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A B S T R A C T   

Interest in poly(oxymethylene)dimethyl ether (OME3-5) as an alternative to fossil fuels in compression ignition 
engines has increased owing to its potential for soot reduction. The high oxygen content of the polymer and lack 
of carbon–carbon bonds and aromatic structures can help to reduce engine out soot emissions. However, OME3-5 
is potentially damaging to engine components, and thus engine modifications are required when using neat 
OME3-5. 

In the present study, OME3-5 was blended with hydrotreated vegetable oil (HVO), rapeseed methyl ester and 
the C8-alcohol 2-ethylhexanol (an isomer of n-octanol) to ensure miscibility. Three blends were designed with an 
oxygen content of 6.4, 12.8 and 17.8% by mass. Performance and emissions were compared to the reference fuels 
fossil diesel and HVO in a single cylinder light duty and heavy duty compression ignition engine at different 
loads. 

Evaluation of the combustion in both engines showed similar trends: The indicated thermal efficiency was 
slightly higher for the oxygenated fuel and the combustion duration shorter compared to diesel. Due to the lower 
heating value of the blends, the indicated specific fuel combustion increased with increasing share of OME3-5 in 
the blend. 

For both engines, engine out soot emissions were decreased strongly, whereas NOx emissions were slightly 
increased. Analysis of the particle size distribution showed a decrease in the particle number of agglomerated 
particles (>30 nm) for the blends. For the heavy duty engine, an increase in nucleation mode particles (<30 nm) 
was measured.   

1. Introduction 

Poly(oxymethylene)dimethyl ether (OMEn) has the general chemical 
structure CH3-O-(CH2-O)n-CH3, where n is the number of oxymethylene 
units. Recently, OMEn has been suggested as an attractive fuel alterna
tive for fossil diesel fuel in compression ignition (CI) engine research 
because it promises significant soot reduction for similar or slightly 
increased NOx levels. Thus, the typical soot-NOx trade off can be avoi
ded. The main reason for this is the lack of carbon-to-carbon bonds and 
an oxygen mass fraction ranging from 42% by mass for OME1 up to 50% 
by mass for OMEn with n > 1 [1–4]. 

Several research studies have concluded that the combustion of 
OME1 (also known as methylal or dimethoxymethane, DMM) in CI 

engines is soot free. However, OME1 cannot be used as a drop-in fuel: 
modifications in engine hardware are required due to its high volatility, 
low flash point and low lubricity. Therefore, several researchers have 
suggested using blends of OME with n > 1, corresponding to mixtures of 
OME with n = 3–5 [5–8]. Thus, research efforts have concentrated 
mainly on OME3-5 or higher. For example, Münz et al. tested pure OME3- 

5 under real driving conditions (urban, rural and 
motorway) with a SUV class vehicle equipped with a diesel partic

ulate filter [9]. Using a portable emission measurement system, gaseous 
and particle emissions of OME3-5 were compared to those of fossil diesel 
fuel. The main injection was changed to compensate for the smaller 
lower heating value (LHV) of OME3-5. Particle number (PN) emissions 
were significantly lower than for diesel and below the current legislation 

Abbreviations: CI, Compression ignition; D, Diesel; EH, 2-Ethylhexanol; ESC, European Stationary Cycle; HVO, Hydrotreated vegetable oil; IMEP, Indicated mean 
effective pressure; ISFC, Indicated specific fuel consumption; LHV, Lower heating value; MFB, Mass fraction burned; OME, Poly(oxymethylene)dimethyl ether; PM, 
Particle mass; PN, Particle number; PSD, Particle size distribution; RoHR, Rate of heat release; RME, Rapeseed methyl ester. 
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limit. Particle emissions were reduced by about 60% even under urban 
driving conditions [9]. Further, Iannuzzi et al. tested blends of OME2-6 
with a share of 5% and 10% in diesel fuel in a single cylinder heavy duty 
engine with a single injection strategy [5]. Two load cases and variation 
of EGR and start of injection were investigated. With a share of 10% 
OME2- 6, a soot reduction of up to 34% could be achieved, while NOx 
emissions and thermal efficiencies were not significantly affected. Due 
to the LHV of the blend, the break specific fuel consumption was 
increased [5]. Thus, OMEn has the potential to substitute fossil Diesel 
fuel. Disadvantages are the material compatibility [9,10] as well as the 
effect on the particle size distribution (PSD): An increase of small par
ticles was found when using oxygenated fuels [11–14]. The correlation 
between PN emissions and respiratory disease is of particular concern, 
requiring limitations on PN emissions [15]. Thus, research on the PSD of 
oxygenated fuel emissions has increased. 

Not only should the emissions of renewable fuels be significantly 
lower than for the fossil standard, but also the fuel production should be 
renewable in order to achieve low well-to-wheel emissions. Fuels for the 
present study were chosen based on the possibility of sustainable pro
duction. Fuel properties are presented in Table 1. 

Neat fossil diesel fuel without added fatty acid methyl esters and 
HVO were used as a reference. The diesel fuel was sulfur free and had an 
aromatic content of < 8% by mass. 

HVO is an aliphatic paraffinic hydrocarbon and is free of aromatic 
structures and sulfur. Properties of HVO resemble those of standard 
diesel, except HVO has a lower density and the CN is higher than for 
diesel. HVO can be produced from a wide range of feedstocks, including 
vegetable and animal wastes, palm oil, palm fatty acid distillate, soy
bean oil and tall oil (a by-product of the paper industry). The CN as well 
as cold start properties vary depending on the manufacturing process 
and can be adjusted [16,17]. 

OME can be produced from the platform chemical methanol. A 
detailed description of the production route can be found in [8,18]. The 
production costs of OME are highly dependent on the price of methanol 
but can be competitive to those of fossil diesel fuel [19,20]. 

2-Ethylhexanol (EH) is an isomer of n-octanol (C8H18O) containing 
12.3% oxygen with a diesel-like density, a boiling point within the lower 
range of diesel and a low vapor pressure. EH was chosen because it can 
be produced from renewable resources and platform chemicals (ethanol) 
via thermochemical and biochemical conversion processes [21]. 

Rapeseed methyl ester (RME) consists of saturated and unsaturated 
fatty acids and can be produced by extraction of oil from rapeseeds, 
followed by a refining and transesterification reaction. RME is available 
in today’s infrastructure, reduces well-to-wheel CO2 emissions and 
promises a decrease in CO, HC and particulates whilst maintaining 

diesel-like properties, apart from the density and cold flow properties 
[22,23]. 

All components used had a flash temperature above 60 ◦C (333 K) 
under atmospheric conditions, which classifies all fuels in safety class 
IIIA [24]. 

The effect on combustion and emissions of blends containing 
different shares of OME3-5 were investigated in a light duty and heavy 
duty single cylinder CI engine. Reference fuels were fossil diesel and 
HVO. Blends with a maximum share of 27% OME3-5 by volume were 
used to avoid changes in hardware due to possible material in
compatibility. The relationship between the oxygen content and the 
typical soot-NOx trade off was examined. Further the PSD was investi
gated. Results are presented in Section 3 for the heavy duty engine and 
Section 4 for the light duty engine. 

2. Experimental setup 

2.1. Fuel blending strategy 

The miscibility of OME depends strongly on the number of poly
oxymethylene units in the polymer and the temperature. The OME used 
for this study mainly comprised OMEn n = 3–5. The composition by 
volume percent of the fuel was:  

• 0.3% OME2  
• 46.8% OME3  
• 29.2% OME4  
• 16.6% OME5  
• 5.6% OME6 

At concentrations >30% by volume, OME3-5 did not mix with HVO at 
room temperature. Therefore, the long-chain alcohol 2-ethylhexanol 
and RME were added and the share of OME was kept below 27%. 

The share of 7% RME by volume is standard in commercial diesel 
fuel, and the share of EH was kept for each blend at 10% by volume. The 
blends and associated densities, LHVs, oxygen content and cetane 
numbers are listed in Table 2. For OME3-5 and EH, 200 ppm of a lubricity 
agent (Trigonox B) was added. Basic compatibility experiments showed 
swelling of rubber parts and sealings. These observations agree with 
those of other research groups [7,9,10]. For example, Kass et al. inves
tigated the compatibility of OME-diesel blends on elastomers [10]. 
Swelling of up to 33% in the volume of rubber components was found. 
They concluded that either rubber parts in the engine have to be adapted 
to resist OME3- 5 blends or a low share of OME3-5 in the blend has to be 
used. 

2.2. Engine settings 

Experiments were performed on a heavy duty or light duty CI single 
cylinder research engine. 

For the heavy duty engine tests, an AVL 501 single cylinder engine 

Table 1 
Properties of the blend components.   

Unit Diesel HVO RME 2- 
Ethylhexanol 

OME3- 

5 

Density (15 ◦C) kg/ 
m3 

830 779.9 880 832 1066,5 

Cetane number 
(CN) 

– 52 75 52 23.2 54 

Aromatic 
content 

vol.% 5.2 – – – – 

Flash point ◦C 74 94 120 75 63 
Lower heating 

value (LHV) 
MJ/ 
kg 

42.9 44.1 38.0 38.4 19.1 

Oxygen content m.% – – 10.8 12.3 43.1 
AFRstoichiometric  14.45 14.89 12.56 12.65 5.83 
Boiling point ◦C 180 – 

350 
180 – 
320 

317 – 
346 

184 117 – 
241 

Viscosity Kin. 
(40 ◦C) 

mm2/ 
s 

3.0 2.6 4.4 5.2 1.18 

Vapor pressure 
(25 ◦C) 

kPa <1.0 0.09 0.42 0.03 NA  

Table 2 
Composition of the fuel blends.   

unit OME 
Blend 1 

OME 
Blend 2 

OME 
Blend 3 

OME3-5 vol.% 7 18 27 
HVO vol.% 76 65 56 
RME vol.% 7 7 7 
2-Ethylhexanol vol.% 10 10 10 
Density Kg/m3 808.9 840.4 866.2 
Oxygen m.% 6.4 12.8 17.8 
AFRstoichiometric – 13.92 13.06 12.34 
LHV MJ/kg 40.75 37.40 34.84 
CN – 68.0 66.6 65.1  
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equipped with a cylinder head from a Volvo D13 was used. The light 
duty tests were performed with a Ricardo Hydra engine equipped with a 
Volvo NED4 cylinder head. Detailed engine specifications are shown in 
Table 3. 

2.3. Engine equipment and analytic devices 

2.3.1. Heavy duty 
The fuel consumption was measured with an AVL 733S fuel balance. 

After passing through a conditioning unit, the fuel was injected with a 
common rail F2 injector from a Delphi fuel pump into the combustion 
chamber. A pressure sensor (Kistler 7061B) and piezo amplifier (Kistler 
3066A01) were used to measure cylinder pressure data, which were 
sampled using Osiris data acquisition software. The engine was equip
ped with an AVL554 oil cooling unit and AVL553 water cooling unit. 

Exhaust gas recirculation (EGR) was regulated with a valve in the 
exhaust pipe. The EGR value was calculated based on carbon dioxide 
emissions for the intake and exhaust. 

Exhaust gas emissions were detected using the iGEM emission 
measurement system AVL AMA i60. NOx emissions were measured with 
a chemiluminescence system. A flame ionization detector (FID) was used 
to evaluate unburned hydrocarbons. Carbon monoxide and carbon di
oxide were measured with infrared detectors (IRD). A reproducibility of 
0.5% of the full scale was obtained with each gas analyzer module.. 

The particle mass per cubic meter exhaust was measured with an 
AVL Micro Soot Sensor. This device uses a photoacoustic measuring 
principle to detect particle mass flow by exposing particles to modulated 
light. The expansion due to the temperature changes in the particles 
results in a sound wave that can be detected by means of microphones. 
The signal increases proportionally with the concentration of particles in 
the exhaust sample. The measurements had a resolution of 0.01 mg/m3 

with a measuring range of 0.001–50 mg/m3. 
To measure the PSD in the exhaust, a Cambustion DMS500 was used. 

Particles with diameters between 5 nm and 1000 nm were able to be 
classified. The gas sample passed a corona charger before entering a 
classifier column. The particles adopted positions in the column ac
cording to their charge and aerodynamic drag. An amplifier converted 
the resulting currents into number and size data of the particles. The 
dilution factor for the measurements was kept constant at 6:1, because 
particle size measurements strongly depend on the dilution conditions 
[25]. A second dilution factor was assigned to maintain a good signal to 
noise ratio. For all cases, the 2nd dilution factor was set to 12. Samples 
for both the Micro Soot Sensor and DMS500 were taken at the exhaust 
tailpipe. Table 4 summarizes the used measurement devices and the 
corresponding accuracies. 

2.3.2. Light duty 
A Denso injector produced up to four injections per cycle. An AVL 

730 fuel balance was used to measure the fuel mass flow. The in-cylinder 
pressure was measured by an AVL GUI2S-10 pressure transducer, 
amplified by a Kistler 5011 piezo amplifier and detected with an AVL 
IndiCom system. A resolution of 0.2 CAD was used. NOx emissions were 
measured using a Rosemount CLD 951A with an accuracy of < 5% of the 
full scale. A Rosemount Binos 1001/1004 instrument was used to 
measure the concentration of CO2, intake and CO2, exhaust with an accuracy 

of < 2% of the full scale. The EGR value was calculated based on the 
carbon dioxide emissions for the intake and exhaust. Particle mass 
emissions were measured with an AVL Micro Soot Sensor and PN 
emissions with the Cambustion DMS500, as described earlier. The pri
mary dilution factor for the measurements was kept constant at 6:1 and 
the second dilution factor was set to 48 for all cases. 

Table 5 summarizes the used measurement devices and the corre
sponding accuracies. 

2.4. Operation conditions 

2.4.1. Heavy duty 
To compare the performance of the different fuel mixtures, fossil 

diesel fuel (without fatty acid methyl esters, FAME) was used as a 
reference fuel. Four load points from the European Stationary Cycle 
(ESC) were used: A25, B50, B75 and C75. The chosen reference point 
B50 was run at the beginning and between each test cycle to evaluate 
changes in engine performance over time. Table 6 lists the engine pa
rameters adapted from the factory settings for a production engine. The 
injection duration is shown for diesel fuel. Due to the lower LHV of the 
fuel blends, the injection duration was adjusted to maintain constant 
torque. The EGR system had an accuracy of ± 0.1% unit. 

To change the fuel, the fuel balance system including fuel filters was 
emptied and flushed with the new fuel. Before starting each measure
ment, the engine was run for at least one hour to minimize any 
contamination from previous fuel tests. 

2.4.2. Light duty 
Three representative load cases were chosen for the light duty engine 

tests (Table 7). Fuel was injected with a multi-injection strategy: double- 
pre/main/post – injection. To compensate for the different LHV of the 
fuels (Table 2), the double-pre injection and main injection durations 
were adjusted. All load cases were repeated three times. Data for 
emissions are presented as averages over two minutes. 

Table 3 
Engine specifications.   

Heavy duty Light duty 

Engine type AVL 501 Ricardo Hydra 
Cylinder head Volvo D13 Volvo NED4 
Displacement volume, dm3 2.13 0.49 
Bore, mm 131 82 
Stroke, mm 158 93 
Compression ratio 17:1 15.8:1 
Fuel injection system Common rail Common rail  

Table 4 
Measurement equipment for the HD setup.   

Equipment Accuracy 

CO2,intake 

CO2,exhaust 

IRD AMA i60 <0.5% of the full scale 

NOx CLD AMA i60 <5% of the full scale 
PM AVL Micro Soot Sensor 0.01 mg/m3 

PN Cambustion DMS500 <5% in general 
Fuel consumption AVL 733S 0.12%  

Table 5 
Measurement equipment for the LD setup.   

Equipment Accuracy 

CO2,intake 

CO2,exhaust 

Rosemount Binos 1001/1004 <2% of the full scale 

NOx Rosemount CLD 951A <5% of the full scale 
PM AVL Micro Soot Sensor 0.01 mg/m3 

PN Cambustion DMS500 <5% in general 
Fuel consumption AVL 730 <1%  

Table 6 
Operating conditions for heavy duty engine tests.   

Unit A25 B50 B75 C75 

Speed r/min 1200 1500 1500 1800 
IMEPnet MPa 0.64 1.11 1.61 1.40 
Injection timing BTDC 4.52 7.8 9.4 4.5 
Injection duration µs 668 1060 1466 1346 
Injection pressure MPa 180 180 180 180 
EGR % 16.5 12.9 12.5 17.7  
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3. Results for heavy duty engine tests 

3.1. Engine performance 

To analyze and compare the results for the three oxygenated fuels 
blends to diesel and HVO, bar diagrams were used. In these diagrams, 
the first two bars for each load case represent diesel (black) and HVO 
(gray), whereas the three remaining bars show the OME blends in order 
of increasing oxygen content. 

Compared to diesel, the indicated specific fuel consumption (ISFC) 
for HVO decreased in average by 2.8%. Owing to the lower LHV of the 
blends, the injection duration was increased. Thus, ISFC increased in 
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Fig. 1. Heavy duty engine: indicated thermal efficiency.  

Table 7 
Operating conditions for light duty engine tests.   

Unit 1 2 3 
Speed r/min 1280 1810 2000 

IMEP MPa 0.88 0.72 1.12 
Pre injection 1 BTDC 7.2 17.6 17.0 
Pre injection 2 BTDC 2.8 10.6 10.0 
Main injection BTDC − 3.2 3.6 2.4 
Post injection BTDC − 12.6 − 9.0 − 13.0 
Injection pressure MPa 7.93 6.69 9.11 
EGR % 19.4 27.3 22.5  
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average by 6.4%, 11.3% and 20.5% for OME Blend 1–3, respectively. 
The indicated gross efficiency is shown in Fig. 1 for all four load 

cases. Diesel and HVO had similar indicated efficiencies. 
At the low load case (A25), the efficiency of OME Blend 1 was higher 

than that of diesel and HVO but similar for middle and high load cases 
when considering the standard deviation. OME Blend 2 and 3 showed 

increased efficiencies with increasing share of OME for all load cases. 
The cylinder pressure and rate of heat release are shown in Fig. 2. 
The combustion analysis revealed a similar timing for MFB50 (crank 

angle where 50% of the fuel has burned) for all fuels, whereas the 
combustion duration differed, as shown in Fig. 3. HVO burned slightly 
faster than diesel, and the combustion duration of the blends decreased 
with increasing share of oxygen (increasing proportion of OME) in the 
blend. The shortened time of MFB90-MFB50 may be one reason for the 
increased efficiency of the blends and has been observed previously in 
similar OME engine tests by Dworschak et al. [14]. However, heavy duty 
engine tests by Dworschak et al. were performed with OME2-6 and 
without EGR. 

Exhaust gas temperatures and heat losses decreased with increasing 
proportion of OME in the blend. Heat losses for OME Blend 1 were 
comparable with HVO and OME, and thus the efficiencies were similar. 

Comparing the high load cases B75 and C75, MFB50 occurred later 
for C75 than B75 due to the retarded start of injection. 

3.2. Exhaust gas emissions 

CI engines are known to be highly efficient. However, when using 
fossil diesel fuel, soot and NOx emissions are generally high. Current 
research on renewable fuels aims to decrease emissions to improve air 
quality. 

Fig. 4 shows NOx emissions for all the blends compared to diesel. As 
expected, NOx emissions increased with increasing proportion of oxygen 
in the fuel blend. Diesel and HVO emitted comparable NOx emissions. 
For OME Blend 3, NOx emissions were increased by 18% compared to 
diesel fuel. Load C75 had lower NOx emissions due to the late MFB50. 
The retarded combustion leads to lower in-cylinder temperatures. 

Results for soot emissions are shown in Fig. 5. The specific soot mass 
of HVO was lower than for diesel due to the lack of aromatic structures 
in HVO. 

As expected, soot emissions decreased with increasing share of OME. 
The reduction was especially significant for the high load case C75: from 
78% for OME Blend 1 to 97% for OME Blend 3. 

In earlier experiments with long-chain alcohol - HVO blends and 
comparable engine settings, soot mass was found to be decreased [26]. A 
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blend with a volumetric share of 43% 2-ethylhexanol, 50% HVO and 7% 
RME has an oxygen content of 6.0% by mass. Compared to OME Blend 1, 
which has an oxygen content of 6.4% by mass (Table 2), the reduction in 
soot was higher for the OME blend. Both the HVO blend and OME Blend 
1 have a similar density, LHV and do not contain aromatic structures (e. 
g., polycyclic aromatic hydrocarbons, PAHs), which are known soot 
precursors. Therefore, a probable explanation for the higher soot 
reduction with OME Blend 1 is the lack of carbon–carbon bonds in OME. 
Moreover, OME blends have a higher CN, thus the ignition delay 
differed. 

3.3. Particulate emissions 

The use of renewable fuel alternatives alters the nature of emitted 
particles. The PSD of diesel exhaust is often bimodal, and typically 
particles are divided into modes according to their diameter. Nucleation 
mode particles are formed by the nucleation of volatile particles and 
have a size range of 0 to 30 nm. Particles above this range are referred to 
as accumulation mode, where particles consist of carbon-based ag
glomerates. Particles in the nucleation mode cover up to 10% of the 
particle mass. The rest are represented by particles in the accumulation 
mode [27–31]. 

The PSDs for the different fuels and load cases are shown in Fig. 6. 
Compared to diesel, HVO showed a slightly lower PN. For the B50 load 
case, diesel particles were higher in number at diameters > 100 nm. 
With increasing share of OME in the blends, the number of particles in 
the accumulation mode (>30 nm) decreased, whereas the number of 
small particles in the nucleation mode (<30 nm) increased. OME Blend 1 
did not show an increase in nucleation mode particles compared to 
diesel and HVO for load cases A25 and B50 and showed only a small 
increase for the higher load cases B75 and C75. However, there was a 
decrease in agglomeration particles. 

The nature of the small particles is unknown. Previous research has 
suggested that the peak in small particle sizes is due to volatiles from 
lubrication oil [32]. One reason for the increase in nucleation mode 
particles may be the increased injection duration (to compensate for the 
lower LHV) or lower exhaust gas temperatures, which favor nucleation 
mode particles [33]. Another reason may be a change in particle 
morphology with change in fuel blend composition. Research on soot 
structure and nanoparticle morphology has shown that oxygenated fuels 
produce soot particles with a more amorphous structure, which en
hances soot oxidation. Thus, the surface growth of particles is reduced, 
resulting in smaller geometric mean particle diameters [34,35]. Dwor
schak et al. found the PSD of neat OME2-6 load dependent: At low and 
high engine load of a heavy duty engine without EGR, a formation of 
nucleation mode was observed. Because, there were no nucleation mode 
particles observed at medium load, it was concluded that the influence 
on the PSD lies not only on the fuel properties but correlates with engine 
operation conditions. Those can be for example an extended injection 
duration at high loads or low exhaust temperatures at low loads [14]. 

4. Results for light duty engine tests 

4.1. Engine performance 

Compared to diesel, the indicated specific fuel consumption (ISFC) 
for HVO was decreased in average by 2.5%. Owing to the lower LHV of 
the blends, the injection duration was increased. Thus, the ISFC was 
increased in average by 2.3%, 16.7% and 24.8% for the OME Blends 
1–3, respectively. 

Fig. 7 shows the indicated thermal efficiency. Diesel and HVO had 
similar efficiencies, whereas the blends had a slightly higher efficiency. 
However, when considering standard deviation, no distinct trend was 
detected among the blends. 

The cylinder pressure and rate of heat release are plotted in Fig. 8. 
With increasing content of OME3-5, the cylinder pressure increased 
compared to that of diesel. Moreover, the ignition delay was shorter in 
the pre-injection for the blends due to their higher CN (Table 2). How
ever, the main combustion started at a similar crank angle. Fig. 9 shows 
the timing where 50% of the mass fraction was burned (MFB50) and the 
combustion duration (MFB90 – MFB10). For load 1 and 2, MFB50 was 
slightly earlier for the blends, whereas the combustion duration 
decreased with increasing share of OME. Thus, heat losses in the exhaust 
were decreased, which contributed to the higher efficiency (Fig. 7). At 
the higher load case (load 3), MFB50 was similar for all the fuels but the 
combustion duration was slightly shorter for the blends. 
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4.2. Exhaust gas emissions 

Results for the indicated specific NOx and indicated specific soot 
mass emissions are presented in Fig. 10 and Fig. 11, respectively. While 
soot mass emissions of HVO were about half those of diesel, NOx emis
sions were increased slightly. For OME Blend 1, NOx emissions were 
similar to those of HVO for the lower load cases (load 1 and 2) when 
considering the standard deviation. Soot emissions for OME Blend 1 
were about one third those of diesel for the medium load case (load 1) 
and were comparable to those of HVO for higher load cases. 

The soot reduction potential of the blends decreased with increasing 
load, in agreement with results reported in the literature [14]. For OME 
Blend 2 and 3, NOx emissions increased, whereas soot emissions 
decreased strongly with increasing OME content. 

4.3. Particulate emissions 

Fig. 12 shows the PSDs for the different fuels and load cases. Exhaust 
particle emissions from renewable fuels vary not just in quantity but also 
their particle number and size. Correspondent to the soot mass emis
sions, PN decreased with increasing share of OME in the blends. More
over, the geometric mean particle diameter was reduced. The PSD for 
OME Blend 1 differed only slightly from that of HVO. The lowest PN 
emissions were at the highest load. There was a very low number of 
particles in the nucleation mode. This was probably due to the multi- 
injection strategy [36]. The results from the particle size measure
ments agree with those from the soot mass measurements. 

5. Summary and conclusion 

The effect of using three blends containing OME3-5, HVO, RME and 
the C8-alcohol 2-ethylhexanol was investigated in a heavy duty and light 
duty CI engine at different loads. The OME blends were designed to have 
an oxygen content of 6.4, 12.8 and 17.8% by mass. Fossil diesel fuel and 
HVO were used as reference fuels. Compared to diesel and HVO, the 
LHVs of the blends were lower. Thus, the injection duration was 
adjusted to ensure a constant engine load. Consequently, the indicated 
specific fuel consumption increased with increasing OME content in the 
blend. 

The following results on performance and emissions were observed:  

• For the heavy duty engine, the ISFC increased by 6.4%, 11.3% and 
20.5% for OME Blends 1–3, respectively, in relation to diesel. For the 
light duty engine, the ISFC increased in average by 2.3%, 16.7% and 
24.8% for OME Blends 1–3, respectively.  

• The trends in efficiency as well as soot and NOx emissions were 
similar for both engines: The indicated efficiencies were higher for 

1 2 3
Operation condition

0

5

10

15

20

25

30

35
C

ra
nk

 a
ng

le
 d

eg
re

e,
 A

TD
C

Diesel
HVO
OME Blend 1
OME Blend 2
OME Blend 3

Fig. 9. Light duty engine: MFB50 (◆) and combustion duration (●) timing in 
CAD ATDC. 

1 2 3
Operation condition

0

0.5

1

1.5

2

2.5

In
di

ca
te

d 
sp

ec
ifi

c 
N

O
x, g

/k
W

h

Fig. 10. Light duty engine: Indicated specific NOx.  

1 2 3
Operation condition

0

0.05

0.1

0.15

0.2

0.25

In
di

ca
te

d 
sp

ec
ifi

c 
so

ot
, g

/k
W

h

Diesel
HVO
OME Blend 1
OME Blend 2
OME Blend 3

Fig. 11. Light duty engine: Indicated specific soot.  

101 102
0

1

2

3

dN
/d

Lo
gD

p

108 (a) 1280 rpm / 0.88 MPa IMEP

Diesel
HVO
OME Blend 1
OME Blend 2
OME Blend 3

101 102
0

1

2

3

dN
/d

Lo
gD

p

108 (b) 1810 rpm /  0.74 MPa IMEP

101 102

Size, nm

0

1

2

3

dN
/d

Lo
gD

p

108 (c) 2000 rpm / 1.12 MPa IMEP

Fig. 12. Light duty engine: Particle size distribution.  

J. Preuß et al.                                                                                                                                                                                                                                    



Fuel 303 (2021) 121275

8

OME Blends 2 and 3 than for diesel and HVO, whereas the efficiency 
of OME Blend 1 was similar to those of the reference fuels.  

• Faster combustion (shorter combustion duration, MFB90-MFB10) 
led to lower exhaust gas temperatures, and thus lower heat losses 
in the exhaust. Soot emissions were strongly reduced for the blends, 
whereas NOx emissions were increased slightly.  

• When using the oxygenated blends, a large number of particles in the 
heavy duty exhaust were in the nucleation mode, which might cause 
difficulties in satisfying future legislation on PN (>10 nm). The 
nucleation mode PN increased with increasing share of OME.  

• For the light duty engine exhaust, the PNs of the blends were lower 
than that of diesel. The number of particles in the nucleation mode 
was very low due to the multiple injection strategy. 

Overall, the results showed that blends containing OME3-5, HVO, 
RME and a long-chain alcohol (octanol) can be used as a drop-in fuel in 
light and heavy duty CI engines. 

The tested OME3-5 blends allowed the engine to run without hard
ware modifications. However, further research is needed to investigate 
material compatibility when using fuel blends with different proportions 
of OME. 
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