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ABSTRACT 

This study investigates particulate matter (PM) and 
regulated emissions from renewable rapeseed oil 
methyl ester (RME) biodiesel in pure and blended 
forms and contrasts that to conventional diesel fuel. 
Environmental and health concerns are the major 
motivation for combustion engines research, 
especially finding sustainable alternatives to fossil 
fuels and reducing diesel PM emissions. Fatty acid 
methyl esters (FAME), including RME, are renewable 
fuels commonly used from low level blends with diesel 
to full substitution. They strongly reduce the net 
carbon dioxide emissions. It is largely unknown how 
the emissions and characteristics of PM get altered by 
the combined effect of adding biodiesel to diesel and 
implementing modern engine concepts that reduce 
nitrogen oxides (NOx) emissions by exhaust gas 
recirculation (EGR). Therefore, the exhaust from a 
single-cylinder Scania D13 heavy-duty (HD) diesel 
engine fuelled with petroleum-based MK1 diesel, 
RME, and a 20% RME blend (B20), was sampled 
while the inlet oxygen concentration was stepped from 
ambient to very low by varying EGR. Regulated 
gaseous emissions, mass of total black carbon (BC) 
and organic aerosol (OA), particle size distributions 
and the soot nanostructure by means of transmission 
electron microscopy (TEM), were studied. For all EGR 
levels, RME showed reduced BC emissions (factor 2 
for low and 3-4 for higher EGR) and total particulate 
number count (TPNC) compared with diesel and B20. 
B20 was closer to diesel than RME in emission levels. 
RME opens a significant possibility to utilise higher 
levels of EGR and stay in the region of low NOx, while 
not producing more soot than with diesel and B20. 
Adding EGR to 15% inlet O2 did not affect the 
nanostructure of PM. A difference between the fuels 
was noticeable: branched agglomerates of diesel and 
RME were composed of many primary particles, 
whereas those of B20 were more often “melted” 
together (necking). 

INTRODUCTION 

Major stimulation for research within the area of 
internal combustion engines (ICEs) are environmental 
and health concerns. Finding sustainable substitutes 
for fossil fuels and reducing particulate matter (PM) in 
diesel exhaust are of particular interest. 

Carbon dioxide is a long-lived greenhouse gas (GHG) 
that is the dominant contributor to climate emissions 
worldwide, being responsible for 55-60% of 
anthropogenic radiative forcing [1]. Transportation 
sector is responsible for approximately 16% of global 
net CO2 emissions [2][3]. CO2 emissions from the 
transport sector in the United States of America [4] 
and in the European Union [5] were accountable for 
more than 25% of their total CO2 emissions in year 
2016. Black carbon (BC), a component of PM, and 
also referred to as soot, is a short-lived climate 
pollutant, and the second largest contributor to climate 
change after CO2 [6]. 

BC is a product of incomplete combustion of 
hydrocarbon-based fuels, i.e. both of combustion of 
fossil fuels and renewable fuels. BC adds strongly to 
the radiative forcing, warming the climate globally; it 
has a strong regional influence and is responsible for 
a significant proportion of the local forcing to date [6]. 
BC significantly contributes to changes in global 
surface temperature and the vertical structure of 
temperature in the atmosphere [7][8]. Studies have 
also documented the impact of BC deposited on the 
cryosphere, leading to enhanced melting rates of 
snow, ice and frozen ground [8]. 

Regarding PM chemical composition, many studies 
focus on organic aerosols (OAs) because they 
contribute with 20-90% to the total submicron particles 
mass [9][10]. OA is dynamic and continually evolves in 
the atmosphere, which strongly influences the effects 
of PM on climate and air quality. OA can be either 



directly emitted by different sources, including 
anthropogenic (traffic and combustion activities), or 
produced via secondary formation after the oxidation 
of volatile organic compounds (VOCs) [11][12]. 
Therefore, reliable source identification and 
quantification of OAs is needed to accurately predict 
regional and global OA distributions and properties 
and thus the associated health and climate effects [9]. 

The compression ignition (CI) diesel engine has been 
developing and the levels of harmful emissions in the 
exhaust gases have been reduced as a consequence. 
At the same time, the efficiency of the engine and the 
systems around it have improved. Still, these 
advances are not enough to overcome all challenges. 
Diesel exhaust particles (DEPs) vary in their size, 
composition, solubility and therefore also in their toxic 
properties. Ambient aerosol particles (including DEPs) 
easily enter human pulmonary system. Ultrafine 
particles (UFPs) smaller than 100 nm are deposited in 
the alveolar region of lungs that have only weak 
nanoparticle elimination mechanisms. UFPs may 
translocate beyond the lung and cause adverse 
effects on the central nervous system, extrapulmonary 
organs and cause dysfunction of blood vessels 
causing negative cardiac effects [13][14]. 

Prices of crude oil, as well as demand for the 
transportation fuel, continue to rise. The supply of the 
fossil fuels is limited and the reserves will be depleted 
eventually, resulting in an urgent need for substitutes 
to the conventional ICE fuelled by petroleum-based 
diesel or gasoline. The alternative renewable and 
sustainable fuels are seen as feasible solutions with 
which the net CO2 emissions of the transportation 
sector can be reduced substantially. However, less is 
known on changes in PM emissions, their properties 
and eventually their effects of relevance for air quality 
changes when introducing novel biofuels.  

The tightening of the legislated particulate emission 
limits drives further development of the diesel engines 
and fuels compatible with them. Since year 2011 
(Euro 5b), the European emissions regulation 
includes measurement of solid 1  particle number 
(SPN) > 23 nm for approval of diesel light-duty 
engines, in addition to the previously regulated levels 
of allowed PM mass emissions [15]. The current SPN 
limit for on-road heavy-duty (HD) CI engines was 
introduced in 2013 (Euro VI) [16]. Particles of size 
below 23 nm are currently not included in these 
emission regulations, but their monitoring is highly 
recommended [17]. 

Understanding the properties of raw engine emissions 
also contributes to the development and optimisation 
of exhaust aftertreatment technologies, such as diesel 
oxidation catalysts (DOC), diesel particulate filters 
(DPF) and selective catalytic reduction (SCR), which 
in their turn can alter the physical and chemical 
composition of PM. Nanostructure of soot is especially 

                                                 
1 In particle measurement program (PMP) protocol 
from EU, solid particles refer to those particles that 
survive heating to 300°C in the measurement set-up 
prior to particle counting. 

important for the oxidation kinetics in the exhaust 
aftertreatment [18][19]. 

Fatty acid methyl ester (FAME) fuels, commonly 
called biodiesel, can be produced from primary 
vegetable oils such as soy oil, palm oil, coconut oil, 
sunflower oil etc. Rapeseed oil methyl ester (RME) is 
produced by esterification of rapeseed oil by use of 
biomethanol. In Europe, most vehicles with CI engines 
currently use low level blends of FAME in diesel. The 
blending of increasing fractions of oxygen containing 
FAME biodiesel fuels produced from renewable 
biomass resources into fossil diesel is currently 
encouraged to mitigate CO2 emissions [20]. The use 
of pure biodiesel would also be another effective way 
for fossil CO2 emission reduction, which is possible in 
modern diesel engines without changes to the fuel 
injection system [21]. 

Reduced BC and increased OA emissions were 
previously reported for both low and high level blends 
of FAME in diesel [22]. These studies concerned 
cases with no or low exhaust gas recirculation (EGR) 
levels. Higher EGR levels for medium-duty engines 
indicated higher PM reduction rates [23]. Similar 
trends were seen for measured smoke values in HD 
engines [24]. In addition, a decrease in the BC primary 
and aggregate particle sizes, increases in the fractal 
dimension of the agglomerates and a greater disorder 
of the soot nanostructure were also observed when 
using FAME biodiesels [25]. 

Engine out NOx emissions have consistently been 
found slightly higher with biodiesel fuel blends 
compared to petroleum-based diesel. This is proposed 
to be due to the double bonds present in biodiesel 
leading to slightly higher adiabatic flame temperatures 
[26], and also due to the lowered in-cylinder soot levels, 
thus lower radiation heat transfer, resulting again in 
higher in-cylinder temperatures [27]. 

The addition of biodiesel to diesel alters PM and other 
emissions. Modern engine concepts that reduce NOx 
emissions by using EGR up to high levels additionally 
influence particle properties. The combined effects of 
biodiesel blends and modern engine concepts on the 
particle characteristics are mainly unknown. 

The objective of this paper is twofold: 

1. to experimentally investigate and characterise 
particulate mass of BC and total OA, particle 
number weighted size distributions, chemical 
composition and micro- and nanostructure of 
the particles emitted from combustion of RME 
biodiesel, a petroleum-based diesel fuel and 
their blend in a modern HD CI engine 
operating at stationary engine conditions 
while intake air oxygen concentration is 
decreased from 20.95% to ~8% by increasing 
EGR; 

2. to study the effects of the fuel composition 
and engine operation conditions on the 
regulated exhaust gases. 

  



METHOD 

ENGINE SETUP AND FUELS 

The experiments were performed in a Scania D13 HD 
six-cylinder diesel engine modified in such a way that 
only one cylinder was operating while the other five 
were motored without compression. The 
specifications of the experimental engine are given in 
Table 1 and its schematic diagram in Figure 1. 

Figure 1. Schematic diagram of the experimental 
engine, adapted from [28]. 

The engine was supercharged with an external 
compressor providing pressurised air with a 7.5 kW 
heater located between the fresh air supply and intake 
manifold. The engine test rig was equipped with an 
adjustable EGR system which consisted of an EGR 
valve and an exhaust backpressure valve. The cooled, 
high-pressure EGR was introduced to the intake 
plenum for blending with pressurised fresh air. The 
existing equipment was used and therefore the engine 
piston was of the standard production shape and the 
engine was equipped with XPI common rail injection 
system with an injector with 10 holes and 148° spray 
angle. Four sampling probes for the emission 
analysers were placed in the middle the exhaust pipe 
at a distance specified by the manufacturers of the 
measurement equipment in order to avoid flow 
disturbances. Measurements were conducted on raw 
engine-out exhaust without using aftertreatment 
systems. 

Table 1. Single cylinder engine specifications. 

Displaced volume 1966 cm3 

Stroke 160 mm  

Bore 130 mm  

Connecting rod length 255 mm  

Compression ratio 17.3:1 

Number of valves 4 

Swirl ratio 2.1 

Inlet valve close -141 CAD ATDC 

Inlet valve open 2°  BTDC @ 0.15 mm lift 

 

Two different fuels and their mixture were used in this 
study: petroleum-based Swedish MK-1 diesel (also 
marked as B0), pure RME biodiesel made for low level 

blends in Nordic climate (B100) and their mixture of 20 
volume-% RME and 80 volume-% MK-1 (B20), the 
specifications of which are listed in Table 2. See Table 
A-2 in Appendix A for the detailed chemical 
composition of RME and Table A-1 for the 
nomenclature of the three fuels. There were not any 
additives added to fuels before the experiments. The 
lubrication oil in the engine was Statoil PowerWay 
GE40, a lubricant with low ash content used mainly for 
engines operated on biogas. 

In order to understand possible origin of the PM in the 
emissions, the metal traces in the engine lubricant 
sampled before and after the experiments, as well as 
in the fuels, were analysed. The H/C and O/C values 
in Table 2 are calculated from the elemental analysis 
of the fuels and fuel specifications (see Table A-2). 

Table 2. Fuel specifications. 

 RME MK-1 diesel 

CN 52 53-57 

H/C 1.896 2 

O/C 0.103 0.002 

QLHV 38 MJ/kg 43.2 MJ/kg 

(A/F)S 12.37 14.5 

 

EMISSION MEASUREMENT SYSTEMS 

An assortment of advanced emission measurement 
equipment was used in this study in order to create a 
more comprehensive image of the PM and gaseous 
emissions. 

Exhaust gas analyser 

The engine-out gaseous emissions were measured by 
a commercial AVL AMA i60 system. The CO2 
concentration was measured both in the intake 
manifold and in the exhaust to provide the data for the 
calculation of the EGR level. The dry CO and CO2 
were measured with an infrared detector (IRD), 
whereas the wet NO and NOx (NO+NO2) were 
measured using a chemiluminescence detector (CLD). 
The wet total hydrocarbons (THC) was measured by a 
flame ionisation detector (FID). The CH4 concentration 
is measured within the THC. 

The EGR level used in this study was calculated as a 
ratio between measured concentrations of carbon 
dioxide in the intake and carbon dioxide in the exhaust, 
expressed as percentage, as shown in Eq. (1). 

𝐸𝐺𝑅 = ∙ 100%                                                                                                      

(1) 

The O2 concentration in the exhaust was measured by 
a paramagnetic detector (PMD), and the intake O2 
concentration was calculated according to the Eq. (2). 

𝑂 = 𝐸𝐺𝑅 ∙ 𝑂 − 𝑂 + 𝑂  

 (2) 
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(where 𝑂  is the oxygen concentration 
measured in the exhaust, and 𝑂  is the 
ambient oxygen concentration set to a constant value 
of 20.95%). 

Particulate matter 

PM from diesel combustion is a complex mixture of 
particles with different sizes and composition. In this 
study, the focus was laid on chemical composition 
(BC and OA emissions), the particle size distribution 
and nanostructure of emitted soot. 

The exhaust gas was sampled from the middle of the 
exhaust pipe at the angle of 90°, and led to the dilution 
setup presented in Figure 2. The first stage dilution 
(Dekati ejector) used a dilution factor of 15. It was 
done with hot air at 150 °C for all operation points with 
B20 due to water condensation. At other operation 
points, cold dilution was used. The gas was then led 
through a 200 ml unheated residence tube and then 
diluted additional 4 times with cold air in the second 
stage Dekati diluter 2. 

Figure 2. Schematic diagram of the dilution setup. 

An AVL micro-soot sensor (MSS) was used to 
continuously measure the equivalent black carbon 
(eBC) mass concentration of soot in the engine-out 
exhaust stream [29]. Measurements are based on the 
photo-acoustic principle. Inside of the measurement 
cell, an amplitude modulated 808 nm light beam is 
absorbed by airborne particles. This makes the carrier 
gas expand and contract due to periodic heating and 
cooling, and in that way produce periodic pressure 
waves. The pressure waves are a measure of the 
particle absorptive properties (at 808 nm), and are 
gathered by sensitive microphones and translated into 
a soot mass concentration (eBC) by assuming a 
conversion factor from absorption to mass 
concentration. The BC part of the PM absorbs, while 
OA is essentially transparent at this wavelength, thus 
not seen. The MSS is able to measure with a 
sensitivity of 1 μg/m3 in the range from 0.001 to 1000 
mg/m3. 

The differential mobility spectrometer (DMS) 
Cambustion DMS500 was used to determine the 
particle size distribution (5 nm - 1000 nm) [30]. 
Measurements were sampled with a frequency of 1 
Hz. At the sampling probe, a cyclone was used to 
dilute the exhaust gas at a ratio of 5:1. After dilution, 

the particles are charged by a unipolar corona charger. 
According to the charge they receive, which is 
proportional to their surface area and their size, they 
are separated according to electrical mobility while 
passing a strong radial electrical field. Particles with 
lower electrical mobility (larger size) travel further 
along the column. This principle is also known as 
electrical mobility classification. After the particles get 
deposited on one of the 22 electrometer detectors, the 
measured electrical current signals are finally 
transferred into a number particle size distribution 
using the built-in diesel soot inversion matrix. 

The total OA was analysed using a soot-particle 
aerosol mass spectrometer (SP-AMS) [31]. The 
SP-AMS was run in single or dual vaporiser mode. In 
the single vaporiser mode, particles are flash 
vaporised upon impaction on a heated (600 °C) 
tungsten surface. In the dual vaporiser mode, 
refractory black carbon (rBC) containing particles is 
vaporised using an intracavity Nd:YAG laser (1064 
nm). The vapours are then ionised (70 eV electron 
ionisation) and detected in a HR-ToF mass 
spectrometer. Total OA concentrations were derived 
from the dual vaporiser mode. The total OA signal 
intensity depends on the vaporisation mode. To derive 
OA mass concentrations, the dual vaporiser total OA 
signals were multiplied by a correction factor of 0.5 
which was obtained from the linear regression 
analysis of a large number of total OA single mode 
and dual vaporiser mode ratios (R2=0.93). 

Aerosol samples were collected using an electrostatic 
precipitator (nanometre aerosol sampler model 3089 
TSI) onto thin lacy carbon coated copper grids 
(Cu-400LD, Pacific Grid-Tech). The transmission 
electron microscopy (TEM) grids were analysed in a 
transmission electron microscope FEI Tecnai T20 G2. 
High-resolution images were recorded with 
DigitalMicrograph software [32] using a Gatan 
US1000 bottom mounted camera. Following the 
procedures used in previous work [33], a series of 
high-resolution images was recorded for every 
sample. 

Images clearly displaying the configuration of 
graphene layers in soot particles were chosen for 
further analysis. This bright and dark contrast of 
parallel segments differs significantly from the 
homogenous, amorphous contrast of an underlying 
amorphous carbon film. The distance between the 
parallel layers was measured by a profile tool (dark to 
dark or bright to bright). For each sample, 
approximately 100 values were determined. The 
accuracy lies within ± 0.027 nm at a resolution of 
38 pixel/nm. Tortuosity was measured manually as 
described in [34] and [35] as the ratio of the lamella 
length to the distance between its two end points (see 
also Figure 10a in [35]). Fringe length and tortuosity 
as well as primary particle diameter were determined 
with ImageJ software [36]. For particle diameter, a 
spherical particle was assumed and the diameter of 
this sphere measured. 

 



ENGINE OPERATION CONDITIONS AND 
EXPERIMENT STRATEGIES 

The parameter that was varied throughout the 
experiment was the intake O2 concentration, i.e. the 
EGR level. The EGR gas was cooled before being 
introduced to the intake manifold and mixed with 
ambient temperature air. Six levels of O2 were studied 
for diesel and RME fuels and five levels for B20 within 
the intake O2 span starting at the ambient 
concentration at 20.95% (without any EGR) and 
reaching the very low levels of ~8% O2 (close to 60% 
EGR). 

The four inlet oxygen concentrations which are 
comparable among the three fuels are: 

1. 11.7% for RME and 11.4% for diesel, 
2. 13.6% for RME and 13.3% for B20 and diesel, 
3. 14.9% for RME, 15.4% for B20 and 15.2% for 

diesel, 
4. 20.95% for all three fuels. 

For improved readability, they will be marked 
throughout the Results and Discussion section as 
~11.5%, ~13.5%, ~15% and ~21%, respectively. 

The data used in this study were collected from the 
engine and averaged from 300 engine cycles 
measured under steady state engine operation 
conditions at the constant rotational speed of 1200 
rpm. Gross indicated mean effective pressure 
(IMEPG) at the starting point with the ambient air O2 
concentration at the intake (20.95%) was 6 bar, and 
the energy content of the injected fuel was kept 
constant. The combustion phasing was also kept 
constant throughout the experiment with CA50 at ~5 
crank angle degrees after top dead centre (CAD 
ATDC) by adjusting start of injection (SOI) timing of a 
single fuel injection at 1200 bar common rail pressure. 
The intake mixture was at constant temperature of 
100 °C. The observed lambda (λ) values are based on 
the measured emissions data. λ was the same for all 
three fuels λ≈2.0 at the starting point at 20.95% intake 
O2 concentration, then it decreased with decrease of 
the intake O2 concentration, see Figure 3. At close to 
10.5% intake O2 the stoichiometric λ value is reached 
for diesel and B20, whereas RME reaches 
stoichiometry at close to 9.5% intake O2. 

Figure 3. Lambda for different intake O2 concentration 
for the three fuels. For fuels nomenclature see Table 
A-1 in Appendix A. 

 

RESULTS AND DISCUSSION 

GASEOUS EMISSIONS 

Due to incomplete combustion, levels of indicated 
specific THC and CO emissions are rapidly increasing 
with the decrease in the oxygen available for the 
combustion below 13% and 15% for all three fuels, as 
shown in Figure 4 and Figure 5, respectively. The 
values of these emissions are almost at the same low 
levels for higher intake O2 concentrations for all fuels, 
whereas RME has favourable emissions compared to 
diesel and B20 for lower intake oxygen. The horizontal 
green lines in Figure 4, Figure 5 and Figure 6 indicate 
the emission limits given by the current regulated 
emission standard Euro VI (THC: 0.13 g/kWh, CO: 1.5 
g/kWh, and NOx: 0.4 g/kWh) [16]. 

Figure 4. Indicated specific THC emissions for 
different intake O2 concentration for the three fuels. 
For fuels nomenclature see Table A-1 in Appendix A. 

 
Figure 5. Indicated specific CO emissions for different 
intake O2 concentration for the three fuels. For fuels 
nomenclature see Table A-1 in Appendix A. 

Figure 6. Indicated specific NOx emissions for 
different intake O2 concentration for the three fuels. 
For fuels nomenclature see Table A-1 in Appendix A. 

Indicated specific NOx emissions shown in Figure 6 
follow a similar trend and stay under the regulated 



limit for all three fuels in the region of low intake O2 
concentration. They increase drastically from around 
15% and higher O2 concentrations. The engine 
operation conditions were not in any way optimised to 
suppress any of the emissions in particular, but to 
compare how different EGR strategies influence 
regulated and unregulated emissions. This resulted in 
very high specific NOx emissions for the operation 
point without EGR where RME has the highest 
indicated specific NOx concentration followed by B20 
and diesel (20% lower than RME). This is thought to 
be due to the additional oxygen available and the high 
degree of unsaturation of fatty acids in RME fuel (see 
Table A-1), as discussed in literature [37][38]. The fuel 
analysis of RME showed 10.6% mass oxygen content 
compared to that of diesel at 0.2%. With intake 
oxygen concentration of ~21%, RME was burning at a 
higher combustion temperature than diesel, causing 
higher NOx formation (Figure 7). Rate of heat release 
(RoHR) and in-cylinder pressure within a window of 
crank angles are also shown in Figure 7. 

 

Figure 7. Heat release rate, in-cylinder pressure and 
average in-cylinder temperature at ~21% intake O2 
concentration for the three fuels. For fuels 
nomenclature see Table A-1 in Appendix A. 

SOOT MASS CONCENTRATION 

Figure 8 plots the soot (eBC) mass concentration 
measured by the AVL MSS as a function of the intake 
oxygen concentration for the three fuels over the 
range of intake O2 levels. 

Figure 8. Indicated specific soot (eBC) mass 
concentration for different intake O2 concentration for 
the three fuels. For fuels nomenclature see Table A-1 
in Appendix A. 

Soot emissions are strongly affected by EGR. The 
improvement in the soot levels is already seen for B20 
compared to diesel, but RME emits considerably 

lower levels of soot over the whole range of intake O2 
concentration. It is reported in [22] that with low or no 
EGR FAME fuels decrease BC emissions by about a 
factor of 2, which matches our results at intake O2 of 
~21% and ~15%. The reduction factor increases to 
3-4 at high EGR levels. This gives the possibility to 
utilise higher levels of EGR (lower intake O2 
concentration in Figure 8) with RME if the combustion 
is to result in the same soot levels like those produced 
when combusting diesel, and in that way stay in the 
region of low NOx, as well as CO and THC emissions. 

Intake oxygen levels of ~15% that correspond to EGR 
of ~37-39%, are close to typical levels used in a 
modern HD CI engine. NOx values at intake O2 of 
~13.5% (~44% EGR) for all three fuels are only 23% 
to 40% of the NOx values at ~15% O2. Indicated 
specific soot value of RME at intake O2 of ~13.5% is 
below 0.1 g/kWh. 

Lower soot levels for RME at the same operation 
conditions compared to diesel is an advantage in itself. 
These results are in accordance with the general 
conclusions in the available literature [39]. 

ORGANIC AEROSOL 

 
Figure 9. OA/eBC for different intake O2 concentration 
for the three fuels. For fuels nomenclature see Table 
A-1 in Appendix A. 

Figure 9 shows the ratio of (particle phase) OA 
measured with SP-AMS and eBC measured with MSS 
for different intake O2 concentrations for the three 
fuels. At ~21% O2 intake concentration, the organic 
part of the PM emissions is dominant, being three 
times higher than the eBC mass fraction for diesel and 
two times higher for B20 and RME. Since the 
combustion temperature of diesel at ~21% intake 
oxygen concentration is lower than that of RME, as 
shown in Figure 7, this difference between RME and 
diesel might be due to the incomplete combustion of 
lubrication oil that is consequently emitted in the 
exhaust. Previous studies report that the mass 
spectra of diesel aerosol components are dominated 
by lubrication oil spectral structures [40][41]. All three 
fuels have very low OA to eBC ratio for higher EGR 
levels. For oxygen concentrations lower than ~13.5% 
the ratio for RME is slightly higher than for B20 and 
diesel due to the lower soot emissions in that area. 
Finally, at the highest EGR level with 8.5% O2 intake 
concentration, the ratio for diesel again rises and 
reaches the value of one. At this point a low amount of 
eBC is emitted, so the ratio of one shows low OA 
emissions. Additionally, the combustion efficiency is 



very bad there as the engine is below stoichiometric 
conditions and emits unburned fuel. 

PARTICLE NUMBER WEIGHTED SIZE 
DISTRIBUTION 

Figure 10 presents the electrical mobility particle size 
distributions for the different intake oxygen 
concentrations for the three fuels, note the different 
scale for the particle number concentration for RME.  

With no EGR, a nucleation mode dominated the 
emissions (20-30 nm), while for the remaining cases 
an accumulation mode at larger particle sizes 
dominated the number emissions (Figure 10). The 
particle count median diameter (CMD), geometrical 
standard deviation (GSD) and total particle number 
concentration (TPNC) for both nucleation mode 
particles and accumulation mode particles emitted 
with each of the three fuels measured by DMS are 
presented in Table B-1 in Appendix B. GSD describes 
the width of the size distribution centred around CMD 
[42]. The GSD values in Table B-1 for the 
accumulation mode (1.4-1.8) are similar or slightly 
lower than typical numbers for BC dominated aerosols 
generated primarily by coagulation. The GSDs of the 
nucleation mode (1.1-1.6) are lower as expected for 
aerosols generated primarily by condensation 
processes. CMD is equal to the diameter with highest 
concentration if the distribution is lognormal. CMDs of 
accumulation modes are, apart from being listed in 
Table B-1, also visually presented in Figure 11. Diesel 
has highest CMD values within the whole intake O2 
span (apart from the lowest O2 level), followed by B20 
and by RME, which is in agreement with the results 
available in literature, e.g. [43]. At the intake O2 of 
~21%, the values of accumulation CMD lie within the 
range of 44 nm to 55 nm, whereas the mean diameter 
increases for the lower O2 values up to 125-160 nm. 

Figure 12 shows the indicated specific TPNC for 
nucleation and accumulation modes, as well as the 
total values, depending on the intake O2 concentration. 
Since the nucleation mode is pronounced only when 
operating without EGR, the indicated specific total 
TPNC trends follow the soot mass concentration 
measurements, see Figure 8, in the whole intake O2 
range apart from the starting point at ~21%. 
Nucleation mode in Figure 12 contains particles of 
size 5 nm and above, whereas emissions legislations 
regulate only particles larger than 23 nm. 

There are four operation points at which the intake 
oxygen levels are comparable among the three fuels 
(~11.5%, ~13.5%, ~15%, ~21%). Firstly, total TPNC of 
RME is lower than half the value for diesel at intake 
O2 concentration of ~11.5%. Secondly, at the intake 
O2 concentration of ~13.5% total TPNC of RME is 
significantly lower, in particular it is only 6% of total 
TPNC of B20 and 5% of that of diesel. Thirdly, at the 
intake O2 concentration of ~15% the advantage of 
RME is not as pronounced as in the previous point, 
since total TPNC of RME is similar to the one of B20 
but more than three times lower than that of diesel. 
Finally, when EGR was not utilised RME and B20 had 
similar total TPNC, while that of diesel was 50% 
higher. Figure 12. clearly shows the advantage of 

using RME with EGR rates as high as 44% in terms of 
indicated specific TPNC under the studied engine 
operating conditions. 
 

 

Figure 10. Number weighted particle size distributions 
for different intake O2 concentration for the three fuels, 
top: diesel, middle: B20, and bottom: RME. For fuels 
nomenclature see Table A-1 in Appendix A. 

Figure 11. CMD of accumulation mode for different 
intake O2 concentration for the three fuels. For fuels 
nomenclature see Table A-1 in Appendix A. 



 
Figure 12. Indicated specific total particle number 
concentration for different intake O2 concentration for 
the three fuels, top: nucleation mode, middle: 
accumulation mode, and bottom: total. For fuels 
nomenclature see Table A-1 in Appendix A. 

TEM IMAGING 

Quasi-graphitic layers or graphite-like structures were 
looked at when soot nanostructure was analysed. 
Graphite is the perfectly ordered version of carbon 
and has a lattice distance (the linear distance 
traversed by the atomic carbon layer planes) of 0.35 
nm and a tortuosity (a measure of the curvature of the 
layer planes expressed as the ratio of fringe absolute 
length to straight-line distance between the visual 
endpoints of the fringe) of exact 1. The measures are 
taken from a two-dimensional projection of a 
three-dimensional, round-shaped structure. Adjacent 
fringes thus represent small graphitic blocks that build 
up a ball-shaped primary soot particle [44][45]. Soot 
aerosol is built up of agglomerates of primary soot 
particles. All these parameters, primary particle 
diameter, lattice distance, fringe length (i.e. lamella 
length) and tortuosity, can be used for 
inter-comparison and give an indication of the 
combustion conditions and physical-chemical 
properties of the aerosol [46][47]. 

Primary particle size, agglomerate size, appearance, 
lamella length and tortuosity were estimated and 
measured from images of samples collected by 
electrostatic precipitation directly onto TEM grids at 
engine intake O2 concentration of ~15% and ~21% for 
RME, B20 and diesel. Measurements were performed 
on different positions distributed over the samples 
surface, to account for a representative distribution 
and a homogeneous sample was assumed. Overview 
images and high resolution images of soot particles 
can be seen in Appendix C in Figure C-1 for RME, 
Figure C-2 for B20 and Figure C-3 for diesel.  

The overall appearance of the agglomerate form, 
shape and density does not show any obvious 
differences for each of the fuels at different inlet 
oxygen concentrations. The analysed lattice distances 
even within a single particle vary too much as to draw 
any inter-sample comparison conclusions. 20-25 
agglomerates were analysed per sample. The 
difference between the different types of fuel is more 
pronounced. 

Diesel and RME samples show branched 
agglomerates composed of several tens to hundreds 
of primary particles between 20 nm and 30 nm in 
diameter and lattice distances between 0.35 nm and 
0.4 nm. In addition to the regular soot particles, diesel 
samples contain some fly ashes. Fly ashes are usually 
seen as perfectly round-shaped spheres, slightly 
bigger than the single soot particles, sometimes even 
up to a micron in size. They are thought to originate 
from the burned engine lubrication oil droplets, as 
explained in [48]. 

The samples collected from B20 also contain 
agglomerates of similar shape and size. The primary 
particles, however, seem to be “melted” together and 
individual particles are not possible to distinguish 
(necking). The structure is close to amorphous and 
only a few particles show a graphitic structure. 
Consequently, the few measured fringes appear 
shorter. 

Figure 13 shows lamella lengths for all three fuels at 
two operation points each: at ~21% and ~15% intake 
O2 concentrations, whereas tortuosity of these 
particles can be seen in Figure 14. The red central 
marks in the boxplot in Figure 13 and Figure 14 
indicate the median lamella length and the median 
tortuosity, respectively. The bottom edges of the boxes 
show the 25th percentiles and top edges the 75th 
percentiles. The whiskers extend to the most extreme 
data points which are not considered outliers, and the 
outliers are plotted individually using the red + symbols. 
Fringes of RME particles are shorter at ~15% intake 
O2 than at ~21%, which might indicate higher soot 
reactivity. On the contrary, tortuosity of RME soot 
particles at ~15% intake O2 is slightly lower than at 
~21%, which possibly leads to lower accessibility for 
oxidation. The difference between lamella lengths of 
analysed B20 soot particles at ~15% and ~21% intake 
O2 is not statistically significant, and neither is the 
difference between their tortuosities at these two 
conditions. Diesel soot fringes are not statistically 
different at the two inlet oxygen levels. Diesel soot has 



higher tortuosity at ~15% intake O2 than at ~21%. 
Therefore, these results are not conclusive. 

 
Figure 13. Lamella length for two intake O2 
concentration levels for the three fuels. Fuels 
nomenclature given in Table A-1 in Appendix A. 

 
Figure 14. Tortuosity for two intake O2 concentration 
levels for the three fuels. Fuels nomenclature given in 
Table A-1 in Appendix A.  

FUEL AND ENGINE LUBRICANT ANALYSIS 

The elemental analysis of fuels showed that RME has 
10.6% mass oxygen content, whereas diesel has only 
0.2% mass oxygen content. Total nitrogen of RME is 
7.8 mg/kg and of diesel is 2.2 mg/kg. Together with 
the higher combustion temperature of RME when 
EGR is not used, these results can explain the higher 
levels of NOx emissions with RME than with diesel. 

The most notable result of the engine lubricant 
analysis was that Fe concentration of the used oil (6 
wt. ppm) was higher than that of the new oil (1 wt. 
ppm). If engine wear metals and corrosion particles 
were seen on TEM grids, they would exist as separate 
particles not bound to any carbonaceous PM [48]. This 
not being the case indicates that wear metals of the 
engine were collected by the lubricant instead of being 
emitted in the exhaust. 

PM originating from engine wear was previously found 
to be in much lower quantity than PM originating from 
the engine lubrication oil [48]. Soot (accumulation 
mode) acts as a very efficient sink for nucleation mode 
particles to coagulate on. In the absence of a soot 
mode, the particles will grow by coagulation (between 
the smaller particles) and condensational growth and 
are therefore not scavenged [49]. The large amount of 
nanoparticles, i.e. the nucleation mode, when the 
engine was operating without EGR were visible 
because there was no soot. It is thought that they are 
lubrication-derived particles, as previously shown in 
[40][41]. 

SUMMARY AND CONCLUSIONS 

By increasing EGR levels from 0 at 20.95% intake O2 
concentration to approximately 60% at very low intake 
O2 concentration of ~8%, different low load operation 
conditions of a single cylinder Scania D13 HD engine 
were achieved while using three fuels: 
petroleum-based diesel, RME and their mixture B20. 
This strategy was employed in order to produce 
emissions of PM with a range of different properties, 
which were then studied in order to understand 
particulate mass emissions of the total black carbon 
(BC) and organic aerosol (OA), particle size 
distributions and the soot nanostructure by means of 
transmission electron microscopy (TEM). Additionally, 
regulated gaseous emissions were analysed. 

The key conclusions of this study are: 

 Due to the soot reduction factors of RME 
ranging from ~2 (for low EGR) to ~3-4 (for 
high EGR) compared to diesel, RME gives a 
possibility to utilise higher levels of EGR and 
stay in the region of low NOx, CO and THC 
emissions, while producing less soot than 
with diesel and B20. 

 The organic fraction of the PM was dominant 
at low-sooting conditions with no EGR. For 
this case, unregulated nanoparticles of size 
between 5 nm and 23 nm, which are thought 
to originate from the lubrication oil, were 
emitted in high numbers as nucleation mode. 

 Accumulation mode particles had mean 
diameter from 44-55 nm at low EGR to 
125-160 nm at high EGR levels. At all 
comparable EGR levels, RME had lowest 
indicated specific total TPNC, followed by B20 
and diesel. The gain of using RME is most 
significant at EGR rate of 44% for the engine 
operating conditions regarded in this study. 

 RME and diesel branched soot agglomerates 
were composed of several tens to hundreds 
of primary particles 20-30 nm in diameter and 
lattice distances of 0.35-0.4 nm. B20 soot 
agglomerates were of similar shape and size, 
but the primary particles, however, seem to 
be “melted” together and often 
indistinguishable. In addition to the regular 
soot particles, diesel soot contained fly ashes 
possibly originating from the combusted 
engine lubrication oil. 

This study was done as a continuation of the previous 
work with exhaust analysis for diesel and light 
alcohols in the same type of a HD CI experimental 
engine [41]. A new area for further research can be an 
extension of this study to other biofuels, for example 
to hydrotreated vegetable oil (HVO) as in [50], and 
further studies of the effect of varying EGR levels on 
particle emissions, for example emissions of 
polycyclic aromatic hydrocarbons (PAHs) and other 
black carbon precursors. An exhaust aftertreatment 
system can also be included in order to determine the 



effects it can have on the physical and chemical 
properties of PM, as well as on the regulated 
emissions.  
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DEFINITIONS AND ABBREVIATIONS 

BC: black carbon 

CA50: The crank angle at which 50% of the 
charge has been consumed. 

CAD ATDC: crank angle degrees after top dead 
centre 

CAD BTDC: crank angle degrees before top dead 
centre 

CDC: conventional diesel combustion 

CI: compression ignition 

CLD: chemiluminescence detector 

CMD: count mean diameter 

CN: cetane number 

DEP: diesel exhaust particles 

DMS: differential mobility spectrometer 

DOC: diesel oxidation catalyst 

DPF: diesel particulate filter 

eBC: equivalent black carbon 

EDS: energy-dispersive spectrometer 

EGR: exhaust gas recirculation 

FAME: fatty acid methyl ester 

FID: flame ionization detector 

GHG: greenhouse gas 

GSD: geometrical standard deviation 

HD: heavy duty 

HVO: hydrotreated vegetable oil 

ICE: internal combustion engine 

IMEPG: gross indicated mean effective pressure 

IRD: infrared detector 

MSS: micro-soot sensor 

NOx: nitrogen oxides 

OA: organic aerosol 

PAH: polycyclic aromatic hydrocarbons 

PM: particulate matter 

PMD: paramagnetic detector 

PMP: particle measurement program 

QLVH: lower heating value 

rBC: refractory black carbon 

RME: rapeseed oil methyl esters 

RoHR: rate of heat release 

SCR: selective catalytic reduction 

SOI: start of injection 

SP-AMS: soot-particle aerosol mass spectrometer 

SPN: solid particle number 

TEM: transmission electron microscope 

THC: total hydrocarbons 

TPNC: total particulate number concentration 

UFP: ultrafine particle 

VOC: volatile organic compound 



λ: Lambda, the ratio between the air-fuel 
ratio and the stoichiometric air-fuel ratio 

for the given fuel, . 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

  



APPENDIX A: FUELS 

Table A-1. Fuels nomenclature. 

Common acronym In the paper text Fuel description 

B0 diesel Swedish MK-1 petroleum-based diesel 

B20 B20 blend: 20 volume-% B100 and 80 volume-% B0 

B100 RME rapeseed oil methyl esters biodiesel 

 

Table A-2. Chemical composition of RME (B100) fuel [51]. 

 
 
APPENDIX B: AEROSOL SIZE DISTRIBUTION PARAMETERS 

Table B-1. Particle CMD, GSD and TPNC for nucleation mode and accumulation mode particles in exhaust of for 
diesel, RME and B20 combustion. 

O2 
[%] 

CMD [nm] GSD [-] TPNC [#/cm3] 

nuc. mode acc. mode nuc. mode acc. mode nuc. mode acc. mode total 

diesel 

20.9 26.1±3.92 54.73±39.63 1.35±0.14 1.62±0.20 1.76x10^6±1.08x10^6 9.68x10^5±6.1x10^5 3.0x10^6±5.37x10^5 

15.2 20.59±9.60 105.88±2.79 1.35±0.12 1.69±0.03 1.63x10^3±1.6x10^4 5.15x10^5±8.25x10^4 9.14x10^5±1.55x10^5 

13.3 27.50±0.0014 150.25±1.63 1.45±0.02 1.48±0.01 4.08x10^3±3.12x10^4 1.27x10^6±1.38x10^5 2.54x10^6±2.82x10^5 

11.4 26.61±0.95 156.20±1.38 1.55±0.05 1.55±0.01 0±0 1.64x10^6±4.91x10^4 3.28x10^6±1.35x10^5 

11.3 27.50±0.008 150.10±1.10 1.54±0.06 1.50±0.009 8.59x10^4±5.05x10^4 2.54x10^6±6.8x10^4 4.98x10^6±1.35x10^5 

8.5 22.50±4.53 115.20±5.36 1.43±0.13 1.52±0.07 1.08x10^4±6.1x10^4 5.4x10^5±3.19x10^5 9.55x10^5±5.57x10^5 

RME 

20.9 27.25±1.14 36.40±4.61 1.33±0.03 1.53±0.06 1.23x10^6±5.27x10^5 6.33x10^5±3.37x10^5 1.99x10^6±2.25x10^5 

14.9 9.03±1.78 99.81±3.28 1.12±0.04 1.61±0.03 4.67x10^2±5.76x10^3 1.57x10^5±1.16x10^4 2.72x10^5±2.64x10^4 

13.6 14.94±0 128.54±10.44 1.18±0 1.72±0.21 0±0 6.59x10^4±6.54x10^3 1.26x10^5±1.51x10^4 

12.4 8.30±1.27 127.89±2.25 1.11±0.003 1.42±0.02 0±0 6.2x10^5±9.7x10^4 1.13x10^6±1.83x10^5 

11.7 9.65±1.90 129.14±1.75 1.11±0.003 1.40±0.009 2.14x10^2±4.95x10^3 7.72x10^5±7.28x10^4 1.42x10^6±1.41x10^5 

9.4 12.07±0.12 124.43±6.55 1.11±0 1.48±0.02 0±0 5.56x10^5±4.52x10^4 9.91x10^5±1.03x10^5 

B20 

20.9 25.34±4.54 43.91±21.20 1.33±0.11 1.47±0.12 8.84x10^5±6.67x10^5 9.28x10^5±5.07x10^5 2.10x10^6±3.35x10^5 

15.4 27.33±1.12 96.37±2.36 1.21±0.18 1.76±0.02 2.24x10^4±1.07x10^4 2.1x10^5±1.01x10^4 3.64x10^5±2.14x10^4 

13.3 11.69±0.27 147.85±1.46 1.12±0.03 1.43±0.02 6.42x10^3±4.03x10^4 1.07x10^6±8.18x10^4 2.16x10^6±1.73x10^5 

10.7 12.04±1.26 163.37±2.01 1.12±0.02 1.51±0.01 1.97x10^4±8.43x10^4 2.13x10^6±3.82x10^4 4.46x10^6±1.31x10^5 

8.9 12.04±1.26 167.09±17.96 1.15±0.09 1.74±0.06 99±1.1x10^3 2.56x10^4±1.47x10^4 5.56x10^4±3.34x10^4 



APPENDIX C: TEM IMAGES 
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Figure C-1. TEM images of soot nanostructure for RME at two intake O2 concentration levels: left 20.95% and 
right 14.9%. Size scale: top row 50 nm (overview) and bottom row 10 nm (high resolution). Fuels nomenclature 
given in Table A-1 in Appendix A. 
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Figure C-2. TEM images of soot nanostructure for B20 at two intake O2 concentration levels: left 20.95% and right 
15.4%. Size scale: top row 50 nm (overview) and bottom row 10 nm (high resolution). Fuels nomenclature given 
in Table A-1 in Appendix A. 

 

 

 

 

 

 

 

 

 



20.95% O2 15.2% O2 

  

  

Figure C-3. TEM images of soot nanostructure for diesel at two intake O2 concentration levels: left 20.95% and 
right 15.2%. Size scale: top row 50 nm (overview) and bottom row 10 nm (high resolution). Fuels nomenclature 
given in Table A-1 in Appendix A.



 


