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Abstract 

A modern diesel engine is a reliable and efficient mean of producing 
power. A way to reduce harmful exhaust and greenhouse gas (GHG) 
emissions and secure the sources of energy is to develop technology 
for an efficient diesel engine operation independent of fossil fuels. 
Renewable diesel fuels are compatible with diesel engines without 
any major modifications. Rapeseed oil methyl esters (RME) and 
other fatty acid methyl esters (FAME) are commonly used in low 
level blends with diesel. Lately, hydrotreated vegetable oil (HVO) 
produced from vegetable oil and waste fat has found its way into the 
automotive market, being approved for use in diesel engines by 
several leading vehicle manufacturers, either in its pure form or in a 
mixture with the fossil diesel to improve the overall environmental 
footprint. There is a lack of data on how renewable fuels change the 
semi-volatile organic fraction of exhaust emissions. In order to 
characterize and explain the difference in exhaust emissions from 
fossil diesel, HVO and RME fuels, particulate matter (PM) emissions 
were sampled at two exhaust positions of an experimental single 
cylinder Scania D13 heavy-duty (HD) diesel engine: at the exhaust 
manifold, and after a diesel oxidation catalyst (DOC). Advanced 
analyzing techniques were used to characterize the composition of 
the organic PM. Special attention was paid to an operating point at 
18% intake oxygen level with constant engine operating conditions 
where the emission level of nitrogen oxides (NOx) was low, and 
carbon monoxide (CO) and total hydrocarbon (THC) were relatively 
low. On-line aerosol mass spectrometry (AMS) suggests that the 
chemical composition of the organic aerosols (OAs) was similar for 
HVO and diesel. However, RME both reduced the OA emissions and 
changed the composition with evidence for fuel signatures in the 
mass spectra. When the emissions were aged in an oxidation flow 
reactor to simulate secondary organic aerosol (SOA) formation in the 
atmosphere, it was found that OA concentration strongly increased 
for all fuels. However, SOA formation was substantially lower for 
RME compared to the other fuels. The DOC strongly reduced 
primary organic emissions in both the gas (THC) and particle phase 
(OA) and only marginally affected OA composition. The DOC was 
also effective in reducing secondary organic aerosol formation upon 
atmospheric aging. 

Introduction 

Aerosol particles in the atmosphere have adverse effects on air 
quality. The smallest size particles easily penetrate the human 
pulmonary system and have been linked to severe short- and long-
term health impacts, such as asthma, cardiopulmonary diseases, and 
lung cancer [1]. Since some aerosols mainly scatter solar radiation 
back into space and thereby cool the climate, while others, like BC, 
contribute to warming, they present one of the largest uncertainties in 
climate modelling and prediction. They also affect the climate 

indirectly through their role as cloud condensation nuclei (CCN) and 
ice-nuclei [2]. 

Primary particles in vehicle exhaust, called particulate matter (PM) 
include soot particles with mean particle diameter around 30–100 nm 
[3][4] and nucleation mode particles, commonly with a solid core, 
usually below 10–15 nm [5]. Undiluted vehicle exhaust emissions in 
the tailpipe contain also a variety of different gaseous components, 
mainly volatile organic compounds (VOCs) and sulfuric acid, which 
get diluted and cool down [6][7][8]. The aerosol precursors, both 
organic and inorganic compounds, that were in gaseous phase at the 
tailpipe (due to the high exhaust gas temperatures) may nucleate to 
form new nucleation mode particles or they may condense on other 
particles (e.g. non-volatile core or accumulation mode) [9]. Thus, the 
fresh exhaust aerosol comprises the solid particles in the tailpipe 
(primary PM) and the newly formed particles during the seconds of 
mixing of the exhaust gas with ambient air [10][11]. Which process 
dominates, condensation or nucleation, depends on the availability of 
pre-existing particle surface area (condensation sink) [12] along with 
the dilution and cooling rate [13].  

A large fraction (∼50%) of the submicron aerosol particle mass in the 
troposphere is a complex mixture of hundreds of different organic 
compounds [14][15]. Organic aerosol (OAs) can be classified as 
either primary organic aerosol (POA) directly emitted by different 
sources, including anthropogenic (transportation and combustion 
activities) and biogenic, or secondary organic aerosol (SOA) formed 
upon chemical reactions in the atmosphere. 

Secondary PM from combustion engines consists mainly of organic 
compounds and ammonium nitrate [16][17]. SOA is produced via 
secondary formation in the atmosphere, i.e. atmospheric aging, after 
the oxidation of gas-phase VOCs or hydrocarbon precursors [18][19], 
including polycyclic aromatic hydrocarbons (PAHs) [20]. The 
emissions of secondary PM precursors depend on fuel properties as 
well as engine type, load and aftertreatment system [21][22][23][16]. 
Both fuel and lubrication oil are significant sources of hydrocarbons 
emitted from diesel engines [24][25][26][27], however lubrication oil 
has been proposed to dominate POA emissions [28][29] and have 
stronger influence on the SOA formation than the fuel composition 
[16][17][23][30]. 

This process is complicated since each VOC can undergo a number 
of atmospheric degradation processes to produce a range of oxidized 
products, which may or may not contribute to SOA formation and 
growth [18]. There is also a difference between processes controlling 
particle number and processes controlling particle mass; 
condensation of vapors (sulfuric and nitric acids, ammonia, and 
secondary organics) onto existing particles may dominate particle 
mass without necessarily influencing particle number [31]. 



Recent studies have shown that the total OA caused by vehicles 
might be mostly down to SOA [17]. A better understanding of semi-
volatile compounds from vehicles is needed in order to estimate their 
contribution to secondary aerosol formation [9]. Also, in order to 
make more accurate climate models, the behavior of aerosols in the 
atmosphere needs to be better understood [32]. Statistical analyses of 
the mass spectral data have a strong potential to provide detailed 
information on the sources and components of organic aerosol 
[33][34]. To interpret the results of these statistical methods, 
however, mass spectral signatures of various organic aerosol sources 
and components are needed [33]. The source appointment of OA 
measured in the air can distinguish factors with specific temporal 
variation and mass spectral patterns [19]. 

The O:C ratio of the POA and SOA material is a parameter that is 
expected to be closely related to an organic molecule’s polarity and 
hydrophilicity, which are important parameters that influence particle 
properties such as the phase behavior [35][36] or SOA formation 
during approximately a week-long atmospheric residence period 
[37][38]. The O:C ratio has the practical advantage that it can be 
readily measured for atmospheric POA and SOA using online aerosol 
mass spectrometry [39]. 

The main factors influencing PM toxicity include chemical 
composition (e.g. the organic fraction), surface area, and the place of 
deposition in the respiratory tract upon inhalation. The deposited 
fraction primarily depends on the size, but also shape and density of 
the aerosol particles [40]. According to the size of the largest 
aerodynamic diameter in the group, PM can be classified as coarse 
(PM10), fine (PM2.5), submicron (PM1) and ultrafine (PM0.1). PM10 
are mostly deposited in the upper airways, where they stay until 
removed by clearance mechanisms [40]. PM2.5 can also penetrate 
deep into the respiratory tract, reaching the lungs, and due to their 
large surface areas, they can carry toxic material [41]. PM0.1 are, 
however, deposited in the alveolar region of lungs that have only 
weak nanoparticle elimination mechanisms. They 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 [42][43]. 

Direct injection compression ignition (DICI) diesel fuelled internal 
combustion engines (ICEs) are renowned for their high efficiency, 
durability and high torque output, and therefore are an important 
propulsion technology for heavy-duty (HD) transport. They have a 
potential to keep the important place in the transition to sustainable 
HD transportation. The drawback of a DICI engine is that it is 
emitting harmful exhaust and affecting the climate, particularly if 
using fossil fuels. The negative impact of transportation can be 
reduced if fossil diesel fuel is exchanged for a diesel-like fuel of non-
fossil origin. The use of 100% renewable diesel can achieve 
comparable lifecycle greenhouse gas (GHG) reduction to the use of 
electric vehicles (EVs), allowing for faster decarbonization of 
existing fleets in the short term [44]. 

Fatty acid methyl ester (FAME) fuels, often called biodiesel, can be 
produced from primary vegetable oils such as soy, palm, coconut, or 
sunflower oil, etc, and therefore belong to first-generation biofuels 
made from edible biomass. Rapeseed oil methyl ester (RME) is made 
by esterification of rapeseed oil by use of methanol, possibly 
biomethanol in the future. In Europe, most vehicles with DICI 
engines currently use low level blends of FAME in diesel, known as 
B5 or B7. Blending of increasing fractions of oxygen-containing 
FAME biodiesel fuels, produced from renewable biomass resources, 
into fossil diesel is currently encouraged to mitigate GHG emissions 
[45][46]. In order to study the effects of the directives, it is important 
to characterize emission signatures from biodiesel. The advantages of 
RME combustion are significantly reduced emissions of unburned 
hydrocarbon (HC), carbon monoxide (CO) and particulate matter 

[47]. However, pure RME can produce slightly higher NOx 
emissions if used as a drop-in fuel, i.e. without changing the original 
diesel engine settings. NOx can actually go down, too [48]. RME can 
have detrimental effects on fuel injection systems [49]. Also, RME 
has higher density and lower energy content than diesel, as well as 
poor cold flow properties [50] and oxidation stability. Furthermore, 
the quality of FAME is dependent on the properties of the feedstock 
used, thus limiting the choice of feedstock suitable for cold climate 
regions [51]. 

On the other hand, high levels of hydrotreated vegetable oil (HVO) 
fuel can be blended with fossil diesel without affecting the engine 
performance. HVO can also be used neat and is then commonly 
called renewable diesel. Fuel properties of HVO are close to fossil 
diesel fuel and therefore, their logistics, storage, and combustion 
properties are similar [51][52]. The HVO production process 
involves removal of oxygen from the triglycerides by the use of 
hydrogen. Moreover, the HVO properties are not as sensitive to 
different feedstocks of vegetable oil as in the case of biodiesel. Edible 
oils are the main feedstock for HVO production, but non-edible oils, 
such as pongamia, can also be used for its production, as well as used 
frying oil, fat residues from the meat and fish industry, and technical 
corn oil (a residue from ethanol production) and then it can be 
classified as a second-generation biofuel. 

Third-generation biofuels, based on feedstocks such as micro algae 
and microbes, have recently come into research focus in the field of 
fuel production [53], and research on more affordable fourth-
generation biofuels based on genetically modified algae is following 
[54]. Until completely sustainable and renewable biofuels get 
developed for future use in ICEs, currently available HVO and 
FAME-type fuels can significantly reduce PM, HC, and CO 
emissions in diesel exhaust [55][56] and change the particle size 
distribution and soot nanostructure [47][57] in comparison to fossil 
diesel fuel. 

Switching to these renewable and sustainable fuels has shown the 
potential to reduce GHG emissions [58] and improve the air quality 
with the existing fleets of vehicles, especially of those without an 
exhaust aftertreatment system (EATS) [21]. EATSs are designed to 
reduce multiple pollutants found in diesel exhaust [59]. The main 
function of a diesel oxidation catalyst (DOC) is to ensure the 
sufficient oxidation of the gas phase HC and CO, but also to remove 
the condensable organic fraction while still in the gas phase [60][61]. 
It also significantly decreases the secondary aerosol formation of 
both diesel and HVO [23], as well as for RME [21]. However, there 
is still little to no knowledge on the effects on the emitted organic 
aerosol composition and its sources (fuel, lube oil, combustion 
generated).  

Throughout this study, Swedish MK1 ultra-low sulfur fossil diesel 
and two renewable diesel fuels, HVO and RME, were used without 
blending. The first part of the paper is focused on the study of the 
engine behaviour under fixed operating conditions, linking it to the 
fuel used. In the main part, PM is analysed without and with use of a 
DOC. The focus is on the analysis of the chemical composition of the 
OA, as well as SOA after the experimental simulation of atmospheric 
aging of emissions using an oxidation flow reactor. Emission 
signatures from the three different fuels and at different stages of the 
EATS are investigated. 

Specifically, this paper aims to give answers to the following 
questions: 

 How do RME and HVO affect OA and SOA chemical 
composition? 

 What effect does the DOC have on OA and SOA 
composition? 



 What is the elemental composition of the OA (H:C and O:C 
ratio)? Is there evidence for fuel specific signature in the 
mass spectra? 

 How does this relate to oxygen introduced by the fuel, by 
oxidation during combustion and oxidation in the DOC? 

Method 

Experimental setup 

Engine and operation 

The engine used in this experiment was a Scania D13 six-cylinder 
HD DICI engine with one active and five deactivated cylinders, 
operating at a steady state low load of 6 bar gross indicated mean 
effective pressure (IMEP). Heavy-duty engines operating over low 
load duty cycles are typical for urban environments that require large 
quantities of goods and services for commercial and domestic use 
such as refuse pickup [62]. 

Figure 1 shows the schematic diagram of the experimental engine and 
surrounding setup. The existing equipment was used and therefore 
the engine piston was of the standard stepped bowl shape with 
geometrical rc of 17.3:1. Table 1 lists the specifications of the 
experimental engine. 

 
Figure 1. Schematic diagram of the experimental engine. Adapted from [63] 
with permission. 

Table 1. Specifications of the experimental engine 

Cylinders 
originally six, operated on one 
(cylinder 6) 

Displacement volume 2124 [cm3] 

Stroke 160 [mm] 

Bore 130 [mm] 

Connecting rod length 255 [mm] 

Geometrical rc 17.3:1 

Number of valves 4 

 

The fuel was injected at a rail pressure of 1200 bar through an 
injector with 10 holes and 148° umbrella angle connected to a 
common rail and a high-pressure injection (XPI) fuel pump. The 
combustion phasing was kept constant throughout the experiment 
with CA50 at ~5 crank angle degrees after top dead center (CAD 
ATDC). 

The engine was connected to an electric motor rotating at a constant 
1200 rpm. It motored the engine during the start-up and switch-off 
phases, and kept the engine at a constant rotational speed when fired. 
A water cooled Kistler pressure transducer measured the relative in-
cylinder pressure. The data used in this study were collected from the 
engine and averaged over 300 engine cycles measured under steady 
state engine operation conditions. For the heat release calculations, 
the cylinder pressure at the inlet bottom dead center (BDC) was 
considered equal to the intake manifold pressure when the absolute 
in-cylinder pressure was calculated. Also, the top dead center (TDC) 
offset between the CAD measured by the encoder signal and the 
calculated in-cylinder volume was compensated for by setting the 
peak of the motored in-cylinder pressure at a fixed location (for a 
detailed explanation see [64]. 

An external compressor provided the oil-free dry air for the engine. 
The cooled, high-pressure exhaust gas recirculation (EGR) was 
introduced to the intake plenum for mixing with pressurized fresh air, 
and the mixture intake temperature (Tin) and pressure (Pin) were kept 
at ~ 26–28°C and ~1.85 bar, respectively. An adjustable EGR system, 
consisting of an EGR valve and an exhaust backpressure valve, 
provided a low level EGR, corresponding to 18% oxygen level in the 
intake mixture. 

Engine lubricant and fuels 

The engine was lubricated with synthetic low-ash motor oil (Shell 
Mysella S3 N40). The fuels used in the experiment were a fossil 
diesel (ultra-low sulfur Swedish MK1), and two sustainable diesel-
like fuels: hydrotreated vegetable oil (HVO), and rapeseed methyl 
ester (RME). All test fuels consisted of a single kind of commercial 
fuel without any blending at the test facilities. Their physicochemical 
properties are shown in Table 2. 

Table 2. Fuel specifications. +Provided by the manufacturer [65], *from [66]. 

 diesel* HVO+ RME* 

CN ~53 >70 52 

H/C 2 2.143 1.896 

O/C 0.02 0 0.103 

QLHV 43.15 MJ/kg 44.1 MJ/kg 37.3 MJ/kg 

(A/F)S 14.5 14.90 12.37 

 

HVO has higher cetane number (CN) and energy density than fossil 
diesel, and compared to RME this difference is even more 
pronounced. RME is oxygenated fuel, which has a drawback of not 
as high lower heating value (QLHV) [67]. It is less stable, but on the 
other hand, it has highest density and viscosity and therefore does not 
need to be blended with lubricity additives. In terms of emissions, it 
has advantage of possibly lower CO, THC and PM emissions than 
other two fuels. 

Exhaust aftertreatment system 

The DOC used in this study was a metallic catalyst (Pt:Pd), operating 
at the engine exhaust temperature of 215 ± 6°C. This custom-made 
aftertreatment unit was dimensioned to fit the one-cylinder heavy-
duty engine, so the exhaust residence time can be considered 
representative of the real engine operation. 



Emissions analysis 

Gaseous emissions 

A Horiba emission system (MEXA-7500DEGR) analyzed the 
gaseous emission levels in the raw exhaust: THC, CO, NOx and O2. 
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. 

Particulate matter 

A specific focus of this study is laid on chemical composition of 
organic fraction of PM from diesel combustion. 

Dilution of exhaust gases 

The sampling and dilution procedures of the exhaust gases from the 
engine are explained in detail in [21]. Exhaust gases for aerosol mass 
spectrometry (AMS) measurements were sampled continuously by 
extracting a small flow from the exhaust pipe which was diluted in 
three steps. The extracted flow was diluted in series by compressed 
HEPA-filtered and active carbon filtered air in a porous tube diluter 
with a dilution ratio (DR) of 12, followed by an ejector diluter with a 
DR of 9. The ejector diluter sustained the flow. A small residence 
tube (2.5 s) between the porous tube and ejector diluter allowed 
simulation of real-world conditions and a more representative particle 
nucleation [23]. This flow was continuously flowing through the 
potential aerosol mass (PAM) chamber and PAM bypass line. The 
AMS sampled after the third dilution stage that consisted of a second 
ejector diluter (DR 4-10) supplied with the same particle free 
compressed air. This third dilution pulled the flow through the PAM 
chamber and PAM bypass lines. The total dilution ratio was 
monitored by measuring the ratio of CO2 in the exhaust and in the 
diluted aerosol. AMS data was corrected using average DRs 
calculated for each test.  

Simulation of atmospheric aging 

Secondary aerosol formation and changes in OA composition upon 
atmospheric aging were simulated with an oxidation flow reactor 
(OFR) [68]. The PAM-reactor uses UV light to initiate oxidative gas 
phase chemistry and simulates the equivalent of several days in the 
atmosphere during a few minutes’ residence time in the OFR. The 
procedures applied in this campaign have been reported [21] and are 
only briefly repeated here. The PAM-reactor consists of a 13 L steel 
chamber containing two Hg lamps with peak intensities at 185 and 
254 nm. In this study, only one of the lamps was used and operated at 
a reduced intensity. The flow rate through the PAM was controlled to 
5–7 lpm, resulting in an average residence time in the chamber of 
113–160 s. The same UV light intensity was employed in all the 
experiments. The incoming water vapor concentration was 0.37 ± 
0.02 mol per m3. CO (40 ppm) was added to the flow to allow 
calculation of the OH exposure in each experiment. The cumulative 
OH exposure was calculated from the reaction rate constant of CO 
and OH, and the CO concentrations. Due to variations in flow rate 
and OH suppression, the OH exposure varied somewhat between 
experiments. The OH exposure (molecules cm-3 s) corresponded to 
4.8 ± 2.6 days if assuming an average OH concentration of 1.5 × 106 
molecules cm-3. 

OA chemical composition by means of aerosol mass spectrometry 

Aerosol mass spectrometry is an on-line technique that provides 
chemical characterization of OA without details on individual 
molecules, but has the advantage of fast acquisition times, providing 
near real-time data. Additionally, it provides bulk properties of the 
complete organic fraction in the PM. For example, the elemental 
composition given as O:C and H:C ratios. 

The AMS and its quantification of OA have been described in detail 
in [69] and the references therein. In brief, AMS functions by 
focusing aerosol particles by means of an aerodynamic lens into a 
narrow beam. The beam impacts a heated surface at 600°C, the 
resulting vapors are ionized by means of electron impact, and then 
detected in a time of flight mass spectrometer. The software 
SQUIRREL 1.62 and PIKA 1.22 were used for data analysis and 
recommended praxis was followed with one exception. A HEPA 
filtered background air measurement was not available for assigning 
gas phase contribution to m/z 44 signal (CO2

+) in these experiments. 
Gas phase CO2

+ subtraction was instead carried out using external 
CO2(g) measurements and assuming that the gas phase signal scales 
linearly with the measured sampling line mixing ratio in the range of 
0–500 ppm. 

Emission factors 

Emission factors represent the mass of emitted pollutant per mass 
unit of burned fuel. The detailed description of the calculation 
method is given in [21]. In this study, the emission factors were 
normalized by the energy content of the fuel. 

Experiments 

Table 3 shows the summary of the conducted experiments. For all 
three fuels, engine-out emissions were analyzed, both fresh and after 
aging with the OFR. HVO exhaust was additionally studied after 
passing DOC aftertreatment, for both fresh and aged cases. Gaseous 
emissions downstream the DOC were measured only for diesel 
(marked with * in Table 3). 

The following nomenclature was used: engine-out (EO) represents 
the fresh emissions without aging or aftertreatment, therefore fresh 
OA refers to the organic fraction of the PM measured EO (also EO 
OA). Organic fraction of the aged PM emissions is referred to as 
aged OA. Adding DOC to these initialisms means that emissions 
were measured after the aftertreatment system. 

Table 3. Studied cases 

 Diesel HVO RME 

EO fresh and aged fresh and aged fresh and aged 

DOC fresh and aged (*) fresh and aged X 

 

Results and Discussion 

Engine performance 

The combustion efficiency (𝜂௖) was high for all three fuels, above 
99.2%. In order to compare combustion of fossil diesel, HVO and 
RME, in this steady-state test point, the rate of heat release (RoHR), 
in-cylinder pressure and injector current within a relevant window of 
crank angles were compared in Figure 2. The injector current 
represented by a black line is only an indication of the actual start of 



injection (SOI) and end of injection (EOI). The EOI is clearly 
separated from the start of combustion defined as CA5, which gives a 
positive mixing period (MP). For all three fuels, the MP is positive in 
the range from 2.3 to 2.8 CAD, indicating that the combustion mode 
is LTC, PPC in particular [70], with very short combustion durations 
(10–11 CAD), which is one of the factors contributing to high 
efficiency of LTC. HVO has longer combustion duration than RME, 
leading to a longer duration of sooting flame, as reported previously 
[67]. 

 
Figure 2. RoHR, in-cylinder pressure, and injector current for diesel, HVO 
and RME. 

Emissions 

Primary and secondary aerosol emissions 

Figure 3 shows that emissions factors of HC and OA for HVO were 
slightly lower than those of diesel, around 20% and 30% respectively. 
At the same time, emission factors are around a factor of three lower 
for RME compared to diesel, for both HC and OA It can be seen in 
Figure 4 that aged OA emission factors are highest for diesel, about 2 
times lower for HVO and about 8 times lower for RME. Similar to 
fresh OA, RME forms considerably less aged OA than the other 
fuels. 

Aged OA corresponded to almost 9% of HC for diesel, if the values 
in Figure 3 and Figure 4 are compared. This indicates that a 
significant fraction of the gas phase HC is converted to particle phase 
OA in the atmosphere. These numbers for HVO and RME are near 
5% and 3%, respectively. The lower fraction of HC converted to 
SOA for the renewable fuels may be due to differences in the 
chemical composition of the gas phase HC for the different fuels. It is 
well known that aromatic compounds and medium and long chain 
aliphatic compounds have a high SOA yield, while the SOA-yield of 
short chain aliphatics is much lower [71]. 

The OA enhancement upon aging, as measured with the AMS, was 
very high for all fuels when measured engine out. Almost 20 times 
more OA mass was detected when simulating ~5 days of atmospheric 
aging with the OFR, compared to the fresh emission for diesel. The 
OA enhancement was lowest for RME (~6). This is likely an upper 
estimate as a significant fraction of the fresh OA without DOC is 
present in nucleation mode particles that cannot be detected with the 
AMS (lower cut-point ~40 nm). Upon aging in the OFR the 
nucleation mode, particles grow considerably in size due to the 
condensation of SOA and thus a higher fraction of the mass can be 
detected by the AMS [21], biasing the OA enhancement high. 

 
Figure 3. The emission factors of gaseous HC (left axis) and the OA fraction 
in PM (right axis) for all fuels measured engine-out. 

 
Figure 4. The emission factors of the fresh OA fraction in PM (left axis) and 
aged OA (right axis) for all fuels measured engine-out. 

 
Figure 5. The emission factors of gaseous HC (left axis), the fresh OA fraction 
in PM (right axis) and aged OA (right axis) for diesel measured engine-out 
and after DOC. 

SOA from traffic can be a major contributor to long range transported 
PM2.5 in the atmosphere and thus our results for aged OA have 
implications for adverse health impacts of long range transported 
traffic air pollution. 

The DOC strongly reduces HC, fresh OA and aged OA, see Figure 5. 
The strongest reduction is achieved for aged OA (a factor of more 
than 10). When an engine operates at low load, exhaust temperatures 
tend to be lower, which can result in DOC being less effective. In this 
experiment, however, the DOC was operated at around 215°C [21], 
which is not far from an appropriate temperature for high HC 
reduction. 

The emission factors shown in this paper were previously calculated 
and presented in a different context in [21]. Uncertainties are not 
included in Figure 3–5. As an example, relative standard deviations 



based on the time-series of HC measurements were 5–10% for all 
fuels. 

 

 
Figure 6. Organic aerosol mass spectra for fresh (left) and aged (right) exhaust: diesel (top) and RME (bottom). The vertical black arrow in the bottom left plot shows 
the identified RME marker (see text).

Composition of fresh and aged organic aerosol emissions 

There was a striking similarity between the mass spectral signatures 
of OA from HVO and diesel fuels. The signature (see the left-hand 
side of Figure 6) strongly resembles hydrocarbon-like organic aerosol 
(HOA) mass spectra extracted from ambient datasets by e.g. [72] 
traffic organic aerosol near roadside. The abundance of lubrication oil 
in the particles may explain the similarities between fuels, and with 
ambient data. 

There were also strong similarities in the OA mass spectra between 
diesel and RME. However, there is a clear marker for RME exhaust 
at m/z 74 (C3H6O2

+), having a tenfold intensity increase of the ion for 
RME fuel compared to HVO and diesel, see the vertical black arrow 
in Figure 6. This fragment likely originates from the ester group in 
the original FAME molecules. It is a rather small signal as shown in 
Figure 6, so utilizing the marker in ambient data may be challenging. 
Additionally, the CO2

+ (m/z=44) fragment was stronger for RME and 
hydrocarbon fragments with lower H:C ratio were slightly more 
abundant in RME compared to diesel (higher 41/43 and 55/57 ratio). 
When quantifying the elemental composition (Figure 7), the 
deviations for RME compared to diesel and HVO POA can be seen 
as a slightly higher O:C and a lower H:C ratio. Also, the results are 
consistent with fuel contributions for the RME case, as the fatty acid 
methyl esters in RME have a considerable oxygen content (~10%). 
The results correlate well with the previous findings in [73] where a 
HOA signature that represents POA from fossil fuel combustion with 
a low O:C ratio (0.06) was determined. 

Another key finding was that the OA emissions of RME were almost 
3 times lower than those for diesel and HVO. The lower OA emission 
factor of RME compared to diesel was also found in our previous 
studies in a similar engine at similar operating conditions [21][66]. 

The effect of DOC on OA chemical composition was evaluated for 
HVO. For both fresh and aged exhaust, DOC increases the average 
carbon oxidation state, by increasing O:C (for fresh: from 0.06 to 0.1; 
for aged, unchanged at 0.38) and decreasing H:C (fresh: 1.84 to 1.74, 
aged 1.47 to 1.44), see Figure 7. 

As shown in Figure 7, the aged organic aerosol is much enriched in 
oxygen compared to the fresh exhaust. Organic aerosol is much more 
abundant in the exhaust after (artificial) aging, the particle mass 
concentration increases with time. This increase is due to gas phase 
oxidation of volatile organic compounds and hence the increased 
oxygen is to be expected. 

 
Figure 7. Overview of organic aerosol oxygen-to-carbon and hydrogen-to-
carbon ratios for fresh and aged exhaust of diesel, RME and HVO. 

Renewable diesel-like fuels, oxygenated RME and non-aromatic 
HVO, in OA source appointment behave somewhat differently. Fresh 
OA from HVO is very similar to that of fossil diesel, but its SOA has 
higher O:C value and lower H:C value. 

Water uptake by an aerosol particle depends on the number of 
molecules and ions that it contributes to the aqueous phase. That is, it 
is favored by large size, low molar weight, high density, dissociation 
into ions and depends on the material being water-soluble. For these 
reasons the inorganic salts, as for example ammonium nitrate, show 
high hygroscopicity. For organic aerosol material, observations in 
[74] show an almost linear relation between the O:C ratio and the 
hygroscopicity [75]. The O:C ratio will therefore affect the water 
uptake, which is central in predicting the direct climate effect of 
aerosols. This is because it affects the ability of particles to act as 
cloud condensation nuclei (indirect aerosol effect on climate) [76]. 
This means that OA from RME emissions, with the highest O:C 



values of both OA and SOA among the tested fuels, likely has 
tendency to absorb slightly more moisture form the atmosphere and 
behave differently than fossil diesel exhaust OA and SOA. In the 
atmosphere, the organic aerosol emitted from combustion of the 
different fuels will be mixed with a pre-existing aerosol and be 
subject to condensation of vapors which are in many cases water 
soluble. It is thus not straight forward to tell if the emissions will 
increase the number of CCN by increasing the particle number or if 
the effect is the opposite due to the total aerosol material being 
distributed over a higher number of particles that could be too small 
to act as cloud condensation nuclei at the actual atmospheric 
conditions. 

Conclusion 

The impact of the exhaust organic aerosol emissions from renewable 
diesel-like fuels, RME and HVO, in modern compression-ignition 
engines equipped with aftertreatment systems has recently become a 
focus of several studies. The impact of secondary organic aerosol 
emissions formed in the atmosphere is still largely unknown. 
Therefore, there is a need for characterization of the composition of 
the organic fraction of the emitted diesel PM. 

In this study, the chemical composition of the organic aerosol emitted 
from a single-cylinder heavy-duty truck engine run on fossil diesel, 
HVO and RME, were studied by means of on-line aerosol mass 
spectrometry. Both fresh engine-out emissions and the impact on 
emissions by experimental simulation of atmospheric aging were 
investigated. Based on this work, the following conclusions can be 
made: 

 The chemical structure of the primary organic aerosol for 
all three fuels are dominated by hydrocarbons with minor 
contribution of lightly oxidized molecules. 

 RME both reduced the OA emissions and changed the 
composition with evidence for its specific fuel 
contributions in the mass spectra.  

 OA emissions strongly increased for all three fuels when 
the emissions were aged in order to simulate secondary 
organic aerosol formation in the atmosphere. SOA 
formation was, however, substantially lower for RME 
compared to fossil diesel and HVO. 

 The DOC strongly reduced primary organic emissions in 
both the gas (THC) and particle phase (OA). It was also 
effective in reducing SOA formation upon atmospheric 
aging. 

These experiments give a fundamental understanding of differences 
between the fuels, and therefore the studied emission levels cannot be 
compared to the emission legislations. 

In future studies, a design that may measure the emissions directly 
when the exhaust valves open would be preferable, instead of leading 
emissions through an exhaust pipe where certain transformations may 
occur. Fast sampling valve measurements with RME fuel would also 
give more specific answers to the questions that this paper tries to 
answer, as it was done for fossil diesel fuel previously in [45][77]. 
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Definitions/Abbreviations 

(A/F)S stoichiometric air-fuel ratio 

AMS aerosol mass spectrometry 

ATDC after top dead center 

BDC bottom dead center 

CA5 The crank angle at which 5% 
of the charge has been 
consumed, start of 
combustion. 

CA50 Combustion phasing, the 
crank angle at which 50% of 
the charge has been 
consumed. 

CAD crank angle degrees 

CCN cloud condensation nuclei 

CH4 methane 

CLD chemiluminescence detector 

CN cetane number 

CO carbon monoxide 



CO2 carbon dioxide 

DOC diesel oxidation catalyst 

DR dilution ratio 

EATS exhaust aftertreatment 
system 

EGR exhaust gas recirculation 

EO engine-out 

EOI end of injection 

FAME fatty acid methyl ester 

FID flame ionization detector 

GHG greenhouse gas 

HC hydrocarbon 

HD heavy-duty 

Hg mercury 

HOA hydrocarbon-like organic 
aerosol 

HVO hydrotreated vegetable oil 

hygroscopicity 
ability to absorb moisture 
from the environment 

ICE internal combustion engine 

IMEP indicated mean effective 
pressure 

IRD infrared detector 

LTC low temperature combustion 

MP mixing period 

NO nitric oxide 

NO2 nitrogen dioxide 

NOx nitrogen oxides 

OA organic aerosol 

PAH polycyclic aromatic 
hydrocarbons 

PAM potential aerosol mass 

Pd palladium 

PM particulate matter 

POA primary organic aerosol 

PPC partially premixed 
combustion 

Pt platinum 

QLHF lower heating value 

rc geometrical compression 
ratio 

RME rapeseed methyl ester 

RoHR rate of heat release 

SOA secondary organic aerosol 

SOI start of injection 

TDC top dead center 

THC total hydrocarbons 

VOC volatile organic compound 

XPI high-pressure injection 

ηc combustion efficiency 

 


