity (40 °C) Fuel supplier's info - 4.5 4.1 2.9 mm? 57!
Lower heating value Fuel supplier's info  36.0* - - - MJ L!
By calculating 43.2 377 372 43.8 MJ kg'!
*(Teboil, 2019).
Any parameter optimization was Table 3. Fatty acid compositions for RME and
not made with the studied fuels. The SME
engine lubricant was the development RME  SME
. . Methyl ester o, %
product of the supplier. The fatty acid 0 0
composition of RME and SME were 10:0 <0 -
analysed, Table 3. 12:0 . 0.1
14:0 <0.1 0.1
. . 16:0 4.5 11.2
Anzlllytlcal 1nstrqments 16:1 cis 04 0.1
The particles from a size range of 5.6 17:0 <01 01
to 560 nm were recorded by using the 17:1 0.2 0.1
engine exhaust particle sizer (EEPS). 18:0 1.6 4.4
The adopted measurement instruments 18:1 cis 61 21.8
for gaseous emissions and air mass 18:2 konj. - <0.1
flow rate are also listed in Table 4. 18:2 n-6 cis 193 529
Before the measurements, the 18:3 n-3 cis (ALA) 9.9 7.6
. 20:0 0.6 0.3
analysers were calibrated manually 201 13 02
once a Qay according to the instructions 20:2 16 cis 0.1 0.1
of the instrument manufacturers. For 220 0.3 03
the EEPS, the sample flow rate was 22:1 n-9 cis 0.3 0.1
adjusted at 5.0 Lmin?!, and the 24:0 0.1 0.1
‘SOOT’ inversion was applied in the 24:1 0.2 -
data processing (Wang et al., 2016a). Saturated fatty acids total 7.1 16.7
The arrangement of the test bench and Monounsaturated fatty acids total  63.3 223
measurement devices is seen in Fig. 1. Pol?/unsaturated fatty acids total ~ 29.3 60.5
Iodine number 113.8 130.8
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Table 4. Measuring equipment for gaseous emissions and intake air

Parameter Device Technology

Particle number and size distribution TSI EEPS 3090 spectrometer
Hydrocarbons J.UM. VE7 HFID

Smoke AVL 415 S optical filter

NOy, CO, CO2, O TSI CA-6203 CA-CALC electrochemical

NOy, A WDO UniNOy sensors ZrOs-based multilayer
0 Siemens Oxymat 61 paramagnetic

Air mass flow rate ABB Sensyflow P thermal mass

During the measurements, the exhaust gas sample was diluted at two stages in order
to decrease the particle concentration of the sample for the EEPS. The sample was first
diluted with ambient air by means of the porous tube diluter (PTD, Ntziachristos et al.,
2004). Then, the sample was led through the secondary dilution, which was performed
with Dekati ejector diluter. The total dilution ratio of exhaust sample was determined by
simultaneously measuring CO, concentration before and after the dilution stages. The
particle sampling system was provided by Tampere University. This study was a part of
the larger measurement campaigns and emission data acquirement. In the studies of
Karjalainen et al. (2014) and Alanen et al. (2017), the above-mentioned dilution devices
were also used upstream of the EEPS. However, a thermodenuder was not employed in
this study (An et al., 2007).

=
NO, sensor
Q3 senser Intale O oxygen meter

Sampling system for PN
_______________________________ [ exhaust Qooog
1 CO, sensors s1, s2 and s3 i | HC analyzer
' 1 |
' . - '
: 52 i
i perous tube i
H diluter 1

ejector

i r.!jiluter : smoke:meter — exhaust gas
1 ! — analyzer for
! J NO,, CO and Oy
] s3 1 ;
1 H J engine |_
1 1
i ! dynamometer
BIs = ” =
' '

mass flow
meter for air

||

__________________________________

Figure 1. Experimental set-up.

The particle number (PN) was recorded consecutively three times. Each recording
was one-minute long. The averaging interval of 2 seconds was used when the data was
stored. The uncertainty of the PN measurement was approximated by calculating the
standard deviation of the PN averages, taken from each one-minute recording.

Total particle numbers (TPN, from 5.6 to 560 nm) were calculated from the PN
recordings by adding up the PN concentrations indicated in the size bins of the EEPS
spectrometer during the one averaging interval. For the presented results of this paper,
the average of PN sums was calculated. Moreover, the averages of the normalized PN
concentrations (dN/dlogD,) were calculated from each bin in order to illustrate the
particle size distributions.
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Based on the measured CO; concentrations before and after the dilution stages, the
dilution ratios were calculated both for the porous type diluter (DRprp) as in (1) and for
the ejector diluter (DRejecior) as in (2). Then, the total dilution ratio (DR;,) was calculated
as in (3).

(COZ)sl - (COZ)bg (1)
(602)52 - (COZ)bg

(COy)s1 and (CO;)s> are the CO; concentrations of raw exhaust and diluted exhaust after
first dilution stage, respectively. (CO,)», is the ambient CO, concentration.

DR. - _ (COZ)SZ - (COZ)bg

T T (€02)53 = (€CO2)g
(CO»)s; 1s the CO; concentration after the dilution stages before the EEPS.
DRiot = DRprp - DRejector (3)

The calculated TPN averages and the averages of the normalized PN concentrations
were multiplied by the DR, of the exhaust sample in order to present the corresponding
concentrations in the raw exhaust.

However, no consistent conclusions could be drawn concerning the particle
numbers under the size category of 20 nm due to the following reasons. Firstly, mobility
particle size spectrometers, as EEPS, have been found to be best for the measurement of
the particle numbers within the size range of 20—200 nm (Wiedensohler et al., 2012).
Outside this size range, the elevated uncertainties may exist as described by
Wiedensohler et al. (2018). Secondly, the nucleation mode formation has been reported
to be sensitive not only to the engine parameters (Lahde et al., 2011), fuel and lubricating
oil characteristics (Vaaraslahti et al., 2005), and exhaust after-treatment (Maricq et al.,
2002), but also to dilution conditions such as dilution ratio, temperature and relative
humidity of the dilution air (Mathis et al., 2004). On the other hand, Ronkko et al. (2007)
reported that its formation was insensitive to the fuel sulphur content, dilution air
temperature, and relative humidity of ambient air.

The recorded particle numbers below 23 nm were omitted due to the two reasons.
The first reason was the uncertainties related to the complex nature of nucleation mode
PN and the PN measurement by means of EEPS under the size category of 20 nm. The
second reason was the PN legislation which limits the particle number from the size of
23 nm on. Thus, the calculated TPN was divided into two categories depending on how
many of the particles out of the average TPN were below or above the size category of
23 nm.

The authors of this paper believe the nucleation mode formation could be avoided
if a thermodenuder is employed during the PN measurement (An et al., 2007). According
to Vaaraslahti et al. (2004), the nucleation mode evaporates completely when an exhaust
sample is heated enough.

The recorded smoke value was the average of three consecutively measured smoke
numbers.

The sensor data were collected and the engine control parameters were followed
via engine management software, provided by the engine manufacturer. 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.

DRprp =

)
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Based on the measured hydrocarbon (HC), nitrogen oxides (NOy) and carbon
monoxide (CO) concentrations, the brake specific emissions of HC, NOx and CO were
calculated according to the ISO 8178 standard.

Experimental matrix and running procedure

The measurements were conducted according to the test cycle C1 of the ISO 8178-
4 standard, known as the non-road steady cycle (NRSC) (ISO 8178-4:2017, 2017). The
rated speed of the engine was 2,200 rpm and the intermediate speed was chosen to be
1,500 rpm. At full load, the maximum torque was 410 nm at rated speed and 525 nm at
intermediate speed. The test engine was installed in a test bed and loaded by means of
an eddy-current dynamometer of model Horiba WT300.

Each day before the measurements, the intake air temperature was adjusted at 50 °C
downstream the charge air cooler when the engine was run at full load at rated speed.
The temperature was controlled manually by regulating cooling water flow to the heat
exchanger. After this initial adjustment, the temperature was allowed to change with
engine load and speed. The engine was then run according to the NRSC cycle for the
measurements.

Before the recordings at each load point, it was waited that the engine had
stabilized, the criteria being that the temperatures of coolant water, intake air and exhaust
were stable. The length of the measurement period was not tied to a certain time apart
from the particle mass collection.

All measurement values were recorded once at each load point of the cycle. The
particle number and size distribution were recorded continuously at each load point. For
each fuel, the engine warm up and measurements were performed in an exactly similar
way.

The original target was to keep the engine injection parameters constant for all
fuels. Due to the lower heating values, the injection rate had, however, to be raised at
full loads when the engine was run with the methyl esters. Pre-, main, and post-injections
were used for the fuel injection. The upper limits of the total injection rates were changed
in the electronic control unit of the engine by means of the WinEEM4 program.

The control system enabled

the shift of injection quantity °Original _ eModified

120
within the entire full load (ultimate =) (&@@@@
torque) curve, Fig. 2. For RME and € 100 | @@@%@@@@@
.o . z oa

SME, the required increases in the = ©
injection rates were from 95 mg to el 80T \‘:',
100 mg at 1,400rpm and at g s | b
1,500 rpm. With these increases, a & \
proper shape of the injection rate £ 40 '{
curve could be maintained. For all g @‘,P
fuels, the position of the limited g 20 \
injection was also moved from 5 , , éi;
2,200 rpm to 2,250 rpm. 0 800 1,600 2,400

Fig.3,a and 3,b show the Speed (rpm)
shares of the pre-, main, and post-
injection rates at the load points Figure 2. Upper limits of total injection rates at

of the NRSC cycle. For the methyl engine operation area.
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esters, the main injection rates were higher than for DFO or HV O since the lower heating
value of the esters were lower than those of DFO and HVO.
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Figure 3. The shares of the pre-, main, and post-injection rates a) at 2,200 rpm and b) at

1,500 rpm and at idle.

RESULTS AND DISCUSSION

Particle size distributions

Due to the wuncertainties
related to the particle number
measurement under the size
category of 20nm and the
legislative limitation of PN from
the size of 23 nm on, Figs. 46
illustrate  the  detected size
distributions between 23 nm and
560 nm. Irrespective of fuel, the
detected particles larger than
200 nm accounted for less than 1%
of the particles larger than 23 nm in
this study. Below, the distributions
are examined more thoroughly at
certain loads.

Fig. 4 shows the particle size
distributions at 75% load at rated
speed. Considering the particles

2,200 rpm, 75% load SDED

108 .

»RME

107 é 2

106

diidlogD, (cm)

105 |

104 |

103 : : :
23 100 560
Mobility diameter, D, (nm)

Figure 4. Exhaust particle size distributions from
23 to 560 nm at 75% load at rated speed for different
fuels.

above the size category of 23 nm, the detected distributions were quite similar for, on
one hand, the methyl esters and, on the other hand, for DFO and HVO. The methyl esters

produced less particles above 40 nm

compared to DFO and HVO.
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For 10% load, the size ‘0 2,200 rpm, 10% load prn
distributions from 23 to 560 nm are i E SENE
illustrated in Fig. 5. Now, the 109 T e ey
lowest PN was recorded with HVO ~ 108 [ |
and the highest with the methyl & gt
esters within the entire size range. o :

The esters emitted considerably g .
higher particle numbers than HVO S 0%k
and DFO. 104 |

At idle (Fig. 6), HVO emitted S R iy . .
the lowest while the methyl esters 23 100 560
the highest PN below the size of Mobllity alerrister, D (hm)

70 nm. The change in order of the
fuels was detected above 100 nm.
With the methyl esters, the lowest
PN was detected from the size of
100 nm on. HVO was particularly
favourable within the range of, say, below 50 nm.

The physical properties of the liquid fuel tend to control fuel spray characteristics
while the fuel composition determines the pathways of chemical reactions during
combustion (Eastwood, 2008). Besides the fuel sulphur content, particle formation is
also influenced by other fuel characteristics such as the fuel density (Szybist et al., 2007;
Bach et al., 2009), viscosity (Mathis et al., 2005; Tsolakis, 2006), cetane number (Li et
al., 2014; Alrefaai et al., 2018), and the water content of fuel (Samec et al., 2002).

The current test fuels were

Figure 5. Exhaust particle size distributions from 23
to 560 nm at 10% load at rated speed for different
fuels.

practically free of  sulphur. o8 850 rpm, 0% load °DFO
Therefore, the effects of sulphur : +RME
could be assumed as negligible 107 L3oee
although Ilube oil contained z F
sulphur. The lube oil consumption S 100
is, however, so small that the 5
effects of sulphur compounds were g 10°¢
assessed negligible. ® ol
Fuel density, viscosity, and
compressibility determine the start 103 .
of injection. After the injection has 23 100 S

: Mobility diameter, D,
started, an increased cetane number DBy tetel, R (i)

leads to a shortened ignition delay
plus advanced combustion. (Kegl
et al., 2013). Higher fuel density
and viscosity lead to an advanced
start of injection. This may be followed by incomplete combustion due to poor fuel
atomization. Thus, the soot emission will increase (Nabi et al., 2012).

However, the higher the water concentration in the fuel jet, the more heat is needed
to vaporize the water bound by fuel. The heat absorption by water vaporization lowers
the surrounding intake air temperature in the engine cylinder. As a consequence, the
ignition delay period extends and thus, combustion period shortens (Samec et al., 2002;

Figure 6. Exhaust particle size distributions from
23 to 560 nm at idle for different fuels.
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Armas et al., 2005). This lowers the peak temperatures in combustion region due to an
increase in specific heat of the air-fuel mixture around the propagating flame across the
cylinder (Bedford et al., 2000). Furthermore, the vaporization of water releases oxygen
which promotes soot oxidation. In this study, however, the water content of both methyl
esters was low, and for DFO and HVO, negligible.

At several loads, however, the methyl esters reduced the PN within the size range
of 100 to 300 nm most likely due to oxygen bounded in mono-alkyl-ester molecules
(Yang et al., 2007; Lapuerta et al., 2008). More complete combustion was enabled and
more effective soot oxidation was promoted during the methyl ester usage compared
with DFO or HVO.

Earlier studies have also reported how FAMEs, either as neat or as blending
components, had a similar decreasing effect on the number of accumulation mode
particles (Jung et al., 2006; Heikkild et al., 2009; Rounce et al., 2012). Moreover, in the
study of Hellier et al. (2019), waste date pit methyl ester led to the reduced PN within
the size range of 100 to 200 nm compared to fossil diesel. However, they did not detect
the corresponding PN reduction with RME or SME.

Above the particle size of 23 nm at 10% load at rated speed and under 70 nm at low
idle, HVO showed the most favourable PN results. This was assumed to be caused by
the low sulphur content when compared to DFO, and the high cetane number when
compared to the methyl esters.

Share and number of particles above 23 nm

Table 5 shows the calculated percentage shares of the particles above the size of
23 nm. At several loads, the share of the particles above 23 nm was below 10%.
Irrespective of fuel, the shares greater than 10% were detected at 10% load at rated speed,
and at half load at intermediate speed. Furthermore, the share of the particles above
23 nm was above 10% with HVO at full load at rated speed, with DFO at 75% load at
intermediate speed, and with RME and SME at idle.

Table 5. The share of particles larger than 23 nm out of the TPN for all fuels at different loads

Speed Rated Intermediate Idle
Load (%) 100 75 50 10 100 75 50 0
PN > 23 nm (%)

DFO 4.7 59 5.8 20 2.5 16 52 2.8
RME 6.9 2.2 6.3 75 2.6 1.9 46 15
SME 1.5 0.9 1.4 83 1.1 0.5 45 11
HVO 16 3.0 2.8 12 1.0 2.9 48 9.4

Fig. 7 presents the sum of detected PN above 23 nm at rated speed. At full load,
DFO emitted the lowest PN sum whereas HVO the highest. From 75% to 10% load,
HVO emitted the lowest PN sum. The highest PN sum was then detected with either of
the methyl esters.

At full load at intermediate speed, DFO emitted the lowest PN sum whereas RME
the highest, Fig. 8. But at 75% load, the PN sum was the lowest with SME and the highest
with DFO. The sum of detected PN above 23 nm was not varied as much at half load as
at the other loads.
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Figure 7. Sum of detected PN above 23 nm at rated speed.
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Figure 8. Sum of detected PN above 23 nm at intermediate speed.

For DFO, RME and SME, the sums of detected PN of above 23 nm were compared
with the fatty acid compositions of RME and SME. DFO was selected for the
comparison, as it did not contain fatty acids. Pearson correlations were calculated in
order to find out measures of the strengths of relationships between the percentage shares
of fatty acids and the sum of detected PN of above 23 nm. All analysed fatty acids,
presented in Table 3, were considered. Moreover, the statistical significance of the
correlation was assessed by using the Student’s #-fest under the null hypothesis.
Significant correlations were only found between the shares of methyl palmitate (C16:0),
methyl stearate (C18:0), methyl linoleate (C18:2), the saturated and the polyunsaturated
fatty acids and the sum of detected PN of above 23 nm at 10% load at rated speed, Fig. 9.
In this study, significant correlations did not exist at the other load points.

In general, the higher share of C16:0, C18:0, C18:2, the saturated and the
polyunsaturated fatty acids, the more particles were detected above the size category of
23 nm. All correlations were both positive and significant at the confidence level of 93%.
For the presented interdependences, the values of squared correlation factors were
between 0.99-1.0. The calculated significance levels (p-values) were between
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0.019-0.069. The least squares method was used to the illustrated linear fittings between
the data points, Fig. 9.

x 108 2,200 rpm, 10% load xC16:0
12 y = 7.5E+07x + 1.2E+08
R2=10,p=0041,n=3
A C18:0
0 .4 y = 1.0E+08x + 1.3E+08
L S R2=0.99, p=0.069,n=3
ST e ©€18:2 n-6 cis
y = 1.6E+07x + 1.3E+08
e et R2=0.99, p=0.068,n=3
* o Saturated
y = 5.0E+07x + 1.1E+08
R2=10,p=0024,n=3
a Polyunsaturated
y = 1.4E+07x + 9.1E+07
R?=10,p=0019,n=3

Sum of PNp_» 23 1m (em3)

30 45 60 75
Percentage share (%)

Figure 9. Sum of detected PN above 23 nm of DFO, RME and SME versus the percentage shares
of C16:0, C18:0, C18:2), the saturated and the polyunsaturated fatty acids at 10% load at rated
speed.

Biinger et al. (2016) found a very strong correlation between polyunsaturated fatty
acids and particle mass. They fuelled a heavy-duty diesel engine with four different
vegetable oils made from coconut, linseed, palm tree, and rapeseed.

Gaseous emissions and smoke
Generally, HVO  was

beneficial i terms of Table 6. Cycle-weighted brake specific emissions of

HC, NOy and CO and smoke number ranges from

hydrocarbon (HC) and nitrogen

lowest to highest within the NRSC cycle with different

oxide (NOx) emissions, Table 6. fuels

Carbon monoxide (CO) He NO. o Smoke
emission was the lowest (g kWh) (g kWh™) (¢ kWh') (FSN)
with DFO. The combined HC  prg o159 383 0.61  0.006-0.062
emission varied between 0.13—  RME 0.38 10.0 1.55 0.005-0.012
0.52gkWh'. The smallest SME 0.52 10.0 2.05 0.006-0.019
emissions, calculated all along HVO 0.13 8.4 1.34 0.011-0.032

the whole cycle, were created

when HVO was used. The greatest emissions were emitted by SME.
In the study of Niemi et al. (2016), the experimental setup was exactly the same

when only the HC measurement is considered. For comparison, the cycle-weighted

brake specific emission of HC was then 0.18 g. kWh™! when DFO was used as fuel.
The less unburned HC available after fuel combustion, the smaller the likelihood

that gaseous HC species affect the nanoparticle growth by condensation during the
exhaust gas dilution and cooling processes (Kittelson, 1998; Khalek et al., 2000;
Northrop et al., 2011).
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Combined NOy emissions varied between 8.6-10. g kWh''. The smallest NOx
emissions were created when HVO was used. The greatest NOx emissions were emitted
by RME. The difference between RME and SME was negligible. The combined CO
emission varied between 0.61-2.04 g kWh!. The greatest emissions were produced by
SME.

The level in smoke emission was negligible. If the test engine were a part of a
typical agricultural powertrain instead of the laboratory use, it would have been equipped
with an SCR catalyst. Therefore, the test engine had been tuned to the high NOy, which
caused, most likely, a decreasing effect on smoke.

Performance

The fuel conversion efficiency of the engine is presented in Figs 10 and 11 for the
studied fuels at the speeds of 2,200 rpm and 1,500 rpm. The efficiencies were almost
equal with the fuels.

2,200 rpm <DFO

40 C ~RME
C ? <SME
35 L oHVO

Efficiency (%)
N 3% [43]
o [$;] Q

-
w
T
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BMEP (bar)
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Figure 10. Engine efficiency against engine load at 2,200 rpm with the studied fuels.
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Figure 11. Engine efficiency against engine load at 1,500 rpm with the studied fuels.
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CONCLUSIONS

This study focused on the determination of particle number emissions of a high-
speed non-road diesel engine. The engine was driven with three bio-based fuels, RME,
SME and HVO. DFO formed the baseline fuel. Based on the obtained results, the
following conclusions could be drawn:

e  Except at 10% load at rated speed, DFO or HVO produced the lowest particle
numbers under the size of 30 nm.

e  Exceptat 10% load at rated speed and at half load at intermediate speed, the methyl
esters reduced the particle numbers within the size range of 100 to 300 nm most
likely due to oxygen bounded in mono-alkyl-ester molecules.

e  HVO emitted the least particles above the particle size of 23 nm at 10% load at
rated speed and under 70 nm at low idle; this was assumed to be caused by the low
sulphur content when compared to DFO, and the high cetane number when
compared to the methyl esters.

e In case of RME and SME, both positive and significant correlations were found
between the sum of the particle numbers detected above the size category of 23 nm
and methyl palmitate (C16:0), methyl stearate (C18:0) and methyl linoleate (C18:2)
contents at 10% load at rated speed.

e HVO was beneficial in terms of nitrogen oxide (NOy) and hydrocarbon (HC)
emissions.

e  Carbon monoxide (CO) emission was the lowest with DFO.

e  The level in smoke emission was negligible.
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Abstract. The main objective of this study was to find out how the non-road diesel engine running
period of 500 hours affects the exhaust particle size distribution. By means of an engine exhaust
particle sizer (EEPS), particle number was measured before the endurance test and after 250 and
500 hours of engine operation. The size distributions were determined at full and 75% loads both
atrated and at intermediate speeds. The soot, gaseous emissions and the basic engine performance
were also determined and lubricating oil was analysed a few times during the running period.
A blend of low-sulphur fossil diesel and soybean methyl ester (B20) was used as fuel in the
4-cylinder, turbocharged, intercooled engine which was equipped with a diesel oxidation catalyst
(DOC) and a selective catalytic reduction (SCR) system. All emissions were measured
downstream the catalysts. During the 500 hours of operation, the particle number increased
considerably within an approximate size range of 7 to 30 nm. Between the initial and final
measurements, no notable differences were observed in the particle number emissions within a
particle size range of 50 to 200 nm. The copper content of lubricating oil also increased
significantly during the 500 hours’ experiment. One possible reason for the substantial increase
in the nucleation mode particle number was assumed to be copper, which is one of the metallic
elements originating from engine wear. The engine efficiency was almost equal, and the
differences both in smoke and hydrocarbon emission were negligible throughout the 500 hours’
experiment.

Key words: particle number, exhaust aftertreatment, B20, blend fuel, soybean methyl ester.
INTRODUCTION

Some of the combustion products of diesel engines have long been recognized as
harmful pollutant emissions that affect the air quality, human health, and climate change.
Both the gaseous and particulate emissions are regulated worldwide.

The emission legislation has been met by exploiting different engine design,
aftertreatment system, and fuel technologies. All these technologies are needed gradually
during 2019-2020 when the new emission stage (Stage V), regulated by the European
Commission and the Council, comes into force. The regulation also limits the particle
number (PN) emissions of the non-road diesel engines. (EU Regulation 2016/1628). The
new PN limitation enforces the usage of diesel particulate filters (DPF) along with the
possible catalyst devices in the near future.
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Diesel engine exhaust contains non-volatile particles which form the size
distribution with two distinctive particle modes; soot mode and core (nucleation) mode.
(Kittelson, 1998; Ronkko et al., 2006; Filippo & Maricq, 2008; Lihde et al., 2010). The
formation of the core mode particles is considered to initiate in the cylinder. Soot
particles are formed in the cylinder, when either the fuel or the remnants of lubricating
oil do not burn completely during combustion. The particle mean diameters in nucleation
mode are under 40 nm, whereas the mean diameter range in soot mode is 20—100 nm.

The particles with mean diameters of less than 2.5 pm or 10 pm are often reported
to be adverse to human health. In addition, the concentrations of black carbon and
nanosized particles < 100 nm may cause health risks. (Oberdorster et al., 2005; Janssen
etal., 2011). The smallest particles can deposit onto the lungs and may penectrate into the
cardiovascular and even cerebrovascular system via respiratory organs. (Anderson et al.,
2012; Oravisjarvi et al., 2014).

Reliable operation of a diesel engine is ensured when the engine is capable of
running without failures. When the engine is run with the same fuel in the constant
ambient conditions, one can assume that heterogeneous air/fuel mixture preparation
during the ignition delay, fuel ignition quality, residence time at different combustion
temperatures, and expansion duration are equal. Therefore, the emission formation
mechanisms and the resultant concentrations of the different emission species in the
exhaust will be the same.

However, mechanical wear of the engine also affects the non-volatile particle
number of diesel exhaust in long-term use. The wear metals, such as Fe, Al, Cu, Zn, Co,
and Ni, are found among the exhaust particle ash content. (Agarwal, 2005; Dwivedi et
al., 2006; Sarvi et al., 2011; Sharma & Murugan, 2017).

This study examined how the non-road diesel engine running period of 500 hours
affects the exhaust particle size distribution. A blend of low-sulphur fossil diesel and
soybean methyl ester (B20) was used as fuel in the high-speed non-road engine which
was equipped with a diesel oxidation catalyst (DOC) and a selective catalytic reduction
(SCR) system. The particle number were measured before the endurance test and after
250 and 500 hours of engine operation at full and 75% loads both at rated and at
intermediate speeds. The soot, gaseous emissions and the basic engine performance were
determined as well. During the experiments, the engine control parameters were kept
constant.

MATERIALS AND METHODS

The experimental measurements were performed by the University of Vaasa (UV)
at the internal combustion engine (ICE) laboratory of the Technobothnia Research
Centre in Vaasa, Finland.

Engine

The test engine was a 4-cylinder non-road diesel engine equipped with a common-
rail injection system. The new, turbocharged, intercooled engine was equipped with a
DOC and a urea-based SCR system. During all the measurements, emissions were
recorded downstream the catalysts.
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The test engine was installed in a test bed and loaded by means of an eddy-current
dynamometer of model Horiba WT300. The main engine specification is given in
Table 1.

Fuel and lubricating oil

Fuel used during the endurance test was a blend of low-sulphur fossil diesel and
soybean methyl ester (B20). The fuel consisted of 20 vol.-% soybean methyl ester (SME)
and of 80 vol.-% commercial low-sulphur diesel fuel oil (DFO).

Table 1. Main engine specification

Engine AGCO POWER 49 AWI
Cylinder number 4

Bore (mm) 108

Stroke (mm) 134

Swept volume (dm?) 4.9

Rated speed (rpm) 2,100

Rated power (kW) 103

Maximum torque with rated speed (Nm) 462%*

Maximum torque with 1,500 rpm (Nm) 583*

*conformable to measured torques obtained with B20 fuel.

The commercially available Valtra Engine CR-4, 10W-40 (ACEA E9, API CJ-4)
was used as lubricating oil in the engine. Lubricating oil was analysed after the operating
hours of 0, 207, 357 and 553. The analysing results of the lubricating oil have been
reported earlier by Sirvio et al. (2016).

Analytical instruments

The adopted measurement instruments are listed in Table 2. Before the
measurements, the analysers were calibrated manually once a day according to the
instructions of the instrument manufacturers. The arrangement of the test bench and
measurement devices is seen in Fig. 1 in which temperature sensors are abbreviated to TS.

During the measurements, the particles from a size range of 5.6 to 560 nm were
recorded by using the engine exhaust particle sizer (EEPS), for which the sample flow
rate was adjusted at 5.0 L min!. The ‘SOOT" inversion was applied in the EEPS data
processing. The exhaust sample was first diluted with ambient air by means of a rotating
disc diluter (RDD) (model MD19-E3, Matter Engineering AG). The dilution ratio used
in the RDD was constant 60 during the measurements. The exhaust acrosol sample was
conducted to the RDD and a dilution air was kept at 150 °C. The diluted sample
(5 L min") was further diluted by purified air with a dilution ratio of 2. Thus, the total
dilution ratio used in particle size distribution measurements was 120. In this way,
mainly the non-volatile particle fraction 150°C is measured by the EEPS.

Three-minute stable time intervals were chosen for the results recordings of the
particle number (PN) and particle size distributions. The average values, calculated from
the recordings, were multiplied by the dilution ratio of the exhaust sample.

The recorded smoke value was the average of three consecutively measured smoke
numbers.
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Table 2. Measuring equipment

Parameter Device Technology

Particle number and size distribution TSI EEPS 3090 spectrometer
Hydrocarbons J.UM. VE7 HFID

Smoke AVL 415 S optical filter

NO« Eco Physics CLD 822 M h  chemiluminescence
NOx, A WDO UniNOy sensors ZrO-based multilayer
07} Siemens Oxymat 61 paramagnetic

Air mass flow rate ABB Sensyflow P thermal mass

The sensor data were collected by means of software, made in the LabVIEW
system-design platform. In addition to the gaseous emissions, the systems recorded the
temperatures of cooling water, intake air and exhaust gas plus the pressures of the intake
air and exhaust gas. The engine control parameters were followed via WinEEM4 engine
management software, provided by the engine manufacturer.

EERS

diluter pump
| |
L

rotating disc diluter

smoke meter

urea dosing intake

engine

-I;S{NDX SENSOr

MO, sensor

Ts . \—I?
CLD analyzer
J L mass flow

meter for air

dynamometer
SCR TS

D 0Xygen meter Doc

ooooo
HC analyzer Ts -LI\

I exhaust

TS = temperature sensor

Figure 1. Experimental set-up.

Based on the measured hydrocarbon (HC) concentrations, the brake specific
emissions of HC were calculated according to the ISO 8178 standard.

Experimental matrix and running procedure

Before the endurance test of 500 running hours, the baseline performance and
emissions measurements were performed with a new engine installation. Thereafter, the
engine was daily operated according to a defined running procedure consisting of
sequential load points which were supposed to represent the actual use of the engine as
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accurately as possible. After 250 hours of engine operation, the performance and
emissions measurements were repeated, as they were after 500 hours.

The measurements were conducted at full and 75% loads both at rated and at
intermediate speeds. The rated engine speed was 2,100 rpm and the intermediate speed
1,500 rpm.

Before the measurements, the intake air temperature was adjusted at 50 °C
downstream the charge air cooler when the engine was run at full load at rated speed.
The temperature was controlled manually by regulating cooling water flow to the heat
exchanger. After this initial adjustment, the temperature was allowed to change with
engine load and speed.

During the measurements, the engine was run with urea dosing, the alpha ratio
being 0.95.

Before the recordings at each load point, it was waited that the engine had
stabilized, the criteria being that the temperatures of coolant water, intake air and exhaust
were stable. The length of the measurement period was not tied to a certain time.

All measurement values were recorded once at each load point.

Daily operation

The daily running cycle between the measurements is given in Table 3. The engine
was run by an autopilot-system which was implemented into the LabVIEW platform.
The autopilot system made it possible to regulate the dynamometer automatically.

Table 3. Daily cycle of the endurance test

Point Speed (rpm) Load (%) Torque (Nm) Duration (min)
1 1,000 0 0 15
2 1,300 14 75 15
3 1,600 21 123 15
4 1,800 29 175 30
5 2,000 40 214 15
6 2,100 51 236 15
7 1,900 60 346 15
8 1,700 49 293 15
9 1,500 30 175 30
10 1,200 25 127 15
RESULTS AND DISCUSSION

Particle size distributions

Generally, the PN increased considerably within an approximate size range of 7 to
30 nm during the 500 hours of engine operation. Between the initial and final
measurements, no notable differences were, however, observed in the PN emissions
within a particle size range of 50 to 200 nm.

Fig. 2 shows the particle size distributions at full and 75% loads both at rated and
intermediate speeds. For both speeds and loads, a bimodal shape was detected for the
distributions. One peak was detected at a particle size of ca. 10 nm and the other at ca.
32—-60 nm. At the initial measurements, the lowest quantity of particles was observed
within the size ranges of 7-15 nm and 24-86 nm regardless of the engine speed or load.
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Figure 2. Effect of running period of 500 hours on the exhaust particle size distribution a) at full
and b) 75% load at rated speed, and c) at full and d) 75% load at intermediate speed.

After 250 hours’ operation, the number of particles under 154 nm increased
compared to the baseline apart from at intermediate speed at 75% load where the PN
between 86—200 nm decreased. The greatest PN was detected at the size category of
10 nm. At rated speed, the PN was here 1.9-fold at full load and 2.5-fold at 75% load
compared to the baseline. At intermediate speed at full and 75% load, the PN was
2.7-fold and 1.8-fold, respectively, at this size category.

After the 500 hours’ operation, the PN increased within the size range of 7-200 nm
compared to baseline. The highest particle numbers of this study were recorded within
the size range of 842 nm. The PN peaked again at the size category of 10 nm. Now, at
rated speed, the PN was 9.0-fold at full load and 5.9-fold at 75% load compared to the
baseline. At intermediate speed at full and 75% load, the PN was 6.1-fold and 13-fold,
respectively.

Usually, the initiation of the nucleation is assumed to be sulphur driven. First, when
sulphur from fuel and lubricating oil burn in the cylinder, sulphur dioxide is formed. In

1164



Acta Wasaensia 65

the oxidation catalyst, sulphur dioxide of exhaust gas can be converted to sulphur
trioxide under high exhaust temperatures. (Giechaskiel et al., 2007) Thus, the nucleation
mode of particles downstream the SCR catalyst may be caused by sulphuric acid
originating from reaction between sulphur trioxide and water vapor (Vaaraslahti et al.,
2004; Arnold et al., 2006; Ronkkd et al, 2007; Biswas et al., 2008). However, the sulphur
content of fuel or lubricating oil were not observed to change during the study.

Sirvio et al. (2016) observed that the copper concentration in lubricating oil
increased significantly from 49 to 420 ppm between the oil analysis hours of 357 and
553. Copper is one of the metallic elements originating from engine wear. However, the
contents of other wear metals, such as lead, did not increase, as would have been
probable in the case of damage in bearings or other engine parts (Sirvio et al. 2016).

Schumacher et al. (2005) fuelled an on-road truck diesel engine with the different
blends of hydrogenated soybean ethyl-ester. During the first 50,000 miles of operation,
2-3 lubrication oil samples were taken. The samples contained the high levels of copper
which were suggested to originate from a copper oil cooler.

For this paper, one possible reason for the substantial increase in the nucleation
mode particle number was assumed to be copper which originated from the break-in of
a new oil cooler.

Fig. 3 illustrates the effect of the operation time on the measured total particle
number (TPN, from 6 to 560 nm), where linear interdependences are presented by using
the PN data from each load point.
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Figure 3. Measured TPN as a function of the operation time.

All correlations were positive irrespective of the engine speed or load. For the
presented interdependences, the values of squared correlation factors were between
0.80-0.97.

In general, the total particle numbers were the smallest at the initial measurement
and far the highest after 500 hours of engine operation. The least TPN were detected
always at intermediate speed at 75% load, whereas the highest TPN were recorded every
time at rated power.
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HC emissions and smoke

The brake specific HC emission was minor throughout the 500 hours of engine
operation, Fig. 4. At rated speed, the HC emission varied from 0.01 to 0.02 g kWh'!, and
at intermediate speed from 0.006 to 0.009 ¢ kWh''. The engine was equipped with a
DOC, which reduce the HC concentration of exhaust by promoting the chemical
oxidation of HC. Therefore, the HC emission was almost negligible at both loads and
speeds.
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Figure 4. Brake specific HC emissions a) at full and 75% load at rated speed, and b) at full and
75% load at intermediate speed.

Fig. 5 depicts the smoke emissions. Both at rated and at intermediate speed, the
smoke was very low, the FSN readings varying from 0.020 to 0.064. No reliable
conclusion can be drawn from the smoke emission.
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Figure 5. Exhaust smoke a) at full and 75% load at rated speed, and b) at full and 75% load at
intermediate speed.

When comparing either the HC or smoke emissions, the differences were
negligible, and no clear trend was detected during the 500 hours’ operation. The notable
increase of PN within an approximate size range of 7 to 30 nm during the 500 hours of
engine operation cannot be explained by means of the HC or the smoke emissions.
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Performance
The engine efficiency was almost constant at all loads, Fig. 6. At different load
points, the efficiencies varied only by 0 to 0.3 percentage points.
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Figure 6. Engine fuel conversion efficiency a) at full and 75% load at rated speed, and b) at full
and 75% load at intermediate speed.

CONCLUSIONS

1. During the 500 hours of engine operation, the particle number increased
considerably within an approximate size range of 7 to 30 nm

2. No notable differences were observed in the particle number emissions within a
particle size range of 50 to 200 nm

3. The correlations between the measured TPN and operation time were positive
irrespective of the engine speed or load

4. The engine efficiency remained almost constant, and the changes both in smoke
and hydrocarbon emissions were negligible.

The regular change interval for the lubricating oil filter of the non-road diesel
engine used in the current study is 500 hours. As a next study, the experiment period
could be extended to 1000 hours. Then, the main interest would be the effect of the
extended period on the particle number and size distribution, after the oil filter change.
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Renewable fuels form an essential means to reduce greenhouse gas (GHG) emissions emitted by vehicles
and non-road machines. Due to the limited production so far, different blends of renewable fuels in fossil
fuels are a realistic way to implement the increasing use of renewable fuels. In addition to significant
GHG emissions reduction, further benefits can be achieved when high quality renewable fuels are utilized
as blending components since the pollutant exhaust emissions, such as unburned hydrocarbons (HC),
carbon monoxide (CO), particulate matter mass (PM) and particle number (PN), may also decrease. A glo-
bal Finnish forestry company has developed an innovative production process from crude tall oil (CTO), a
wood-based residue of pulp making process, to renewable diesel. The fuel properties correspond to those
of the traditional fossil fuels but the GHG emissions are reduced significantly.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The environmental concerns about global warming, gradual
reduction of crude oil reserves and stringent emissions legislation
have led to the search for alternative fuels for internal combustion
(IC) engines. The volatility of conventional fuel prices and increas-
ing global demand for transport energy strongly support this goal.
Renewable fuels have the potential to become the sustainable
energy source option for various IC engine solutions. Nevertheless,
the fuels can only be sustainable if both production and combus-
tion are favorable in ecological terms. Bio and circular economy
produce various residues, wastes and secondary materials as
potential feedstock for liquid and gaseous fuel production. One of
the long-term objectives is to replace large amounts of fossil and
first generation renewable fuels with liquids and gases produced
from low-value side-products or wastes, lignocellulosic feedstock,
agricultural and forestry residues or wastes, or energy crops.
[1-4]. The goal is precisely supported by the European Union’s
commitment to increase the use of renewable energy. In the
2020 and 2030 climate-energy packages, the EU committed to

* Corresponding author.
E-mail address: seppo.niemi@uva.fi (S. Niemi).

http://dx.doi.org/10.1016/j.fuel.2016.08.048
0016-2361/© 2016 Elsevier Ltd. All rights reserved.

reduce GHG emissions by 20% by 2020 and 40% by 2030, with
respect to 1990, and to achieve a share of renewable energy
sources 20% by 2020 and at least 27% by 2030. By 2050, the renew-
able shares may further increase to 40-60%. [5]. Due to the upcom-
ing variety of new fuels and projected increase in the
diversification of fuels, quality, usability and other fuel aspects
are of increasing importance [6,7].

Generally, the second and third generation renewable fuels are
considered more sustainable than the first generation fuels
because they generate higher levels of greenhouse gas emission
(GHG) reduction and the feedstock does not compete with food
production or increase land use. The demand for advanced renew-
able fuels will increase significantly in the coming years as the EU’s
target cannot be reached with the current first generation biofuels
alone.

Renewable fuels tackle oil dependence, one of the most serious
issues affecting energy supply security that many countries face. In
compression-ignition engines, the most commonly liquid renew-
able fuel has been biodiesel or Fatty Acid Methyl Ester (FAME) that
is still used in large amounts as a blending component in fossil die-
sel fuel oil (DF) [8,9]. Some FAME fuels are, however, manufactured
from agricultural crops, and thus the fuel production competes
with food production, increases land use, and does not fulfill the
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high sustainability requirements. Therefore, advanced biofuels
produced from non-food feedstock, e.g. wastes, agricultural and
forestry residues, energy crops or algae are the preferred choice
[10].

In Finland, high-quality liquid fuels are manufactured from var-
ious wastes, e.g., animal fats, residues of the forest industry, and
wastes from the food industry for vehicle, non-road and generating
set use [11]. A global Finnish forestry company produces renew-
able diesel in commercial scale through an innovative production
process from crude tall oil (CTO), a wood-based residue of their
own pulp making process. The fuel properties correspond to those
of the traditional fossil fuels but the GHG emissions are reduced
significantly, up to 80%. CTO as feedstock does not compete with
food chain, and there is no indirect land use change.

The suitability of this Finnish CTO renewable fuel has earlier
been studied particularly in light-duty and passenger car vehicles
[12-14]. In the present study, CTO renewable diesel was investi-
gated in a turbo-charged, intercooled common-rail non-road diesel
engine. Considering the total demand of engine fuels and current
supply of renewable fuels [15], it is realistic to concentrate on
the blends of fossil and renewable fuels. In the present study, the
renewable fuel was, however, also studied in neat form. As the
baseline fossil fuel, regular low-sulfur Finnish DF was used.

The main aim of the present work was to study how different
blends of the CTO renewable diesel (HB) in commercial low-
sulfur diesel fuel oil (DF) affect the performance and exhaust emis-
sions of a modern common-rail non-road diesel engine. Neat HB
was also studied. Below, the following acronyms are adopted for
different fuels and their blends: DF for baseline fossil fuel; HB10
for the blend containing 10 vol.% of HB and 90% of DF; HB20 for
the blend of 20 vol.% of HB; HB50 for the blend of 50 vol.% of HB;
and HB100 for neat renewable diesel or HB. During the experi-
ments, no modifications were made to the engine components,
and the control settings and engine performance were kept
constant.

2. Experimental setup

The engine experiments were conducted by the University of
Vaasa (UV) at the Internal Combustion Engine (ICE) laboratory of
the Technobothnia Research Centre in Vaasa, Finland.

2.1. Fuels

2.1.1. Renewable fuel production and properties

Europe is the most forest-rich region in the world with 1.02 bil-
lion hectares of forest amounting 25 percent of the global forest
resources [16].

Over the last 20 years, the forest area has expanded in all Euro-
pean regions gaining 0.8 million hectares yearly. Forest growth in
the European Union is larger than the current utilization. Wood
based renewable fuels are therefore one of the few alternatives
to fulfill the set targets of energy security, environmental impact,
sustainability, and availability of biomass resources. The focus of
current development is on transportation renewable fuels, but in
the long run it also opens a possibility for non-road machines, avi-
ation, maritime transportation and power generation fuels.

In the production of the investigated wood-based renewable
diesel, crude tall oil (CTO) is used as a feedstock. CTO is a residue
of chemical pulping process that contains natural extractive com-
ponents of wood. CTO is a mixture of 36-58% fatty acids, 10-42%
of rosin acids and 10-38% sterols and neutral substances. However,
its composition depends on tree species, time of the year, growing
cycle and age of the tree, conditions of pulping, and the geographic

location. CTO renewable diesel was produced via hydrotreatment
in the UPM biorefinery in Lappeenranta.

2.1.2. Studied fuels

In the present engine experiments, commercial Finnish low-
sulfur diesel fuel oil (DF) was adopted as the baseline fuel. The
CTO derived renewable diesel, UPM BioVerno (HB) was then
blended with DF to form blends containing 10, 20 and 50% (V/V)
renewable fuel. Neat HB was also studied (HB100). Table 1 depicts
the fuel specifications and also lists the limits given in Standard
EN590.

As shown, the fuels mainly fulfilled the requirements of the
EN590. For HB100, the density 814 kg/m> was slightly lower than
defined in EN590 (820 kg/m?). The oxidation stability of HB10
(20 h) was just at the given minimum limit. The polyaromatic
hydrocarbon and sulfur contents of HB100 and the blends were
lower than those of DF.

2.2. Engine

In the study, a four-cylinder, common-rail diesel engine was
examined. The turbocharged, intercooled engine was an AGCO
POWER 44 AWI. The engine had been tuned for high NOy and the
use of an SCR catalyst. No exhaust gas after-treatment system
was, however, adopted for the current study meaning that
engine-out raw emissions were recorded during all measurements.
The engine was loaded by means of a Horiba eddy-current
dynamometer WT300. The main specification of the test engine
is given in Table 2.

2.3. Analytical instruments

The measurement devices adopted for the measurements are
presented in Table 3. The arrangement of the test bench and mea-
surement devices are seen in Fig. 1.

The sensor data was collected by software, made in the Lab-
VIEW system-design platform. The recorded quantities were the
engine speed and torque, regulated gaseous exhaust emissions,
smoke, exhaust particle size distributions, and three unregulated
exhaust compounds, namely formaldehyde, methane and nitrous
oxide. Several fluid temperatures as well as fluid pressures were
recorded. The cylinder pressure was also measured and heat
release rates were calculated. The particle mass emissions were
omitted since the modern engine emitted too small particle mass
amounts for accurate comparison. The engine control functions
were followed via a WinEEM4 program, provided by the engine
manufacturer.

For the EEPS, the sample flow rate was adjusted at 5.0 dm?/min.
The exhaust sample was diluted with a rotating disc diluter of the
raw gas (model MD19-E3, Matter Engineering AG). The dilution
ratio was constant (122) during the measurements. For recording
of the particulate number and size distributions, three-minute
time intervals were chosen during which the total particle
concentration was as stable as possible. The average values were
calculated from the measured particle numbers during these
three-minute time intervals and multiplied by the dilution ratio
of the exhaust gas sample. The calculated particle numbers were
presented as a function of the particles electrical mobility diameter
in the logarithmic scale. The recorded smoke value was the average
of five consecutively measured smoke numbers. Based on the
measured concentrations of gaseous emissions, the brake specific
emissions results were calculated according to the ISO 8178
standard [17].
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Table 1
Fuel specifications.
Parameter Method DF HB10 HB20 HB50 HB100 Unit EN 590:2014-04
Min. Max.
Cetane number (DCN) DIN EN 15195 59 60 61 65 65 - 51 -
Cetane index DIN EN ISO 4264 52 53 55 60 69 - 46 -
Density (15 °C) DIN EN ISO 12185 841 839 835 828 814 kg/m? 820 845
PAH content DIN EN 12916 44 4.0 3.4 24 0.2 % (m/m) - 8
Sulfur content DIN EN ISO 20884 8 7 6 <5 (4.6) <5(<1) mg/kg - 10
Flash point DIN EN ISO 2719 77 74 73 74 78 °C >55 -
Carbon residue (10% Dist.) DIN EN ISO 10370 <0.10 <0.10 <0.10 <0.10 <0.10 % (m/m) - 0.3
Ash content (775 °C) DIN EN ISO 6245 <0.005 <0.005 <0.005 <0.005 <0.005 % (m/m) . 0.01
Water content DIN EN ISO 12937 30 <30 <30 <30 <30 mg/kg - 200
Total contamination DIN EN 12662:1998 3 6 4 6 7 mg/kg - 24
Copper strip corrosion DIN EN ISO 2160 1 1 1 1 1 Corr® - 1
FAME content DIN EN 14078 <02 <02 <02 <02 <02 % (VIV) - 7
Oxidation stability DIN EN ISO 12205 3 2 3 2 <1 g/m® - 25
Filterable insolubles 3 2 3 2 <1 g/m® - -
Adherent insolubles <1 <1 <1 <1 <1 g/m? - -
Oxidation stability DIN EN 15751 25 20 21 25 32 h 20 -
HFRR (Lubricity) DIN EN ISO 12156-1 354 412 342 324 228 nm - 460
Kin. viscosity (40 °C) DIN EN ISO 3104 3.0 3.0 3.1 3.2 3.5 mm?/s 2 4.5
% (V[V) recovery at 250 °C DIN EN ISO 3405 32 33 29 27 20 % (VIV) - <65
% (V[V) recovery at 350 °C 94 95 94 94 94 % (VIV) 85 -

Table 2
Test engine specification.

Engine AGCO POWER 44 AWI
Cylinder number 4
Bore (mm) 108
Stroke (mm) 120
Swept volume (dm)? 4.4
Rated speed (1/min) 2200
Rated power (kW) 101
Maximum torque at rated speed (Nm) 455
Maximum torque at 1500 1/min (Nm) 583
Table 3
Analytical instruments.
Parameter Device Technology
NOy Eco Physics CLD 822  Chemiluminescence
M hr
NOy, 4 WDO UniNOy
sensors
CO, CO, Siemens Ultramat 6 NDIR
Hydrocarbons J.U.M. VE7 HFID
0, Siemens Oxymat 61 Paramagnetic
Particle number and size TSI EEPS 3090 Spectrometer

distribution

Smoke AVL 415 S Optical filter
Unregulated gaseous Gasmet DX4000 FTIR
emissions

Cylinder pressure, heat release

Air mass flow rate

Kistler KiBox®
ABB Sensyflow P

Thermal mass

2.4. Experimental matrix and measurement procedure

The performance and emissions measurements were conducted

according to the 8-mode ISO 8178 C1 cycle, known as the non-road
steady cycle (NRSC). The loading points or modes and the corre-
sponding engine torques are listed in Table 4. The rated engine
speed was 2200 1/min and the intermediate speed 1500 1/min.
Each measurement day, after engine start, warm-up, and up-
loading phases, the intake air temperature was adjusted at 50 °C
downstream the charge air cooler when the load had been set at
maximum torque at rated speed. The temperature was controlled
manually by regulating cooling water flow to the heat exchanger.

The valve setting was kept constant. So, the charge temperature
changed with load. The procedure was consistent with what is
used in field engines. Before initiating the measurements, it was
waited that the engine run had stabilized, the criteria being that
the temperatures of coolant water, intake air, and exhaust were
stable.

3. Results
3.1. Measurement conditions

During the measurements, the range of the ambient tempera-
ture variation was 1-3 °C between the test runs with different
fuels. The relative humidity varied from 9 to 13% except for the
case of HB100 when the humidity was 8-10%. The ambient pres-
sure ranged from 991 mbar for HB20 to 1019 mbar for HB100 dur-
ing the experiments. Presumably, the ambient conditions did not
affect the results significantly since the temperature and humidity
were very similar and the pressure does not have any considerable
effect on the performance of a heavily turbocharged engine.

3.2. Combustion analysis

Fig. 2 shows one example of the course of combustion, recorded
at full load at intermediate speed for three fuels, DF, HB50 and
HB100. As shown, the heat release rates were very similar although
there were some differences in the cetane number of the fuels.

For all fuels, the exhaust temperatures upstream the tur-
bocharger turbine were also very similar (Fig. 3). At full load at
rated speed, the difference in the temperature was below 10 °C
whereas the biggest difference at full load at intermediate speed
was approx. 11 °C. If any trend could be observed, the tempera-
tures seemed to be the lowest with HB100.

At each load, the charge pressures were almost equal for each
fuel. The charge air temperature varied 1-2 °C depending on the
load and fuel.

3.3. Gaseous emissions

Fig. 4 depicts the cycle-weighed NOy emissions for the studied
fuels. The emissions remained almost constant for all fuels. The
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Table 4
Experimental matrix.
Point 1 2 3 4 5 6 7 8
Speed Rated Intermediate Idle
Load (%) 100 75 50 10 100 75 50 0
Torque (Nm) 410 308 205 41 525 394 263 0

results ranged from 7.0 to 7.2 g/kWh, also showing that the engine
was tuned for high NOy and the use of an SCR catalyst.

At several loads, the NO, differences between the fuels were
within the measuring accuracy but at part and especially minor
loads a slight beneficial trend could be detected with HB100 prob-
ably due to its higher cetane number.

In contrast to almost constant NOy, the advanced high-quality
CTO renewable fuel (HB) proved to be favorable in terms of CO
and HC emissions. Fig. 5 illustrates the cycle-averaged CO emissions
which steadily decreased with increasing content of HB in the
blends, the lowest CO being recorded with neat HB or HB100 fuel.

At several loads, the percentage reductions in brake specific CO
emissions (BSCO) were the higher, the higher was the share of HB
fuel in the blend. Fig. 6 depicts the percentage reductions of the CO
emissions for the studied fuels. With HB10, the reduction was
approx. 3% while 15% was obtained with HB100.

Fig. 7 shows the brake specific HC emissions (BSHC) for all fuels.
With HB10, no detectable change was achieved in the BSHC but
with higher proportions of HB considerable HC reductions were
recorded, illustrated as percentages in Fig. 8. The lowest BSHC
was again detected with HB100 or neat renewable fuel, the reduc-
tion being approx. 21% relative to the baseline fossil fuel.

From the recorded unregulated gaseous emissions, the methane
content seemed to decrease steadily the more, the higher the share
of renewable fuel was. The contents were, however, always below
2.2 ppm. N,0 was the lowest with HB100, but the recordings were
always lower than 0.6 ppm. At major loads, the formaldehyde con-
tent was almost constant at all fuels, but at low load the high
renewable share was beneficial. Still, the recordings were always
below 3.6 ppm. These compounds were not measured at idle.

3.4. Particulate emissions and smoke

For half of the loads, a bimodal shape was recorded for the par-
ticle size distributions. One peak was detected at a particle diame-
ter of app. 10 nm and the other at app. 35-40 nm. In those cases,
HB100 very often produced the lowest particle number (PN) emis-
sions at the higher particle size category and the PN increased with
decreasing share of renewable fuel, Fig. 9. However, the smaller
particles of a size of app. 10 nm might increase with HB100 and
some other blends, as also shown in Fig. 9.

At some loads, the shape of the particle size distribution was
not bimodal, as depicted for 75% load at rated speed in Fig. 10.
Again, the trend was that the higher the renewable fuel share,
the lower the maximum PN emissions. It should also be noted that
with renewable fuel the PN peak usually occurred at a slightly
lower particle size category independent of the particle size distri-
bution shape, Figs. 9 and 10.

At idle, the renewable fuel proved to be clearly more beneficial
than the fossil one regarding the PN emissions, Fig. 11. With HB50,
the highest PN decreased by almost 50% relative to DF and a reduc-
tion of approx. 25% was already achieved with HB10.
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Fig. 2. Heat release rate for three fuels versus crank angle at full load at intermediate speed.
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Fig. 7. Cycle-weighed BSHC emissions with various fuels.

Throughout the entire test cycle, the total PN emissions
decreased with increasing share of renewable fuel, as illustrated
in Fig. 12, where all particles recorded within a size range of 6-
520 nm at all load modes were added up, also using the weighing
factors of the 1ISO8178 C1 cycle. With HB100, a reduction of 27%
was obtained in PN compared with fossil DF. With HB20, the PN
decreased by approx. 7%.

With all fuels, the smoke readings were so low at all loads that
no conclusions could be drawn. At intermediate speed, the FSN

values varied from 0.003 to 0.024 and at rated speed from 0.014
to 0.090. The readings varied randomly between the fuels.

4. Discussion
As in the current study, the rate of heat release could not be dif-

ferentiated when HB30 CTO renewable diesel was compared with
DF in a single-cylinder passenger car engine in [13].
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Fig. 10. Particle number emissions versus particle size with different fuels at 75% load at rated speed.

In [13], the efficiency and emissions results were given as a
function of indicated specific NOy (ISNOy) emissions for each stud-
ied engine load points - not for a measurement cycle - so compre-
hensive comparisons with the present study are difficult to make.
The NOy levels were also very low, below 1.5 g/kWh. Nevertheless,
HC and CO emissions proved to decrease with HB30 at higher part
load at low speed and the efficiency was almost equal with both
fuels. At a higher part load at an elevated speed, the CO seemed
to increase at very low ISNOy values, most probably due the

increased EGR rate. HC and PM were, however, very similar and
the efficiency tended to slightly improve with the HB30 fuel. At full
loads at various speeds, there were no substantial differences, nor
clear trends between the fuels.

In [12], HB30 and neat BioVerno (HB100) were compared with
reference fuel at a constant NOy level of 0.2 g/kWh at a low part
load at a low speed of the single-cylinder engine and at a NOy of
0.6 g/kWh at a higher part load at a higher engine speed. In both
cases, the ISHC decreased considerably with HB100. At the higher
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Fig. 12. Total exhaust particles within a size range of 6-520 nm over 1SO8178 C1 cycle.

speed, ISPM also decreased with increasing share of CTO renewable
diesel, as did the ISCO. The HC and CO results, thus, resemble those
achieved in the current study.

In [14], CTO renewable diesel was investigated as a blending
component in regular fossil diesel fuel in field tests. The blend con-
tained 20% renewable diesel and 80% fossil diesel (V/V). Approxi-
mately 20 000 kilometres were driven with four passenger
vehicles, two of them running on DF and two on the blend. During
the rather long field test, the measured differences in the volumet-
ric fuel consumption were very small, particularly when compar-
ing with the car-to-car and test-to-test variations.

In [14], emissions measurements were performed at normal
and low temperatures. At the normal temperature of +23 °C, the
CO differences on average were very small for both fuels. A similar
response was detected for total hydrocarbons. Moreover, the NOy
emissions were almost equal. During the field test, a lowering
NOy trend was observed but the averages of both fuels were still
almost identical even at the end of the test-run. The cars were
equipped with diesel particulate filters (DPFs), so the post-test
PM results were very low, only 1-3% of the Euro 5b limit.

In [14], the effects of fuels on emissions were also compared in
vehicles of different generations, from Euro 2 until to Euro 6a. The
measurements were conducted at two temperatures, +23 °C and at
—7 °C. According to the authors, there was no strong evidence that
the emissions were notably different when using the HB20 CTO

renewable diesel or the baseline DF fuel as all observations are
taken into account.

Fischer-Tropsch (FT) diesel is another option to replace fossil
diesel fuels [18,19]. When produced from biomass, the fuel is
called as biomass-to-liquid or BTL fuel. When the feedstock is nat-
ural gas, the product is GTL (Gas-to-Liquid) [19]. The properties of
BTL fuels are similar to those of GTL. FT fuels have been widely
studied in both light- and heavy-duty engines, e.g. in [19-24].
The large review article of [25] summarizes the results obtained
with FT fuels as follows:

e GTL fuels provide good combustion which results in higher CO
and HC emission reduction than fossil DF. GTL-DF blends
showed higher reductions with increasing GTL content in
blends.

o Most findings revealed lower NO, emissions of GTL fuel than DF.
GTL-DF blends showed higher NOy decrease with the higher
fraction of GTL in blends.

e Most of the authors reported lower smoke and PM emissions for
GTL relative to DF. Blends of GTL-DF showed lower PM emis-
sions than DF. Blends of GTL with DF also demonstrated reduced
smoke emissions in most of the studies.

Hydrotreated vegetable oils and animal fats, HVOs, are the third
second-generation renewable fuel alternative suitable to replace
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conventional diesel fuels. The use of various HVOs in light- and
heavy-duty diesel engines has been published e.g. in[19,24,26-30].

A summary report [31] gives the following ranges for emissions
reductions of heavy-duty vehicles of different ages for neat HVO
compared with pure DF: NOy, 8-9%; PM, 27-37%; CO, 16-37%;
HC, 26-55%. Particle number emissions have also decreased in
two referred studies [31]. Furthermore, the results of [24] with
HVO were similar to those of the studies performed with heavy-
duty engines operating on GTL and FT-BTL.

Based on the current study, CTO renewable diesel showed per-
formance and emissions results rather similar to those observed
with GTL or BTL and oil- or fat-derived HVO fuels. The approxi-
mately constant NO, emissions of the current study perhaps forms
a slight discrepancy between the FT and HVO fuels that seemed to
also show slight reductions in NO,. It should, however, be noted
that the fuel injection system of the present experimental engine
was not at all optimized for the CTO fuel and its blends. Through
optimization actions, reductions in NOx might also be achieved.
In the future, more emphasis should therefore be put on the con-
trol system and settings optimization in order to also improve
the NO, performance with this renewable diesel. All in all, the
studied CTO renewable diesel, UPM BioVerno proved to be a high
quality drop-in fuel also for heavy-duty non-road diesel engines.

5. Conclusions

In the present study, a common-rail non-road diesel engine was
driven with four different fuel blends of low-sulfur fossil diesel fuel
oil and CTO renewable fuel, UPM BioVerno (HB). The fuel blends
were HB10, HB20, HB50, and HB100. The HB10 fuel contained
10 vol.%, the HB20 fuel 20 vol.%, and the HB50 fuel 50 vol.% of HB
or UPM BioVerno. The HB100 was neat HB. Neat DF was used as
a baseline fuel. The engine was tuned at high NO, emissions for
the adoption of an SCR system. However, during the study no
exhaust after-treatment equipment was utilized.

The main target was to study how the blends of fossil and
renewable diesel affect the performance and exhaust emissions
of the modern common-rail diesel engine. The performance and
emission measurements were conducted according to the NRSC
cycle of the ISO8178 standard. No engine or parameter modifica-
tions were made.

Based on the performed measurements, the following conclu-
sions could be drawn:

e The cycle-averaged CO and HC emissions decreased when CTO
renewable fuel content of the fuel blend increased. The main
reasons were assumed to be the considerably lower content of
aromatic compounds and the higher cetane number of the
CTO renewable fuel.

e The cycle-weighed NOy emissions remained almost constant
independent of fuel.
Due to the high-NOy tuning, the exhaust smoke was very low,
almost negligible for all fuels.
Regarding the studied fuels, no coherent trend was observed in
exhaust particle size distributions except at idle, where the
increase in the HB content resulted in a clear reduction of ultra-
fine particle number emissions. The peak number of particu-
lates, however, tended to occur at slightly lower particle size
category when the share of renewable fuel increased.
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The main objective of this study was to find out how alternative fuels affect the exhaust gas particle size dis-
tribution. The fuels are later intended for marine applications. Along with low-sulfur marine light fuel oil (LFO),
a high-speed off-road diesel engine was fueled by circulation-origin marine gas oil (MGO), rapeseed methy]l ester
(RME), crude tall oil derived renewable diesel (HVO), the 20/80 vol.-% blend of renewable naphtha and marine
LFO, and kerosene. Particle size distributions were measured by means of an engine exhaust particle sizer
(EEPS), but soot, gaseous emissions and the basic engine performance were also determined. During the mea-
surements, the 4-cylinder, turbocharged, intercooled engine was run according to the non-road steady cycle
complemented by an additional load point. The engine control parameters were kept constant, and any para-
meter optimization was not made with the studied fuels. Relative to baseline LFO, both naphtha-LFO blend and
RME reduced particle numbers above the size range of 50 nm. Circulation-origin MGO and kerosene generated a
high total particle number (TPN), most likely due to their higher sulfur contents. MGO and RME were beneficial
in terms of carbon monoxide (CO) and hydrocarbon (HC) emissions while nitrogen oxide (NOy) emissions were

the highest with RME. The differences in smoke emission were negligible.

1. Introduction

International shipping produces 5-10% of the total global sulfur
emissions [1]. Along with the oxides of sulfur (SOy) and particles, the
carbon dioxide (CO,) and NOy emissions, have also to be reduced sig-
nificantly in order to inhibit the pollution of the earth atmosphere. As
an act for the pollution inhibition, the emissions of shipping are con-
siderably regulated worldwide via the MARPOL Annex VI convention of
the International Maritime Organization (IMO). These regulations aim
to progressively reduce the emissions of SOy and NOy. Even outside the
Sulfur Emission Control Areas (SECAs), fuel sulfur content has to be
under 0.5% in 2020 [2].

Marine sulfur emissions originate mainly from large marine diesel
engines, where heavy fuel oil (HFO) is widely combusted. As a residual
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fuel, HFO has high sulfur and ash contents. The high sulfur content and
other fuel characteristics have also been reported to affect the marine
exhaust particle emissions [3,4].

Diesel engine exhaust particles form the size distribution with two
distinctive particle modes; accumulation mode and nucleation mode
[5-8]. The particle mean diameters in nucleation mode are under
50nm [9], whereas the mean diameter range in soot mode is
50-500 nm [5,10]. Particle number (PN) and mass emissions can be
decreased through developing the engine design, exhaust gas after
treatment systems, and fuels. Compared to new engine designs or after
treatment solutions, alternative liquid fuels can be taken in use rela-
tively rapidly by the operators. Alternative fuels can also offer im-
mediately realizable air quality improvements, and in addition to a SOy
emission decline, the low sulfur content of these new fuels is beneficial
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for the performance of diesel particulate filters (DPF) [11,12]. Filters,
and even more efficient emissions reduction technologies are needed
soon. For the first time, the new emission stage (Stage V) also has the
limits for the exhaust particle number emissions of the off-road engines,
including inland waterway vessels. This regulation of the European
Commission and the Council comes gradually into effect within
2019-2020 [13].

Ship owners can meet the emission regulations, especially the IMO’s
SOy limitation, by using low-sulfur fuel oils, liquefied natural gas
(LNG), or exhaust gas scrubbers. Likely therefore, the low-sulfur fuel
oils and other alternative fuel options are going to be used increasingly
instead of HFO. Light fuel oils, such as marine diesel oil (MDO) or MGO,
are already used in small vessels and the marine auxiliary diesel engines
of large ocean-going ships. In Finland, for example, low sulfur marine
fuels and LNG have been substitutes for bunkered HFO already for a
certain time [1,14,15].

Sustainable and affordable alternative liquid fuels are, however,
also needed for the compression ignited (CI) engines. Florentinus et al.
[16] assessed qualitatively the technical compatibility of various bio-
fuels in marine engines. Mono-alkyl-esters of long-chain fatty acids, i.e.
fatty-acid methyl esters (FAME), di-methyl ether (DME), straight-, and
hydrotreated vegetable oils (SVO, HVO) are suitable liquid fuels for
both high-speed and medium speed engines [16]. Moreover, Finnish
HVO, as studied e.g. by [17], could also be a potential option for
medium speed engines.

Moreover, the US Army Single Fuel Forward Policy raised interest to
study jet fuels in CI engines which are used in different kind of military
vehicles. The aircraft gas turbine engines have been previously run with
Jet Propellant 4 (JP-4) fuel which has been replaced by the low sulfur
JP-8 fuel, similar to kerosene-based Jet A-1 fuel of the commercial
aviation. Jet A-1 fuel has been identified to have same kind of prop-
erties than diesel fuel oils (DFO) or low-sulfur LFO [18].

However, the alternative fuel option has to also be compatible with
the other systems in ship. With e.g. FAME, several issues have to be
considered, like a tendency to oxidation during long term storage, af-
finity to water and risk of microbial growth, degraded low temperature
flow properties, and material deposition on exposed surfaces, including
filter elements. The problems may arise especially with over 20 vol.-%
blends of FAME [16]. Kerosene-based jet fuel has typically lower cetane
number and viscosity compared to LFO, MGO or MDO used in the CI
engines in marine and land-use applications. Low cetane number ex-
tends the length of the ignition delay, which affects the combustion
timing. Extended delay leads to the changes of cold-starting perfor-
mance, combustion noise level, and exhaust emissions. Due to low fuel
viscosity, the fuel injection system performance can deteriorate and the
fuel pump wear and leakage may occur [18].

This paper presents how the selected alternative marine fuels af-
fected exhaust gas particle size distributions in the study which was the
first stage of a large marine fuel research project. Circulation-origin
marine gas oil (MGO) and a blend of renewable naphtha and marine
light fuel oil (LFO) were selected to this study because both fuels are

Applied Thermal Engineering 150 (2019) 1168-1176

novel marine fuel options. Both could meet the sustainability and af-
fordability goals set by the ship owners. Along with these fuels, the
other studied low-sulfur fuels were LFO, rapeseed methyl ester (RME),
crude tall oil derived renewable diesel (HVO), and kerosene. High-
speed engine experiments were conducted before going to medium-
speed engine tests. Alongside the exhaust gas particle number and size
distributions, the exhaust smoke, gaseous emissions and basic engine
performance were determined. The blend fuel contained 20 vol.-% of
naphtha and 80 vol.-% of LFO whereas neat LFO was used as the re-
ference fuel. The high-speed off-road diesel engine was driven ac-
cording to the non-road steady cycle (NRSC) plus at one additional load
point. During the experiments, the default engine control parameters
were kept constant, and no parameter optimization was applied with
the studied fuels.

2. Experimental setup
2.1. Engine and fuels

The experiments were performed with a diesel engine installed in a
test bed and loaded by an eddy-current dynamometer. The running
cycle was the ISO 8178 C1, added by the 25% load point at inter-
mediate speed.

The 4-cylinder test engine was a turbocharged, intercooled (air-to-
water) off-road diesel engine, equipped with a common-rail fuel in-
jection system. The displacement of the engine was 4.4 dm® (bore
108 mm, stroke 120 mm) and the rated power 101 kW. The engine was
not equipped with any exhaust gas after-treatment devices. The engine
lubricating oil was Valtra Engine CR-4 10 W-40.

In addition to baseline LFO, the effects of naphtha-LFO blend, MGO,
HVO, RME, and kerosene on the exhaust gas particle size distribution
were investigated. Naphtha-LFO blend contained 20 vol.-% of naphtha.
Naphtha was a side-product of wood-based renewable diesel produc-
tion. MGO was a Finnish marine fuel produced from recycled lu-
bricating oils. Kerosene was Jet A-1 type aviation fuel. For the fuels,
cetane number, density, sulfur content and kinematic viscosity at 40 °C
were analyzed by the fuel laboratory of the University of Vaasa. Table 1
shows the all analyzed fuel properties. The values for the fuel poly-
aromatic content are based on the available literature in Table 1. Based
on the information received from the fuel supplier, naphtha may con-
tain negligible traces of polyaromatic compounds. Nevertheless, the
polyaromatic content of naphtha-LFO blend can still be assumed to
meet the SFS-EN 590:2013 standard.

2.2. Analytical procedures

The particle number and size distribution, soot, gaseous emissions
and residual oxygen content were measured in the laboratory condi-
tions and sampled from the raw engine exhaust. The air mass flow rate
was measured from the intake air duct of the engine. Each day before
the measurements, the analyzers were calibrated manually once a day

Table 1

Fuel specifications.
Parameter Method LFO MGO RME HVO Naphtha-LFO Kerosene Unit
Cetane number EN 15195 52 68 53 65 51 41 -
Density (15 °C) EN ISO 12185/ASTM D7042 827 843 883 813 805 787 kg/m*
Sulfur content EN ISO 20884/EN ISO 20846 8.3 < 100 <5 <5 6.8 1000 mg/kg
Kin. viscosity (40 °C) EN ISO 3104/ASTM D7042 1.84 7.69 4.49 3.5 1.37 0.94 mm?/s
Polyaromatics <8 0.9” 0° 0.2¢ <8 < 26.5° wt.-%

@ The maximum allowable polyaromatic content of the fuel standard EN590 [19].

> Analyzed by the fuel supplier.
¢ [20].
4 1171
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The maximum allowable polyaromatic content of the fuel manufacturer [21].
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Fig. 1. Experimental setup.

according to the instructions of the instrument manufacturers. The
experimental setup is in Fig. 1.

The particles from a size range of 5.6-560 nm were measured by an
engine exhaust particle sizer (EEPS, model 3090, TSI Inc.), for which
the sample flow rate was adjusted at 5.0 I/min. The “SOOT” inversion
was applied in the EEPS data processing [22]. The exhaust sample was
first diluted with ambient air by a rotating disc diluter (RDD) (model
MD19-E3, Matter Engineering AG). The dilution ratio used in the RDD
was constant 60. The exhaust aerosol sample was conducted to the RDD
and a dilution air was kept at 150 °C. The diluted sample (5 lpm) was
further diluted by purified air with a dilution ratio of 2. Thus, the total
dilution ratio was 120.

The particle number (PN) was recorded consecutively three times.
Each recording was one-minute long. One-minute stable time periods
were chosen for the results recordings of the PN and particle size dis-
tributions. The averaging interval of 2 s was used for every period. The
average PN values, calculated from the recordings, were multiplied by
the dilution ratio of the exhaust sample. The uncertainty of the PN
measurement was approximated by calculating the standard deviation
of the PN averages, taken from each one-minute recording. The re-
corded smoke value was the average of three consecutively measured
smoke numbers (model 415S, AVL). Nitrogen oxides (NO,), hydro-
carbons (HC) and carbon monoxide (CO) were measured by an Eco
Physics CLD 822Mh, J.U.M. VE7, and Siemens Ultramat 6, respectively.

The sensor data were collected by means of software, made in the
LabVIEW system-design platform. In addition to the gaseous emissions,
the systems recorded the temperatures of cooling water, intake air and
exhaust gas plus the pressures of the intake air and exhaust gas. The
engine control parameters were followed via WinEEM4 engine man-
agement software.

2.3. Experimental matrix and running procedure

The measurements were conducted according to the eight-point test
cycle C1 of the ISO 8178-4 standard, known as NRSC, Table 2. The

Table 2

Experimental matrix [23].
Point 1 2 3 4 5 6 7 8
Speed Rated Intermediate Idle
Load (%) 100 75 50 10 100 75 50 0
Torque (Nm) 351 263 176 35 450 338 225 0
BMEP (bar) 10.0 7.5 5.0 1.0 12.9 9.7 6.4 0

rated speed of the engine was 2200 rpm and the intermediate speed was
chosen to be 1500 rpm. Additionally, the measurements were taken at
25% load (3.2bar) at intermediate speed. With the low-viscosity ker-
osene, the default engine control parameters made the engine running
possible only at intermediate speed. Because no engine parameter op-
timization was applied during the experiments, the additional load
point was chosen to gather more information about the effects of ker-
osene on the exhaust particle size distribution. An eddy-current dy-
namometer of model Horiba WT300 was employed to load the engine.

A canister of 30 L was used as a fuel tank. After the tests with each
fuel were completed, the fuel filter was emptied, and the engine was
run with new fuel for 10 min. At each load point, the intake air tem-
perature was adjusted at 100 °C downstream the charge air cooler to
also ensure proper ignition for low cetane fuels. The temperature was
controlled manually by regulating cooling water flow to the heat ex-
changer. Before the recordings, it was waited that the engine had sta-
bilized, the criteria being that the temperatures of coolant water, intake
air and exhaust were stable. The length of the measurement period was
not tied to a certain time.

The particle number and size distribution were recorded con-
tinuously at each load point. For each fuel, engine warm up and mea-
surements were performed in an exactly similar way.

3. Results
3.1. Particle size distributions

Generally at rated and at intermediate speed, naphtha-LFO blend
and RME reduced particle numbers within the size range of 37-200 nm
compared to LFO while kerosene and methyl ester showed higher
particle numbers within the size range of 8-13 nm than the other fuels.
At this range, HVO was favorable at intermediate speed and at low idle.
Below, the distributions are examined more thoroughly at certain loads.

Fig. 2 shows the particle size distributions at full load at rated speed.
The distribution was bimodal, like at many other loads, one peak being
detected at a particle size of 10 nm and the other within a size range of
30-60 nm. At the size of approx. 10 nm, the least particles were ob-
served with HVO and LFO. Between 14 and 340 nm, the smallest par-
ticle numbers were recorded with RME, while MGO produced the
highest PN.

At 75% load at rated speed, a bimodal distribution was also detected
with all fuels, Fig. 3. While the particle number was clearly the lowest
for LFO at 10 nm, RME emitted the least particles within the size range
of 37-260 nm, as at full load. MGO emitted a high PN within the entire
size range. The nucleation mode particles were also high with RME.
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Fig. 2. Exhaust particle size distributions at full load at rated speed for different fuels. It should be noted that the left and right scales of the y axes are different.

For full and half loads at intermediate speed, the particle size dis-
tributions are illustrated in Figs. 4 and 5. Again, there was one peak at a
particle size of approx. 10 nm and the other within the size range of
30-60 nm. The least particles between 37 and 260 nm were detected
with RME.

As at rated speed, the use of naphtha-LFO blend reduced again
particle numbers within the size range of 37-200 nm compared to neat
LFO. At full load, RME and kerosene produced the most particles at the
size category of 10 nm while HVO showed the lowest PN. At this ca-
tegory at half load, the PN was far the highest with kerosene and again
the lowest with HVO. At intermediate speed, relative to other fuels, the
MGO results were slightly more favorable than at rated speed.

Both at rated and intermediate speeds, the biggest differences in the
PN emissions were detected at the particle size of approx. 10 nm, either
HVO or LFO generating mostly the lowest particle numbers. Kerosene,
only used at intermediate speed, produced often the highest amount of
particles at 10 nm. At intermediate speed, the distribution shapes dif-
fered from those at rated speed since the peaks between 30 and 60 nm
were now much lower compared to those at approx. 10 nm.

The measured total particle number (TPN, from 5.6 to 560 nm) is
shown at rated speed in Fig. 6 and at intermediate in Fig. 7. For all fuels
at rated speed, the TPN decreased when the load decreased from full to
75% load and remained then almost constant at half load. It increased,

however, when the load decreased further, being clearly the highest at
10% load.

At full and 10% loads, the TPN were the lowest when HVO was
used. At other loads at rated speed, RME had the lowest TPN. As a
whole, naphtha-LFO blend was very competitive with neat LFO. MGO
generated the highest TPN at all loads at rated speed.

At intermediate speed, the TPN was at the lowest at full and the
highest at 75% load. The TPN decreased when the load decreased from
75 to 25%. Regardless of load, HVO generated the lowest TPN whereas
kerosene showed the highest. At some loads, naphtha-LFO generated a
higher TPN than LFO, at other loads a lower one. MGO resulted again in
a somewhat higher TPN than LFO.

The measured TPN was divided into two categories depending on
how many of the particles out of TPN were detected below or above the
size category of 23 nm. The shares of the particles above the size of
23 nm were calculated for the fuels, Table 3. At full load at rated speed,
40% of the particles were detected above the size of 23 nm, and thus,
60% below. The lowest average share of the particles above 23 nm was
detected with RME, and the highest share with HVO. At 75% load at
intermediate speed, the shares of the particles above 23 nm were only
4.3-5.8%.

. X 108 2200 rpm, 75 % load x 108
=LFO
-MGO
~HVO
. ~RME =
(] 2 il s (]
E Naphtha-LFO E)
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3 e
s 1 =
© ©
0 . 0
5 10 30 100 560

Mobility diameter, D,, (nm)

Fig. 3. Exhaust particle size distributions at 75% load at rated speed for studied fuels. Please note the different scales of the y axes.
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Fig. 4. Exhaust particle size distributions at full load at intermediate speed for different fuels. Please note the different scales of the y axes.
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Fig. 5. Exhaust particle size distributions at half load at intermediate speed for studied fuels. Please note the different scales of the y axes.
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Fig. 6. Measured TPN at rated speed.
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Fig. 7. Measured TPN at intermediate speed.

Table 3
The share of particles larger than 23 nm out of the TPN for all fuels at different
loads.

Speed Rated Intermediate Idle
Load (%) 100 75 50 10 100 75 50 0
% % % % % % % %
LFO 40 59 58 57 44 5.6 17 7.2
MGO 44 48 51 36 34 5.5 15 8.0
HVO 41 50 55 53 46 5.8 21 22
RME 18 27 34 30 15 4.5 7.2 20
Naphtha-LFO 33 53 57 55 43 4.3 10 7.9

Table 4

Cycle-weighted brake specific emissions of, HC, NOy and CO and smoke number
ranges from lowest to highest within the NRSC cycle with different fuels. The
specific PN emission was determined over the size range of 5.6-560 nm.

HC NO, CcO Smoke
(g/kWh) (8/kWh) (8/kWh) (FSN)
LFO 0.24 9.3 0.33 0.014-0.038
MGO 0.16 9.3 0.28 0.014-0.033
HVO 0.20 8.9 0.32 0.013-0.031
RME 0.12 10.8 0.30 0.005-0.015
Naphtha-LFO 0.29 - 0.36 0.011-0.031

3.2. Gaseous emissions and smoke

Table 4 shows the brake specific emissions of HC, NOy, and CO and
smoke number ranges. In general, MGO and RME were favorable in
terms of CO and HC emissions while NO, emissions were the lowest
with HVO. The smoke numbers were altogether minor with all fuels.
Due to the intended use of an SCR catalyst, high NO, tuning of the test
engine had most likely a decreasing effect on smoke.

4. Discussion

In the present study, all particle size distributions measured from
the exhaust gas of the high-speed off-road diesel engine had a bimodal
shape. This common shape of engine-out size distributions has also
been observed both in on-road and laboratory conditions in case of
heavy-duty diesel truck [24], light-duty diesel [7], natural gas buses
[25], direct-injected gasoline vehicle [26,27] and off-road diesels
[17,28-30]. Moreover, Ntziachristos et al. [31] detected bimodal par-
ticle size distributions in the exhaust gas of a medium-speed marine
diesel engine when LFO was used at low load.
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The nucleation mode particles have a non-volatile core which is
considered to initiate in the cylinder or in the tailpipe [9,32]. The most
of the nucleation mode particles are believed to form during dilution of
the exhaust gas. Their formation has been reported to be sensitive to the
engine parameters [33], fuel and lubricant oil characteristics [34], ex-
haust after-treatment [35], and dilution conditions such as dilution
ratio, temperature and relative humidity of the dilution air [36].
However, Ronkko et al. [9] reported that their formation was in-
sensitive to the fuel sulfur content, dilution air temperature, and re-
lative humidity of ambient air.

Nucleation, condensation and coagulation may change the particle
size distribution during the exhaust gas sampling [37]. In this study, the
exhaust gas sample was diluted at two stages in order to decrease the
particle concentration of the sample for the EEPS. The first dilution was
made with heated air (150 °C) in order to prevent the condensation of
ambient moisture to sampling lines. However, the first dilution was not
sufficiently hot to the prevention of nucleation mode formation. Ac-
cording to Vaaraslahti et al. [38], the nucleation mode evaporates
completely when an exhaust sample is heated enough. Thus, the au-
thors of this paper believe the nucleation mode formation could have
been avoided if a thermodenuder [39] was adopted during the PN
measurement.

Unlike the nucleation mode, the accumulation mode is not sensitive
to dilution conditions [35,40]. Accumulation mode particles are formed
in the cylinder, when either the fuel or the remnants of lubricating oil
do not burn completely during combustion.

Despite the complex nature of nucleation mode, the PN averages
calculated from the EEPS scans were found to remain fairly constant,
mostly, and be repetitious in this study. The variation of the particle
numbers between the three consecutive one-minute EEPS scans can be
seen in Fig. 8. The average values were calculated from the recordings
of those three EEPS measurement channel, where the PN peaked with
different fuels at full load at rated speed.

The physical properties of the liquid fuel tend to control fuel spray
characteristics while the fuel composition determines the pathways of
chemical reactions during combustion [11]. Besides the fuel sulfur
content, particle formation is also influenced by other fuel character-
istics such as the fuel density [41,42], viscosity [43,44], and cetane
number [45,46]. The start of injection is determined by the fuel density,
viscosity, and compressibility. After the injection has started, fuel ce-
tane number determines the moment when combustion starts. Higher
fuel density and viscosity lead to an advanced start of injection. A
higher cetane number leads to a shortened ignition delay plus advanced
combustion [47]. Too viscous fuel increases pumping losses in the in-
jection system and the injection pressure at the pump end may increase
when conventional in-line pumps are adopted. All this may cause
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Fig. 8. The variation of the average particle number between the three consecutive one-minute EEPS scans at the three EEPS channels (10.8 nm, 29.4 nm and

107.5 nm).

disruptions in the combustion process [48,49]. Higher fuel density and
viscosity may lead to incomplete combustion due to poor fuel atomi-
zation. Therefore, the soot emission will increase [50].

In this study, MGO had the second highest density and highest
viscosity, which may partly explain why MGO generated the highest
TPN at all loads at rated speed even though the cetane number was
quite high. At intermediate speed with kerosene, on the other hand, the
lowest density and viscosity did not compensate for the effect of the
lowest cetane number on clearly the highest TPN. RME had the highest
density and second highest viscosity, but the particle numbers within
the size range of 37-200nm were still the lowest. However, RME
contained approx. 10% oxygen which usually results in lower soot and
thus lower accumulation mode particles. Naphtha-LFO blend had a
slightly lower cetane number and kinematic viscosity than LFO but a
clear difference at density that might explain the reduced particle
numbers within the size range of 37-200 nm relative to LFO.

During the combustion, the aromatic content of fuel has a role as
precursors of particulates [51-53] although researchers have received
divergent results about the effect of the fuel aromatic content on PM
emission [42]. Zetterdahl et al. [53] reported that an increase in the
aromatic concentration in low-sulfur diesel fuel led to decreased or
unchanged number of particles emitted. However, Talibi et al. [54]
concluded that the increasing number of methyl branches on the aro-
matic ring results in an increased PN, and Pefa et al. [55] found that
the sizes of primary particles decreased with the addition of methyl
group(s) on the aromatic ring. The concentrations of aliphatics and
oxygenated groups in soot particles were also decreased. They sug-
gested that the combustion of aromatic fuel, if aliphatic chains are
present, tends to produce soot with a compact nanostructure. Due to the
same propensity, the content of amorphous, oxygenated, and aliphatic
carbonaceous materials in the soot may decrease. Therefore, the re-
activity with oxygen decreases too [55]. Nabi et al. [50] concluded that
exhaust particle number and mass emission was higher with MGO
compared to diesel fuel due to the higher C/H ratio in MGO. Therefore,
they assumed that the aromatic content of MGO would also be higher.
This expectation was based on the study of Kalligeros et al. [56], who
stated that aromatics increase the fuel C/H ratio.

In this study, despite the complex nature of nucleation mode PN
formation, the favorable PN results of HVO at the size category of
10nm are assumed to be caused by the almost zero content of poly-
cyclic aromatic hydrocarbons. On the other hand, the difference in PN
at the size 10 nm between MGO and reference fuel LFO cannot be ex-
plained by the polyaromatics. The kinematic viscosity of MGO was not
much higher than it was for the other fuels, and the content of the
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polycyclic aromatic compound of MGO was 0.9 wt.-%. This is lower
than for LFO for which the maximum allowable content of the poly-
aromatics is 8wt.-% [19]. MGO (< 100mg/kg) and kerosene
(1000 mg/kg) contained, however, more sulfur than other fuels, kero-
sene considerably more. Because a higher content of sulfur was avail-
able before combustion, more sulfur oxides, mainly SO, and a small
fraction of SO3, were present after fuel burning especially in the case of
kerosene. The nucleation mode of particles may be caused by sulfuric
acid originating from reaction between SO; and water vapor
[9,38,57,58]. Therefore, the high PN of MGO and especially of kerosene
at the size 10 nm was assumed to be caused by the same reaction and
thus due to the higher sulfur contents of these fuels.

Unlike HVO, RME produced often the most nucleation mode parti-
cles. This result is in line with the several studies of other researchers
[44,59-61]. Heikkil4 et al. [59] suggested that the relatively high share
of nucleation mode particles with RME may be due to its content of
viscous, high boiling point molecules, triglycerides and glycerol.
Moreover, RME also contains ash forming elements, such as alkali
metals and metalloids that may contribute significantly to the forma-
tion of the nucleation mode particles.

The accumulation mode particles, however, were reduced with RME
most likely due to oxygen bounded in mono-alkyl-ester molecules.
Thus, the more complete combustion was enabled and the more ef-
fective soot oxidation was promoted during RME usage compared the
usage of other fuels in this study [62,63]. Nystrom et al. [64] detected a
lower PN around the peak values of 75-116 nm when a high-speed off-
road diesel engine was fueled with RME compared to low-sulfur diesel
fuel. Earlier studies have also been reported how RME and other
FAMEs, either as neat or the blending component, have the similar
decreasing effect on accumulation mode particle numbers [59,65,66].

The present study was intended for being able to prepare experi-
ments with a medium-speed engine carefully. In a later study, some of
the current fuels were used in a medium-speed engine. Significant
combustion differences exist as large marine engines has higher stroke-
to-bore ratio compared to smaller high-speed engines. Furthermore,
large marine engines are operated with lower engine speeds and higher
air-to-fuel ratios than the small engines in land use. High stroke-to-bore
ratio, and low engine speed gives more time for fuel to combust which
promotes soot oxidation [31]. As presented by Ntziachristos et al. [31],
use of the LFO fuel in a marine engine may result to much lower specific
mass emissions of particles compared to the emission limitation in-
tended for road vehicles at some loads. Therefore, the presented PN
reductions may be presupposed when the fuels of this study are later
intended for marine applications. No parameter optimization was
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applied with the studied fuels at this first stage to be able to compare
the fuels first without any modifications. At the next stages, parameters
have to be optimized.

5. Conclusions

This study concentrated on working out how different alternative
off-road engine fuels affect the exhaust particle size distributions of a
high-speed diesel engine. The examined fuels were a blend of renew-
able wood-based naphtha and marine low-sulfur LFO, circulation-origin
MGO, RME, HVO, and kerosene. LFO worked as baseline fuel. The
measurements were performed according to the NRSC test cycle. Based
on the obtained results, the following conclusions could be drawn:

e A bimodal shape was detected in all particle size distributions.

e Considering the complex nature of nucleation mode PN formation,
no consistent conclusions could be drawn concerning the particle
numbers under the size category of 50 nm.

Except at idle, the particle numbers above 50 nm were the lowest
with RME most likely due to oxygen bounded in mono-alkyl-ester
molecules.

Relative to LFO, both naphtha-LFO blend and RME reduced particle
numbers above 50 nm at rated and intermediate speeds.
Circulation economy based MGO generated the highest total particle
number (TPN) at all loads at rated speed, most likely due to the
higher fuel sulfur content. At intermediate speed, still higher TPN
values were recorded for kerosene, the sulfur content of which was
higher by one order of magnitude relative to MGO.

In terms of TPN at intermediate speed, renewable HVO was more
beneficial than LFO. At rated speed, the HVO results were quite si-
milar to those of LFO.

Concerning the TPN as a whole, the blend of renewable naphtha and
LFO was competitive with LFO. At some loads, the blend emitted
more particles, at other loads less than LFO.

MGO and RME were favorable in terms of CO and HC emissions
while the lowest NOx emissions were recorded with HVO.

e Smoke emission was negligible for all fuels.
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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 (dm?) 8.8
Speed (rpm) 1000
Selected Maximum Alternator Power Output at 1000 rpm (kW(e)) 600

Table 2. Fuel specifications.

ISO 8217:2017(E),

Light Marine Nabhtha: Distillate Marine
Parameter Method Fuel Oil Kerosene  Gas 0il EF o Unit Fuel Category
(LFO) (MGO) ISO-F-DMX
Min. Max.
Kin. viscosity EN ISO >
(40 °C) 3104/ASTM D7042 3.1 0.99 3.7 1.8 mm-~/s 14 5.5
Densit ENISO
(15° Cg’ 12185/ASTM 836 787 838 810 kg/m? - -
D7042
Cetane EN 15195 58 44 54 52 - - -
number
EN ISO 20884/EN o
Sulfur content 1SO 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 n ur.nbeF and size TSI EEPS 3090, Shoreview, MN, USA spectrometer
distribution
Hydrocarbons J.U.M. VE7, Karlsfeld, Germany heated flame ionization detection (HFID)
Eco Physics CLD 822 M h, I
NOx Diirnten, Switzerland chemiluminescence
CcO Siemens Ultramat, Miinchen, Germany non dispersive infra-red (NDIR)

Siemens Oxymat 61, Miinchen,

Oxygen content 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.

stack
CLD analyzer EEPS
= ]
oxygen meter D
NDIR analyzer |:|
ooooo )
HC analyzer diluter pump
. N . -
silencer exhaust rotating disc diluter
Scavenging air system
cOmMbUSHON  p - e e m e e e e e e oo ging ar syste 1
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1 . 1l
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Figure 1. Experimental set-up.
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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/dlogD,, where N is particle concentration and
D, 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 (NOy), and carbon monoxide (CO),
plus oxygen content were also measured on dry basis. Based on the measured HC, NOy, and CO
concentrations, the brake-specific emissions of HC, NOy, 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.

9 Full load <LFO
10 £ =Kerosene
+-MGO
_ 108 I «Naphtha-LFO
E :
_f:)_ L
= 107 L
Q. E
Q F
8) L
° 108 &
S F
-D |-
10° L
104 AN | 1 1 1 [ B |

6 10 100 560
Mobility diameter, D, (nm)

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.

20 x 107 75% load <LFO
5 =Kerosene

~MGO
__________________ *Naphtha-LFO

—_
(2}

dN/dlogD, (1/cm?)
=

[&)]

) R . . L
6 10 100 560
Mobility diameter, D, (nm)

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 4. Exhaust PSDs at half 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.
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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.

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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15 x 107 10% load =LFO
~Kerosene
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Figure 6. Exhaust PSDs at 10% load.

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.

x 107 uLFO mKerosene  mMGO = Naphtha-LFO

-

TPN (1/cm?)
S

10% load

Full load 75% load Half load 25% load

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.

Atboth 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, NOy, 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, NOy 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, NOy 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
NOy emission. The high NOjy 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 (NOy), and carbon monoxide
(CO) at full load with different fuels.

Fuel HC (g/kWh) NOy (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.

ulFO m Kerosene uMGO = Naphtha-LFO
20

15 ¢

10 ¢

Exhaust oxygen content (vol.-%)

Full load 75% load Half load 25% load 10% load

Figure 8. Dry exhaust oxygen content at different engine loads for studied 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 mm?/s), whereas the blend was
the second lowest (1.77 mm?/s), and MGO the highest (3.74 mm?/s). At 40 °C, the viscosity of LFO
(3.12 mm?/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/m?), second lowest for naphtha-LFO blend (810 kg/m?), and the highest for MGO
(838 kg/m3 ). The density of reference fuel LFO (836 kg/m?’) 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
Cl 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. Ronkko 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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Figure 9. The actual TPN during eight-minute measurement time at full load.
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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Figure 10. The average particle number between the three consecutive one-minute EEPS scans at the
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 NOy 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.
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(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) Forall 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 NOy emissions were slightly higher with kerosene. The blend
generated the lowest HC.
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dN/dlogD, normalized particle number concentration, 1/cm?
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CcO Carbon Monoxide

CTO Crude Tall Oil

EEPS Engine Exhaust Particle Sizer

DMX Distillate marine fuel category ISO-F-DMX
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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

NOy 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
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