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Rethinking Fuels

Dear Reader,

We owe the level of individual mobility 
that we know and appreciate today not 
least to internal combustion engines 
and fuels, most of which come from fos-
sil resources. But, among other things, 
the combustion of these fossil fuels gen-
erates CO2 emissions that negatively 
affect our air quality. 

A balanced carbon cycle is essential for 
the survival of human beings and ani-
mals. The combustion of fossil resour-
ces disturbs the balance of this cycle. 
We can re-establish this balance if we 
implement the results of the UN Climate 
Conference in Paris. One of the levers 
for achieving this is CO2-neutral traffic. 
Electric mobility will enable us to 
achieve zero emissions locally. How-
ever, electric mobility is not an all-em-
bracing solution. Worldwide financing, 
long-distance mobility and heavy goods 
transportation are not guaranteed.  

This gap can be filled by CO2-neutral 
fuels with their high energy density. 
Synthetic fuels are particularly suitable. 
If they can be produced on a large 
industrial scale, they can replace fos-
sil-based sources of energy. They could 
even be used in existing vehicles. 
Investment for product development 
and an energy supply system for vehi-
cles are available worldwide and can 
continue to be used. What is more, syn-
thetic fuels can be specifically designed. 
As a result, they have the additional 
potential of soot-free combustion. That 
would be a breakthrough in air quality. 
Initial tests are promising. 

But we are only at the beginning. Fur-
ther investment is necessary, not only  
in research but also in the production of 
these new fuels. Specifically designed 
synthetic fuels give us the opportunity 
not only to start with some millions of 
new vehicles, but also with more than 
one billion existing vehicles – with a 
liberating effect for the industry. New 
fuels and electric mobility can lead us 
to sustainable, CO2-neutral and zero- 
emission mobility. Only both paths 
together will take us to our target. 

In this special issue, we have put 
together important information on the 
fuels and lubricants of the future and 
examine them from many different 
aspects. We hope that we can give you 
new impulses and that you enjoy read-
ing our reports.

Dr. Johannes Liebl
Editor-in-Charge ATZ | MTZ | ATZelektronik
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Fuels and Lubricants of the Future
New fuels and electric mobility can lead us to  

sustainable, CO2-neutral and zero-emission mobility.  

Synthetic fuels are particularly suitable. If they can be 

produced on a large industrial scale, they can replace 

fossil-based sources of energy.
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“There is no alternative to the 
chemically bound storage of energy”
If CO2 is to be significantly reduced and local emissions are to be minimised there is no alternative to electric 

mobility, especially in mega cities. However, in the overall context of mobility, the internal combustion engine also 

has further development potential, especially in combination with alternative fuels and oils. In an interview with 

MTZextra, Prof. Dr.-Ing. Jens Hadler, Managing Director of APL Group, presents his view of the main focus of 

future developments and the direction these developments may take.

Prof. Dr.-Ing. Jens Hadler �was born in 1966 in Ludwigslust and 
studied Mechanical Engineering at the Otto-von-Guericke Uni-
versity in Magdeburg. After graduating, he worked as a research 
assistant at the Institute for Machine Elements and Design, 
where he completed his doctorate in the field of tribology in 
1994. In 1996, he began his industrial career and has since 
held various management positions at Volkswagen AG. In 2007, 

he became head of engine development at Volkswagen. In  
2011, he joined APL Group as Managing Director. Hadler is  
also actively involved in the university environment and has 
several teaching appointments at academic institutions. He  
is a an active member of various committees, including the  
FVV (Forschungsvereinigung Verbrennungskraftmaschinen), 
where he is a board member. 
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MTZextra _ Battery-powered electric vehicles 
are in the centre of public attention at the 
moment. However, their CO2 balance is not 
always positive with regard to “well-to-wheel” 
emissions. Wouldn’t it be better to optimise 
conventional powertrains first and then to 
advance electrification based on that? 
HADLER _ One should certainly do one 
while not forgetting the other. Seen from 
a purely abstract perspective, it is much 
more efficient to use electricity directly 
in an electric path, although when it 
comes to the subject of electrification, 
we will still have to consider the ques-
tion of energy storage. We will ultimately 
find that we need support from chemical 
energy storage, because it will not be 
economically feasible to use batteries 
alone. Therefore, I believe that we need, 
on the one hand, conventional power-
trains with all their challenges, espe-
cially with regard to emissions, and on 
the other hand clear and clean electrifi-
cation, especially in mega cities. I think 
that this awareness will increase on a 
broad base. What is also important in 
this context is that chemically bound 
energy storage is the only possibility  
to achieve CO2 sinks or closed carbon 
cycles – especially when mobility is inte-
grated with stationary energy generation 
for industry and private households.

Greenhouse gas emissions in the transport 
sector can be reduced by substituting fossil 
sources of energy by CO2-neutral fuels.  
Does it then make sense to focus on the 
electric motor or is it not more productive  
to use renewable electricity for the produc-
tion of Power to Gas (PtG) and Power to  
Liquid (PtL) in order to achieve a significant 
reduction in CO2 emissions in the entire  
fleet more quickly?
With regard to efficiency, the electric 
motor is certainly the best solution in the 
conversion chain from the battery to the 
wheel, and it will be required wherever 
zero emissions need to be achieved 
locally. On the other hand, in the overall 
context of mobility and the energy econ-
omy, PtL and PtG will play an evident 
role in the change to a CO2-neutral use of 
resources for reasons of storage alone, 
especially when it is a question of heavy-
goods and long-distance transport. There 
are scenarios in which CO2 can be 
extracted from the air. That is, of course, 
very expensive, but one might consider 
this option and say that the CO2 required 
for PtL and PtG can be extracted directly 

from the waste air of very energy-inten-
sive industries. Therefore, there must be 
a very serious discussion about the role 
of PtL and PtG that takes the overall 
energy situation into account, just as 
there should be a similar discussion con-
cerning electric mobility. The use of 
excess electricity production for storage 
purposes is just one example. This is 

going in the direction of coexistence. 
Therefore, there is no alternative to the 
chemically bound storage of energy. 

Biomass to Liquid (BtL) fuels are being 
viewed critically, as the reductions in green-
house gas emissions are marginal and the 
fuel quality can significantly deteriorate.  
In this context, what is your opinion of  
synthetic fuels with an oxygen content,  
or oxygenates, as future fuels? 
Oxygenates are certainly one of many 
possibilities. When you look back over 
recent years, we can see that we are 
actually only at the beginning of the dis-
cussion concerning designed fuels. A lot 
of research and development work is still 

required before these become a realistic 
option. According to current knowledge, 
oxygenates are certainly a possible and 
correct direction. From an abstract per-
spective, the preferred fuel of the future 
would contain less carbon, a lot of 
hydrogen and more oxygen than today. 
Oxygenates are one variant that might  
fit into this category, but a lot of develop-
ment work is still required with regard 
to density and other properties, such as 
distillation and evaporation behaviour. 
But we are making good progress when 
we consider OME4 and OME5, in other 
words the so-called next-generation oxy-
genates. However, in my view, it is still 
too early to make any final assessments. 

In the excellence cluster “Tailor-Made Fuels 
from Biomass (TMFB)” at RWTH Aachen 
University, 2-Methylfuran and 2-Butanone 
were identified as alternative fuels for use in 
highly supercharged spark-ignition engines 
and showed superior properties compared  
to conventional ROZ95 fuel and ethanol in 
thermodynamic tests. Are we about to see  
a breakthrough in designer fuels? 
This is an absolutely reasonable and 
necessary field of research. As I already 
mentioned, we are at a very early phase 
of the development of designed fuels, 
and both of these certainly have a 
future, as in some cases they burn with 
extremely low soot in a blend. It is a fact 
– and this applies to the whole discus-
sion that is being held at the moment on 
the subject of ethanol, methanol, natural 

“Politicians has become 
somewhat quieter on 
the issue of biofuels 
after the ‘food or fuel’ 
discussion”

“We need the electrified internal combustion engine with all its still-unresolved challenges, 
but we also need clear and clean electric mobility, particularly in mega cities,” Hadler says
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gas TMFB fuels, oxygenates and others – 
that the key question is not the technol-
ogy itself but rather the question of how 
important customer acceptance can be 
achieved and ultimately how an eco-
nomically viable business model can be 
represented in view of the huge invest-
ments required. That is perhaps also the 
main difference to electrification, where 
the equally necessary investment for a 
social and political perception of electric 
mobility is lower by comparison. With 
regard to the overall energy turnaround, 
investment in the electricity industry 
will, however, account for the major  
proportion of effort compared to PTG/
PTL investment. 

The three-year project under the lead-
ership of Ford, in which dimethyl ether 
(DME) and oxymethylene ether (OME1) 
are being tested, also goes in this direc-
tion. What all these projects have in 
common is that they aim to produce 
fuels with less carbon, more hydrogen 
and more oxygen than is common today. 
The latest developments show that the 
search corridor is the right one. But a  
lot of research and development work is 
still necessary to answer the question  
of which of the many possible chemical 
compounds will win the race in the end. 
That applies in particular to the issue of 
reverse compatibility. That is a very deci-
sive issue in view of approximately 
1.1 billion existing vehicles worldwide, 
because it offers a large lever to sustain
ably reduce emissions immediately. 

In the EU, we can expect a further increase 
in the proportion of biogenic fuels being 
added to conventional fuels. However,  
the adaptation of ECU functions to stand-
ard-compliant fuel can result in changes  
in operating conditions when the engines  
run on pure biofuels. What in your view is 
necessary in order to exploit the potentials?
It remains to be seen whether the bio-
genic proportions really increase signi
ficantly. Even today, the requirement to 
add 7.5 % to diesel fuels and the 10 % 
EU requirement for fuels generally are 
not being fully met. After the intensive 
“food or fuel” discussions a few years 
ago, politicians have become a little 
quieter concerning the issue of biofu-
els. There is no doubt that waste-to-X 
processes will be favoured by some  
stakeholders, but in the context of the 
energy turnaround they will not be 
mainstream. 

Can one of the keys to a sustainable  
reduction of CO2 emissions be found in  
the rapid global commercialisation of  
methanol as a fuel? 
Methanol is basically within the 
above-mentioned search corridor as far 
as the C-H-O relationship is concerned.  
A critical aspect is its toxicity, for exam-
ple compared to ethanol or oxygenates. 
The investment challenges for methanol 
are not as great as for other fuels. It is 
very difficult to predict how this topic 
will develop in China. One advantage of 
methanol, and also for ethanol, is that 
knock resistance and compression can 

be significantly increased compared to 
the use of conventional ROZ95 fuel. As  
a result, a reduction of 3 to 5 % CO2 can 
be achieved relatively easily in markets 
that still have a lot of large naturally 
aspirated engines, such as in China and 
the USA. 

Conventional powertrains still have significant 
efficiency potentials. Of particular relevance 
are measures to optimise the drivetrain and 
transmission. What role is played by the use 
of low-viscosity oils to reduce friction losses, 
and what are the main challenges? 
Development has made a significant 
leap in the past two to three years. The 

introduction of 0W20 is also taking 
place in Europe and has already been 
completed at some manufacturers. Japa-
nese manufacturers have been using  
it for a long time in naturally aspirated 
in-line engines. Now, of course, there  
is a further move towards 0W16 and 
0W12, where the issue of low-viscosity 
and the challenges for the engine and 
the drivetrain must be compensated for 
by packages of additives or by interac-
tion between the oil, the surface and 
the manufacturing process. Potentially, 
I consider a further reduction of friction 
by oils of around 3 to 5 % to be possi-
ble, which can then result in CO2 reduc-
tions of 1 to 2 % depending on the effi-
ciency chain. However, we must pro-
ceed systematically, which means that 
the oil industry, OEMs and Tier 1 must 
work together on optimisation. Even  
if we succeed in further minimising  
oil consumption, we will not manage  
to reduce it to zero in the foreseeable 
future. This means that we must suc-
ceed in ensuring that the minimal 
quantities of oil involved in combustion 
have a minimum influence on the emis-
sions behaviour of the engine. We can 
only do this in a very intensive cooper
ation with all those involved. 

Professor Hadler, thank you very much  
for this interview.

“We are only at the 
beginning of the  
discussion on designed 
fuels”

0W20 is currently being introduced in Europe, while 0W16 and 0W12 are under development –
Hadler considers a further reduction in friction by oils of around 3 to 5 % to be possible

INTERVIEW: Dr. Alexander Heintzel

©
 A

le
xa

n
d

er
 K

ra
m

er

FUTURE FUELS   Interview

8



  February 2016  Fuels and Lubricants of the Future 9

The whole world of fuels and lubricants testing:
www.isp-testing.com

High-tech and know-how.



Testing of Modern 
Lubricants and 
Additivated Fuels

Due to current and future legis­

lation, the fuel economy has 

become the most important 

topic for the oil industry. AVL 

presents two innovative tech­

nologies to meet the needs  

of the mentioned industries: 

Frisc and Dricon.

© AVL
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GREEN FUELS TO REDUCE 
VEHICLES EMISSIONS

The transport sector is a major source of 
air pollution and CO2 emissions. These 
emissions are set to increase sharply as 
the global vehicle fleet is projected to 
grow dramatically by 2050 mostly in the 
developing countries. Developed countries 
have introduced cleaner and more effi-
cient technologies, including green fuels, 
to sharply reduce vehicles emissions. 

FUEL ADDITIVES

Technical innovation in the fuel additives 
business is a continuous process, which 
is often driven by legislation. Many addi-
tive suppliers are focusing their efforts  
in the last years to increase the vehicle 
fuel economy and, therefore, minimiz-
ing in this way the emission of CO2 and 
of regulated exhaust pollutants. Engine 
and/or vehicle testing is often needed 
and furthermore a huge amount of labo-
ratory tests are necessary to produce the 
required data. The engine developers  
and car-makers (OEMs), who are manu-
facturing constantly cleaner and more 
efficient motors, recognize the impor-
tance of the fuel and lube oil additives as 
part of this evolution to improve the per-
formance and reduce the air pollution [1].

AVL TOOLS

In the last years the oil competence cen-
tre was founded at AVL in order to coor-
dinate and centralize all topics related to 

fuel economy, friction reduction and 
alternative fuels. Engine and vehicle 
tests with new additives are costly and 
can take several days till months to sat-
isfy all needed requirements. AVL devel-
oped and patented useful tools to con-
sistently help the oil industry and addi-
tive suppliers to check the benefits of 
their products, saving in this way time 
and money. One of these tools is Frisc, 
which is a instrument to reliably and 
precisely measure the friction force in 
the engine cylinder. Such measurements 
give a correlation between friction and 
fuel economy.  

The second tool presented is Dricon, 
which permits to drive vehicles on chas-
sis dynos automatically, eliminating in 
this way the human factor, which itself 
can reduce (up to eliminate) the benefits 
of the additives on the fuel economy in 
test phase. 

The following example shows the 
influence of the friction on the fuel econ-
omy: In a car of 1350 kg in a NEDC 10 % 
reduction of friction generates an 
improvement between 1.5 and 2.5 % of 
fuel economy, FIGURE 1.

FRICTION MEASUREMENT  
WITH FRISC

The basis for friction measurements 
under motored and fired conditions in an 
engine at AVL is a single cylinder engine 
called Frisc as short term for Friction 
single cylinder engine. The base part of 
that engine is operated over the last 10 to 
15 years and known to be quite robust 

FIGURE 1 The improvement of the fuel economy 
due to reduced friction is shown (© AVL)

AUTHORS
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and stable. Features like mass balancing 
up to second order and different combus-
tions were continually added.

In between cylinder head and crank-
case we implemented a so called floating 
liner system, which is connected to the 
crankcase over force sensors, FIGURE 2. 
There is no fixed connection between 
liner and cylinder head but a special 
sealing ring which is located inside on 
top of the liner and works like a piston 
ring. A ring carrier is mounted on the 
cylinder head. The floating liner system 
consist of a so called liner carrier, which 
has liner with water jacket inside.

The floating liner assembly is move-
able into liner axis direction according 
the elasticity of the force sensors.  
The displacement values we are talking 
about are in the range of some µm.  
Thus if there is a force acting at the 
inner surface of the liner which has a 
component into liner axis direction this 
effect is transferred to the force sensors 
and measured.

The liner has contact to the piston 
skirt and the piston ring pack. Depend-
ing on the current velocity there is more 
or less lube oil in between what results 
in time varying friction force signals. On 
the other hand during fired engine runs 
we are concerned with pressures that 
modify the friction force accordingly 
also over time.

In that way it is possible to measure 
friction forces in the engine (motored 

and/or fired) for different part combina-
tions and also for different lube oils. Of 
most interest here are distinct surface 
coatings on the piston skirt and piston 
rings and different honings on the liner.

In addition, the Frisc also enables us to 
test the friction behavior of different lube 
oils like 0W20 and 0W30 and also effects 
coming from added friction modifiers.

After mounting the engine the Frisc  
is put onto a test bed and some calibra-
tion work has to be done before the  
real test procedure starts, FIGURE 3.  
To reach friction stable conditions a 
break-in run is carried out at defined 
measurement points. A certain number 
of cycles that have all the same peak 
pressure (within defined tolerance)  
are taken as measurement values  
and mean values of them are calcu-
lated. From raw data to final data dedi-
cated low and high band filters are  
used and influences like resonance 
points and crankcase pressure influ-
ence are considered as well.

The following figures show some 
results of a comparison of a defined  
lube oil with the same lube oil added 
with a special friction modifier. In gen-
eral, all figures show in the top placed 
diagram the friction force FR in [N]  
over 720 °CA, FIGURE 4. The combustion 
process is gasoline and one can realize 
from the friction force the four strokes  
in that order: suction, compression, fir-
ing and exhaust.

FIGURE 5, displays the cylinder pres-
sure over the crank angle. There as the 
table in the top left corner describes Oil 
specification, indicated mean pressure 
and maximum cylinder pressure for the 
two different lubes. The last row of the 

FIGURE 3 Frisc engine and test bed (© AVL)

FIGURE 2 Frisc engine 
cross section (© AVL)
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table on top right corner shows the fric-
tion mean effective pressure (FMEP) 
which is an integral value to justify the 
different lubes. The behavior of the oils 
shows also differences: Oil 2 shows 
higher friction losses in the combustion/
compression turn around point but 
shows less friction at all other points. 

DRICON: REPRODUCIBLE 
MEASUREMENTS ON THE  
CHASSIS DYNAMOMETER

A prerequisite for emission- and fuel 
consumption investigation on the chassis 
dynamometer is the reproducibility of 
measurements. Emission tests are mostly 

driven by human drivers who are follow-
ing the vehicle speed demand trace on a 
driver’s aid monitor. To measure smallest 
differences in fuel consumption the 
driven vehicle speed must be the same 
in all measurements. This also applies to 
the moment of switching the selector 
lever from neutral mode to drive mode. 

FIGURE 4 Friction results,  
1200 rpm, motored (© AVL)

FIGURE 5 Friction results,  
2000 rpm, fired (© AVL)
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Human drivers are limited in driving 
reproducible tests. Even at similar driven 
vehicle speed traces the style of driving 
has essential influence on the engine 
torque build up, on gear shifts and there-
fore on the fuel consumption. To elimi-
nate the human driver’s influence the 
vehicle automation system Dricon, FIG-
URE 6, can be used. Dricon can perform 
driving cycles with vehicles with auto-
matic transmission via electrical simula-
tion of the accelerator pedal signals and 
the usage of a brake actuator, FIGURE 7. 
With this innovative method different 
ECU datasets, fuels and other fuel con-
sumption influencing parameters can be 
investigated without the influence of 
human driving.

The procedure of an automated fuel 
consumption or emission investigation 
test can be separated in into condition-
ing, emission measurement and post 
processing.

At both cold start and warm start tests 
the vehicle has to be in the same initial 
condition, just the investigated varia-
tions (e.g. different fuel, parameteriza-
tion of fuel consumption- or emission 

relevant maps of the engine control unit 
or activated or deactivated power con-
sumers) may be varied. The condition of 

the exhaust after-treatment has to be  
the same for each test. Therefore a con
ditioning cycle is performed where the 
regeneration of the particle filter, storage 
catalyst or similar systems is done man-
ually. Afterwards the vehicle has to stay 
in a conditioning room for a specified 
time to guarantee the same initial tem-
peratures for each test. During the con
ditioning the vehicle battery has to be 
charged to ensure a constant power 
consumption of the dynamo during  
the emission test. Additionally the tire 
pressure has to be at a constant level.

Before the start of the emission meas-
urement it has to be ensured that all 
mechanical and electrical power con-
sumers such as air condition, light or 
radio are in the desired state.

At a warm start test a defined warm 
up program is performed to always 
ensure the same starting conditions for 
the measurement program. After that  
the automated driver is started synchro-
nous with the emission measurement. 
The engine start and the selector lever 
positioning also have to be done at a 
specified time. When the emission meas-
urement is finished a coast down test is 
performed. In this test, the chassis 
dynamometer is in motoring mode and 
sets the vehicle, which is in transmission 
mode neutral, to a defined vehicle speed. 
Afterwards the vehicle coasts down in 
street simulation mode. All, after the 

FIGURE 7 Dricon Brake 
Actuator (© AVL)

FIGURE 6 Dricon (© AVL)
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emission tests, performed coast downs 
must show velocity-time- traces with low 
deviations. Deviations represent different 
frictions conditions inside the power-
train or a different rolling resistance of 
the tires.

A basic requirement for the analysis 
is the same vehicle speed trace for the 
measurements that are to be compared. 
During the investigation of the traces it 
is already possible to determine differ-

ences in accelerator pedal values and 
therefore in fuel consumption. FIGURE 8 
shows three WLTC class 3 emission 
cycles (cold start) which were per-
formed with the described method.  
Test 1 (black trace) was performed with 
activated air condition, at test 2 and 3 
the air condition was deactivated. As a 
result of the high reproducibility of all 
measurements the driven distance is 
exactly the same.

Despite the almost congruent vehicle 
speed traces, FIGURE 9, shows a differ-
ence in the accelerator pedal actuation 
and therefore a different engine torque 
request of the engine because of the acti-
vated air condition.

REFERENCE
[1]	 Fuel additives: Use and benefits. ATC Document 
113, (2013), Technical committee of petroleum 
additive manufacturers in Europe

FIGURE 8  Three WLTC C3 cycles  (© AVL)

FIGURE 9 Three WLTC cycles – detailed (© AVL) 
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Potential of the Synthetic Fuel OME1b  
for the Soot-free Diesel Engine

One way to reduce greenhouse gas emissions in the transport sector is the substitution of fos-

sil fuels through CO2-neutral fuels. Liquid fuels offer advantages compared to gaseous fuels. 

Fuels from biomass are critically evaluated because the savings in greenhouse gas emissions 

remain marginal considering the changes in land use and bring significant degradation of fuel 

quality with it. In contrast to that synthetic fuels with oxygen content (oxygenates) represent a 

promising way to meet the requirements of future fuels. The contribution of the Institute for 

Internal Combustion Engines and Powertrains Darmstadt University of Technology shows that 

OME1b as a pure fuel offers great potential to achieve the long term objectives of eliminating 

the GHG emissions.

© TU Darmstadt
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MOTIVATION

In the long term, a reduction in green-
house gas (GHG) emissions in the trans-
port sector is inevitable. According to 
[1] an 80 to 95 % reduction by eliminat-
ing these emissions is required until 
2050. One possible way to achieve this 
goal is the substitution of fossil fuels 
through CO2-neutral fuels. Liquid fuels 
have advantages in comparison to gase-
ous fuels since they are logistically eas-
ier to use, have higher energy densities 
and can use conventional storage tech-
nology of current fuels. Fuels from bio-
mass are critically evaluated because 
the savings in greenhouse gas emis-
sions remain marginal considering the 
changes in land use and bring signifi-
cant degradation of fuel quality with it 
[1, 2]. An EU study including them indi-
rect land use changes (ILUC) shows that 
Biodiesel leads to a CO2 increase of 9 to 
20 %, compared to using mineral oil-
based diesel fuel [2].

The development of current and in 
particular future drive technologies  
will be driven by the criteria of CO2 
neutrality and sustainable availability. 
This fuel should have the potential, 
together with the internal combustion 
engine and an “Emission Control Sys-
tem”, to improve the ambient air quality 
in metropolitan areas. In addition, fac-
tors such as the economic competitive-
ness and the functionality follow, for 
example with regard to range and com-
fort performance [3].

Synthetic fuels with oxygen content 
are referred as oxygenates and represent 
a promising way to achieve the set 
objectives. Oxygenates show a soot-free 
combustion, thus avoiding the known 
NOx/particulate trade-off. This is 
achieved by an improved post-oxidation 
by the presence of oxygen directly at 
the fuel. At the local rich zones in the 
combustion chamber the flame zone 
can be supplied with oxygen. In addi-
tion, oxygenates have no direct car-
bon-carbon bonds (so-called C1-fuels), 
which complicates the formation of 
soot. [3] Further, according to [4] the 
percentage of oxygen in the fuel has a 
dominant role in the formation of soot 
or post-oxidation. However, in case of 
soot developed, the fuel structure is 
important for the quantification. On this 
point, C1-fuels show a clear advantage 
in terms of low-soot combustion.

OXYMETHYLENETHER (OME)

The easiest C1 diesel fuel is DME (34.8 % 
oxygen), which burns with minimal soot 
emissions and has a cetane number of 55 
to 60 with similar ignition performance 
as conventional diesel fuel (B7). Because 
of the low boiling point of DME (about 
-24 °C) it must be stored in pressurized 
containers, resulting disadvantages in 
terms of logistics.

OMEn is short for oligomeric polyox-
ymethylene diethyl ether with the gen-
eral empirical formula [CH3O-(CH2O-)

nCH3]. OME is colorless, non-toxic and 
can be mixed in any amounts of diesel. 
[3 - 6] Investigations of diesel/OME mix-
tures show a significant reduction of soot 
particle emissions, for OME1 for example 
in [7] and for OME3/4 in [4].

OME burns due to its high oxygen con-
tent (OME1/5 with n=1/5: 42/50 % oxy-
gen content) and the absence of C-C 
bonds even with stoichiometric air ratio 
without the formation of soot particles. 
This allows the engine operating at 
higher exhaust gas recirculation rates 
(decreased fouling of the EGR cooler) in 
order to reduce the in-engine NOx forma-
tion [4, 8, 9].

The number of oxymethylene groups n 
influences the properties and thus the 
usability of the fuel in the diesel engine. 
OME1 is volatile (boiling point 42 °C) 
and the cetane number of about 38 is 
insufficient low compared to DIN EN 
590. OME1 is produced industrially and 
used as a mild and non-toxic solvent. 
OME2-5 has a very high cetane number 
(>90) and diesel-like boiling tempera-
ture, but is currently only available in 
laboratory quantities. The properties, 
such as cetane number, flash point, kine-
matic viscosity and heat value can be 
influenced by the number of oxymethyl-
ene groups n. Thus, a specific adaptation 
of the fuel properties is possible [8, 10].

In addition to the particle reduction 
and the prevention of the NOx/particle 
trade-off the great advantages of higher 
OME are the high cetane number, the 
non-toxicity and high flash point, so 
that the combustion can be improved 
and handling of the fuel is facilitated. In 
addition to some studies on a single-cyl-
inder engine the significant reduction of 
particles by the use of OME1 has so far 
also been demonstrated at the six-cylin-
der full engine [4, 7, 8]. The result is an 
increased proportion of soluble particles 
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(soluble organic fraction − SOF) upon 
consideration of the total particle mass, 
which can be converted by oxidizing 
catalysts, FIGURE 1.

In the production of OME the previ-
ously discussed aspect of CO2 neutrality 

is of great relevance. CO2 neutrality is 
achieved by the industrial processes (e. 
g. steel and cement production [11]) and 
power generation [3], where CO2 is pro-
duced as a raw material. In addition to 
this, regenerative electricity sources 

from offshore wind farms or solar power 
plants in desert regions for the produc-
tion of hydrogen can be used (for exam-
ple by electrolysis). This is used for the 
reduction of CO2 for methanol production 
(CWtL method) and finally by other 
chemical processes for the production of 
OME [3, 12, 13].

TEST BENCH

The test results shown are determined 
by a single-cylinder research engine AVL 
type FM528. The test engine has a dis-
placement of 0.533 l with a bore of 85 
mm and a compression ratio of 16.2. The 
fuel system is designed as a common rail 
system with electrically driven 
high-pressure fuel pump. The injection 
system has been assembled from series 
components. Thus there is still further 
potential for the reduction of emissions 
by hardware adaptations in future opti-
mization cycles. A further feature of the 
experimental engine is an electrical 
supercharger. For the engine control a 
Protronic Topline of the company Schaef-
fler Engineering GmbH is used. Thus in 
addition to the standard calibration tasks 
own functions using Matlab Simulink 
can also be implemented.

FUELS

Fuel analyzes of the used fuels are 
shown in TABLE 1 below. All the tests 
shown below were carried out with 
OME1b (additive package “b”) and with  
a conventional diesel fuel (B7, with up to 
7 vol.-% FAME) as a basis for the com-
parison. The change of the fuels was 
completed in fired engine operating 
mode at the inlet of the fuel metering 
system. To avoid formation of vapor bub-
bles due to the low boiling point  
of the fuel OME1b it is cooled by fuel con-
ditioning AVL 753C to 20 °C and  
the whole fuel system is thermally 
insulated. Because of the volumetrically 
reduced calorific value of OME1b by 
about a factor of 1.8 compared to B7  
a corresponding increase in the injection 
time for the same engine load is 
required. This could be implemented 
without changes to the injection system.

MEASUREMENT SYSTEMS

Fuel consumption is determined volu-
metrically by an AVL 735S. For the ther-
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FIGURE 1: Six-cylinder full engine: decrease of the volatile and non-volatile  
particle components at use of OME1 [9] (© TU Darmstadt)

FIGURE 2 Comparison of the specific particulate mass and number B7/OME at pmi = 3 bar (© TU Darmstadt)
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modynamic investigation an indicating 
system is used with an optical resolu-
tion of 0.1 °CA. To quantify the cylinder 
pressure, a cooled pressure sensor is 
used with the type AVL QC33C. To ana-
lyze the limited gaseous exhaust com-
ponents an AVL AMA 4000 Advanced  
is set up. Also not limited components 
such as methane and unburned OME 
can be detected with an AVL SESAM i60 
FT which was especially calibrated for 
the application. The particulate emis-
sions are recorded with an AVL 483 
Micro Soot Sensor (gravimetric analy-
sis) and a PMP-compliant AVL 489 Par-
ticle Counter.

TEST SERIES

As part of the research for this article  
a variation range is performed. This is 
performed in the operating points from 
TABLE 1. Basis of the variation range is  
an engine operating with a single injec-
tion and a speed of 1500 rpm. The varia-
tion range includes the variation of the 
injection timing with a resulting mass 
fraction burned at mfb50 ≈ 1 °CA, 4 °CA,  
8 °CA and 12 °CA aTDC.

RESULTS

In the following subchapters some 
experimental results of the variation 
series are discussed as examples. Here, 
as can be seen at the title of the paper, 
the focus are the emissions of particu-
late matter in terms of mass and num-
ber. FIGURE 2 shows the variation of the 
fractional mass burn at low load (3 bar 
pmi), FIGURE 3 at an elevated load (7 bar 
pmi). Throughout the variation the sig-

nificant reduction of the particulate 
matter and also particulate number 
compared to conventional fuel can be 
seen in two operating points when 
using OME. The measurement results  
in terms of particle mass are in opera-
tion with OME1b in the field of the detec-
tion limit (0.01 to 1 mg/m³ [6]). At the 
particulate number a reduction by two 
(3 bar pmi) or four (7 bar pmi) decades is 
determined. These is also a decrease  
of the particulate number in the higher 
load compared to the low load point 
with OME1b which is contrary to the 
behavior of B7. Reasons for this are on 
the one hand the improved mixture 
preparation of OME1b compared to B7 
 in the higher load operation with larger 
injection volumes and also as already 
explained in the introduction, the high 
oxygen content of the fuel itself, which 
promotes the re-oxidation of the parti-
cles, particularly at high combustion 
chamber temperatures. The measure-
ment results show a clear potential to 
meet current PN limits (Euro VI: 
8.0*1011 #/kWh) without any exhaust 

aftertreatment system. For the exhaust 
gas aftertreatment new requirements 
are set up at operation with OME1b as 
well as new potentials, but should not 
be considered further here.

In addition to the particulate emis-
sions also the nitrogen oxides must be 
considered. In FIGURE 4 the NOx emis-
sions are shown. In operation with 
OME1b the nitrogen oxide emissions  
are increased for early MFB. This is 
because of the higher exhaust gas mass 
flow as well as the increased nitric  
oxide concentrations. This is due to the 
increased combustion chamber tempera-
tures (thermal NO) and by the following 
thermodynamics, the higher efficiency.  
It can be seen also at the about 15 % 
lower exhaust gas temperatures in both 
load points. It should be mentioned here 
that no exhaust gas recirculation was 
used in these studies. The typical NOx/
particulate trade-off is avoided with 
OME1b.

FIGURE 5 illustrates the thermodynamic 
consideration of the combustion process 
as an example at the operating point 
with pmi = 7 bar. Based on the heating 
function with OME1b a more rapid oxida-
tion is visible. This indicates a better 
mixture preparation and a quicker reac-
tion sequence, resulting in improved 
emissions in terms of unburned fuel and 
significantly lower CO emissions when 
operating with OME1b.

The indicated specific fuel consump-
tion bi is illustrated in FIGURE 6 via the 
normalized NOx emissions. As already 
explained in the introduction in operation 
with an OME1b a higher bi with a factor of 
about 1.8 (corresponding to the ratio of 
the calorific values) is expected. However, 
as deduced from the ratio of the efficien-
cies, FIGURE 6, OME1b shows a significant 
increase in the efficiency over the entire 

TABLE 1 Fuel characteristics  *[14, 15] / **[16 - 18] (© TU Darmstadt)

Characteristics Unit Diesel B7 OME1 raw OME1a OME1b

Net calorific 
value

MJ/kg 42.56
22.4* /
23.26 **

22.5* /
23.3**

22.5* /
23.3**

Density at 
15 °C

kg/m³ 835 863 877 873,4

Boiling point °C 170-370 42 42 42

Cetane number - 51.3 37.6 48.3 50

HFRR µm 202 759 297 278

Kinematic 
viscosity

mm²/s 2.63 (40 °C) 0.33 (20 °C) 0.58 (20 °C) 0.71 (20 °C)

Oxygen content % (m/m) 0.8 42.1 41.6 42..1

TABLE 2 Load points of the test series (© TU Darmstadt)

Load point 1 2

Engine revolution in rpm                1500

Indicated mean pressure in bar 3 7

At mass fraction burned in °CA after TDC                1

Fuel pressure in bar                500

Boost pressure in bar absolute                1.4

Fuel temperature forerun in °C                22

Variation parameter: fractional mass burn in °CA 
after TDC

               1, 4, 8, 12
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range of variation of the fractional mass 
burn. With regard to this it should be 
noted that the built up test engine does 
not need to compensate the additional 
hydraulic losses due to the higher con-
sumption of OME1b since the entire fuel 
system operates electrically autonomous.

CONCLUSION

Exploration on the single-cylinder car 
research engine at the Institute for 
Internal Combustion Engines and Pow-
ertrain Systems at Darmstadt University 
of Technology have shown that OME1b 

as a pure fuel has a great potential to 
achieve the long term objectives of 
eliminating the GHG emissions. The 
NOx/particulate matter trade-off is 
overridden, so that lowest inner-engine 
NOx emissions can be achieved together 
with simultaneously particulate emis-
sions meeting current emissions legisla-
tion levels through appropriate applica-
tion of the engine controller. As a fur-
ther result alternative EGR and exhaust 
aftertreatment systems can be used. 
Here, for example, a low pressure EGR 
for achieving high EGR rates, and thus 
lowest nitrogen oxide emissions at the 

same time, soot-free engine operating is 
conceivable. A precious metal-free oxi-
dation catalyst can be used and the 
particulate filter is eliminated. Also 
conceivable is the non-existent soot 
limit operation with lambda control 
based on the homogeneously operated 
gasoline engine and the use of a three-
way catalyst. Here the efficiency disad-
vantage by a stoichiometric engine 
operation is to be assessed in further 
work. Higher OME will lower the soot 
as expected by the higher oxygen con-
tent even further, as well as provide 
further advantages in handling such  
as a higher boiling point [2].
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Commercialization  
of Low Carbon Methanol 

There are many initiatives worldwide for using methanol as a 

fuel and taking advantage of its numerous benefits compared 

to conventional fuels. This article describes how the low-CO2 

production of methanol can already be implemented on a large 

industrial scale today.
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INTRODUCTION

The European Union (EU) has established 
targets for carbon dioxide reduction by 
2020. Such policies have paved the way for 
the increase of renewable energy sources 
(RES) for electric generation, the improve-
ment of energy efficiency, and the decar-
bonization of fuel for transport. Electrifi-
cation of mobility is an additional diversi-
fication of the fuel mix in the EU. The 
European Commission recently amended 
the Renewable Energy Directive to include 
low carbon fuel of non-biological origin 
for transport to overcome the challenge of 
competition between food and fuel result-
ing from the over-production and over-use 
of conventional biofuels [1].

Carbon Recycling International (CRI) 
and Mitsubishi Hitachi Power Systems 
Europe GmbH (MHPSE) are developing 
solutions for producing low carbon fuels, 
using methanol produced from electric-
ity or excess hydrogen (H2) and carbon 
dioxide (CO2). There are many possibili-
ties for the production of low carbon 
fuels. The hydrogen and carbon dioxide 
feedstock can be from various sources  
in the production and power industries. 
Methanol has multiple energy applica-
tions. It is used for fuel blending in 
Europe and China. It can be directly 
used in ships and/or upgraded by fol-
low-up processing to high energy density 
fuels for vehicles, ships, and aviation 
using the current infrastructure.

POWER TO METHANOL

Conventionally, methanol is produced 
from synthesis gas generated by steam 
natural gas (NG) reformation (SMR), coal 
or residual oil gasification. The common 
technology is a mega-scale plant of one 
million t per year, centrally located near 
the sources of primary energy but at long 
distances from the points of use. The 
plants are constructed to maximize econ-
omies of scale and can reach capacities of 
more than 5,000 t of methanol per day 
output. For fossil feedstock based metha-
nol plants, large amounts of CO2 are emit-
ted (up to 1 t CO2 emitted / 1 t methanol 
produced by NG; up to 3.5 t CO2 emitted / 
1 t methanol produced by coal).

In contrast, the Power to Methanol 
(PtM) production, pioneered by Carbon 
Recycling International, is a distributed 
model. A proposed power to methanol 
plant is a modular design of 50 to 100 kt/

year and is located near the sources of 
use. The feedstock consists of basic utility 
available at a power plant or chemical 
plant which includes heat, power, hydro-
gen surplus and carbon dioxide. Each 
plant is constructed to take advantage  
of the available infrastructure, by-prod-
ucts, and waste heat. Carbon dioxide is 
captured and purified on site for use as 
the main feedstock (1.38 t CO2 captured / 
1 t methanol produced). 

For the generation of methanol from 
carbon dioxide as feedstock, two con-
cepts are available. On the one hand  
in the PtM concept, hydrogen is gener-
ated via water-electrolysis operated by 
low carbon, low cost electricity. On the 
other hand, hydrogen is derived from 
hydrogen-rich off-gases in several indus-
tries. Especially in steel and chemical 
industries, this concept offers an excep-
tional potential, due to the frequent 
availability of hydrogen-rich off-gases, 
such as coke oven gas (COG) and hydro-
gen as byproduct from ethylene produc-
tion and chlor-alkali electrolysis. Nowa-
days, the concept with the utilization  
of hydrogen-rich process gas is highly 
promising, whereas hydrogen generation 
via water-electrolysis will be available 
with more excess electricity from RES  
in the future. The combination of both 
concepts, including excess hydrogen, 
and the installation of the electrolysis 
offers an economic advantage if excess 
electricity is available on site.

In the prospect of a future methanol 
economy, carbon dioxide is recycled in 
order to reduce the amount of fossil fuel 
consumption while decreasing GHG 
emissions. Methanol is utilized as ver
satile energy carrier for various applica-
tions and further processing to gasoline, 
diesel or kerosene as fuels for commer-
cial transport.

EMISSIONS TO  
LIQUID TECHNOLOGY

CRI developed Emissions to Liquid (ETL) 
technology for PtM and operates an 
industrial scale plant in Iceland. The 
George Olah plant is the first PtM plant 
in the world operating at 6 MWel, cap-
turing 6,000 t of carbon dioxide and pro-
ducing 4,000 t of CO2-based methanol 
per year. The integration with the power 
generation plant Svartsengi of 75 MWel 
and 150 MWth provides the necessary 
power, carbon dioxide and steam. 

The plant consists of modularized unit 
operations for carbon dioxide and syn-
thesis gas compression, post steam tur-
bine carbon capture, electrolytic produc-
tion of hydrogen (water alkaline electro-
lyzer), direct CO2 to methanol synthesis, 
and distillation for methanol fuel. The 
modules were designed and fabricated  
in a controlled manufacturing shop floor 
environment. 

The product has 90 % lower carbon 
footprint than gasoline, certified by SGS 
Germany according to the International 
Sustainability and Carbon Certification 
(ISCC) standard. The product is used for 
gasoline blending and biodiesel manu-
facturing in Sweden, Holland, and Ice-
land. FIGURE 1 shows the power to meth-
anol plant of CRI in Iceland. 

PRODUCTION OF LOW  
CARBON METHANOL

In FIGURE 2, the energy balance of a 
methanol production plant from CO2  
in an integrated steel mill is shown.  
In case 1, all available H2 from coke  
oven gas (COG) on site is utilized with 
an assumed H2 capture rate of 90 %.  
In case 2, electricity from renewable 
energy sources is used to operate a 
water-electrolysis for H2 generation.  
Case 3 depicts the combination of case 1 
and 2. It is shown that the generation of 
methanol leads to high conversion effi-
ciencies. For the conversion of COG-
based H2, the thermal conversion effi-
ciency (from lower heating value (LHV) 
of H2 to LHV methanol, Case1) of 65 %  
is reached, whereas for the conversion  
of electrolytic H2, the conversion effi-
ciency (from electricity to LHV of metha-
nol, Case 2) equals 65 % as well includ-
ing heat integration measures with the 
power plant. These concepts are much 
more commercially competitive than the 
base case, which includes the combus-
tion of H2, leading to a conversion effi-
ciency of 42 % [2, 3].  All technologies 
are state-of-the-art and commercially 
available in the 100 kt/year Methanol 
production scale.  Similar integrations in 
other thermal power plants or chemical 
sites is reaching 60 % conversion effi-
ciency with electrolyzer or up to 70 % 
when pure hydrogen is available already 
(e.g. in acetylene/ethylene production).

In FIGURE 3, the specific overall balance 
regarding the greenhouse gas (GHG) emis-
sions as CO2 equivalent for case 3 are 
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summarized. As the CO2 is bound within 
the methanol, emissions are avoided. 
However, the GHG emissions, which result 
from the chemical production process by 
the utilization of steam and conventional 
& RES electricity, must be considered. This 
results in an overall reduction of 1.53 t of 
CO2 compared to NG-based methanol. 

It has to be considered that due to  
the CO2 utilisation, additional emissions 

tesides CO2 are avoided, which have  
not yet been taken into account. The 
treated flue and exhaust gases as CO2 
and H2 sources for the methanol syn
thesis have to be cleaned and pre-treated 
for the subsequent process steps. There-
fore, these gases are extensively more 
purified due to further processing, lead-
ing to less overall emissions such as CO2, 
NOX, SOX, dust and hydrocarbons. 

METHANOL FUEL FOR TRANSPORT

The utilisation of methanol within the 
transportation sector is extensive and 
growing.  Regarding the global share  
of methanol utilization, 27 % of the 
global methanol production is utilized 
for transportation: 12 % for fuel blend-
ing, 12 % MTBE production and 3 % for 
Biodiesel production. There are many 
methanol fuel initiatives around the 
world. In Europe M3 is standardized  
in SP95 EN228, whereas in the UK no 
taxes are applied to M95. In Sweden 
M100 zero sulfur is utilized as marine 
fuel. China tests M15 – M100 fuel in 
eleven major cities. In Iceland, Carbon 
Recycling International has conducted 
fleet testing of M50 in Ford’s flexible 
fuel vehicles and anticipate starting 
testing M100 with Geely vehicles in 
2016. In Denmark, methanol-based pro-
ton exchange membrane fuel cell vehi-
cles are being deployed by Serenergy, 
providing all-electric range with zero 
combustion. The additional costs for the 
production of an internal combustion 
engine based fuel flexible vehicle are 
approximately 100 Euro [4].  

Methanol fuel properties offer signifi-
cant advantages for achieving ultra-high 

FIGURE 2 Energy 
balance of a 
methanol plant 
design within an 
integrated steel 
mill (© Mitsu­
bishi Hitachi 
Power Systems 
Europe)

FIGURE 1 Carbon Recy­
cling International – 
the world’s first com­
mercial power to CO2 
methanol plant, pro­
ducing 4000 t of 
methanol and captur­
ing 6000 t of CO2  
(© Carbon Recycling 
International)

Case
Export (+) 
Import (-)

[MWel]

Power 
plant  
[MWel]

Power consumption

H2 MeOH MeOH 
[t/d]

Conversion
efficiency

Steel mill H2
CO2 & 
MeOH

[MWel] [MWth]

Base 20.3 198.9 178.6 - - - - - hel = 42 %

(1) H2 COG -47.2 148.4 178.6 12.3 4.4 120.0 105.0 451.6 hth, th = 65 %

(2) H2 Elektrolysis -87.2 198.9 173.2 110.0 2.9 79.9 69.9 300.6 hel, th = 65 %

(3) Both processes -154.5 148.4 173.2 122.3 7.3 199.9 174.9 752.2 hel, th = 100 %
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vehicle engine efficiency, meeting and 
exceeding diesel engine efficiency [5, 6].  
It is also considered feasible to achieve 
equivalent efficiency of hydrogen fuel 
cell vehicles through advanced technol-
ogy of low temperature methanol 
reforming for high exhaust heat recov-
ery. Methanol’s 25 % higher research 
octane compared to gasoline (109 vs 87) 
provides the means for utilizing much 
higher engine compression ratio (CR) 
without impinging on knock limits [7]. 
Methanol’s nominal octane does not 
fully reflect its potential, however, as its 
effective octane is even higher – up to 
130 – when methanol is directly 
injected. Methanol ignition properties 
also provide significant advantages in 
enhancing pre-ignition and engine 
knock control [8].  

Methanol provides further efficiency 
advantages due to its higher latent heat 
of vaporization compared to gasoline. 
MIT researchers have found that metha-
nol use in a diesel cycle engine could 
allow downsizing of a 9 l engine to 
5.5 l, while having 30 % more power. 
Waste heat recovery via methanol 
reforming allows the use of hydro-
gen-rich gas, which would allow heavier 
heat recovery at lower load, compared 
to current technology diesel engines.  

Due to the absence of carbon-carbon 
bonds in methanol molecule soot forma-
tion is virtually zero. The absence of 
sulfur in the fuel leads to an inherently 

near-zero sulfur emissions. The lower 
flame temperature of methanol also 
results in inherently lower NOx emis-
sions. Even at higher CR enabled by 
methanol’s wider knock limits, lower 
levels of NOx emissions are achievable 
compared to gasoline. This is resulting 
from the lower peak in-cylinder temper-
atures for methanol, as well as its faster 
combustion response, compared to gas-
oline. The use of methanol also pro-
vides a means of minimizing the 
tradeoffs associated with the use of 
higher efficient Atkinson cycle engines 
rather than Otto cycle engines [9].

CONCLUSION

Low carbon methanol fuel is readily 
produced from diverse feedstocks, 
including H2 from coke oven gas.   
There are numerous advantages for 
utilizing methanol and its derivatives, 
including significant reductions in 
greenhouse gases, toxic emissions and 
air pollutants such as SOx, NOx and  
PM. The distribution infrastructure  
for methanol can be readily expanded 
to serve diverse transportation market  
end uses. Methanol fuel vehicle optimi-
zations are feasible at low incremental 
costs to achieve high efficiency and 
environmental sustainability benefits. 
Policy and political support would 
accelerate the realization of such 
commercialization.  
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Potentials of Biofuels 
for Passenger Car and 
Non-road Applications

Due to European legislation the con-

tent of biomass based fuel blends will 

increase over the next few years. The 

narrow adaption of ECU functions to 

fuels conforming to standards may 

lead to altered operating conditions 

when using pure biofuels. Within a 

study funded by Fachagentur 

Nachwachsende Rohstoffe e. V. 

(FNR) fuel adapted applications were 

developed at the University of Ros-

tock to show the potentials at a 

Euro-6 diesel engine. 
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THE LONG WAY TO 
CO2-NEUTRAL FUELS

Despite currently low crude oil and fuel 
prices fossil fuels need to be substituted 
by alternative fuels due to their limited 
resources and a constantly rising envi-
ronmental awareness. On the way to 
CO2-free fuels, biomass based fuels offer 
a CO2-neutral and profitable possibility 
to substitute fossil fuels. According to 
the EU directive 2009/28/EC the share 
of renewable energy in the transport 
sector shall increase at least up to 10 % 
until 2020. Perspectively, this share is 
going to further increase in order to 
contain CO2 emissions and to secure 
fuel supply. 

The currently valid specification  
for diesel fuel DIN EN 590 allows an 
admixture of biodiesel up to a maxi-
mum of 7 % to conventional diesel fuel. 
In contrast to non-road applications, 
manufacturer approval for biodiesel use 
in passenger car applications does only 
exist for cars build before 2005 with a 
fuel system suitable for rapeseed methyl 
ester (RME). When exhaust cleaning via 
diesel particulate filters was introduced 
in 2006, activities of the car manufac-
turer for RME approvals were aborted. 
Besides fatty acid methyl esters (FAME), 
hydrotreated vegetable oils (HVO) have 
recently been pushed into the market as 
blend components. HVO is character-
ized by its absence of aromatics and a 
high cetane number [1]. Since the func-
tions of modern engine control units 
(ECU) are designed for fuels conforming 
to DIN EN 590 standard, an altered 
engine behaviour is expected when 
operating with pure biofuel. Influences 
on engine behaviour and the potential 
of a pure FAME respectively HVO opera-
tion in modern passenger car and trac-
tor engines is explained below.

EXPERIMENTAL SET-UP

Steady state short term engine experi-
ments were performed with FAME  
and HVO as pure fuels using a Euro-6 
diesel engine at the test bench of the 
Chair of Piston Machines and Internal 
Combustion Engines at the University  
of Rostock. The test engine available  
for this experiment was a 2.0 l passen-
ger car diesel engine (model CBAC) 
from Volkswagen. This engine is highly 
suitable for valuation of biofuel influ-

ences and their potentials due to its 
modern second generation common-rail 
system with injection pressures up to 
1800 bar and comprehensive exhaust 
purification systems consisting of 
exhaust gas recirculation (EGR), diesel 
oxidation catalyst (DOC), diesel particu-
late filter (DPF) and SCR-catalyst (selec-
tive catalytic reduction). The regular 
ECU application is designed for a fuel 
according to DIN EN 590. A fuel sensor 
for measurement of FAME contents is 
not installed. The general engine speci-
fications are summarized in TABLE 1.

The valuation of fuel impacts on the 
combustion behaviour was conducted 
using measurement of cylinder pressure 
traces at cylinder 1 via a water-cooled 
laboratory sensor from Kistler (model 
6043). The measurement of injector 
current feed was done using a clamp 
ammeter connected to the Kistler indi-
cation system for high resolution signal 
analysis (0.1 °CA). The aim was to 
investigate the impacts of altered fuel 
properties on ignition delay, burning 
intensity and burning position. Using 
an ETAS interface (model ES 591) values 
of the engine control unit were analysed 
to investigate influences on engine con-
trol parameters. Gaseous exhaust emis-
sions (O2, CO, CO2, NO, NO2, HC) were 
measured before and after each compo-
nent of the exhaust after treatment sys-
tem using an ABB exhaust analyser 
(model AO 2020). Smoke opacity was 
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TABLE 1 Test engine specification  
(© University of Rostock) 

Engine ID: CBAC

Displacement 2.0 l / 1968 cm³ 

Engine type  
Stroke

Four–cylinder, 16 valves 
95.5 mm 

Bore 
Compression ratio

81.0 mm
16.5:1

Rated power output 
Maximum torque 

103 kW at 4200 rpm  
320 Nm at 1750 – 
2500 rpm 

Engine management Bosch EDC 17

Injection
Common-rail system 
(second generation;  
max. 1,800 bar)

Exhaust gas 
recirculation

Cooled high-pressure 
EGR 

Exhaust 
turbocharger

installed, with VTG 

Exhaust 
aftertreatment 

DOC – DPF – SCR
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determined via an AVL Smoke Meter 
system (model 415). 

Operation points were selected to be 
within and outside of the New European 
Driving Cycle (NEDC) relevant engine 
map ranges. At first the engine was oper-
ated with all fuels using the regular ECU 

application to measure fuel impacts on 
control parameters, fuel injection, com-
bustion behaviour and emissions. In a 
second step variations of control parame-
ters were conducted using a freely con-
figurable engine control unit (model IAV 
FI2RE). Subsequently, biofuel adapted 

ECU applications were developed based 
on these measurements.

Pure fatty acid methyl ester (FAME) 
and hydrotreated vegetable oil (HVO) 
were used as biofuels compared to ref-
erence diesel fuel (DF). Fuel properties 
are summarized in TABLE 2. HVO shows 
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FIGURE 1 Shift of injec-
tion quantities, EGR 
and rail pressure ECU 
maps by FAME and 
HVO (© University of 
Rostock)

TABLE 2 Fuel properties (© University of Rostock)

Parameter Test specification Unit DF FAME HVO

Density at 15 °C DIN EN ISO12185 kg/m³ 842.5 882.2 778.9

Viscosity at 40 °C ASTM D 7042 mm²/s 3.3 4.1 2.8

Water Content EN ISO 12937 mg/kg 80 159 29

Flash Point ISO 2719 °C 67 167 83

CFPP EN 116 °C -10 -1 -34

Heating Value DIN 51900-2 kJ/kg 42,517 37,309 43,846

Cetane Number AFIDA - 54 52 77

Lubricity DIN EN ISO 12156-1 µm 165  119 269

Ash Content EN ISO 6245 %(m/m) <0.001 <0.001 <0.001

Total Contamination DIN EN 12662 (mg/kg) 3.8 0.5 1.7

Carbon Content DIN 51732 %(m/m) 86.5 77.2 84.4

Hydrogen Content DIN 51732 %(m/m) 13.4 12.0 14.8

Oxygen Content calculated %(m/m) 0.1 10.8 0.8

Sulphur Content DIN 51400-10 mg/kg <10 3 0.3

Initial Boiling Point EN ISO 3405 °C 182 315 203

Final Boiling Point EN ISO 3405 °C 360 350 299
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properties that are very similar to DF. 
Its increased cetane number is supposed 
to lead to shortened ignition delays.  
The mass based heating value of FAME 
is below the level of the reference diesel 
by approx. 12 %. The increased flash 
point and the higher distillation level  
in contrast to DF and HVO need to be 
evaluated as problematic. Both biofuels 
exceed the specification DIN EN 590 
due to their density and are not 
approved for engine use by the engine 
manufacturer.

BIOFUEL OPERATION WITH 
REGULAR ECU APPLICATION

The comparison of the test fuels was 
conducted at operation points with iden-
tical torque and identical engine speed. 
To realize the same engine torque among 
the test fuels during engine map meas-
urements the electronic gas pedal signal 
was adapted accordingly. This signal is 
connected to the quantity of injected fuel 
via ECU. The different heating values 
among the biofuels result in different 
quantities of injected fuel at the same 
engine output. The ECU value “quantity 
of injected fuel” is often used as refer-
ence value for several engine control 
parameters (EGR, fuel rail pressure, 
charge air pressure) [2]. FIGURE 1 shows 
the change of the quantity of injected 
fuel, EGR and rail pressure by the opera-
tion of FAME and HVO. It is clearly visi-
ble that the heating value of HVO which 
is similar to the DF heating value leads 
to negligible shifts of operation points in 
the EGR and rail pressure maps. How-
ever, during FAME operation increased 

quantities of injected fuel and thereby 
shifts of the set values for EGR and rail 
pressure occur caused by the decreased 
heating value. These shifts were meas-
ured mainly under partial load condi-
tions since engine maps are character-
ized by high gradients in this region.

Pure fuel impacts on the combustion 
and altered boundary conditions inter-
fere with each other especially during 
FAME operation due to the shifts of 
operation points in the ECU maps 
shown above. Outside of the NEDC rele-
vant engine map range exhaust gas 
recirculation is disabled which facili-
tates the valuation of fuel impacts on 
the combustion. The combustion pro-
cess of the test engine is characterized 
by two pre-injections in all investigated 
operation points. The resulting pre-com-
bustions at an indicated mean effective 

pressure (IMEP) of 18.9 bar and 2000 
rpm lead to a fluctuation-free main 
combustion without apparent premix 
combustion phase for all fuels, FIGURE 2. 
Based on the high cetane number of 
HVO, a shortened ignition delay of the 
first pre-combustion with increased 
heat release rate is visible. The position, 
intensity and burning duration of the 
second pre-combustion as well as the 
main combustion is similar to the oper-
ation with DF. The injection signal of 
FAME is slightly delayed while the 
duration of the main injection is 
increased due to the lower heating 
value. FAME operation shows a pro-
longed ignition delay of the first 
pre-combustion compared to HVO and 
DF. Thus, the fuel quantity of the sec-
ond pre-injection is injected into the 
ongoing first pre-combustion. Caused 
by the increased duration of the main 
injection the burning duration increases 
as well as the maximum heat release 
rate.

Raw emissions of nitrogen oxides 
(NOx) were measured using a chemilu-
minescence detector (CLD) from ABB.  
A torque variation at constant engine 
speed of 2000 rpm shows only minor 
fuel impacts on nitrogen oxide emis-
sions in raw exhaust, FIGURE 3. Only 
during FAME operation NOx emissions 
are slightly increased which may result 
from lower EGR rates and higher fuel 
rail pressures as shown in FIGURE 1. It  
is clearly visible that NOx emissions 
strongly increase for higher torques 
since EGR is disabled outside of NEDC 
relevant map ranges.
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FIGURE 3 Smoke opacity and nitrogen oxides emissions at n = 2000 rpm (© University of Rostock)
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HVO and FAME show decreased raw 
gas opacities compared to reference die-
sel fuel in the investigated range. HVO 
is characterized by the absence of aro-
matics and polycyclic aromatic hydro-
carbons (PAH) in the fuel leading to 
lower soot generation during the com-
bustion process [3]. Furthermore, the 
low and narrow distillation curve of 
HVO enhances the vaporization of 
heavy hydrocarbon fractions [4]. 
Improvements of soot behaviour by 
FAME is caused by the fuel-bound oxy-
gen which reduces local zones lacking 
oxygen (λ < 0.6) and thereby enhances 
soot emissions especially in partial load 
conditions with high EGR rates [5].

POTENTIALS OF A BIOFUEL 
ADAPTED ECU APPLICATION

The complex influence of the fuel prop-
erties on combustion boundary condi-
tions (EGR, rail pressure, etc.) shall be 
avoided by using a freely configurable 
engine control unit to investigate the 
pure fuel impacts. For this purpose, the 
test engine was operated with the IAV 
FI2RE application tool to flexibly control 
injector current feed, throttle position, 
EGR throttle position, variable turbine 
geometry (VTG) and fuel rail pressure. 
Thus, the specific fuel impacts could be 
observed for a variation of engine control 
parameters. FIGURE 4 shows the soot/
NOx-behaviour in raw exhaust gas for 
variations of injection timing, EGR and 
rail pressure at 1500 rpm and IMEP of 
4.9 bar. Smoke opacity of HVO is below 
DF-level for all variations, though HVO is 
showing similar emissions of nitrogen 
oxides in raw exhaust. These advantages 

in soot behaviour can be used to reduce 
fuel consumption via shifting the injec-
tion timing and increasing the EGR rate 
to still meet emission limits of DF. Smoke 
opacity is even lower with FAME and 
barely changes when control parameters 
are changed since the effect of the fuel-
bound oxygen predominates the altered 
injection and mixture formation condi-
tions. This also offers a FAME applica-

tion optimized for fuel consumption 
while meeting DF emissions limits.

The potentials of a biofuel adapted 
ECU application at two operation points 
are shown in FIGURE 5. For this purpose 
the quantity of the pre-injections, injec-
tion timing, EGR rate, rail pressure and 
charge air pressure were optimized 
concerning fuel consumption for each 
biofuel. Furthermore, raw exhaust 
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FIGURE 5 Fuel consumption with 
regular and fuel adapted ECU 
application  (© University of 
Rostock)
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emissions were required to not exceed 
the level of DF emissions with regular 
ECU in NEDC relevant operation points. 
The brake specific fuel consumption 
(BSFC) of FAME at regular ECU applica-
tion is increased due to its lower heat-
ing value, while HVO consumption is 
slightly decreased compared to DF. 
Optimized settings for HVO respec-
tively FAME enable a reduction of BSFC 
of 1 to 3 % compared to the operation 
with regular ECU application while 
emission limits still being met. The 
illustration with corrected heating val-
ues shows the combustion impact on 
fuel consumption isolated from heating 
values of the test fuels. Especially the 
early-shift of the combustion position 
via fuel adapted settings is responsible 
for the improved fuel consumption.

FAME APPLICATION  
IN NON-ROAD SECTOR

Pure biofuels are not charged by energy 
taxes in agriculture and forestry. If die-
sel fuel prices increase or subsidisation 
of agricultural diesel stops a short-term 
demand for non-road mobile machinery 
capable of running on biodiesel may 
arise. Hence OEMs are interested in 
ensuring FAME capability of their 
engines. Since October 2014 exhaust 
emission stage Tier 4 final has applied 
for all non-road applications leading to 
decreased limits of particulate matter 
and nitrogen oxides. The stricter emis-
sions limits demand an exhaust after 
treatment system which is similarly 
complex as for passenger car applica-
tions. Because no approvals for FAME 
operation exist for engines of the pres-
ent exhaust stage until now, the impacts 
of biodiesel and biodiesel blends are 
currently investigated in steady-state 
and transient engine tests at the Univer-
sity of Rostock using a Deutz TCD 3.6 
final test engine. Similar shifts of the 
operation points in ECU maps as shown 
for the passenger car engine are 
expected due to different fuel properties 
(heating value, distillation level, flash 
point). Caused by traces of sulphur, 
phosphor, potassium and sodium (less 
than 5 ppm) in FAME, deactivation 
effects of DOC and SCR catalysts may 
occur during long-term operation (oper-
ating hours of agriculture machines are 
much higher compared to passenger 
cars). Thus, long-term engine tests 

(1000 and 300 h) will be performed to 
check if exhaust after treatment systems 
get poisoned. Similar to the experiments 
with the passenger car engine varia-
tions of ECU parameters will be con-
ducted using a partly opened ECU to 
develop a FAME adapted application 
optimizing fuel consumption and emis-
sions. Furthermore the impact of the 
fuel’s oxygen content on soot emissions 
and required DPF regenerations will be 
studied.

SUMMARY AND OUTLOOK

Short-term engine experiments were 
conducted at a Euro-6 passenger car 
engine to analyse the influences of bio-
fuels on engine and emission behav-
iour. It was possible to operate the 
engine with both FAME and HVO with-
out trouble. Shifts of operation points 
within the ECU maps could be 
observed for FAME operation. This is 
caused by different fuel properties (e.g. 
heating value, oxygen content). Fuel 
impacts on injection timing and com-
bustion was quantified using cylinder 
pressure indication. HVO showed a 
decreased ignition delay for all opera-
tion points, while FAME impacts on 
combustion behaviour was interfered 
by altered boundary conditions (EGR, 
rail pressure, charge air pressure). The 
main combustion was stabilized by two 
pre-combustions independently of dif-
ferent ignition delays. Both biofuels 
could reduce raw soot emissions with-
out ECU adaption. The main cause for 
HVO was the enhanced distillation 
behaviour and the absence of aromatics 
and polyaromatics in the fuel. In the 
case of FAME, mainly fuel-bound oxy-
gen molecules are responsible for the 
decrease of soot emissions. Raw emis-
sions of nitrogen oxides were similar 
for HVO and DF, though, increased by 
approximately 10 % for FAME. A varia-
tion of control parameters (injection 
timing, EGR and rail pressure) with a 
freely configurable engine control unit 
could confirm these observations. Bio-
fuel consumption could be reduced 
using a fuel adapted ECU application 
without exceeding emission limits of 
the reference diesel. By the use of sen-
sor systems for the determination of 
certain fuel properties appropriate ECU 
settings could be chosen to ensure an 
operation optimized for each fuel.

REFERENCES
[1]	 Nylund, N.-O. et al.: Optimized usage of NExBTL 
renewable diesel fuel: Optibio. VTT Technical 
Research Centre of Finland, 2011
[2]	Sadlowski, T. et al.: Lagerstabilität und 
Betriebsverhalten von Biokraftstoffmischungen. In: 
MTZ 74 (1993), no. 7, pp. 602-608
[3]	Frenklach, M.: Reaction mechanism of soot for-
mation in flames. In: Physical chemistry chemical 
physics (2002), pp. 2028-2037
[4]	 Ilkiliç, C. et al.: Biodiesel from safflower oil and 
its application in a diesel engine. In: Fuel process-
ing technology 92 (2011), no. 3, pp. 356-362
[5]	  Blassnegger, J.; Knauer, M.; Carrara, M. et al.: 
Emissionen bei der motorischen Verbrennung von 
Biokraftstoffen und Kraftstoffmischungen. Institut 
für Verbrennungskraftmaschinen und Thermodyna-
mik der TU Graz, 2009

THANKS
The results shown in this article are part of the 

research project Use of algae-HVO and eFAME for 

engine operation (project number 22026012). The 

authors would like to thank the Fachagentur 

Nachwachsende Rohstoffe e.V. (FNR) for financial 

funding.  

  February 2016  Fuels and Lubricants of the Future 31



Tailor-made Fuels 
for Highly Boosted 
Gasoline Engines

In the Cluster of Excellence Tailor-made Fuels from 

Biomass (TMFB) at RWTH Aachen University two 

alternative fuels were identified as promising fuel 

candidates to be applied in highly boosted gasoline 

engines. In thermodynamic investigations the 

extraordinary properties of the two fuels 2-methylfu-

ran and 2-butanone in comparison to conventional 

RON95 gasoline and ethanol were demonstrated.

© vka
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MOLECULAR STRUCTURE OF THE 
FUEL AS DEGREE OF FREEDOM

The legislative pressure to decrease CO2 
emissions in the future caused by road 
transportation is expected to lead to a 
broader diversification of the applied 
energy carriers in the transport sector. 
Hereby, the transition from fossil fuels to 
biomass-based energy carriers offers the 
possibility to define new fuel property 
requirements which possible alternative 
fuels have to incorporate. In this context, 
the approach in the Cluster of Excellence 
“Tailor-Made Fuels from Biomass 
(TMFB)” at RWTH Aachen University 
considers the molecular structure of the 
fuel as a potential additional degree of 
freedom for an optimized sustainable 
production and complete usage of the 
thermodynamic potential of internal 
combustion engines. Two possible 
candidates have been identified and 
were applied in highly boosted gasoline 
engines: 2-butanone (methyl ethyl 
ketone) as well as 2-methylfuran. For 
both fuels, possible synthesis and pro-
duction routes have been identified [1-5].

FUEL PROPERTIES

Due to its high knock resistance and  
heat of vaporization, ethanol is known to 
be very suitable for an application in gas-
oline engines with high specific loads. 
By this, a significant efficiency increase 
in comparison to conventional gasoline 
fuel can be achieved [6-9]. Hence, etha-
nol was defined as a base fuel for com-
parisons in the here presented investiga-
tions. Additionally, also conventional 
gasoline with a research octane number 
(RON) of 95 (EN228, EN51626-1 respec-
tively) was chosen as a second base fuel 
as it is the far-most spread fuel for spark 
ignition (SI) engines in Europe. All rele-
vant fuel properties are summarized in 
TABLE 1 [7, 10-15]. In comparison to con-
ventional fuels the three alternative fuels 
feature an increased oxygen content, 
leading to a decrease of the mass-based 
heating value of 36 % in the case of eth-
anol, 28 % in the case of 2-methylfuran 
and 25 % in the case of 2-butanone. 

When considering the volumetric 
heating value, the order of the biofuels 
changes since a decrease in oxygen con-
tent is accompanied by an increase in 

density. Conventional gasoline has the 
lowest density. This leads – with regard 
to conventional gasoline – to a reduction 
of the volumetric heating value of 32 % 
in the case of ethanol, 11 % for 2-methyl-
furan and 18 % for 2-butanone. Due  
to their high oxygen content the octane 
number for the investigated biofuels  
was determined according to DIN51756-7 
[16, 17]. The highest RON was measured 
for 2-butanone, TABLE 1. 

The RON of 2-methylfuran is lower 
than that of ethanol and 2-butanone,  
but still exceeds conventional gasoline 
by five units. The higher heat of vapori-
zation of ethanol leads to a more pro-
nounced cooling of the mixture, espe-
cially at higher loads. Thereby, the level 
of knock resistance as described by the 
RON procedure is increased, especially 
in direct injection engines. 

Disadvantageously, the higher heat  
of vaporization leads to challenges with 
regard to cold start operation. For etha-
nol, the combination of a low vapour 
pressure and a higher injected fuel mass 
necessary at lower stoichiometric air 
requirements leads to a deterioration  
of the cold-start behaviour [6]. In com-

RON95 E5 gasoline 
EN228

RON95 E10 gasoline 
EN51626-1

Ethanol 2-Methyl-furan 2-Butanone

Molecular structure

Sum formula C2H6O C5H6O C4H8O

Carbon mass fraction % 84.47 83.48 52.14 73.15 66.63

Hydrogen mass fraction % 13.27 13.24 13.13 7.37 11.18

Oxygen mass fraction % 2.26 3.28 34.73 19.49 22.19

Density (25 °C) kg/m³ 737 741 787 907.5 799

Boiling temperature °C 41.5 – 173.5 35.8 – 190.4 78 64 80

Vapour pressure (20 °C) kPa – – 5.8 13.9 10.8

Specific enthalpy  
of vaporization

kJ/kgair, λ = 1 ~28 – 101.6 35.52 46.10

Stoichiometric air 
requirement / 1

1 14.14 13.97 8.98 10.08 10.52

Lower heating value MJ/kg 42.13 41.56 26.84 30.37 31.45

Lower heating value MJ/l 31.05 30.78 21.09 27.63 25.16

Research octane number 
(RON)

1 96.3 96.9 109 101.7 117

Motor octane number 
(MON)

1 85.0 86.4 89.7 82.4 107

Purity % – – >99.0 >99.8 >99.9

TABLE 1 Relevant properties of the investigated fuels (© vka)
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parison to ethanol, 2-methylfuran and 
2-butanone feature moderate heats of 
vaporization, higher vapour pressures, 
higher specific heating values and higher 
air requirements [6, 7]. This allows for 
an improved mixture formation espe-
cially under critical operation boundary 
conditions like cold-start or cold intake 
air temperatures [18].

In addition to the heat of vaporization 
also the boiling temperature is a key 
criterion for the selection of fuels for 
SI-type engines. In this work, a boiling 
temperature of 100 °C was defined as 
maximum value to still enable the degas-
sing of fuel from the oil pan at typical 
warm operation temperatures in the 
range of 90 to 100 °C [8]. For both, 
2-butanone and 2-methylfuran this crite-
rion was met.

EXPERIMENTAL SET-UP

The experiments were conducted on a 
direct-injection single cylinder research 
engine [8, 19]. Due to the solvent-type 
properties of 2-butanone and 2-methylfu-
ran, the resistance of different gasket 
materials were investigated in advance 
[20]. The materials ethylene propylene 
diene monomer rubber (EPDM), fluoroe-
lastomer (FKM) and nitrile butadiene 
rubber (NBR) showed an unacceptable 
high degree of swelling when brought 
into contact with 2-butanone and 
2-methylfuran. Instead the materials 
polytetrafluoroethylene (PTFE) und per-
fluoroelastomer (FFKM) were used  

as sealing materials in the fuel system 
which showed no swelling when in 
contact with both fuels. The engine is 
equipped with an external compressor 
unit to realize a boost pressure of up to 
3.5 bar, TABLE 2. 

The different compression ratios (CR) 
were realized by adapted piston geome-
tries, FIGURE 1. The engine features a 
high peak pressure stability as well as 
separated, symmetrical intake ports to 
produce a high degree of tumble motion 
in the cylinder. The spark plug is located 
between the exhaust valves, while the 
injector sits between the intake ports, 
FIGURE 1. For the thermodynamic investi-
gations two different injectors were 
used: an outward-opening piezo actu-
ated injector with a hollow cone (cone 
angle: 90° ± 3°, max needle lift: 
~30 µm) and a six-hole solenoid injector 

with a spray pattern optimized for lowest 
wall impingement.

The air was conditioned to reach  
25 °C behind the throttle. When oper
ating in throttled mode, the air pres-
sure before the throttle and behind the 
exhaust port was set to 1013 mbar. In 
supercharged operation mode the pres-
sure in the exhaust port was raised to 
the corresponding value in the intake 
port. The determination of the relative 
air/fuel ratio (λ) was calculated from  
the exhaust gas composition based  
on the formula of Spindt [21] with the 
extension for oxygenates by Bresen-
ham [22]. The exhaust gas composition  
was determined from a heated partial  
flow taken from the exhaust port. The 
exhaust gas flow sample was analysed 
using the following systems:
–– Hydrocarbons (HC): Flame ionization 
detector (Rosemount NGA 2000)

–– Oxygen (O2): Paramagnetic oxygen 
analyser (Rosemount NGA 2000)

–– Carbon monoxide (CO): Infrared gas 
analyser (Rosemount NGA 2000)

–– Carbon dioxide (CO2): Infrared gas 
analyser (Rosemount NGA 2000)

–– Nitrogen oxides (NOX): Chemilumines-
cence analyser (Eco Physics 700 EL ht).

The partial exhaust gas flow to detect 
particle emissions was separated behind 
the exhaust gas back pressure valve at a 
pressure level of 1013 mbar. It was trans-
ferred to a Smokemeter (AVL 415s) to 
detect the Bosch Filter Smoke Number 
(FSN) and to an Engine Exhaust Particle 
Sizer (EEPS by TSI) to detect the particle 
number. In order to avoid possible errors 
when determining the HC emissions by 
using a flame ionization detector (FID) 
for the oxygenate fuels, an assumption to 
equivalent earlier investigations by 

Bore mm 75

Stroke mm 82.5

Stroke/bore ratio 1 1.1

Displacement cm³ 364

Number of valves 1 4

Maximum absolute boost 
pressure

bar 3.5

Compression ratios 1 8.5 and 13.5

Exhaust valve closing (1 mm) °CA BTDC 4

Intake valve opening (1 mm) °CA ATDC 10

Maximum peak firing pressure bar 170

Maximum fuel pressure bar 200

Fuel injector
i.	 hollow cone, piezo
ii.	 Six-hole, solenoid

TABLE 2 Technical details of the research engine (© vka)

FIGURE 1 Research engine layout (© vka)
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Thewes [7] was made that the HC 
emissions of all three investigated bio
fuels exclusively consist of the corre-
sponding fuel molecules. Here, a certain 
degree of uncertainty remains as the 
exact composition of the HC emissions 
cannot be detected.

ENGINE TEST RESULTS

Both TMFB-fuels 2-methylfuran and 
2-butanone were investigated as pure 
substances and compared to conven-
tional RON95 gasoline as well as ethanol. 
In gasoline engines, the highest possible 
thermal efficiency depends on the com-
pression ratio, which again is limited  
by the fuels anti-knock properties. In 
FIGURE 2 the knock resistance of the 
investigated fuels based on 50 % mass 
fraction burned point (MFB 50) in two 
different load points at an engine speed 
of 2000 rpm with two different injector 
configurations (hollow cone and six-hole 
injector) is shown. Due to their higher 
knock resistance all investigated biofuels 
enabled an increase of the engine com-
pression ratio of five units to 13.5 in 
comparison to conventional RON95 gaso-
line fuel. A high knock resistance and 
therefore highest possible thermal effi-
ciency is indicated by a MFB 50 in the 
optimal range of 7 to 8 °CA after top 
dead centre (°CA ATDC). 

In FIGURE 2 it can be seen that at an 
engine load of 12 bar indicated mean 
effective pressure (IMEP) none of the 
fuels are knock-limited. With all biofuels 
the efficiency can be increased by more 
than 10 % due to the higher compression 
ratio. In addition the efficiency is affected 
by gasoline’s lower heat of vaporization 
and the resulting higher wall heat trans-
fer. The differences between the biofuels 
can be attributed to the differing heats of 
vaporization as well. 

The nitrogen oxide (NOX) emissions 
are mainly caused by the temperatures 
during the combustion [23]. In the case 
of conventional gasoline the lower com-
pression ratio seemed to compensate the 
higher enthalpy of vaporization of 
2-methylfuran. Ethanol showed the low-
est NOX emissions due to its high 
enthalpy of vaporization in combination 
with the lowest adiabatic flame tempera-
ture. The decrease of NOX emissions 
between the hollow cone and the six-
hole injector for ethanol can be attrib-
uted to the improved mixture formation 

and the resulting cooling of the mixture. 
This effect becomes even more pro-
nounced when the HC emissions are 
considered. An increase of HC emissions 
for ethanol with the hollow cone was 
observed. This effect is assumed to origi-
nate from ethanol evaporating from the 
cylinder wall oil film which was proven 
by optical investigations [7]. 

By changing the injector to a mul-
ti-hole type with a narrower spray target 
the cylinder wall wetting was reduced. 
This lead to a decrease of HC emissions 

with ethanol reaching the level of the 
other fuels. An increase of NOX emis-
sions of 2-butanone on the other hand 
can be explained by its lower heat of 
vaporization and its higher adiabatic 
flame temperature in comparison to 
ethanol. The measured soot emissions 
clearly showed a decreasing trend for  
all three investigated biofuels in com
parison to conventional gasoline.

When the load is raised to 24 bar 
IMEP the improvement of thermal effi-
ciency for the biofuels increases even 
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FIGURE 2 Experimental results of the investigated fuels at moderate and high load (© vka)
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more due to their higher knock resist-
ance. Although operated at a lower com-
pression ratio, the MFB 50 for RON95 
gasoline to 26 °CA ATDC, whereas for 
2-methylfuran the necessary adjustments 
only lead to a delay of 18 °CA ATDC. 
This results in an efficiency increase of 
approximately 18 % in comparison to 
conventional gasoline. Regardless of the 
above mentioned challenges for the com-
bination of ethanol and the hollow cone 
injector, a MFB 50 of 10 °CA ATDC was 
reached for this combination due to the 
high cooling effect and the high RON. 
This results in an efficiency increase of 
21 % in comparison to conventional 
gasoline. 

When using the six-hole injector, etha-
nol is no longer limited by knocking 
combustion so an optimum MFB 50 
could be adjusted. The higher indicated 
thermal efficiency of 42.4 % of ethanol 
with the six-hole injector (compared to 
41.1 % with ethanol and the hollow cone 
injector) can additionally be attributed to 
the notable reduction of HC  emissions 
which result from the improved mixture 
formation. Although the heat of vapori-
zation of 2-butanone is lower than that 

of ethanol, also here no retardation of 
the MFB 50 was necessary. This can be 
explained by the very high ignition delay 
time of 2-butanone which compensates 
for the higher mixture temperature in 
comparison to ethanol [18]. The maxi-
mum indicated efficiency of 2-butanone 
of 41.8 % was in the range of ethanol.

In addition to the load sweep measure-
ments at 2000 rpm also catalyst heating 
operation was investigated with all four 
fuels in the representative operating 
point 1200 rpm, 3 bar IMEP to compare 
them under critical operating conditions. 
For the engine oil temperature and the 
cooling water temperature 40 °C and 
30 °C were chosen. The investigations 
were carried out with the six-hole injec-
tor and the high compression ratio of 
13.5. For all fuels an equal spark timing 
(ST) and start of injection (SOI) as well 
as an ignition-coupled injection with 
constant injection timing (ti2) were 
chosen, FIGURE 3. 

The burn duration of 2-methylfuran 
which was calculated by a three pressure 
analysis (TPA) using the software 
GT-Power results in a good combustion 
stability, which is also expressed by  

a low standard deviation of the IMEP  
[6, 7]. For the other fuels RON95 gaso-
line, ethanol and 2-butanone comparable 
combustion stability was observed. In 
comparison to ethanol benefits with 
regard to oil dilution could be observed. 
The oil dilution depicted in FIGURE 3 was 
calculated from the relative air/fuel ratio 
based on exhaust gas components 
[21,22] and the relative air/fuel ratio 
determined from the fuel and air flow 
measurements. 

For ethanol – regardless of the opti-
mized six-hole injector spray pattern –  
it is assumed that a high degree of cylin-
der wall wetting occurs which is due  
to ethanol’s high heat of vaporization, 
low vapour pressure, elevated fuel flow 
requirement and higher air requirement. 
This leads to a higher oil dilution and an 
increase in HC emissions caused by the 
following partial desorption of the etha-
nol from the oil film in the gas exchange 
phase. The HC emissions of 2-butanone 
are comparably low as those of 2-methyl-
furan. Additionally, with all three biofu-
els a notable reduction in particulate 
emissions was observed.

CONCLUSIONS AND OUTLOOK

The two fuels 2-methylfuran and 
2-butanone were thermodynamically 
investigated as pure components in a 
direct injection single cylinder research 
engine. It could be proven that both fuels 
feature extraordinary properties when 
compared to standard RON95 gasoline 
and ethanol. For both 2-methylfuran as 
well as 2-butanone lower HC emissions 
and oil dilution could be observed at  
low loads and cold boundary conditions 
in comparison to ethanol.

Under these critical operating con
ditions especially 2-methylfuran  
shows an excellent combustion  
stability behaviour. At the same time, 
an increase of the compression ratio 
and hence an efficiency increase of 
18 % at high loads could be achieved 
due to the higher knock resistance in 
comparison to standard RON95 gaso-
line. Most notably, 2-butanone combines 
a high combustion stability at critical 
(cold) operation conditions with the 
highest knock resistance at the same 
level as ethanol which allows for an 
efficiency increase well above 20 % in 
comparison to RON95 gasoline in high 
load points. It can be stated that, 
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FIGURE 3 Experimental results under catalyst heating operating conditions (© vka)
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although the compression ratio was 
increased to 13.5, no knock-limited 
engine operation area was reached.  
One disadvantage of 2-butanone and 
2-methylfuran in comparison to ethanol 
are the observed elevated NOX emis-
sions which only play a role for lean 
operated gasoline engines. For all three 
biofuels a notable reduction of the 
measured particulate emissions can  
be reported.
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Alternative Fuels in the Well-to-Wheel Debate

A rearrangement of the fuel care in the 

mobility from conventional to regener-

ative energy sources as the basis  

for fuel in transportation can be 

guaranteed. This show studies 

from APL, LBST and FVV. It 

points towards the contradicting 

optimization of efficiency and  

system usefulness. Optimization of 

different fuel options is directly 

linked to the energy converter used 

in the vehicle. Today pure battery 

electric vehicles (BEV), fuel cell  

electric vehicles (FCEV) or vehicles with 

internal combustion engines (ICE)  

compete. The principal economic feasibility 

of a sustain-able fuel supply of power-to-gas 

or power-to-liquid is demonstrated using the 

example of Germany.

© bagotaj | iStock  
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WHAT IS FUEL?

The wish for mobility of persons and 
transport of goods is best answered on  
the level of services, since it cannot be 
assigned to a classical product category. 
Fuel, however, is a means to an end; that 
is in order to judge its importance for 
mobility one has to take the system envi-
ronment into account. In the sense of a 
system boundary one could see the fuel as 
energy carrier to be stored on board of the 
vehicle and to be transformed with the 
help of an energy converter (or a system of 
energy converters) in the vehicle propul-
sion according to actual requirements. 

The evaluation of a fuel or energy car-
rier in terms of its sustainability, effi-
ciency, emissions and costs needs  
to be debated and assessed along the 
complete chain of supply and use, that 
means from the primary energy base  
to the point where wheels are turning 
(hence “well-to-wheel”). Therefore, 
upstream energy efforts for fuel produc-
tion and supply have to be assessed on 
par with energy demands in the vehicle.

FUELS FROM CONVENTIONAL 
PRIMARY ENERGY BASE

Fossil-based fuels are mixtures of  
many different hydrocarbons, which  
are now mainly produced by refining 
crude oil. In addition to diesel, kerosene 
and gasoline more energy carriers  
have been established, such as meth-
ane, liquefied petroleum gas (LPG)  
and others shown in the left part of 

FIGURE 1. Through dedicated conversion 
processes liquid and gaseous fuels  
can also be generated from natural  
gas and coal.

Through downstream conversion  
of energy carriers of aconventional pri-
mary energy base in the vehicle and by 
using an internal combustion engine the 
desired propulsion of the vehicles can  
be generated. The high storage density  
of liquid hydrocarbons in particular is 
reflected in the small tank volumes of 
vehicle tanks or large range of vehicles 
with a given tank volume. With battery 
and fuel cell electric vehicles, the electric-
ity is either temporarily stored in a bat-
tery or generated by a fuel cell on board 
from hydrogen. Today the hydrogen for 
fuel cell vehicles is either reformed from 
natural gas or stems from water electroly-
sis using renewable electricity.

The disadvantage of using fossil pri-
mary energy sources is that biogeochemi-
cal cycles, notably the carbon cycle, are 
not closed in reasonable time-scales after 
the fossil carbon emission occurred. 
Thus, hydrocarbons from biomass stored 
over millions of years in the form of fossil 
reservoirs are now used in a relatively 
short geological time scale and carbon 
dioxide is emitted into the atmosphere. 
The discussions about the climate impact 
of carbon dioxide are well known.

FUELS FROM REGENERATIVE 
PRIMARY ENERGY BASE

Regenerative primary energy base either 
generates hydrocarbons like those from 

FIGURE 1 Energy carriers derived from fossil 
and renewable primary energy bases (© APL)
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fossil origin basis via the production of 
biomass and the downstream process 
engineering or it directly provides elec-
tricity of high thermodynamic value  
(= 100 % energy) as shown in the right 
part of FIGURE 1. Another way is to use 
renewable electricity to synthesize pow-
er-to-methane or power-to-liquids, that 
means energy-dense fuels for vehicle 
propulsion with the help of internal com-
bustion engines. The advantage of the 
use of hydrocarbons from renewable 
energy sources is the timely closed car-
bon cycle. In the synthesis process the 

same amount of carbon dioxide is bound 
as will be emitted later on in the combus-
tion process. Of course, the electricity 
gained by the use of regenerative primary 
base can be directly used in battery elec-
tric vehicles or to produce hydrogen for 
fuel cell vehicles. However, one disadvan-
tage of the battery electric vehicle is that 
it has no volumetric and gravimetric 
energy density comparable to hydrocar-
bons and only limited storage capacity – 
the vehicle’s real operating range is thus 
limited. The fuel cell vehicle is still in an 
early stage of commercialization.

TRANSPORT FUEL –  
THE BIG PICTURE

The portfolio of energy carriers for trans-
port which will be increasingly based on 
pure regenerative primary energy in the 
future could be represented as in FIGURE 2. 
The Federal German Environment Agency 
(UBA) has indicated a mix of electricity, 
hydrogen and hydrocarbons, the target 
area with focus on hydrocarbons in its 
study, published in October 2013.

A fundamental analysis shows that a 
100 % regenerative primary energy base 
is reasonable. The energy balance of our 
planet shows that the short-wave solar 
radiation, the direct reflection and the 
longwave radiation from surface is bal-
anced in a seasonal-on-year average. 
This is in accordance with the first law 
of thermodynamics, as otherwise an 
imbalance would result in either heating 
or cooling. If one takes the average 
hourly solar radiation on the earth’s  
surface from about 123,000 TWh and 
relates it to the global annual primary 
energy consumption of about 155,500 
TWh (IEA 2012), one realizes that solar 
energy from one hour of global surface 
solar radiation is the energy equivalent 
to what mankind consumes in one year. 

FIGURE 3 Target scenario of an energy transition in fuel by 2050 in ten year steps (© FVV)

FIGURE 2 Mix of future 
energy carriers (© APL)
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Conversely, this means that we have no 
problem of energy shortage in itself, but 
a challenge of energy conversion, that 
means transferring the regenerative pri-
mary energy into the energy carriers 
desired as for example future transporta-
tion fuels.

In a study, which was conducted by 
the Ludwig-Bölkow-Systemtechnik 
(LBST) on behalf of the Research Associ-
ation for Combustion Engines (FVV) an 
estimate for the representation of a pure 
regenerative energy supply of the trans-
port sector in Germany is shown for the 
year 2050. Based on different demand 
scenarios for the transport of persons 
and goods, the resulting power-to-liquids 
(PtL), power-to-gas (PtG) and electricity 
for fuel demands were calculated till 
2050. In FIGURE 3, a target scenario for 
the conversion of various fuels into  
100 % regenerative primary energy base 
is sketched. Today, hydrogen (PtH2) for 
transport use is already produced with 
about 50 % renewable electricity, albeit 
starting from low absolute amounts yet. 
For synthetic methane (PtCH4) several 
demonstration and pilot plants have 
been put into operation in the last two 
years. With regards to PtL, first initial 
demonstration / pilot plants are in opera-
tion, too; key components of PtL pro-
cesses have been established on an 

industrial scale in the fossil energy sup-
ply; availability of large-scale plants 
based on renewable electricity can be 
expected from 2020 to 2030.

To estimate the bandwidth of neces-
sary infrastructure investments more ref-
erence scenarios were assumed. The 
transportation demand has been divided 
into a high and low variant. The low 
demand variant is based on the eMobil 
study scenario “Regional” by Öko-Insti-
tut (2014) for the Federal Ministry for the 
Environment (BMUB). The high demand 
variant assumes further growth of pas-
senger air and cargo transportation as 
stipulated by the official traffic forecast 
2030 by the Federal Transport Ministry 
and their extrapolation to 2050 in the 
context of Fuel and Mobility Strategy 
(MFS) of the Federal Government.

With regard to the different fuel / 
powertrain scenarios – that means the 
assumed vehicle mix and corresponding 
fuel/energy carriers –for the “PtL” sce-
nario of today ś vehicle type composition 
as well as conservative efficiency 
improvements through for example mild 
hybridization was assumed; the “eMob” 
scenario was derived from above cap-
tioned BMUB investigation, anticipating 
a widely use of electrical drives (BEV 
and FCEV). The “FVV” scenario assumes 
an increased conversion to electrified 

drives with internal combustion engines 
(REEV), but also takes into account the 
use of battery and fuel cell electric 
vehicles.

In FIGURE 4 the cumulated investment 
required for PTX production plants, 
renewable electricity generation plants, 
methane and hydrogen filling stations 
are depicted for the entire period up to 
2050. Also learning curves have been 
taken into account in the calculations. It 
can be seen that all assumed scenarios 
are dominanted by the share  of cumu-
lated investments into power generation 
plants (some 70 to 80 % of overall cumu-
lated investments). The share of cumu-
lated investments into fuel distribution 
systems is almost negligible. A transfor-
mation of the transport sector to 100 % 
renewable energy base requires cumu-
lated investments of around 600 to 1400 
billion euro, depending on the transpor-
tation demand and fuel / powertrain sce-
nario. Considering an average invest-
ment of 1000 billion euro cumulated over 
35 years until 2050 (that means some 28 
billion euro per year in average) against 
the gross domestic product in Germany 
(that means some 2,900 billion euro GDP 
in 2014), it is evident that a full energy 
transition of the transport sector is in the 
order of a low single-digit percentage 
range of GDP. Such an infrastructure 

FIGURE 4 Cumulative investment 
needs for the various scenarios  
for Germany till 2050 (© FVV)
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measure is certainly manageable from 
an economic perspective , even more as 
a considerable part of the investment 
contributes to the local value creation. 
The 360 to 900 GW of renewable electric-
ity generation capacity to be installed for 
the transportation sector corresponds to 
about 5 to 15 times of today’s installed 
renewable power plant capacities in Ger-
many. Renewable power plant capacities 
of this magnitude present no knockout 
criterion from a technical standpoint in 
the EU. However, for public acceptance 
reasons some fuel imports may be desir-
able, notably of PtL in the high demand 
scenarios (PtL + HIGH, FVV + HIGH) 
for its ease of transportation by existing 
crude oil and minerals products 
logistics.

COST CONSIDERATIONS

In order to develop an indication of  
the expected cost levels of different 
transportation fuels, a cost perspective 
for 2050 was worked out by Ludwig- 
Bölkow-Systemtechnik GmbH based  
on published specifications and tech
nology learning curve extrapolations. 
Here, all values were converted  
to the energy content of a liter of  

diesel equivalent. The summary  
values are shown in FIGURE 5.

For the fossil fuels reference, IEA 
takes 100 US-Dollar per barrel of oil in 
2050 into account which corresponds to 
about 0.61 euro per liter liquid fuel (die-
sel equivalent, excluding taxes). The 
electricity generating costs are conserv-
atively assumed at 8.2 ct/kWh including 
the costs of transporting electricity. The 
annual equivalent full load hours of 
renewable electricity production is con-
sidered 4000 hours/a. The carbon diox-
ide is completely extracted from ambi-
ent air (conservative assumption with-
out potential restrictions). From FIGURE 5 
it can be seen that the various PtG and 
PtL products are all in the similar range 
by 2050 with some 2.5 euro per l of die-
sel equivalent. The fuel costs are deter-
mined by the electricity costs, which 
account for about 80 % of total costs ex 
filling station. Further evaluations with 
the use of renewable electricity power 
in countries with high solar / wind sup-
ply and 6500 hours of equivalent full 
load production per year including fuel 
transportation and distribution show a 
cost saving potential of about 20 % 
compared to Germany. The difference 
between fossil and renewable hydrogen 

production costs is significantly lower 
compared to more complex hydrocar-
bons. Further short- to middle-term cost 
reducing potentials are thinkable on the 
basis of business case analyses, for 
example the usage of concentrated CO2 
(for example from biogas upgrading), or 
additional revenues from electricity grid 
services (for example flexible electro-
lyser operation). Feasible reductions in 
costs achieved in this way depend on 
the site selection and the development 
of regulatory frameworks in the power 
system.

REVIEW OF THE FUEL PATHS

A transition from presently mostly 
fossil-based mobility of people and 
goods to a purely regenerative primary 
energy base is reasonable. This does  
not necessarily require pure electric 
vehicles only. Depending on the modal 
requirements, model strategies, espe-
cially in road transport, may draw from 
a host of powertrain options including 
battery-electric components, fuel 
cell-electric components as well as 
hybrid systems operated with differ-
ently sized internal combustion engine 
components. All these options have  

FIGURE 5 Full cost analysis of transportation fuels for the year 2050 with PTX production in Germany (© FVV)
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in common that they are increasingly 
operated with renewable electricity, 
hydrogen or hydrocarbons.

FIGURE 6 shows a summary of the 
advantages and disadvantages of differ-
ent fuel / powertrain options. The bat-
tery-electric option has significant 
advantages in the short-distance mobil-
ity. The high storage densities of hydro-
carbons make them an especially good 
fit for long-distance and high-perfor-
mance transport applications. The fuel 
cell-electric option plays a robust mid-
field role tapping into small, medium 
and heavy-duty applications.

The identified cost and investment 
comparisons show that a transition to  
a purely regenerative primary energy 
supply base is not a fast-selling item.  
As long as the added environmental 
value (that means sustainability) of 
renewable fuels is not attributed an 
economic value, renewable fuels  
remain more expensive than fossil  
fuels in the foreseeable future. To  
make this transition happen, a societal 
will and facilitating framework is 
needed in order to achieve the 2050 
objectives.

The presented results are based on 
conservative assumptions for specific 

energy needs and costs. Political frame-
work and business-opportunities may 
allow for lower renewable fuel costs,  
for example if regenerative electricity 
could initially be used at reduced tax 
rates or the use of carbon dioxide from 
“grey sources”, such as cement works or 
furnaces. Rules for environmental 
accounting of CO2 from grey sources 
would be helpful to this end, thus 
avoiding CO2 extraction from ambient 
air, increasing the fuel production effi-
ciency and preventing carbon leakage 
between sectors. If the transport sector 
increasingly requests more regenerative 
power supply, these requirements are 
not least to be considered in policy 
roadmaps and regulatory frameworks 
for the integration of (fluctuating) 
renewable electricity generation. The 
key to business decisions however, is 
sufficient security of investment. The 
current 2020-targets (EU FQD, EU RED, 
German BlmSchG) should thus be fur-
ther developed with a view to achieving 
2050 targets.
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FIGURE 6 Comparative 
overview of vehicle  
fuel/powertrain options  
(© APL)
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THE ADOPTION OF LOW VISCOSITY 
OILS TO REDUCE FRICTION

Low viscosity oil is acknowledged as  
a key contributor to improved engine 
efficiency. This has led to the introduc-
tion of very low viscosity oils with dif-
fering additives, in pursuit of further 
reduced friction and improved fuel 
economy. Concurrent with these devel-
opments, oil flow reduction has been 
widely adopted as an effective way to 
minimize oil pump energy losses. 

These actions result in significant 
challenges for critical engine compo-
nents. Engine oil has a direct influence 
on the function and durability perfor-
mance of sliding engine components, 
especially bearings and piston rings. 
Lubrication films between moving parts 
are getting much thinner; this increases 
the risk of wear and scuffing and, if the 

hydrodynamic mode is interrupted and 
asperity contacts increase, will lead to 
much higher friction.

The impact of trends in engine oil 
application on piston rings and bearings 
can be investigated with analytical 
tools. To verify the functionality influ-
ence of low viscosity oils, Federal-Mo-
gul has developed rig test methods to 
compare different oils in respect of slid-
ing properties, wear performance and 
friction reduction.

EFFECT OF LOW VISCOSITY  
OILS ON PISTON RINGS 

In order to evaluate the influence of low 
viscosity oils on the tribological system 
of piston rings and cylinder liners, Fed-
eral-Mogul uses a rig test that simulates 
the scuff risk resulting from extreme oil 
starvation and high contact pressure 

© Federal-Mogul

AUTHORS

Dr. Steffen Hoppe 
is Director Technology Rings and 

Liners at Federal-Mogul Powertrain 
in Burscheid (Germany). 

Gerhard Arnold
is Director Application  

Engineering Bearings at  
Federal-Mogul Powertrain  
in Wiesbaden (Germany).  

FUTURE LUBRICANTS  Requirements

44

Requirements



between a piston ring running face and 
cylinder bore. These rig tests were car-
ried out with segments from top com-
pression rings and plateau-honed cylin-
der liners, both manufactured under 
series production conditions. The used 
test conditions, which were defined as 
shown in TABLE 1, model the most criti-
cal sliding conditions in accordance 
with the Stribeck curve, FIGURE 1. 

The measurement criteria applied to 
evaluate the impact of oil viscosity on 
scuff resistance are based on the time at 
which the piston ring/cylinder bore sys-
tem exhibits distinct signs of scuffing 
from a sharp rise in the coefficient of 
friction (CoF) over 0.3. Many engine 
developers are exploring the idea of 
using lower viscosity oils to assist in 
meeting future CO2 and fuel efficiency 
targets. Much of this work is being car-
ried out with new High Temperature / 

High Shear (HTHS) viscosity oils, where 
the HTHS number – which is defined as 
oil viscosity at 150 °C – is significantly 
reduced.

One element to consider in relation  
to this is that low HTHS oils have an 
inadvertent effect on the tribological 
mode of the upper compression ring. 
The use of low HTHS oils, which reduce 
fluid shear strength, causes a shift in 
the Stribeck number in the direction of 
stronger mixed or even boundary, slid-
ing conditions. Therefore, material or 
coating selection for these upper com-
pression rings must consider the added 
demand of future application of low 
HTHS engine oils.

To evaluate the impact of low HTHS 
oils, investigation of scuff risk with 
engine oils of HTHS3.5 and HTHS2.9 
were carried out using the newly devel-
oped rig tests, TABLE 1. Using HTHS2.9 

How Trends in Lubrication 
Development Impact Sliding 
Bearings and Piston Rings

The pursuit of improved fuel economy and lower CO2 emissions 

is leading to the viscosity of engine oils continuing to fall, with 

each new formulation introducing the further complication of  

a different set of additives. Research at Federal-Mogul shows 

that while the resulting reduced friction and parasitic losses 

can significantly improve emissions and fuel economy, changes 

in operating conditions lead to significant differences in perfor-

mance. New test techniques have been developed to investi-

gate these relationships and to guide the choice of coating 

technology. 

TABLE 1 Rig test conditions for measurement  
of scuff resistance in the lubricated tribo­
logical system piston ring and cylinder liner  
(© Federal-Mogul)

Rig test conditions 

Motion Oscillation 

Normal force [N] 450

Stroke [mm] 30

Temperature [°C] 110

Average speed  
[m/s] 

0,3

Frequency [Hz] 5

Duration [h] µ >0.3 till scuffing 

Oil 
HTHS 2.9
HTHS 3.5 
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oil significantly decreases oil film 
thickness compared to HTHS3.5 oil; 
calculated according to Hamrock and 
Dowson [1] the reduction is in the  
order of 13 %. 

TESTING OF PVD-COATED PISTON 
RINGS IN LOW HTHS OILS 

The results for a Physical Vapour Depo-
sition (PVD) coated piston ring, charac-

terized by a 30 µm thick chrome nitride 
hard layer, using the rig test to evaluate 
the impact of low HTHS oils on scuffing 
behavior, can be seen in FIGURE 2.

The behavior of PVD coated piston 
rings in standard oil with HTHS3.5,  
FIGURE 2 (a), is characterized by a low  
CoF of 0.1 with a continuous slight 
increase over the test time prior to a 
dramatic increase of CoF at 180 to  
220 min. Variances between the  

single measurements indicate the influ-
ences of piston ring barrel shape on 
contact area and coating morphology.  
A reduction of HTHS to 2.9, FIGURE 2 (b), 
reveals in general the same behavior  
of the PVD rings, but with a stronger 
increase in friction coefficient over  
test time and more importantly, the 
time period where the tribological 
system collapsed reduced to 145 to  
165 min. 

FIGURE 2  Scuff test results of PVD and Duroglide coated piston rings with low viscosity HTHS 
2.9 and HTHS 3.5 oil under high contact pressure of 185 MPa (© Federal-Mogul)

FIGURE 1 Modeled tribological test 
condition in accordance with the 
Stribeck curve (© Federal-Mogul)
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TESTING OF DUROGLIDE 
HYDROGEN-FREE DLC-COATED 
PISTON RINGS IN LOW HTHS OILS  

Diamond-like carbon (DLC) coatings  
are well known for their robustness 
under critical tribological conditions. 
Duroglide, a new generation of hydro-
gen-free DLC has been developed by 
Federal-Mogul especially for piston 
rings in order to achieve lower friction, 
high robustness, optimized wear resist-
ance and improved cylinder bore pro-
tection [2]. The special amorphous car-
bon-based coating structure of Duro-
glide has a favorable effect on sliding 
behavior as well as on wear resistance 
in poorly lubricated tribological 
systems.

Results for the tribological behavior of 
Duroglide coated top compressions rings 
with engine oils of different HTHS vis-
cosities are shown in FIGURE 2. Under the 
test conditions shown in TABLE 1, using 
HTHS3.5 standard oil, the Duroglide 
coated rings show a significant increase 
in scuff resistance compared to the PVD 
coated rings, FIGURE 2 (c). Even after the 
reduction of the HTHS value down to  
2.9, FIGURE 2 (d), resulting in extreme 
sliding conditions, no signs of scuffing 
on the Duroglide piston ring running 
surfaces could be observed. Additionally, 
after a much longer test duration of up  
to 1350 min, no sign of collapse could  
be observed. It was also noticeable that 
the CoF remained at the very low num-
ber of 0.05 with both HTHS oils.

Rig test investigations with further 
reduced HTHS numbers down to 1.8 con-
firm the excellent tribological behavior 
of Duroglide coated piston rings. In com-
parison to state-of-the-art-PVD coated 
piston rings, no scuffing marks could be 
observed. 

Additional standard rig tests were car-
ried out using low viscosity oils to vali-
date ring wear, cylinder wear and fric-
tion coefficient. The test results under-
line the importance of surface coating 
material to achieve the optimal tribologi-
cal behavior. As shown in FIGURE 3, wear 
resistance and friction coefficient indi-
cate that DLC Duroglide coated top com-
pression rings have an advantage com-
pared to PVD coated rings tested using 
the same 0W20 engine oil. The amor-
phous carbon-based structure of the 
Duroglide coating, with its superior dry 
sliding properties, reduces boundary 
friction and therefore lowers the meas-
ured friction coefficient as well as reduc-
ing the wear rate.

ANALYTICAL AND EXPERIMENTAL 
EVALUATION OF LOW FRICTION OIL 
ON SLIDING BEARINGS

Sliding bearings contribute to about 
20 % of friction loss in the base engine 
[3]. Engine speed, bearing dimensions/
load and oil viscosity/temperature are 
the main factors that influence friction 
in the bearing system. It is widely 
acknowledged that low viscosity oils 
reduce friction loss in bearings, as long 

as the system acts under hydrodynamic 
conditions. 

Mixed lubrication conditions during 
the start phase; asperity contacts due to 
deformation of mating components; side 
loads on bearings from belt drives; or oil 
film thicknesses below a certain level all 
increase the friction in bearings and may 
negate the gains from using low viscos-
ity oils. As well as the increase in fric-
tion, a high level of mixed lubrication 
conditions can create wear in the bear-
ing ś running surface and negatively 
influence overall bearing performance.

To evaluate the friction performance  
of sliding bearings analytical and experi-
mental approaches are combined. The 
advanced analytical Elasto-Hydro-Dy-
namic (EHD) tool allows detailed under-
standing of the bearing ś loading mode, 
based on real cylinder pressure curves, 
sliding speed and deformation of sur-
rounding components. This includes 
definition of mixed lubrication behavior 
and differentiates between pure hydro-
dynamic friction (shear friction in oil) 
and friction caused by asperity contacts 
between moving surfaces. 

The experimental approach allows 
comparison in friction behavior of bear-
ing materials and engine oils under 
defined test conditions. As classical test 
procedures for bearings are not able to 
differentiate between mixed and viscous 
friction, Federal-Mogul has developed a 
specific procedure to measure friction in 
sliding bearings.

The test rig allows friction measure-
ment with separation between bound-
ary friction, mixed friction and viscous 
friction, FIGURE 1. The system detects 
transition points in the Stribeck-Curve 
by determining the change in contact 
voltage using the lubricant as a dielec-
tric medium, FIGURE 4. Tests have been 
conducted with both bare aluminum 
shells and coated versions to measure 
boundary friction and viscous friction  
at shaft speed >200 rpm up to 3500 rpm 
with engine oils acc. SAE 5W-30 with 
HTHS3.5 and SAE 0W-20 with HTHS2.9. 
As expected, the low viscosity oil 
achieves a smaller coefficient of fric-
tion for boundary friction and under 
hydrodynamic conditions (shaft speed 
>200 rpm). The more interesting result  
is the fact that a specific coating has a 
higher impact on friction reduction in 
bearings than the shift from 5W-30 to 
0W-20 oil. At a shaft speed of 3500 rpm 

FIGURE 3 Rig test results show ring wear, cylinder wear and friction coefficient of PVD and 
Duroglide coated top compression ring with low viscosity oil 0W20; test conditions: Fn=450 N, 
stroke 30 mm, temperature 190 °C, frequency 10 Hz, duration 23 h (© Federal-Mogul)
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the bare aluminum shells achieved a 
CoF of 0,016 with 5W-30 oil and CoF of 
0,014 with 0W-20 oil. The Irox coated 
bearings achieved a CoF of 0,009 (5W-
30) and CoF of 0,008 (0W-20) under 
same test conditions. This is also 
reflected in the power curve in FIGURE 5, 
which shows that with the same lubri-
cant, Irox coated shells consume less 
power than bare aluminum shells. In 
the period between start and the hydro-
dynamic regime, both bearing types 
show higher CoF while using the lower 
viscosity oil, which indicates conditions 
of mixed lubrication.

The analytical approach confirms  
the friction behavior for low to medium 
engine speeds. The EHD calculation  
for a 1.6-l-I4-Gasoline engine shows 
different behavior at different bearing 
loads when the oil type was changed 
from 5W-30 to 0W-20. At 1000 rpm the 
30 % lower oil viscosity of the 0W-20  
oil reduces the power loss by only 6 %, 
but the 27 % lower viscosity at 3500 
rpm generates a 20 % reduction of 
power loss compared to 5W-30 oil. 
These results show clearly the strong 

FIGURE 4  Bearing friction test rig; Stribeck curve and contact voltage curve indicating  
transition points from boundary, mixed and viscous friction (© Federal-Mogul)

FIGURE 5  Power and Stribeck curves from friction measurement with bare and Irox coated Aluminum shells using 5W-30 HTHS3.5 and 0W-20 HTHS2.9  
engine oil (© Federal-Mogul)
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influence of the lower shear strength in 
0W-20 oil with increasing sliding speed. 

When the bearing ś behavior at higher 
speed is calculated, the positive effect  
of low viscosity oil is reversed. At 6750 
rpm, FIGURE 6, the low viscosity oil 
demonstrates a comparable reduction in 
friction but now with a 20 % increase in 
power loss compared with the 5W-30 oil. 
This is linked to the significant increase 
of asperity contacts; housing deforma-
tion, shaft bending and higher oil tem-
perature do not allow the build-up of a 
sufficient oil film capacity and under 
these conditions the risk of high wear 
and finally seizure may increase 
dramatically. 

To further evaluate the impact of low 
viscosity oils on bearing function, both 
oil types have been tested for wear rate 
and seizure on bare aluminum and Irox 
coated shells. The different tests did not 
show any deviation in performance 
using both oil types. While bare alumi-
num shells show an expected wear rate 
>200 µm with both oils, the Irox coated 
parts had only very little wear in the 
range of 6 µm. All bearings passed the 
seizure test with both oils under mar-
ginal lubrication conditions and survived 
the target of 30hrs test duration. This 
indicates a positive impact of the oil 
additive packages on wear and sliding 
properties of bearings.

SUMMARY AND OUTLOOK

Low viscosity oils can have a measura-
ble positive impact on parasitic power 

loss in combustion engines, but to  
fulfill the potential of these oils, the 
relevant components must be designed 
to take account of the different tribo
logical conditions, such as reduced  
film thickness. Tests on the new piston 
ring coating Duroglide with low HTHS 
oils show no scuffing, while conven-
tional PVD coated piston rings suffer 
early failure. The new coating also 
achieved measurably lower wear  
rates as well as a lower coefficient  
of friction. 

Specially coated bearings can further 
reduce viscous friction as long as the 
bearings work in hydrodynamic mode. 
The positive effect may be reversed 
when asperity contacts cause more 
losses through mixed friction than the 
gains from lower oil viscosity. The indi-
vidual behavior is engine specific and 
can be influenced by system stiffness, 
shaft- and bearing profile and controlled 
oil temperature. Performance tests for 
wear and seizure on bearing materials 
show comparable performance with 
both 5W-30 and 0W-20 oil. 

The results of research have shown 
that there is a new imperative to under-
standing the characteristics of the oil 
when designing components working 
under lubricated conditions. In addition 
to designing for low wear and good 
scuffing resistance, coatings for use 
with low viscosity oils must protect sur-
faces when operating with thinner oil 
films, if the benefits of durability, 
reduced fuel consumption and CO2 
emissions are to be achieved.
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SIMULATION OF THE 
OLIGOMERIZATION PROCESS 

The regulations of emissions make the 
usage of an exhaust gas aftertreatment 
system essential. In diesel engines espe-
cially, a diesel particulate filter (DPF) is 
necessary. Additionally, politics has 
great interest on biogenic components in 
fuel. Currently in Germany, the biodiesel 
content in diesel fuel is limited up to 7 % 
[1]. Climate change effects and saving 
fossil resources are the main drivers.

During DPF regeneration, unburned 
fuel from the piston wall leaks into the 
engine oil. Due to the high boiling point 
of biodiesel (circa 360 °C), this fuel does 
not evaporate from the engine oil. In 
consequence, autoxidation reactions 

leads to a faster degradation of the 
engine oil resulting in oligomerization.

The aim of this work was the simula-
tion and the chemical understanding of 
the oligomerization process in the labo-
ratory. Therefore, base oil without additi-
ves and squalane as well as their defined 
mixtures with different fuels were exa-
mined. To simulate the chemical stress 
during the aging in a real engine, an oil 
stability index apparatus (OSI) was used. 

Besides the aging studies, measure-
ments of the acid value of total acid 
number (TAN) and viscosity as well as 
investigations with size exclusion chro-
matography (SEC) and fourier transform 
infrared spectroscopy (FTIR) were car-
ried out. 

MATERIALS AND METHODS

Biodiesel as synonym for fatty acid 
methyl ester (FAME) is the most com-
monly used biofuel in Europe. In Ger-
many it is mainly produced from rape-
seed oil (rapseed oil methyl ester, RME). 
The RME used in the study had a density 
of 884 kg/m3 and a viscosity of circa 
4.5 mm2/s [2]. Furthermore, hydrotrea-
ted vegetable oil (HVO) was used in this 
work. It consists of a multitude of paraf-
finic hydrocarbons. Primarily, isoparaf-
fins (up to 80 %) are included as well as 
n-paraffins. HVO as well as FAME is free 
of sulfur and aromatics [3]. The density 
of the HVO used was 780 kg/m3 and the 
viscosity 3 mm2/s [4]. Pure RME as well 

© Coburg University
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Base Oil Aging with  
Contemporary Biofuels

Because of the regeneration of the diesel particulate filter, unburned 

fuel from the piston wall leaks into the engine oil and leads to oligo-

merization. For a better understanding of the autoxidation reaction in 

the engine oil, simulations of the aging process in the laboratory 

were carried out at the Technology Transfer Center Automotive of  

Coburg University. To exclude the influence of additives in engine oil, 

neat base oil as well as squalane as a model substance were used.  
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as pure HVO do not conform to the 
standard DIN EN 590 (density 820 to 
845kg/ m3 and viscosity 2.0 to  
4.5 mm2/s). The density of RME was 
above the permissible limit of the stan-
dard while that of HVO was below. 
Therefore a mixture of HVO and RME 
was made with a view of creating a new 
fuel which conforms to the standard. 

Kuronen and Mikkonen [5] reported 
that HVO reduces regulated emissions 
in heavy duty engines. This aspect is 
especially important for high emission 
areas such as inner cities in which envi-
ronmental zones have been instituted  
to improve air quality. For these reasons 
a new fuel called Diesel regenerativ  
was created consisting of HVO and  

RME without any fossil diesel fuel. In 
order to obey DIN EN 590, a blend of 
93 % HVO and 7 % RME was compo-
sed. The aim of the project was to  
create a city fuel. RME assured the  
fuel lubricity. 

In all tested passenger cars, Diesel 
regenerativ showed with the exception  
of nitrogen oxides (NOx) lower emissi-
ons; NOx increased. However, because  
of its density of 786 kg/m3, this fuel 
didn’t fulfill DIN EN 590 [2, 6]. The vis-
cosity was 3 mm2/s. 

Based on Diesel regenerativ, a new 
fuel was developed which conformed to 
the standard. The follow-up project, 
Diesel R33 aimed at market testing and 
a subsequent possible market introduc-

tion in a controlled manner. Diesel R33 
obtains 7 % biodiesel from used coo-
king oil (UCOME from Tecosol GmbH, 
Germany), 26 % HVO (from Neste Oil, 
Finland), a quality high-grade diesel  
fuel (DF) and a sophisticated additive 
package (from ERC Emissions-Reduzie-
rungs-Concepte GmbH, Germany). The 
biogenic content of 33 % led to the lable 
Diesel R33. The density is between 
823 kg/m3 and 831 kg/m3 and the visco-
sity 3 mm2/s. O’Connor calculated 
approximately 17 % reduction of green-
house gas potential for Diesel R33 ver-
sus fossil diesel fuel. However, Diesel 
R33 leads to increased NOx emissions in 
passenger cars [7]. From the final report 
of Diesel R33, the fuel used for this stu-
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dies consisted of 26 % HVO, 7 % RME 
and 67 % DF without additives [7]. 

In this study, pure base oil and pure 
squalane as well as mixtures with the 
mentioned fuels with base oil or 
squalane were used. Neat base oil was 
used for this investigations to prevent 
the influence of the additives during the 
aging. Base oil consists of many hund-
reds of chemical substances making a 
detailed analysis impossible. To get a 
better understanding of the oligomerisa-
tion, squalane was used as a model subs-
tance for the base oil. In FIGURE 1 the 
structure of squalane is shown. The 
usage of squalane was part of the work 
of Dugmore [8] and Dugmore and Stark 
[9]. Furthermore, Knorr [10] showed that 
base oil and squalane have the same 
aging behavior at the same conditions.

In a fleet project with different bioge-
nic fuels, Volkswagen AG [11] carried out 
a worst case scenario with a lot of dama-
ges using a mixing ratio of 20 % biodie-
sel and 5 % diesel fuel in engine oil sam-
ples. Another publication of Fang and 
McCormick [12] examined a biodiesel 
admixture of 20 up to 30 % in diesel 
fuel. They have proved that these mixtu-
res have the highest tendency for deposit 
formation [12]. The sample composition 
for the used base oil and squalane as 
well as their mixtures with the menti-
oned fuels is shown in TABLE 1.

For all aging tests Oil Stability Index 
(OSI) measurements according to the 
standard DIN EN 15751:2014 [13] for 
FAME was used. The OSI includes a hea-
ted reaction vessel. During the thermal 
aging process, a stream of air (10 l/h) is 
passed through the sample. The amount 
of the sample was 7.5 g. Contrary to the 
prescribed temperature of 110 °C in the 
OSI, the used apparatus applied a tempe-
rature of 170 °C because in this study. 
This temperature was applied in previ-
ous studies [11, 14] as well as by Dug-
more and Starke [9]. The duration of 
each aging process was 40 h. 

The TAN indicates the volume of 
potassium hydroxide required to neutra-

lize all acids present in one gram of sam-
ple. For the measurements of the TAN an 
888 Titrando with 801 Stirrer from the 
company Metrohm was used.

The kinematic viscosity of the oil/fuel 
and squalane/fuel mixtures was measu-
red by Stabinger viscometer SVM3000 
from Anton Paar. The sample was mea-
sured in a small test tube which is loca-
ted in a temperature controlled chamber. 
For the analysis of the liquids a tempera-
ture of 40 °C was used. 

With the SEC, the molecular weight of 
the built oligomers could be detected. 
The SEC measurements were done with 
an Agilent Technologies 1260 Infinity 
SEC system. 100 mg samples were 
mixed with 1000 µl THF. Three columns 
(PSS SDV 50 Å 3 µl, PSS SDV 100 Å 3 µl 
and PSS SDV 1000 Å 3 µl) were used for 
the analysis. The heating temperature of 
the columns was 30 °C and the eluent 
was tetrahydrofuran. A sample volume 
of 100 µl was injected and the flow rate 
was 0.7 ml/min. For the determination 
of the size of the molecules, the calibra-
tion standard Agilent PL2070-100 (high-
est molecular mass was 21,300 g/mol) 
was used.

The molecular vibrations of the func-
tional groups of a molecule can be detec-
ted by FTIR. For the analysis, a Nicolet 

6700 FTIR from  Thermo Scientific was 
used. An ATR-crystal for ATR spectro-
scopy was equipped in this instrument. 
The analysis of molecular vibrations 
were performed by applying a drop of 
the sample on the crystal. A deuterated 
tri glycine sulphate detector and an 
extended range KBr (XT-KBrTM) beam 
splitter were included in the apparatus. 
For the evaluation of the measurements, 
the Thermo Scientific Omnic Software 
was used. 

RESULTS

FIGURE 2 shows the FTIR-Spectra of base 
oil and squalane during the aging pro-
cess. For both substances, an increase of 
OH-bonds at 3200 to 3600 cm-1 can be 
observed. These bonds are a result of 
acid and alcohol generation during the 
aging process [12]. There were also 
increasing vibration bonds detected at a 
wave number of 1650 to 1850 cm-1. The 
vibrations of squalane are more pro-
nounced than the vibrations of base oil. 
It can be concluded that more aging pro-
ducts were built with squalane than 
with base oil.

From Breitmaier and Jung [15] it is 
known that isoalkanes age faster than 
n-alkanes because their chemical struc-
ture aid a faster autoxidation reaction. 
The amount of isoalkanes in neat base 
oil is lower than in squalane which is 
an isoalkane and this leads to an incre-
ased building of radicals with base oil. 
For the samples in TABLE 1 the important 
areas in the spectra were integrated. 
The results are shown in FIGURE 3 and 
FIGURE 4.

FIGURE 1 Structure of squalane (© Coburg University)

TABLE 1 Sample composition (© Coburg University)

Base oil Squalane RME HVO DK Sample name

100 % Base oil

80 % 20 % Base oil + RME

80 % 20 % Base oil + HVO

80 % 1.4 % 18.6 %
Base oil + Diesel 
regenerativ

80 % 1.4 % 5.2 % 13.4 % Base oil + Diesel R33

100 % Squalane

80 % 20 % Squalane + RME

80 % 20 % Squalane + HVO

80 % 1.4 % 18.6 %
Squalane + Diesel 
regenerativ

80 % 1.4 % 5.2 % 13.4 % Squalane + Diesel R33
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Variations in hydroxyl vibrations are 
presented in FIGURE 3. Mixtures with 
RME showed a smaller formation of long 
chain acids or alcohols after the aging 
compared to the other mixtures in the 
same sample series. After the aging pro-
cess, the differences in the built up of 
OH-bonds between base oil and squalane 
with fuels including HVO were negligible 
though. 

The differences in the C=O-bonds  
are shown in FIGURE 4. By comparison  
of the aged base oil and the squalane 
mixtures at the carbonyl vibrations 
(1650-1850 cm-1), squalane and its mix-
tures showed higher C=O-vibrations.  
It can be recognized that the mixtures 
with all fuels showed slightly increased 
carbonyl vibration bonds compared to 
the pure base oil as well as the pure 
squalane. 

 FIGURE 5 shows the increase of the 
TAN. It can be observed that the buil-
ding of acids is higher with squalane 
mixtures then with base oil mixtures. 
This observation agrees with the results 
of the shown areas from the FTIR spec-
tra in FIGURE 3. In comparison of RME 
with HVO, Diesel regenerativ and Diesel 
R33 a higher TAN could be registered. 
The reason for this effect is the faster 
aging of isoalkanes in HVO which are 
relevant chemicals in the fuels Diesel 
regenerativ and Diesel R33 [3]. However, 
it was not expected that a mixture of 
squalane with RME shows a lower TAN 
than the pure squalane sample. Further-
more, this sample shows the highest 
error indicators (34 % higher than the 
second highest value). Further analysis 
need to be pursued on the identification 
of this effect. 

The analysis with SEC in FIGURE 6 pre-
sents a higher molar mass for the aged 
base oil and aged squalane. This buil-
ding of oligomers could be observed 
because of the autoxidation of pure sub-
stances including isoalkanes and the 
associated formation of radicals [15].

FIGURE 7 shows the most important 
area (2000 to 21,000 g/mol) of the chro-
matogram of SEC of the aged substan-
ces. The biggest molecules could only 
be measured up to a relative molar 
mass of 21,000 g/mol because of the 
calibration standards. Higher molecules 
could not be measured. For better cla-
rity the fuels in FIGURE 7 are portrayed 
with markings (RME: X; HVO: squares; 
Diesel regenerativ: triangles; Diesel 
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FIGURE 2 FTIR spectrum of base oil and squalane before and after aging (© Coburg University)

FIGURE 3 Calculated OH-bond areas of the FTIR spectrum of the aged substances (© Coburg University)

FIGURE 4 Calculated C=O-bonds areas of the FTIR spectrum of the aged substances (© Coburg University)
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R33: dots). The marks are made at  
three hundred measuring point inter-
vals as a guide for the eye.

For comparison of base oil with 
squalane, bigger molecules with the 
base oil as well as with its mixtures 
were built. A look at the different fuels, 
mixtures with RME showed much big-
ger molecules than mixtures with the 
other fuels. Because of unsaturated 
esters in RME and the consequently 
increased autoxidation reaction oligo-
mers were formed. The formation of 
almost the same molar masses can be 
observed for squalane mixtures with 
HVO, Diesel regenerativ and Diesel  
R33. The mixtures with base oil and 
HVO, Diesel regenerativ and Diesel  
R33 showed a small difference. The 
smaller the amount of HVO in the 
mixtures, the bigger the molecules 
which were built. A reason for this 
effect are the short isoalkane mole
cules in HVO which possibly lead  
to the building of smaller polymers  
[15, 16].

Like the formation of bigger mole
cules which were detected with SEC, 
the measurements of viscosity, FIGURE 8, 
showed the same effect. The viscosity  
of the base oil mixtures is higher than 
the squalane mixtures. In comparison 
of HVO, Diesel regenerativ and Diesel 
R33, the viscosity of RME mixtures is 
higher. The mixtures of squalane and 
HVO, Diesel regenerativ and Diesel  
R33 shows nearly the same viscosity. 

CONCLUSION

Up to 20 % fuel in engine oil is realisti-
cally reported for diesel fuel powered 
passenger cars with diesel particulate 
filter [11]. Under operating conditions, 
the engine oil degrades and finally has 
to be changed. For clarification of the 
aging process in detail and to under-
stand the impact of fuel, neat base oil 
without additives and squalane as a 
model substance were used [4, 10]. 
Squalane represents the isoalkanes in 
base oil. 

Comparative aging experiments  
using neat base oil and squalane  
showed an increased formation of 
organic acids. A reason for this could  
be the tendency of isoalkanes taking 
part in autoxidation reaction [15, 16]. 
Aged base oil showed a higher forma-
tion of undesired macromolecules for 
base oil than for squalane. Base oil 
molecules can have more than twice  
the mass of squalane molecules and  
so the oligomers from base oil can  
have a higher mass than those from 
squalane. This could explain the for
mation of bigger molecules in unaged 
base oil than in unaged squalane.

The viscosity showed different 
effects. Aged squalane obtained a 
higher viscosity increase than base  
oil after the aging. The reason for  
this is currently under investigation.

Additionally four fuels (RME, HVO, 
Diesel regenerativ and Diesel R33) of  
20 % amounts were investigated with 
regard to their engine oil degradation 
potency. The result for the formation  
of acids and alcohols in the RME mix
tures were smaller than with HVO, Die-
sel regenerativ and Diesel R33. These 
results are a consequence of the evapo-
ration of short-chain and highly volatile 
compounds which were formed during 
the aging. With HVO, Diesel regenerativ 
and Diesel R33 the values of acids and 
alcohols were in the same range. The 
viscosity as well as the molecular size 
showed similar trends.
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FIGURE 5 Increase of the total acid number of the aged substances (© Coburg University)

FIGURE 6  Chromatogram of the SEC of base oil and squalane before and after the aging  
(© Coburg University)
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Finally, it can be stated that diesel 
fuels with 7% RME content such as Die-
sel regenerativ and Diesel R33 did not 
lead to a significantly higher formation 
of oligomers in base oil or squalane rela-
tive to neat HVO.
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 FIGURE 8 Increase of viscosity of the aged substances (© Coburg University)
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Future Mobility: �Physics Will Show the Way

In the world of science, one thing is certain: our world and our 
lives are described by physics. This opinion is shared by scien-
tists from other disciplines, such as engineering, biology (envi-
ronment), chemistry (fuels) and even economics (prosperity). 

However, physics and its sub-disciplines permit more or less 
optimised processes and even aberrations. It is a fact that we 
inevitably consume energy in order to live our lives. Albeit with 
poor efficiency. But as a result, we are able, for example in the 
case of mobility, to control large quantities of energy and to per-
form important work.  Therefore, our prosperity today depends 
essentially on cheap fossil fuels and their economical use.  

Mass motorisation and unsustainable urban emissions resulted 
in today’s  Euro 6 emissions standards. Thirty years ago, no-one 
would have considered them to be feasible. And further reduc-
tions are also being called for after the forthcoming introduction 
of RDE legislation. What would then be a sensible target? 

The 2015 UN conference on climate change in Paris showed 
that CO2 emissions must be drastically reduced if the two-de-
gree climate target is to be met. The transport sector is to 
expect a 60 % reduction in CO2 by 2050. And yet, by demand-
ing an end to the use of fossil fuels, environmental politicians 
and NGOs are setting a nonsensical target. The intention is  
that no additional fossil-based CO2 should find its way into the 
earth’s carbon cycle. But even the 2050 targets cannot be met 
with internal combustion engines and hybridisation. And what 
does the future hold?  

EU legislators and NGOs do not believe that the mobility 
industry and energy providers have the competence to find  
a solution. In spite of an economically related increase in 
transport, Brussels focuses on intervention and restrictions. 

The solutions it proposes are electric mobility and fuel  
cell drive systems. However, the carbon footprint must be 
evaluated from well to wheel and not from tank to wheel. 
These results would be a sobering wake-up call for politi-
cians. The solution to the dual problem described above  
may be found in synthetic, carbon-neutral fuels and lubri-
cants. CO2 recycling (CWtL) can be used to produce car-
bon-neutral fuels in the form of methane or methanol. OME  
as an alternative to fossil diesel fuel is already available  
today from China. Possible sources of CO2 are coal- and 
gas-fired power stations and cement factories. Blast furnace 
gas from steelworks, as a low-cost source of energy and CO2, 
could further reduce the already acceptable price of OME  
fuel. The FVV has shown that it may even be possible one  
day to capture CO2 from the air – but at a higher cost. Such 
monomolecular C1-OME fuels burn with low emissions  
in today’s diesel engines. And by applying state-of-the-art 
exhaust aftertreatment technology, it should be possible,  
in the foreseeable future, to use “sub-zero-emission” vehicles 
to clean inner-city air. By contrast, electric mobility and the 
fuel cell will only offer zero emissions. It will be physics that 
will show the way towards the most sustainable solution.

Wolfgang Maus
WM Engineering & Consulting 
GmbH
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