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Mutagenic Effects of Emissions from Old and New Technology Diesel Engines
Combusting Biogenic and Fossil Fuel Qualities
1

Bünger J
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Institute for Prevention and Occupational Medicine of the German Social Accident Insurance (IPA), Ruhr-University Bochum,
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3
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4
Fuels Joint Research Group, www.fuels-jrg.de

Since 20 years, the members of Fuel Joint Research Group (FJRG) investigate diesel engine emissions
and their biological effects. Based on own data, the knowledge on the mutagenic potential of diesel
exhaust from old and new technology diesel engines is reported and discussed against the background of
the development of modern diesel engines and fuels. Specific emphasis is directed to the combustion of
newly developed biogenic and fossil fuel qualities. Limitations of the state of knowledge and resulting risk
estimations are discussed as well as the urgent needs of further research.
____________________

Corresponding author: buenger@ipa-dguv.de
Introduction
Health risks which arise from diesel exhaust (DE)
are mainly caused by particulate matter and
adherent constituents, especially polycyclic
aromatic hydrocarbons (PAH) many of them being
mutagenic and carcinogenic. A scientific expertise
of the German Federal Environmental Agency
dated 2003 estimated 10.000 to 19.000 additional
deaths per year arising from DE exposures.
Recently, DE was classified as a human
carcinogen by the International Agency for
Research on Cancer (Benbrahim-Tallaa et al.
2012). This classification was based on
epidemiological studies concerning occupational
exposures to DE in the 1950ies until the 1980ies
and criticized for an outdated exposure data basis.
It was emphasized that emissions of diesel
engines were lowered sufficiently during the last
decades due to new engine technologies and
cleaner fuels including biofuels.
Approach / Test set-up
Mutations are the first step of carcinogenesis. The
determination of the mutagenic potential of the
exhaust from old and new diesel engine
technologies combusting various fuels is a good
surrogate marker for the carcinogenic potency of
the emissions. Thus, this study comprises an
overview of mutagenic effects of DE from engines
combusting common fossil diesel fuel (DF) as well
as various newly developed fossil and biogenic
fuels during the last 20 years based on own data.
During these two decades, mutagenic effects were
investigated after combustion of different DF
qualities with sulfur contents starting with 2000
ppm to less than 2 ppm in recent studies, gas to
liquid fuel (GTL), biodiesel (fatty acid methyl ester,
FAME) produced from different sources (soybean:
SME, rapeseed: RME, palm fruit: PME, jatropha:
JME), crude rapeseed oil (RO), and hydrotreated
vegetable oil (HVO). Studies were performed
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mostly with heavy duty engines (Euro 0 – Euro IV)
using the appropriate stationary and transient test
protocols, but also passenger cars (up to Euro 6)
were investigated. Mutagenic effects were
determined using the bacterial reverse mutation
assay (Ames-test, OECD Guideline 471).
Results
In the first study, performed in 1993, common DF,
RME, and crude rapeseed oil (RO) were
combusted in an agricultural tractor. We observed
a high mutagenicity of DE from DF and RO while
biodiesel revealed much lower mutations. A
tremendous decline of emitted particulate matter
(PM) and the mutagenicity of DE from DF was
obtained over the next years.

Figure 1: Estimation of PM-reduction from diesel engines since
the early 1970ies, SD = suction diesel engine
(naturally aspirated), TD = turbo charged diesel
engine.

The striking fuel variable was the reduction of
sulfur content in DF from 2000 ppm to less than 2
ppm over time. Combustion of RME and all other
FAME resulted in consistently low mutagenic
effects of the exhaust (Bünger et al. 2000). Also
the use of modern diesel engines resulted in a
clear reduction of mutagenic effects from all tested
fuels with the exception of RO. Crude RO
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produced nearly the same mutagenic effects when
combusted in a modern series engine as observed
in our first study 20 years ago (Bünger et al. 2007).
The lowest mutagenicity was observed in recent
studies after combustion of HVO (Munack et al.
2011). In a recently finished study on HVO
containing 7% biodiesel (“Diesel regenerative”) no
significantly enhanced mutagenic effects were
observed for combustion of this fuel in Euro 5 and
Euro 6 passenger cars. However, this result holds
also true for DF.
1600

Mutations per plate

1400

Outlook
At presence, a new project in line with “Diesel
regenerative” is in preparation fueling a large fleet
of passenger cars with R33; meaning the fuel has
a 33% biogenic content but nevertheless meets
the current fuel standard EN 590. Members of
Fuels Joint Research Group are involved in this
pathbreaking project and will perform testing for
emissions and their biological effects.
This study outline deals with the fact that new fuels
may have an unexpected and unfavorable impact
on emissions which cannot be ruled out by
measurements of regulated exhaust compounds.
This phenomenon was shown by our group for RO
and blends.
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Figure 3: Mutagenicity of DE resulting from the combustion of
conventional and biogenic diesel fuel. Data are
derived from own investigations since 1995.

Blending up to 20% biodiesel with DF is common
and a policy promoted in the USA and the EU. We
performed a series of studies with several engines
(Euro 0, III and IV) using blends of rapeseedderived biodiesel. An increase of the mutagenic
potential was observed for blends with a maximum
for B20 with all tested engines. From this point of
view, B20 must be considered as a critical blend
when DF and biodiesel are used as binary
mixtures (Schröder et al. 2013).
In 2012 we published a critical review about
potential hazards associated with combustion of
bio-derived versus petroleum-derived diesel fuels
which included also results from other studies on
diesel engine emissions.

[1] Benbrahim-Tallaa L, Baan RA, Grosse Y, LaubySecretan B, El Ghissassi F, Bouvard V, Guha N,
Loomis D, Straif K International Agency for Research
on Cancer Monograph Working Group,
Carcinogenicity of diesel-engine and gasoline-engine
exhausts and some nitroarenes Lancet Oncol 13,
663 – 664 (2012).
[2] Bünger J, Krahl J, Munack A, Ruschel Y, Schröder
O, Emmert B, Westphal G, Müller M, Hallier E,
Brüning T, Strong mutagenic effects of diesel engine
emissions using vegetable oil as fuel. Arch Toxicol
81, 599 – 603 (2007).
[3] Bünger J, Krahl J, Schröder O, Schmidt L, Westphal
GA, Potential hazards associated with combustion of
bio-derived versus petroleum-derived diesel fuel. Crit
Rev Toxicol 42,732-750 (2012).
[4] Bünger J, Müller MM, Krahl J, Baum K, Weigel A,
Hallier E, Schulz TG, Mutagenicity of diesel engine
particles from two fossil and two plant oil fuels.
Mutagenesis 15, 391-397 (2000).
[5] Munack A, Schaak J, Schröder O, Krahl J, Bünger J:
Fuel and technology alternatives for buses –
measurements with NExBTL and Jatropha oil methyl
ester in a Euro III heavy duty engine. In: Nylund NO,
Kati Koponen K (eds.), Fuel and Technology
Alternatives for Buses. Overall Energy Efficiency and
Emission Performance. Espoo 2012. VTT
Technology 46. 294 p. + app. 94 p.
[6] Schröder O, Bünger J, Munack A, Knothe G, Krahl J,
Exhaust emissions and mutagenic effects of diesel
fuel, biodiesel and biodiesel blends. Fuel 103, 414–
420 (2013).

Summary
During the last 20 - 30 years a convincing
decrease of DE per vehicle was achieved which
had certainly significantly reduced DE associated
health risks. However, the available data do not
allow an unequivocal assessment whether the
current low DE levels still cause significant
environmental or occupational health risks. Since
however, the discussed improvements concerning
DE will only be epidemiologically apparent after a
latency of several years, exposure measurements
and short term screening test are valuable tools to
monitor technical measures which are intended to
minimize possible health risk of traffic emissions.
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Tailor-Made Fuels from Biomass:
Recent Progress in Model-based Fuel Design and Fuel Prototyping
a

b*

a

b

a*

M. Dahmen , J. Klankermayer , J. J. V. Villeda , W. Leitner , W. Marquardt
a
Aachener Verfahrenstechnik - Process Systems Engineering
b
Institut für Technische und Makromolekulare Chemie
RWTH Aachen University, Germany

The selective transformation of ligno-cellulosic biomass offers the opportunity to develop a large diversity
of chemical structures for application as tailored oxygenated fuels or fuel additives. Based on a modelbased design process, fuels with optimal performance in combustion systems and sustainable
transformation pathways are envisaged. The TMFB cluster has established a unique framework for
computer-aided fuel design and recently integrated a rule-based molecular structure generator, linking the
fuel design task to pre-defined platform molecules and respective production routes. A case study on
compression ignition engines investigates selected oxygenated fuels comprising a volumetric energy
density close to that of fossil diesel fuel. Based on this integrated design process, novel catalytic
transformations for the selective transformation of diverse platform molecules to the model compounds
could be developed.
________________________
*corresponding authors: JKlankermayer@itmc.rwth-aachen.de, wolfgang.marquardt@avt.rwth-aachen.de
Introduction
The TMFB fuel design challenge is grounded on
the identification of novel molecular structures
comprising desired engine-relevant properties.
The design process is approached by a
computer-aided molecular design based on
virtual generation and evaluation of molecular
1
structures (cf. Figure 1). Predictive property
models based on Quantitative StructureProperty Relationships (QSPRs) sequentially
reduce the initially large amount of molecular
structures for further investigation. A novel
tailored molecular structure generator is
integrated into the TMFB fuel design framework
and subsequently applied to a case study on
2
fuels
for
compression-ignition
engines .
Furthermore, based on these computational
investigations tailored catalytic transformations
are developed, linking the envisaged fuel
structures to the respective biogenic starting
material
via
sustainable
transformation
pathways.
molecular
structure
generator

scenario definition:
substrates,
max. molecule size,
types of linkages
etc.

molecular
descriptor
calculation

predicting fuel
properties

collecting
high-quality
property
data

QSPR model
development

screening
against fuel
specifications

fuel properties:
heating value,
volatility,
cetane number
etc.

assembling
final list of
fuel
candidates
for synthesis
and
experimental
testing

Figure 1 – Computer-aided molecular design of
novel tailor-made fuels from biomass
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Novel Molecular Structure Generator
Biofuel synthesis can be classified into two
2,3
categories: (i) reducing the oxygen content of
bio-derivatives to enhance heating value and
volatility, and (ii) creating carbon-carbon and/or
carbon-oxygen-carbon bonds to increase the
molecular weight. Following these guidelines,
Figure 2 visualizes the tasks of the novel
molecular structure generator, being the
adjustment of functional groups and the coupling
of intermediates while preserving the elementary
carbon skeletons found in specified substrates.

Figure 2 – Novel molecular structure generator
for use in computer-aided molecular design
A scenario definition includes transformation
rules and constraints to prune the product
spectrum, e.g. maximum carbon number, ring
size or type of linkage. This allows for tailoring
the generation of molecules to the respective
type of application. Each transformation of
functional groups and each type of merging
corresponds to a known reaction type. To
address the combinatorial explosion due to
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2xLA or
LA+FUR

FUR+AC

LA+FUR

AC

32.6

113

953

2.6

#2

219

-40

33.2

92

861

2.1

#3

205

-48

33.1

79

862

2.0

viscosity
mm2/s

melting temp.
ºC
-53

density
kg/m3

boiling temp.
ºC
240

heating value
MJ/l

fuel
candidate
#1

In order to connect the envisaged fuel structures
to the biogenic starting materials, tailored
transformation pathways have to be developed,
utilizing efficient catalytic transformations. In the
initial phase, the focus was on selective catalytic
hydrogenation methods for the transformation of
a broad and diverse basis of biogenic platform
molecules. Novel homogeneous ruthenium
catalysts enabled these transformations and
disclosed future process scenarios, based on
the unprecedented activity and stability of the
5,6
novel catalytic systems.
Subsequently, catalytic dehydrogenative ester
formation was targeted, leading to the required
target structures via the coupling of the
respective alcohol moieties. Within this
approach, the first examples of a rhenium
catalyzed dehydrogenative formation of esters
with a rhenium polyhydride complex could be
7
demonstrated.

#2
2xLA or
FUR+LA

cetane number

Table 1 – Predicted property data for the fuel
candidates highlighted in red in Figure 3

transformations and/or linkages, a pool-based
2
approach is pursued. In addition, simultaneous
estimation of boiling and melting temperatures
and lower heating values of aggregated
molecules is performed to limit the product
spectrum.
Case Study on Fuels for Compression
Ignition Engines
The virtual screening for fuels to be used in
compression-ignition (CI) engines is set up to
employ furfural (FUR) and levulinic acid (LA) as
lead structures. It is directed towards
oxygenated compounds due to their potential to
decrease soot emissions. Screening the
generated product spectrum of these substrates
with respect to desired properties identifies 145
2
fuel candidates.
Figure 3 shows eight of the 145 molecular
structures that represent key structural patterns.
The tetrahydrofuran substructure and the noncyclic ether substructure dominate the product
spectrum. This is attributed to their ignition
promoting effects. Moreover, the carbonoxygen-carbon group does not pose any
particular problems with respect to other
properties considered, such as boiling
temperature, melting point or viscosity.

FUR

#3

2xLA or
FUR+LA or
2xFUR

LA
2xLA or
LA+FUR

#1
FUR+LA or
2xFUR

LA+AC+FUR

Figure 3 – Selected molecular structures
resulting from the case study on tailored fuels for
2
compression ignition engines
Fuel molecules #1, #2 and #3 (cf. Table 1) are
attractive since their predicted volumetric energy
densities exceed 90% of the energy density of
fossil diesel fuel. The new compounds exhibit
high volatilities enhancing the in-cylinder fuel/airmixing.

Conclusions
The novel molecular structure generator and
predictive QSPR modeling for key CI engine
relevant properties reveal that, in principle,
oxygenates with a predicted volumetric energy
density close to that of fossil diesel fuel can be
obtained from a furfural and levulinic acid
platform. The rule-based approach to generate
the product spectrum can be extended to cover
rearrangement reactions. Moreover, efficient
catalytic transformations could be developed,
enabling the selective synthesis of the
envisaged fuel molecules. In the next steps, the
respective transformation processes will be
evaluated.
References
[1]

[2]

Dahmen, M.; Hechinger, M.; Victoria Villeda, J.J.;
Marquardt, W. Towards model-based identification of
biofuels for compression ignition engines. SAE
International Journal of Fuels and Lubricants. 2012, 5
(3), 990–1003.
Dahmen, M.; Victoria Villeda, J.J.; Marquardt, W.
Refunctionalization of bio-based platform chemicals
into novel biofuels: A computational approach. The 3rd
International Conference on Sustainable Chemical
Product and Process Engineering. Dalian, China, May
27-30, 2013 (accepted).

15

1. International Conference „Tailor Made Fuels from Biomass“, 2013

[3]

Alonso, D. M.; Bond, J. Q.; Dumesic, J. A. Catalytic
conversion of biomass to biofuels. Green Chemistry.
2010, 12 (9), 1493-1513.
[4] Joback, K. G.; Reid, R. C. Estimation of purecomponent properties from group-contributions.
Chemical Engineering Communications. 1987, 57 (1-6),
233-243.
[5] Geilen, F. M. A.; Engendahl, B.; Harwardt, A.;
Marquardt, W.; Klankermayer, J.; Leitner, W. Selective
and Flexible Transformation of Biomass-Derived
Platform Chemicals by a Multifunctional Catalytic
System. Angewandte Chemie-International Edition.
2010, 49 (32), 5510-5514.
[6] Geilen, F. M. A.; Engendahl, B.; Holscher, M.;
Klankermayer, J.; Leitner, W. Selective Homogeneous
Hydrogenation of Biogenic Carboxylic Acids with
[Ru(TriPhos)H]+: A Mechanistic Study. J. Am. Chem.
Soc. 2011, 133 (36), 14349-14358.
[7] Schleker, P. P. M.; Honeker, R.; Klankermayer, J.;
Leitner, W. Catalytic Dehydrogenative Amide and Ester
Formation with Rhenium–Triphos Complexes.
ChemCatChem 2013, DOI: 10.1002/cctc.201200942.

16

1. International Conference „Tailor Made Fuels from Biomass“, 2013

Emission Analysis and Cetane Number Determination of Oxygenated Fuels in a
Constant Volume Combustion Chamber
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1

1

Ph. Seidenspinner , G. Wachtmeister , Th. Wilharm

2

Institute of Internal Combustion Engines, Technische Universität München, Munich, Germany
2
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With a steady growing interest in next generation biofuels and more stringent exhaust emission standards
in the next few years, a fast and reliable method is required that analyses the multitude of possible
biofuels in terms of compatibility for the diesel combustion process and exhaust emission reduction. This
research work shows a possibility for determining cetane numbers and exhaust emissions of biogenic
oxygenates without the use of a combustion engine.
____________________

Corresponding author: seidenspinner@lvk.mw.tum.de
Introduction
Production techniques for second generation
biofuels offer a wide range of possible fuels for
combustion engines. Best known techniques like
the classic Fischer-Tropsch synthesis, as well as
more current approaches like the methanol and
fuel synthesis via electrolysis or the straight TMFB
approach without the detour via synthesis gas can
produce nearly every designated fuel.
When talking about diesel fuels from biomass,
these are mainly oxygenated liquid hydrocarbons
to utilize their feasibility of soot reduction during
the combustion process. Often these model fuels
are only available in small amounts due to the
manufacturing processes that have not been
scaled up for industrial quantities yet. Material
properties like density, calorific value, CFPP or
HFRR are well known, but the fuel´s behavior at
engine-like combustion conditions and its resulting
emissions are often unknown. Engine tests are
limited due to the small fuel amounts available.
Other reasons are the disadvantageous interaction
of the synthesized fuels with gaskets and engine
materials.
Approach / Test set-up
For these reasons an alternative measurement
technique is required to obtain near to
compression ignition (CI) engine-like conditions
without steady fuel consumption which leads to a
high total fuel mass consumption. Concurrently the
complexity of the experimental setup should be
kept to a moderate level due to the large variety of
fuels available.
The BFS-project EREKA (Emissions-Reduktion
durch erneuerbare Kraftstoff-Anteile, Emission
Reduction by renewable Fuel Proportions) deals
with the analysis of oxygenated hydrocarbons as a
substitute for present-day FAME in diesel fuel. In a
cooperation of the Institute of Internal Combustion
Engines of the Technische Universität München
and ASG Analytik-Service GmbH, a test method
was developed to gain information of combustion
and emission characteristics of oxygenated
biofuels without the need of a combustion engine.

This method helps preselecting suitable chemical
compounds before actual testing in a research
engine. The experimental setup consists of a
constant volume combustion chamber that can be
heated up to 1000 K and withstand pressures of up
to 50 bar. The gas ratio of the synthetic air can be
mixed with two user-defined gases, e. g. oxygen
and nitrogen or argon. The fuel is injected at
1200 bar with a piezo injector, ignites and
combusts in the chamber.
Results
During the experiment the pressure rise is
measured and other important factors can be
determined like ignition delays, cetane numbers,
burning rates and heating values in relation to the
injected mass of the different biofuels. The
following chart depicts pressure rises for five
primary reference fuels (PRFs) that are required
for cetane number calculation. The combustion
chamber is heated to 650 °C and pressurized to 10
bar. The injection pressure adds up to 1000 bar
with an injected mass of 55 mg.

Figure 1: Pressure rise chart for five PRF blends.

Measured ignition delays and known cetane
numbers of the PRF blends result in a calibration
curve. With their help cetane numbers of unknown
fuels can be calculated (Figure 2).
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Outlook
Multiple oxygenates, partly blended to diesel fuel,
partly pure will be investigated as to their ability for
minimizing soot emissions. Besides their capability
for controlled selfignition in CI engines is analyzed
and a cetane number derived from the resulting
ignition delay. Along with production processes
and environmental sustainability cetane numbers
and exhaust emissions help selecting possible
next generation biofuels for the respective
combustion processes.
Figure 2: Cetane number calibration curve

The exhaust gas is directed to different
measurement devices to detect NOx, unburned
hydrocarbons and soot mass. First results show a
clear dependency of chamber parameters on the
emitted soot mass. The typical soot NOx trade-off
in CI engines can be emulated by varying the
chamber parameters such as oxygen content or
injected fuel mass. Also different fuel properties
such as cetane numbers or fuel oxygen content
indicate an impact on the emitted soot mass due to
the different amounts of homogenized air-fuel
mixture and a diverse soot oxidation. The following
chart illustrates particle number emissions of a
diesel fuel and a rapeseed methyl ester burned in
the combustion chamber at 700 °C chamber
temperature and 20 bar air pressure. The trap
voltage of the measurement device is varied from
100 V to 400 V to detect different particle sizes.
The rapeseed methyl ester is exemplary for the
combustion of biogenic oxygenates.

Figure 3: Particle numbers for diesel fuel and RME.

Summary
In order to find possible next generation biofuels
with an engine-out emission reducing factor, an
accurate and quick method for determining fuel
quality and exhaust emissions was developed.
Cetane numbers of diesel fuels, kerosenes and
their blends with oxygenates have been calculated
by means of primary reference fuel mixtures. NO x
and particle number emissions of these mixtures
have been quantified.
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Measurement and Calibration of near- and mid- infrared Spectroscopy to predict
the Biomass Composition for optimal Pretreatment
H. Wulfhorst, M. Flüggen, S. Maurer, S. Möhring, J. Roth, N.Tippkötter
Bioprocess Engineering
University of Kaiserslautern, Kaiserslautern, Germany



Near-IR- and mid-IR spectroscopy are applied to analyze a biomass composition. Quantification of the key
components, glucose, xylose and carboxymethyl cellulose (CMC) is studied. The calibration is quantitatively modelled
using an ant colony optimization (ACO) algorithm and multivariate analysis. Calibrations are validated via external
validation with separate sample sets. The study indicates the importance to identify clearly the relevant wavelength
regions where analytes of interest absorb to improve the calibration. So far, the suitable calibration strategy could be
developed to generate quantitative models for a mixture of biomass components using standard solutions.

___________________
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Introduction
Plant biomass is a renewable resource for
production of biofuels and chemicals. However,
due to their complex structure an efficient
pretreatment is required to convert the main
components to the desired end product. The
composition of biomass varies significantly
depending on feedstock. Therefore, pre-treatment
should be adapted to the available biomass to
optimally exploit the available substrate.
BioSats project focuses on a development of local
biomass pretreatment modules. The goal is to
understand the contribution of the biomass
composition on the pretreatment in order to select
suitable pretreatment steps whenever the
feedstock type changes. To develop optimal
processes easy analytical methods are needed to
characterize the chemical composition of various
substrates. Near- IR- and mid-IR spectra provide
quantitative information of different biomass
compounds and are a suitable tool for the
feedstock characterization.
Therefore, in this contribution the near-IR and midIR spectroscopy of the key biomass components
(glucose, xylose and CMC) in combination with
multivariate models are investigated.
Approach / Test set-up
Defined sugar standards containing glucose,
xylose and carboxymethyl cellulose (CMC) in water
were
analyzed
by near-IR
and
mid-IR
spectroscopy. The concentration range for glucose
was varied over 0–150 g/L, xylose and CMC over
0-50
g/L.
The
combinations
of
sugar
concentrations in individual samples were random.
The mid-IR spectra of the solutions were collected
using an infrared FT-ATR-mid-IR-spectrometer,
Spectrum 100 (Perkin Elmer) over the range 4000
-1
-1
cm – 650cm . To detect the near-IR spectra in a
range between 1000 and 2000 nm a dispersive
NIR/UV/ViS spectrometer Lambda 750 (Perkin
Elmer) was used. Before each measurement the
spectrum of water was detected as a reference

and the background adsorption of water was
subtracted from the spectrum of the sample.
The spectral dataset has been used to develop
calibration models. The validation of calibration
models was carried out by an external validation.
For this purpose, all measured spectra were
randomly divided into two data sets, the calibration
and validation data set. The chemometric analysis
was done with the commercially available software
Unscrambler® (9.1, CAMO software AS,
Trondheim, Norway). Additionally, an ant colony
optimization (ACO) was applied as a tool of the
wavelength selection for a regression model based
on principal component analysis (PCA), multiple
linear regression (MLR) and multiple regression
(MR). The achieved models were compared with
the conventional statistical approach without
wavelength selection.
Results
The concentration of individual sugars and
cellulose contributes to the adsorption of their
mixtures. But the spectra of the mixtures don’t
provide clear spectral information because the
peaks are overlapping in the wide wavelength
areas (Fig.1).

Figure 1. Example of mid-IR spectra of standards with
different glucose/xylose/CMC concentrations [g/L]
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To identify the contribution of the individual
components the calibration models will be
developed using defined standard solutions. The
modelling is performed in two steps. First, PCA
lowers the high data density preliminary. It
identifies orthogonal directions of maximal
variance and describes the relationship of
variables and objects [1]. It suggests an optimal
number of three principal components for
calibration of mid-IR-spectra. Second, to correlate
the adsorption and concentration of sugars, a CMC
partial least squares (PLS) regression algorithm
has been used. The most effective model of mid-IR
region takes into account the three first principal
component contributions as inputs and concerns
99.6 % of the variance of the initial dataset. The
RMSEC and RMSEP (Root-Mean-Square Error of
Calibration and Prediction) values of glucose,
xylose and CMC are shown in table 1.
Table 1. Calibration of glucose, xylose and CMC.

The smallest calibration error was measured for
glucose, because of their strong adsorption
compared to the other two analytes. The range of
glucose concentration is three times higher
compared to xylose and CMC showing the clearest
peak at 970 nm due to the replacement of water by
addition of sugar. It correlates with the specific
adsorption of glucose between 1000 and 1274 nm.
The PLS1 is searching for such unique features
and therefore describes glucose with the first
component. Xylose and CMC show less clear
adsorption maxima with high superposition of the
peaks. However, the high difference between
RSMEC and RSMEP indicates the low predictive
ability of the calibration models. Moreover, due to
the strong overlapping signals of the (near) IR
spectrum, the processing of row data did not
provide satisfying calibrations. A possible solution
consists in a specific wavelength selection.
Therefore, an ant colony algorithm (ACO) has
been applied, in order to identify within the spectra
wavelengths that correlate with the sugars of
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interest. ACO uses selection the same principle for
wavelength that ants use to find the shortest path
from the nest to a food source. Thus, the
wavelength selection has been based on a random
number and the ‘pheromone concentration on the
individual wavelengths of the spectrum’ [2]. It
allows developing the stable calibration model
while requiring only information at relevant
wavelengths.
The specific wavelengths were selected to build
the calibration models of glucose, xylose and CMC
in the regions, which gave the best statistical
results indicated by best fitting values. The
statistical methods to get a model with small
RMSEP after wavelength selection were in this
case PCA, MLR and MR (Tab.1). It can be seen
that for both the near-IR as well as for mid-IR
calibrations regression coefficients in the range
2
2
between R =0.89
and
R =0.98 for the
determination of the monomeric glucose and
xylose were reached. Additionally, standard
deviation in the case of mid-IR measurements with
values of 5.1 g/L is much smaller compared to
near-IR monosaccharide quantification (9.8 g/L).
The determination of CMC is only possible with
lower accuracy. The regression coefficients of 0.7
to 0.9 indicate a stronger deviation of the
measured values. This is most probably caused by
the scattering effect of the CMC-particles.
Summary
In this contribution a suitable calibration strategy of
near-IR and mid-IR measurements is presented. It
enables the quantification of the concentrations of
individual biomass compounds via the absorption
of their mixtures. An ACO algorithm can be used to
improve the quality of the calibration models. A
calibration model of both near-IR and mid-IR
spectra has been developed using standard
solutions that supports the design of analytic tools
involving real biomass.
Outlook
A new approach, based on addition of defined
standards to the real biomass samples and
subsequent IR-measurements combined with
chemometrical analysis, shall be developed to
characterize the composition and to define suitable
pretreatment of various biomass feedstock.
References
[1] W. Kessler, Multivariate Datenanalyse für die
Pharma-, Bio- und Prozessanalytik, Wiley-VCH,
Weinheim, 22, (2007).
[2] M. Shamsipur, V. Zare-Shahabadi, B.
Hemmateenejad and M. Akhond, Ant colony
optimisation: a powerful tool for wavelength
selection, J. Chemometrics 20, 146–157 (2006)
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Biomass can be decrystallized through dissolution that involves the application of strongly charged species. A
frequently applied species in cellulose solvents is the chloride anion that enables both acidic and inert solvation i.e. in
terms of an ionic liquid. Considering this range, the mechanism cannot be reduced to the anion alone and a sound
understanding of the cation clearly becomes important. Here, we present quantitative insight into the concerted action
of the cations of ionic liquids in combination with chloride anions during solvation. The results show no evidence of
the reported odd/even effect but a subtle effect of the tail length on the structure and H-bond partitioning. The
understanding of these interactions will lead to the design of tailored solvent systems for biomass decrystallization.

____________________
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Introduction
The recalcitrance of biomass is mainly due to the
recalcitrance of the lignin-carbohydrate-complex
and the crystalline cellulose. The latter can be
removed by dissolution and several solvent
systems have been explored over the decades; a
few have also been realized at process scales [1].
Recently, ionic liquids (ILs) have been suggested
for cellulose dissolution [2], which was also
explored with biomass [3]. The disadvantage of
these designer solvents is clearly the high cost of
the IL, which requires very effective recycling. It
therefore seems imperative at this point to
investigate the mechanism of solvation in more
detail.
A common feature of all solvent media for cellulose
is the utilization of concentrated charged species.
One species frequently encountered in both acid
and IL systems is the chloride anion. In
hydrochloric acid, cellulose dissolution is
complemented by hydrolysis, whereas chloridebased ionic liquids only reduce the cellulose chain
length by approximately 20% [4]. However, the
solvation mechanism is still not well understood.
Vitz et al. [4] studied the solubility of cellulose in
different imidazolium-based ILs paired with
chloride anions. A distinct odd/even effect was
claimed depending on the number of carbon atoms
in the cationic alkyl chain. This implies that the
cation plays an important role in the solubility, in
contrast to other mechanistic studies identifying
the anion as the dominant agent in cellulose
dissolution. However, literature data on cellulose
dissolution [5] is highly variable.
We use observations from experiments and
molecular dynamics simulations to shed light on
the dissolution mechanism of cellulose in ionic
liquids. Dedicated solubility experiments are
conducted to infer equilibrium data. A comparison
and precise analysis of molecular modeling data
allows us to construct a more precise picture of
cellulose dissolution in chloride-based solvent
systems.

Approach / Test set-up
Dissolution of cellulose in ILs
Several ILs with a chloride anion and varying alkyl
chains of the imidazolium cation were investigated:
1-X-3-methylimidazolium, where X = methyl
+
+
+
([DMIM] ), ethyl ([EMIM] ), propyl ([PMIM] ), or
+
butyl ([BMIM] ). In addition, the effect of
methylation of the acidic head of the imidazolium
was
tested
using
the
1-ethyl-2,3+
dimethylimidazolium cation ([EDMIM] ). All ILs
were
obtained
commercially
from
Iolitec
(Heilbronn, Germany).
Avicel (Sigma-Aldrich) was used as a high-purity
cellulose with an average chain length of 62
monomers. The cellulose was added to the ILs in
small glass vials (3 mL) and stirred manually while
kept at 115°C. From time to time, the turbidity of
the viscous mass was inspected visually. The
experiments were conducted at varying cellulose
concentrations and times.
Molecular dynamics simulation
Explicit all-atom molecular dynamics (MD)
simulations were performed using LAMMPS [6]. A
single strand of cellulose consisting of 16 glucose
units was placed in each of the four ILs. The ionic
liquids were modeled using the force field
developed by Canongia Lopes [7]. Cellulose was
modeled using the OPLS-2005 force field [8].
The initial state of the cellulose strand was
elongated and taken from the crystallography data
of the cellulose I state [9]. Prior to this each of the
solvents had been placed in a 60 Å x 60 Å x 100 Å
simulation cell and equilibrated in an NPT
ensemble for 3 ns. Following this, the elongated
cellulose strand was placed in the equilibrated
solvent, removing cations and anions in a 1:1 ratio
to make room for the cellulose strand. The
resulting system was then simulated for another 3
ns in an NPT ensemble at 400K and 1 bar and
then continued in an NVT ensemble at 400K for
approximately 40 ns for the production run.
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Results
Experimental solubility
The experimental solubility of cellulose is
approximately 20 wt% in BMIMCl, which agrees
well to the values reported in literature [4].
However, the ILs with shorter alkyl chains yield
solubilities that differ from literature results. In fact,
the odd-numbered alkyl chain of PMIMCl can
dissolve cellulose, which questions the reported
odd/even effect of alkyl chains. Instead, the
studied ILs show a continuous trend in solubility
with variation in the alkyl chain length. The molar
ratios calculate an interaction of approximately 3
mol IL per glucose monomer but the results vary
with dissolution time, implying that it is difficult to
reach equilibrium of molecular solvation in these
complex solvents.
Interaction revealed by molecular modeling
Pairwise energy contributions between the
cellulose strand and each of the ILs were
calculated with a cutoff radius of 12 Å and could be
attributed to either the anion or cation and arising
from either the electrostatic (elec) or van der
Waals (vdw) contribution (see Table 1). Overall
there is little indication of any major difference in
the energy as a function of the tail length. The
large majority of the interaction energy can be
attributed to the electrostatic energy of chloride,
while the cation interaction originates primarily
from the van der Waals term and is roughly half
that of the anion.
Table 1. Pairwise energy contributions between
the cellulose strand and each of the ILs (kcal/mol).
n Cl
Cl
Cation Cation Total
elec vdw elec
vdw
1 -699 99
-54
-254
-980
2 -669 99
-60
-250
-871
3 -628 102 -37
-254
-817
4 -718 101 9
-248
-856
An analysis of the effect of the tail length on Hbonding and the number of anions in the first
solvation shell (1) reveals structural changes that
occur at the solvent interface. As the tail length
increases, the relative concentration of chloride
effectively decreases, which is reflected in the drop
in the number of anions in contact with cellulose.
Interestingly, the number of H-bonds remains
relatively stable, which can be attributed to a shift
in the number of individually bound anions towards
a larger proportion of bridging H-bonds (Fig. 1).
Together, this reveals the subtle effect that varying
tail length has on cellulose/IL interactions, which
will be further explored in this contribution.
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Fig. 1: Effect of tail length on hydrogen bonding
and the number of contacting anions.
Summary
The solubility of cellulose in ionic liquids based on
the chloride anion in combination with varying
imidazolium ions has been investigated. It was
found that the odd-/even effect of alkyl chain length
cannot be justified either from experimental or from
the results of molecular modeling. Instead, we find
a continuous trend in solubility as the alkyl chain
length is varied with the simulations revealing a
very subtle influence of the tail length on the
overall interactions.
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Recently, we have developed a 2D HSQC NMR method that allows the qualitative and quantitative
characterization of whole non-derivatized lignocellulosic materials. DMSO-d6/[Emim]OAc is used as a
solvent system completely dissolving lignocellulosics leading to high-resolution 2D HSQC NMR
spectroscopy. This unique method is utilized to observe structural differences between various
feedstocks, various tissues of a single plant, and monitoring changes in lignocellulosics during/after
pretreatments.
____________________
*
Corresponding author: mpauly69@berkeley.edu
Introduction
Lignocellulosic biomass is thought to be an
excellent renewable resource for the production of
biofuels and other commodity chemicals.
Lignocellulosics consist of the polysaccharides
cellulose, various hemicelluloses, and the
polyphenol lignin. Identifying the polymeric
components, their linkages and interactions in a
quantitative way is crucial to understanding
biomass recalcitrance and render the biorefinary
process
economically
and
environmentally
competitive.

Approach / Test set-up
A 2D HSQC NMR method that allows the
qualitative and quantitative characterization of
whole non-derivatized lignocellulosic materials has
been developed in our lab [1]. The method entails
ball-milling the lignocellulosic material, dissolving it
in DMSO-d6/[Emim]OAc, and subjecting it to highresolution 2D HSQC NMR spectroscopy.
Furthermore, time-zero extrapolated HSQC NMR
spectroscopy
can
be
performed
utilizing
deuterated [Emim]OAc-d14 allowing for the
establishment of the absolute quantities of the
components.
Results
Results obtained from dried biomass of the energy
grass miscanthus are utilized here as a
demonstration of the power of the developed
solubilization
method
for
the
structural
characterization of lignocellulosic materials. Upon
complete dissolution of the material (15 mg) in
DMSO-d6/[Emim]OAc, an HSQC spectrum was
recorded using a 600MHz Bruker NMR spectrometer.
Focusing on certain regions of the obtained
spectra allowed the identification and based on its
integration the quantification of structures present
in the sample (Fig. 1-3).

Fig. 1:
Enlarged
lignin section
of the HSQCspectrum

Fig. 2:
Enlarged
aliphatic
section of the
HSQCspectrum.

Fig. 3:
Enlarged
carbohydrate
section of the
HSQCspectrum.
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As shown in Fig. 1, the guaiacyl- (G), syringyl- (S),
p-coumaric acid (pCA), and ferulic acid abundance
can be determined. Moreover, the linkages
between the lignin-subunits can be determined and
quantified (Fig. 2). The observed linkages include
the highly abundant b-aryl-ether (A), resinol (B),
phenylcoumaran (C), and dibenzodioxosin (D).
The carbohydrates can also be observed in such a
spectrum (Fig. 3). The most abundant
polysaccharide in this sample is cellulose (4-Glc),
which is completely dissolved under these
dissolution
conditions.
Other
observed
polysaccahrides are the the hemicelluloses xylan
(4-Xyl) with its substituents arabinofuranosyl ( TAraf) and (methyl) glucuronosyl-units (4-OMeGlcA) and mannans (4-Man). Since no
derivatization procedure is employed and no
significant pH alterations are necessary also labile
substituents such as O-acetyl-groups can be
quantified (Fig. 2) including their position on the
polysaccharides.
Summary
Such an information rich analysis can be used to
compare the lignocellulosic structure of a variety of
plant feedstocks allowing a prediction of optimal
processing parameters.
More importantly, the change in the lignocellulosic
structure during various pretreatment regimes
including acid/ alkali/ oxygenators and the effect of
certain enzymes or catalysts on the material can
be defined.
Outlook
The assembly of the structural parameters
obtained with the method presented here can be
used to model e.g. lignin structures in materials
and thus may provide a basis for mechanistical
insight into lignocellulosic recalcitrance and/or
deconstruction.
References
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The Single Step Process for the Synthesis of Dimethyl ether from Biomassderived Synthesis gas
R. Ahmad, E. Dinjus, J. Sauer, U. Arnold

*

Institute of Catalysis Research and Technology, Karlsruhe Institute of Technology
Hermann-von-Helmholtz-Platz 1, D-76344 Eggenstein-Leopoldshafen

For the single step synthesis of dimethyl ether (DME) different catalyst systems were investigated. A
closer look at the synergy between hydrogenation and dehydration in admixed catalyst systems revealed
an influence of catalyst acidity on CO-conversion as well as on long-term stability. Furthermore, zeolitebased bifunctional catalysts were prepared and characterized. It could be shown that the preparation
strategy has an impact on catalyst-features and therefore on their activity. Catalyst CZA-OX, prepared by
oxalate co-precipitation, revealed high CO-conversion and high product selectivity.
____________________
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The latter strategy is favourable if a biomassderived synthesis gas is applied, which is carbon
monoxide-rich with a typical H2:CO-ratio around 1
and also lower. Since all industrial DME processes
employ the two step process (i.e. the dehydration
of methanol which was produced separately from
synthesis gas) there are no commercial catalysts
designed for the single step synthesis of DME.
Usually, admixed systems containing a copper
based methanol catalyst (Cu/ZnO/Al2O3, CZA) and
a solid acid, such as zeolites or γ-Al2O3, are
applied. Within this work we investigated on the
one hand the influence of dehydration catalysts in
admixed systems and on the other hand the
activity and the features of bifunctional catalysts
that are specially designed for the STD-process.
Approach / Test set-up
Different acidic solids, e.g. a γ-Al2O3 from Alfa
Aesar (AA), a H-MFI 400 zeolite from Süd-Chemie
(Z), a silica-alumina from SASOL (SiAl) and a
P2O5-doped alumina from SASOL (AlPO), were
tested as dehydration catalysts in combination with
a CZA catalyst. The synergy between both
systems and the influence of the acidic component
on long-term stability were investigated.
Moreover, zeolite-based bifunctional catalysts
were prepared using the following synthesis
strategies: Co-precipitation impregnation (CZACF), impregnation (CZA-IP), co-precipitation
sedimentation (CZA-CS) and oxalate coprecipitation (CZA-OX). All catalysts were
characterized and their activity was tested in a
continuously operating laboratory plant with a fixed
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bed reactor. An admixed catalyst system (CZA-Z)
was used as reference.
2 g of each catalyst system were fed into the
reactor and reduced with H2 in situ over a period of
19 h. Afterwards, the plant was rinsed with Ar and
subjected to pressure (p = 51 bar). The desired
gas feed was then adjusted to 100 mln/min (H2:CO
= 1; diluted with 70 Vol% inert gas) and the
respective measurement was started.
Results
Influence of the dehydration catalyst in admixed
systems:
Due to synergistic effects the dehydration catalyst
has a strong impact on catalyst activity. A high
amount of moderate acidic sites can lead to higher
CO-conversions. However, the presence of strong
acidic sites can favor side reactions, thus leading
to the synthesis of unwanted byproducts.
Therefore, the investigation of acidic sites is of
great importance. In Figure 1 the diagrams of NH3TPD are displayed and Table 1 summarizes the
results.

Intensity [a.u.]

Introduction
DME is one of the most promising Diesel- and
LPG-substitutes and has gained huge interest in
research and industry [1]. In comparison to
common fuels the combustion of DME is soot-free
and hardly emits harmful particles [2]. DME can be
produced by either dehydrating methanol over an
acid catalyst or in a single step process directly
from synthesis gas (Syngas-To-DME, STD) [3]:
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Table 1: Total amount of NH3-uptake in mmol/gcat for T=
100-850 °C

NH3uptake

AA

SiAl

AlPO

H-MFI 400

0.61

0.68

0.74

0.48
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The dehydration catalyst also influences long-term
stability. In Figure 2, exemplary results of a longterm catalyst screening are shown.
CO-conversion (AA)
CO-conversion (SiAl)
CO-conversion (AlPO)
CO-conversion (Z)

DME-selectivity (AA)
DME-selectivity (SiAl)
DME-selectivity (AlPO)
DME-selectivity (Z)

70

60

SBET [m²/g]

50

Cu red. [%]

NH3 [mmol/g]

Cryst. size [nm]

220

SCu [m²/g]

0,14

40

70

80

90
60

150

200

250

300

Time [h]

160

Fig. 2: Long-term screening of admixed catalysts.
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Dehydration catalyst AlPO exposes the highest
CO-conversion and DME-selectivity. Catalyst Z
shows a similar activity as AlPO. However, a longterm study of Z has yet to be completed.
All catalysts show more or less complete
dehydration. Nonetheless, the amount of COconversion differs, which reflects the synergy
between the hydrogenation and the dehydration
reaction and hence the influence of the acidic
component on the overall catalyst activity.
Bifunctional catalysts for the single step synthesis
of DME:
Figure 3 shows the CO-conversion and the product
selectivity for each investigated catalyst system.
The reference system exhibits high CO-conversion
and complete dehydration to DME. CZA-OX is the
only bifunctional catalyst system that shows similar
results with excellent activity and productselectivity, whereas the other catalysts either
exhibit low CO-conversion or high amounts of
byproducts.
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The prepared zeolite-based bifunctional catalysts
were characterized by N2-physisorption, H2-TPR,
NH3-TPD, XRD, N2O-pulse chemisorption and the
results were correlated to their catalytic activity
(see Figure 4). Hence, catalytic activity is high
when the catalyst has a high surface area with
high dispersion of the active Cu species, is easily
reduced, has small Cu particles and a high Cu
surface area and if its acidity is dominated by high
amounts of moderate acidic sites.
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Fig. 4: Correlation between catalyst-features and activity.

Summary and Outlook
The dehydration component plays a significant role
in the single step synthesis of DME. The acidity
does not only influence product selectivity but also
the CO-conversion. The synergy between both
components should therefore be studied more in
detail.
Bifunctional catalysts have been prepared and
investigated and it could be shown that the
preparation influences catalyst features and
thereby their catalytic activity. Bifunctional catalyst
CZA-OX exposed high CO-conversion and good
product-selectivity. Thus, it could substitute the
classic admixed system.
Further preparation strategies should be tested
and the obtained catalysts should also be analyzed
by new characterization techniques, such as in situ
and operando methods. This will help to gain a
deeper understanding and to develop catalysts
with tunable properties.
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Novel biofuels based on furfural and 5-hydroxymethylfurfural:
Tailoring aldol condensation and selective hydrogenation
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Furfural (FUR) and 5-hydroxymethylfurfural (5-HMF) are lignocellulose-derived platform chemicals, which
have found great use in the production of bio-based fuels and chemicals. The transformation of FUR and
5-HMF via aldol condensation and selective hydrogenation can provide a wide range of potential biofuel
targets. Several groups have developed pathways to produce alkanes from FUR and 5-HMF; however,
selective hydrogenation to yield substituted furans, tetrahydrofurans and alcohols has been much more
challenging. Herein, we present encouraging results employing multifunctional catalysts to produce a
variety of potential biofuels.

____________________
*
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Introduction
Furfural (FUR) and 5-Hydroxymethylfurfural (5HMF), the so called “sleeping giant”, are highly
1valuable building blocks accessible from biomass.
4
Due to their functionality, they can be
transformed into valuable products via a great
number of reactions. Concerning potential
applications in the field of biofuel production,
suitable catalytic reactions to enable C-C bond
formation and selective oxygen removal are
crucial. Aldol condensation together with selective
hydrogenation and hydrodeoxygenation render the
production of various novel biofuel compounds
starting from FUR and 5-HMF possible. The main
challenge with this strategy concerns the
development of highly selective catalysts, in which
modifications to the catalyst (i.e. active metal,
support material) or reaction conditions (i.e.
temperature, pressure) can be used to control the
catalytic selectivity. Process integration is also of
particular concern as continuous flow systems
allow another dimension by which the product
selectivity can be tuned (i.e. reagent flow rates,
substrate retention time). Herein we present
promising
results
using
heterogeneous
multifunctional catalysts to obtain a broad variety
of biofuels.
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Results
Aldol condensation over solid base catalysts
Mesoporous spinel aluminates with high specific
surface area were synthesized by a facile hard
4
templating route based on activated carbon. The
BET surface areas of MgAl2O4, CoAl2O4 and
2 -1
ZnAl2O4 are 149, 224 and 96 m g , respectively.
The catalytic activity of these high surface area
spinel oxides was tested in the aldol condensation
of 5-HMF with acetone, where acetone was used
both as a substrate and solvent. Due to an excess
of acetone, the main and desired product is (E)-4(5-(hydroxylmethyl)-furan-2-yl)but-3-en-2-one (1).
Nevertheless, due to the symmetry of acetone
molecules a further condensation with 5-HMF is
possible leading to the formation of (1E,4E)-1,5bis(5-(hydroxymethyl)furan-2-yl)penta-1,4-dien-3one (2) as minor product. At optimum reaction
conditions, the complete conversion of 5-HMF was
obtained after 7h of reaction time. When
magnesium aluminate was used as a catalyst the
maximum total yield of aldol products (1) and (2)
reached 92% (Table 1). Thereby, a high selectivity
towards the desired product (1) of 81% could be

1. International Conference „Tailor Made Fuels from Biomass“, 2013

observed. In all cases the formation of product (2)
was around 10 %.
Table 1. Catalytic performance of spinels in the aldol condensation of
5-HMF and acetone (413 K; 7h, 5-HMF/catalyst = 2 [g/g]).
Catalyst

Selectivity to (1) %Selectivity to (2) %

5-HMF
Conv. %

MgAl2O4

81

11

100

CoAl2O4

70

10

100

ZnAl2O4

76

10

100

Cu/MgAl2O4

78

7

100

Noble metal-free transfer hydrogenation
With the aim to design a multifunctional catalyst,
metal was introduced into a mesoporous spinel.
The bifunctional noble metal free catalyst
Cu/MgAl2O4 was tested in the aldol condensation
reaction and its performance was compared to
pure MgAl2O4. As illustrated in Table 1, the
bifunctional catalyst reached comparable activity to
pure MgAl2O4 indicating that the metal loading has
no influence on the basic properties of the catalyst.
Several studies focused on fully hydrogenated
products and the formation of alkanes based on
5-7
aldol products of 5-HMF.
However, the main
challenge concerns a selective reduction of the
oxygen content of renewable feedstocks with
minimum hydrogen demand. The hydrogenation
reaction proceeds via parallel and consecutive
reaction pathways that involve hydrogenation of
C=O and C=C bonds. At first the C=C double bond
of the substrate was hydrogenated. With prolonged
reaction time the reduction of the carbonyl group
as well as the deoxygenation of the C-O bond took
place. After 7h of reaction, the aldol product (1)
was
completely
consumed
delivering
3hydroxybutyl-5-methylfuran (5) with a selectivity of
up to 84% at full conversion.

Noteworthy, transfer hydrogenation utilizing 2propanol as hydrogen source also produced (5) as
the final product with up to 77% selectivity. In line,
process integration combining aldol condensation
with acetone and transfer hydrogenation delivering
acetone becomes possible.
Ionic liquid-based selective hydrogenation
catalysts
Ionic liquid (IL)-stabilized metal nanoparticles
(NPs) have been investigated as active
hydrogenation catalysts in the reduction of the
aldol condensation product (E)-4-(2-furyl)but-3-en8
2-one (6). Ru and Ir NPs in a variety of
imidazolium-based ILs possessed high activities in
the reduction of 6, in which the product selectivity
could be controlled by changing the active metal
and IL.
IL-stabilized Ru NPs were combined with an acidfunctionalized IL to form a multifunctional catalyst
for the hydrogenolysis of 4-(2-tetrahydrofuryl)-29
butanol (7). Ru NPs achieved a high activity and
selectivity to form 1-octanol and 1,1-dioctyl ether
(C8-OLs) in >70% yield after 15h at 150°C under
120 bar H2(g) (Fig. 2).
In order to develop a multifunctional catalyst for a
continuous flow processes, supported ionic liquid
phases (SILPs) have been developed as both an
acid catalyst and NP stabilizer. Acid-functionalized
ILs have been immobilized onto a silica support, in
which Ru NPs have been stabilized within the IL
layer. This multifunctional catalyst has also been
tested in the hydrogenolysis of 7 and has shown
improved activities and selectivities (>90%) to C8OLs. These SILP-based catalysts have shown
promising results in terms of catalyst recyclability
and substrate scope.
O

2-butyltetrahydrofuran

OH
[Ru NPs]

O

O

Acidic IL

R

1-octanol (R = H)
1,1-dioctylether (R = C8H17)

C8-OL: up to 71% yield
7
n-octane: trace amount

Fig. 2: Hydrogenolysis of 7 to 1-octanol and 1,1-dioctyl
ether.

Fig. 1: Hydrogenation of aldol product (1) over
Cu/MgAl2O4 at different temperatures.

Outlook
A variety of solid catalysts were presented towards
the formation of continuous flow processes
employing FUR and 5-HMF as valuable starting
materials in the formation of biofuels and
chemicals. Our approach provides catalyst
systems, which can be modified to control the
product selectivity to yield a wide range of potential
biofuels.
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Converting biogenic dimethyl ether into fuel on the base of modified zeolites
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Zeolites play an important role in the production of fuels from synthesis gas. Known and mature
technologies exist for synthesis gas of fossil origin (coal, natural gas, petroleum) and may also be
transferred to synthesis gas of biogenous origin. Dimethyl ether is a central intermediate product. In the
DtG (“dimethyl ether-to-gasoline”) process H-ZSM-5 zeolites are of major significance [1]. Modification of
H-ZSM-5 catalysts is the basis of customized product synthesis. Hierarchic structures of zeolites change
the diffusion properties of the crystals and can help to achieve a more selective range of products [2].
____________________
* Thomas.Otto@kit.edu
Introduction
In the seventies, the MtG (“methanol-to-gasoline“)
process was an alternative to the Fischer-Tropsch
process developed in the thirties of the past
century [3]. The MtG process is performed with
dimethyl ether (DME) as an intermediate.
Hydrocarbons (C1-C10) directly synthesized via
DME with the assistance of zeolites as catalysts
offers considerable advantages over the MtG
process [4].
Approach / Test set-up
Hierarchical H-ZSM-5 zeolites were prepared via
several synthesis strategies. Desilication of the
ZSM-5 crystals [5,6] and organosilanes additives
admixed to the reaction solution [7,8] are two
methods to introduce mesoporosity into the
microporous MFI framework. The characterization
by SEM, EDX, XRD, FT-IR, N2 adsorptiondesorption isotherms, NH3-TPD etc. enables to
determine the Si/Al ratio, morphology, crystallinity,
surface area, concentration of Brønsted acid
centres, pore-size distribution and other zeolite
specific parameters.
Catalytic performance was tested at 643K in a
fixed bed reactor (i.d. 8mm) with 0,5g catalyst and
a stream of 20% DME in Ar at a gas hourly space
-1
velocity (STP) of 3800h under a pressure of 1
bar. Products were analyzed by an online gas
chromatograph with a column switching and FID.
Liquid products were analyzed by a gas
chromatograph with FID as well as mass
spectroscopy (GC-MS).
Results
Fig. 1 shows SEM images of conventional ZSM-5
crystals (A) and crystals synthesized with addition
of
[3-(trimethoxysilyl)propyl] tetradecyldimethylammonium chloride (B). The appearance of the
organosilane-directed synthesized crystals differs
from the ordinary coffin shape with smooth facing.
Desilication was performed with NaOH (0,1 –
0,5M) for 30min at 65°C according to the literature
[9]. A benefit of desilication is the accessibility of

the mesopores from the external surface and the
dissolution of defect sites. Depending on the Si/Al
ratio, application of pore directing agents (PDA) or
an acid post-treatment is required.

Fig. 1: SEM images of ZSM-5 crystals obtained by (A)
conventional synthesis and (B) organosilane-directed
synthesis.

Fig. 2 depicts isotherms of four ZSM-5 samples.
Compared with the untreated larger crystals, the
nanosized ZSM-5 has intercrystalline mesopores.
This results in an increased course of the curve at
higher relative pressures. The hierarchic samples
(“organosilane” and desilicated ZSM-5) absorb a
higher share of N2 and have diverging
progressions related with the type and size of the
pores.

Fig. 2: N2 isotherms (77K) of untreated, nanosized,
“organosilane” and desilicated ZSM-5 samples (from
bottom to top)
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The hierarchic samples have an increased catalyst
lifetime. A detailed characterization of the ZSM-5
samples as well as sophisticated product analysis
results in new insights concerning the catalytic
mechanism as well as the coking process. Fig. 3
shows ASTM boiling diagrams of two synthesized
(organic)
fractions
(MLV1-14,
MKL01-11)
compared to a typical gasoline (DIN EN 228).

Fig. 3: Simulated boiling curves of synthesized fuels at
the IKFT. The right half of the diagram shows the
collected (organic / aqueous) fractions (MLV1-14,
MKL01-11).

Compared to the gasoline according to DIN EN
228, the synthesized fractions have fewer highly
volatile components and a larger share of highboiling
components
evaporating
only
at
temperatures above 200°C. There is no gap. The
range between 100°C and 155°C shows good
agreement of the evaporated percentage fraction.
For the two fractions, MLV1-14 and MKL01-11, an
octane rating of RON >100 can be estimated,
which is far above that of conventional gasoline.
Taking into account the DIN standards (DIN EN
228), the raw gasoline produced in this way can be
added to low-boiling gasoline fractions in a share
of up to 15 % without any treatment, i.e. without
any subsequent processing (e.g. hydrogenation). A
critical component responsible for this limit is
durene (1,2,4,5-tetramethylbenzene) with a melting
point of 79,2°C.
Outlook
Apart from the fact that biomass is the only
renewable source of hydrocarbons, the dimethyl
ether can be made from pyrolyzed straw residues.
This is going to offer new insights and pose
challenges in the field of molecular catalysis
chemistry. In the future, zeolite catalysts may be
able not only to generate specialized high-grade
fuels tailored to specific purposes, but also allow
the generation of important chemical source
materials from biogenic DME [10].
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Fermentative butanol-production from pretreated lignocellulosic biomass
hydrolysates with in situ product removal
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Butanol is a promising gasoline additive and platform chemical that can be readily produced via acetonebutanol-ethanol (ABE) fermentation from pretreated lignocellulosic materials. In this context, not only the
fermentative product generation in complex liquid hydrolysates remains challenging, but also the
subsequent butanol removal. In order to address these questions, this study deals with an innovative
particle-based extraction concept which enables in situ product removal during fermentation process.
Additionally, the usage of a structural numerical model gives insight to ABE-fermentation process of liquid
biomass hydrolysates.
____________________

Corresponding author: tippkoetter@mv.uni-kl.de
Introduction
In recent years, the usage of renewable raw
materials as source for material and energy
supplementation of finite resources has increased
significantly. Thus, many approaches are made to
optimize pretreatment and hydrolysis conditions of
lignocellulosic biomass [1]. As part of this
development
acetone-butanol-ethanol
(ABE)
fermentation has attracted renewed attention. The
main product of this process is butanol, which can
be used as gasoline additive or gasoline
replacement [2]. Nevertheless, product inhibition of
Clostridium species associated with low product
concentrations remains one major drawback. In
order to maintain process conditions, butanol has
to be removed from the fermentation broth.
Contrary to conventional approaches for product
removal (gas-stripping, pervaporation, liquid-liquidextraction, perstraction, solid adsorption) with their
process limitations, a particle-based extraction
concept is employed here.
Approach / Test set-up
For the development of the particle-based
extraction system, different extractants were
screened for integrated butanol removal, based on
their distribution coefficient. A selection of
extractants was applied on particle adsorbent
matrices followed by examinations of butanol
removal-capacity and fouling factors. Fermentation
studies
were conducted
with
Clostridium
acetobutylicum, using synthetic-medium and
enzymatically derived pretreated lignocellulosic
biomass hydrolysates. In order to assess the
advantages of product removal, comparison with
and without product removal were conducted. To
be able to get a deeper understanding of the ABEfermentation process of pretreated lignocellulosic
hydrolysates, a structural, numerical fermentation
model was developed. The model consists of the
most relevant metabolic processes during
Clostridium fermentation. These are described by
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differential equations and subsequently solved with
the software tool BERKELEY MADONNA. The
aims of the simulation are the extension of
experimental results and precise prediction of the
process of butanol fermentation with in situ product
removal. The basic parameters for these
simulations have been adapted to previously
obtained
experimental
results
of
ABEfermentations.
Results
Fermentation
studies
using
pretreated
lignocellulosic biomass hydrolysates showed
similar product concentrations as with standard
synthetic media. As part of the investigation of the
particle-based extraction concept, two potential
extractants for the adsorption in resins were
identified. Subsequently, fermentation in 1 L scale
was conducted with combined product removal
(Fig. 1).

Fig. 1: ABE-Fermentation with in situ product removal.
Vertical line indicates beginning of butanol separation.

As a result, the usage of impregnated absorbent
resins allows butanol removal during ABEfermentation. In comparison with the control
fermentation,
sequential
product
removal
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increased final butanol amount (data not shown).
Fouling of extraction particle could not be detected.
First investigations of the structural numerical
model indicate a good correlation of simulated and
experimental data (Fig. 2).
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Fig.
2:
ABE-fermentation
fermentation
model
(BERKELEY Madonna V 8.3.18): Correlation of
simulated data (continuous lines) and actual
fermentation data (dotted lines). Depicted are glucose
and solvent (acetone, butanol, ethanol) concentrations
[g/L].

In addition, the influence of inhibitory effects on
biomass- and product formation can be simulated.
Hence, glucose (substrate inhibition) as well as
butanol (product inhibition) concentration can be
adjusted. The presented simulation also allows first
estimations of the separation-modes (sequential,
continuous, without) during ABE-fermentation.
Summary
In this study ABE-fermentation by Clostridium
acetobutylicum using pretreated lignocellulosic
hydrolysates was possible. Hereby, similar results
as control cultures in synthetic media were
obtained. During actual fermentation processes,
butanol could be removed in situ by a particlebased extraction system. For this approach
adsorber particles are impregnated with a liquid
extractant. The application of a structural numeric
metabolic model allows predictions of the process
behavior during ABE-fermentation and provides
details about optimal removal intervals.
Outlook
In order to create an effective process for the ABEfermentation from renewable raw materials, further
development has to be conducted. This not only
affects
the
pretreatment
conditions
of
lignocellulosic biomass itself, but also the
fermentation process. Additionally the in situ
separation of butanol can be further improved by
the adjustment of the adsorption conditions, as
well as inevitable desorption and product recovery.
In doing so, further development of the structural
numerical model will be beneficial, since it gives
detailed insights in fermentative process control.
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Mechanical Pretreatment of Lignocellulosic Biomass in a Screw Press
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Since mechanical pretreatment makes lignocellulosic biomass accessible to any further treatment, it is an
essential step for the TMFB-process. The objective of the work presented is to develop a mechanical
pretreatment process for biomass using a screw press. Alkaline and dilute acid hydrolysis were
conducted to evaluate the release of phenols or sugars from screw press treated and non-treated straw
materials.
____________________
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Introduction
One of the main challenges in the conversion of
lignocellulosic biomass into biofuels and chemicals
is the feedstock pretreatment due to the complex
structure of the materials. Even though a large
number of pretreatment strategies exist, suitable
technologies for large-scale biofuel production
from biomass are still missing [1]. Hence,
developing an ideal pretreatment method, which is
applicable
to
all
lignocellulosic
biomass,
environmentally friendly, technologically simple
and with low operational costs is of crucial interest.
In this context, comminution of lignocelluloses is a
necessary part of each pretreatment.
In this study, mechanical pretreatment of
lignocellulosic materials was performed using a
screw press. The original application of this screw
press is the oil extraction from oilseeds. Our
previous study [2] indicated the feasibility of the
comminution of lignocellulosic biomass as well as
dewatering in the screw press. This study aims to
show that the screw press pretreatment can
improve chemical hydrolysis of reed and wheat
straw, yielding phenols and sugars.
Approach
Pretreatment was carried out by using a screw
press (Reinartz, AP08) with a screw diameter of 80
mm and a screw length of 450 mm in the
compression zone (Fig. 1). It is driven by a 4 kW
motor.

Fig. 1: The employed screw press.
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Alkaline and dilute acid hydrolysis were tested to
evaluate the release of phenols and sugars from
screw press treated and non-treated straw
materials. Reducing sugar concentration from
dilute acid hydrolysis was measured with
dinitrosalicylic acid method (DNS) [3] and
calculated from a calibration curve plotted for
xylose. Phenolic unit concentration from alkaline
hydrolysis was evaluated with Total Phenol
Analysis Method [4] and calculated from a
calibration curve plotted for vanillin.
Results
Fig. 2 displays different structures of reed straw
treated with a cutting mill and a screw press. The
fibrillation effect of the pressed material might
indicate higher disintegration of the particles.

Fig. 2: Photograph of the reed straw treated with a
cutting mill (left) and a screw press (right).

When using alkaline hydrolysis with 0.5 % NaOH,
the phenolic unit release of screw press treated
reed straw was by 40 % higher than for nontreated straw at the end of the hydrolysis (Fig. 3).
By using 5 % NaOH, a substantial difference within
the first 4 hours for treated and non-treated reed
straw was observed, whereby after 24 hours the
difference diminished (Fig. 4).
-1
Comparing the reaction rate constants k [h ] of the
fitted exponential functions through the data results
in a three times higher constant k for the treated
material. And the ratio of the rate constants k is
independent of the NaOH concentration.
It is also noteworthy that the standard deviation of
treated reed straw was significantly smaller than
that of the non-treated material. It seems to be due
to the simultaneously mixing and disintegration
when the biomass passes through the clearance
between screw and barrel.
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A similar trend was also observed during the
alkaline hydrolysis of wheat straw (data not
shown).

kT=0.08 h

-1

kNT=0.03 h

-1

Fig. 3: Alkaline hydrolysis (0.5% NaOH) of screw
press treated and non-treated reed straw.

kT=0.8 h

-1

kNT=0.25 h

-1

Summary
In the current study the effect of the screw press
pretreatment of lignocellulosic biomass on the
chemical hydrolysis was investigated. Screw press
pretreatment significantly improved the chemical
hydrolysis from reed and wheat straw resulting in
higher release of phenols and reducing sugars. It
was found with the kinetic study of alkaline
hydrolysis, screw press treated material reduced
2/3 of the processing time in order to achieve the
same release of phenols by a constant NaOH
concentration, compared to non-treated material.
The results indicate that screw press pretreatment
leads to a higher disruption of the lignocellulosic
structures and increases effectively the extraction
process rate of lignin and hemicellulose from the
biomass.
Outlook
Considering the good performance of the
pretreatment process, a better understanding of
the correlation of screw geometry, material
characteristics and operational parameter for the
screw press pretreatment is necessary.
By taking advantage of the high shear and
pressure forces of the screw press and combining
these with chemical processing, synergetic effects
might be observed, leading to an improvement in
energy efficiency. This is planned to be realized by
a combined comminution and disintegration step in
a screw press (Fig. 6).

Fig. 4: Alkaline hydrolysis (5% NaOH) of screw press
treated and non-treated reed straw.

Also effects on dilute acid treatment were
investigated. After screw press pretreatment, a
substantial improvement in the amount of released
sugars from both types of straw was observed
(Fig. 5). An increase of 70 % (in case of wheat
straw) and 110 % (in case of reed straw) in the
release of reducing sugars from screw press
pretreated straw was detected.

Fig. 6: A possible screw press design for the
combination of mechanical and chemical pretreatment.
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The aviation industry has demonstrated worldwide a strong desire to participate in a global effort to mitigate GHG
emissions and, therefore, is deeply committed to reduce CO 2 emissions. In the beginning of 2012 a group of
specialists from different areas was formed to elaborate a Roadmap to evaluate Brazil’s possibilities to partially
substitute kerosene by sustainable aviation biofuels. Different feedstocks, refining technologies, sustainability, policy
and incentives, logistics and support, R&D and commercialization gaps were evaluated in eight workshops. Here we
would like to report the results from the workshop on refining technologies.
______________________________________
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Introduction
Brazil is internationally recognized for its long
experience of using biomass for energy purposes
beginning with wood, sugarcane ethanol, and
biodiesel. Contemporaneous bioenergy represents
around 30% of the Brazilian energy matrix [1], and
it is considered an example to be followed on how
to reconcile biofuel production, food security and
rural development. Much of what Brazil has done
in the bioenergy area was accomplished by longterm policies and investment in research and
building up human capacity
Approach / Test set-up
The roadmapping methodology implemented in
this project aimed at reaching a consensus on
action plan priorities (gaps and barriers) in order to
promote the use of sustainable biofuels for
aviation. The methodology was constructed using
workshops to stimulate the discussions.
A series of workshops were organized between
April and December 2012:
Workshop
1–Project Overview
2–Feedstocks
3–Refining Technologies
4–Sustainability
5–Policy & Incentives
6–Logistics & Support
7–R&D and Commercialization
8–Briefing to Stakeholders

Date
April 25-26, 2012
May 22-23, 2012
July 11-12, 2012
August 22-23, 2012
September 11-13, 2012
October 17-18, 2012
November 28-29, 2012
December 12, 2012

The workshops provided valuable information to
develop scenarios/pathways, which were analyzed
based on assessment of likely commercial
feasibility in a 2015-22 timeframe, and considering
long term timeframe (2050). The workshops
gathered stakeholder perspectives and insights on
prospective pathways.
Results
Current technologies allow conversion of
biofeedstocks to drop-in jet biofuels [2]. The
workshops evaluated a range of conversion and
refining technologies including gasification, fast
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pyroly-sis,
solvent
liquefaction,
enzymatic
hydrolysis of cellulosics and lignocellulosics,
alcohol oligomerization to jet fuel (ATJ),
hydroprocessing of esters and fatty acids (HEFA),
as well as the fermentation of sugars and wastes
(i.e., municipal solid waste, flue gases, industrial
wastes) to alcohols, hydrocarbons and lipids. All
these technologies are important and should be
considered for the production of jet biofuel.
Fermentation of sugars to hydrocarbons or to lipids
is still being scaled up. Usually, an unsaturated
C15 hydrocarbon or a fatty acid with double bonds
is produced which needs low amounts of hydrogen
(ca. 4%, weight basis) to produce a jet biofuel.
Lignocellulose is the cheapest feedstock among
the examined ones and can be processed as a
whole. However its conversion into synthesis gas,
bio-oil and bio-char needs expensive equipment
and high temperature conditions. Conversion of
lignocellulosics should be important in a near
future as the costs of equipments will reduce.
Enzymatic hydrolysis of lignocellulosics does not
need such expensive equipment; however the
process is still slow and needs substantial
improvement to provide good quality hydrolizates
to supply the large potential demand for fermented
biofuels. Besides this, cheaper and more efficient
enzymes are needed in order to make enzymatic
hydrolysis economically viable. The improvement
of the microorganisms to excrete larger amounts of
enzymes, synergistically working, would be very
advantageous. It is desirable to have enzymes with
higher turn-over number and more affinity for their
substrates, as increased robustness to biofuel
process conditions. Fermentation of sugars to
alcohols (i.e.bioethanol) is well developed and
commercially executed around the world. Brazil
has a long tradition in producing bioethanol and
this biofuel is currently used as a building block to
generate poly(ethylene) in a commercial chemical
plant, which is a successful example for the ATJ
technology. These alcohols can be easily
deoxygenated to jet biofuel by the ATJ processes.
Naturally, second generation alcohols would
improve the sustainability of these jet biofuels.
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Conversion of vegetable oils to hydrocarbons
(HEFA) is commercial, however expensive
feedstocks are needed. The integration of this
plant to an existing refinery/power plant would
lower costs for the hydrogenation step of the
process. Technology developed in Brazil is able to
produce a similar product which would allow
blending with conventional jet fuel. Optimization of
this process is under way.
Conversion of municipal and industrial wastes by
biochemical processes, avoiding therefore the high
temperature conditions of the thermochemical
processes applied for cellulosic materials is being
developed and not much can be said about
commercial viabilities. On the other hand, wastes
are often available at no costs and transforming
wastes into useful products should be encouraged.
More research is required to know the costs of
separation and processing of the different
constituents, mainly for municipal solid wastes.
Conversion of tallow and yellow greases is
possible using the HEFA process, but the limited
availability and opportunity cost of these
feedstocks are driving them to biodiesel production
under Brazilian conditions.
After discussing the feedstocks and refining
processes for producing renewable jet fuel,
multiple possible pathways were identified during
the project. Certification requirements for
commercialization are established internationally
according to ASTM D7566 [3], which contains one
special annex for each approved alternative jet fuel
production process. An overview of all identified
pathways pertinent to Brazil, including the
denomination and status of the ASTM approval
process will be presented. Two of the final jet fuel
production processes are already approved (HEFA
and Fischer-Tropsch) and several others are still
under analyzes in the ASTM approval process.
Summary
The Sustainable Aviation Biofuels for Brazil Project
proposed and
implemented an enriching
experience to discuss Brazil’s possibilities to
partially substitute kerosene by sustainable
aviation biofuels, involving important stakeholders
from different sectors of the Brazilian society:
government sector, agriculture, aviation industry,
regulatory agencies, NGOs, universities and
research institutions. The Project proved to be an

endogenous
creative
output,
a
Brazilian
contribution to a sustainable aviation industry.
Outlook
Considering a pathway a combination between a
given feedstock and a refining technology, 13
pathways were identified in the Sustainable
Aviation Biofuels for Brazil Project. Off course,
there are many combinations of feedstock and
process likely to be a feasible alternative for
aviation biofuels production in the medium-long
term. Since not a single solution can be selected,
the Project has recommended the most promising
and sustainable alternatives if more R&D efforts
are implemented.
Promising short term possibilities include the use
of sugarcane sucrose and ethanol, since they can
benefit from low sugarcane production costs and
good sustainability indicators in Brazil. However, in
medium to long term, it appears that fiber cellulosic
feedstocks such as wood derived products and
sugarcane trash and bagasse will have better
competitive possibilities due to low costs and high
sustainability perspectives.
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Chemical interactions among fuel molecules or the engine oil are not well understood today. However,
the undesired results in form of oil sludge or valve deposits are well known. Furthermore, it is known that
aged biodiesel is a reactive partner to form oligomers or polymers in fuels, engine oils or on metallic
surfaces. To suppress the formation of oligomers or resolve such oligomers in blends of diesel fuel and
biodiesel, monovalent alcohols tend to be appropriate additive. Further research is necessary to explain
these chemical interactions closer in detail.
____________________
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Introduction
Today most diesel vehicles do not have a release
for neat biodiesel (B100) by the OEM. Passenger
cars with diesel particulate filters should not be
fueled with blends higher than B7, in case the
engine oil changing interval is not reduced
significantly. Therefore, the European diesel fuel
specification EN 590 limits the biodiesel content to
7%.
Besides the regulatory aspects, chemical
interactions among fuel molecules or the engine oil
are not well understood today. However, the
undesired results in form of oil sludge or valve
deposits are well known. Furthermore, it is known
that aged biodiesel is a reactive partner to form
oligomers or polymers in fuels, engine oils or on
metallic surfaces [1,2].
Especially aged biodiesel from higher unsaturated
fatty acids can form oligomers and precipitations
with a maximum blend rate in the range of 10 to 20
percent biodiesel in diesel (B10 to B20) [3-5]. It
must be noticed that this reaction depends not only
on the biodiesel, but on the diesel fuel as well.
Oligomers can be separated quantitatively from
diesel fuel/biodiesel-blends in mass fractions of up
to 20%. These highly viscose oligomers are
soluble in some diesel fuels and in biodiesel, but
they are not soluble in GTL (gas-to-liquid fuel), in
HVO (hydrotreated vegetable oil) or some other
premium fuels. Furthermore, they seem to have
potency for chemical reactions with the engine oil.
To prevent tentative problems of the fuel filter, the
injecting system and the engine itself, the
formation of oligomers must be suppressed or
disabled.
As the oligomers are oxidative degradation
products from biodiesel they have an increased
oxygen content up to 22 percent, which causes a
higher polarity [6]. Therefore, polar substances, as
alcohols, diols, esters, amines, and acetates were
tested systematically as additives in increasing
concentrations with regard to the ability of phase
separation as well as to solve precipitates of
artificially aged B10.

Results
Table 1 shows the efficiency of different solvents
with increasing polarity. For six solvents the
addition was stopped at 5 % because of
insufficient suppression of the clouding.
Table 1: Efficiency of different selective solvents
under specification of the relative permittivity

Solvent

n-Hexane
Xylol
Toluol
Biodiesel (RME)
Ethylacetate
Ethanolamin
Tetrahydrofuran
2-Hexyldecanol
1-Octanol
1-Hexanol
Cyclohexanol
3-Methyl-1-butanol
1-Butanol
Ethanol
1,2-Propanediol
Ethane-1,2-diol
Ricinus oil methyl
ester
Acetonitrile
2-Aminoethanol
Water

Relative
permittivity
[7]

1.9
2.3
2.4
3.4
6
6.9
7.6
10
13.3
15
15.6
17.8
24.3
32
37

37.5
38.1
80

Vol. % for
suppression
of clouding
in B10
blends
>5
8
~ 40
7
>5
>5
>5
5
~6
7
~7
~5
4
>5
>5
11
Phased /
Clouding
Phased /
Clouding
Phased /
Clouding

In the result of this research longer chained
monovalent alcohols were found as efficient blend
components (Fig. 1).
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FIGURE 1: Turbidity measured by extinction (UV-VIS: 850 nm)

The efficiency of a solvent for precipitates depends
on a balanced combination of hydrophilic and
lipophilic parts in the molecules. For further
investigation the monovalent alcohols 1-octanol, 3methyl-1-butanol, and 2-hexyldecan-1-ol were
selected.
Regulated and non-regulated exhaust emissions of
three selected B10 blends containing 6 % 1-octanol, 8 % 3-methyl-1-butanol, or 8 % 2-hexyldecane1-ol were analyzed by using a single cylinder test
engine (Farymann Diesel 18W, TIER 4, agricultural
5-mode test). In the case of the regulated
emissions the blend with 1-octanol shows minor,
the other selected ones shows higher CO
emissions relative to a B10 blend without alcohol
addition. A reason for this result could be a
changed initial boiling point. In case of 1-octanol it
is possible that the consequence is a better
mixture of air and fuel in the combustion chamber,
which causes a better combustion. All selected
blends show minor NOx emissions relative to a B10
blend without alcohol addition. Obviously a
blending with alcohol results in a positive effect to
the NOX emission. This effect could be caused by
a lowered flashpoint in comparison with a B10
blend. Relating to the HC and PM emissions no
relevant changes were found relative to a B10
blend without alcohol addition. In the case of the
non-regulated emissions there are no relevant
changes in carbonyl and PAH emissions.
Conclusions
To prevent tentative problems of the fuel filter, the
injecting system and the combustion process itself,
the formation of oligomers should be prevented in
blends. Alcohols have been proven and tested to
dissolve precipitations in the fuel. In the result,
some blends from biodiesel, diesel fuel and
alcohols tend to be appropriate to suppress
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chemical reactions in the fuel and probably in the
engine oil. Some alcohols as a blend component
could be identified to meet the demands of the
diesel fuel specification EN 590. Additionally,
engine tests showed the usability of these blends.
No relevant negative changes concerning the
regulated and non-regulated emissions have been
found so far. Further research is necessary to
explain the chemical interactions that are
responsible for the formation of oligomers and their
reaction products. Not only chemical but physical
bonds can play important roles and are in the
focus of current research.
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The selective degradation of lignin to value-added platform chemicals represents one of the major
challenges on the pathway to a sustainable lignocellulose bio-refinery. The selective disconnection of the
complex lignin structure requires the development of novel catalyst systems, able to selectively break the
key lignin linkages and tolerate the presence of highly functionalised substrates. Novel organometallic
complexes meeting these demands were developed and applied in the disconnection of model substrates
as well as beech wood lignin.
Introduction
In times of depleting fossil energy resources, the
effective utilization of renewable feedstock
represents a sustainable source for commodity
[1]
chemicals and transportation fuels.
In this
respect, lignocellulose based materials are
promising candidates, since they are available in
sufficient quantities and do not interfere with
feedstock for food production. However, this
alternative pathway requires an unique catalytic
approach
given
the
numerous
different
functionalities present in biomass materials. While
there are already various established routes for the
utilization of the carbohydrate fraction of
[1b, 2]
lignocellulose (cellulose and hemicellulose),
[3]
lignin valorization is still largely underdeveloped.
At present stage lignin is primarily used for
incineration, and in consequence 15 to 30 weight
per cent of the carbon content and 40 per cent of
the energy content of lignocellulose remains rather
unexploited. Furthermore lignin represents a
complex
polymer
based
on
interlinked
methoxylated phenyl propane units and would
therefore enable access to valuable aromatic
platform chemicals and fuels. Within this
multifaceted network, the ß-O-4 aryl ether
connection represents the most abundant linkage
(50% of all linkages in softwood and 60% in hard
[3]
wood). Hence this particular linkage represents a
viable
entry
point
towards
a
selective
[4]
depolymerisation of lignin (see figure 1).

Fig. 1: Schematic representation of hardwood lignin
structure[3] (ß-O-4 linkage highlighted).

Approach
Herein, novel transition metal complexes were
developed and applied in the selective catalytic

cleavage of various lignin model compounds
incorporating the characteristic ß-O-4-linkage.
Promising catalyst candidates were then tested on
beech wood lignin.
Results
In order to assess potential pathways for the
selective cleavage of the ß-O-4 linkage, initial
investigations were performed with the model
compound 2-phenoxy-1-phenylethanol 1 (see
figure 2). The experimental approach was built on
[5]
a methodology reported by Bergman , using the
hydrogen equivalent of the secondary hydroxy
function in compound 1 to promote a reductive
cleavage of the ether bond. In our work with the
model compound 1, the novel trimethylene
methane complex I was established as highly
active catalyst for the selective C-O-bond
[6]
cleavage.
Based on these results, further
investigations focused on the cleavage of the more
[7]
complex diol model compound 2.

Fig. 2: Cleavage of model compounds 1 and 2 and structures of
catalysts I-III.

In the initial catalytic experiments with substrate 2,
catalyst I allowed the envisaged C-O bond scission
and the product molecule guaiacol 3a could be
[8]
already
obtained
in
moderate
yields.
Consequently, several ruthenium complexes with
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the tridentate Triphos ligand were tested in the
cleavage of substrate 2. Using ruthenium catalyst
II in this experiment enabled the unprecedented CC bond scission and product 3c could be obtained
moderate yields. Subsequently, this novel
cleavage pathway could be selectively promoted
with
catalyst
III
giving
1-(2-(2methoxyphenoxy)ethanol
(3c)
and
3,4Dimethoxybenzaldehyde (3d) as only cleavage
products in high yields (see figure 2).
Having a toolbox of novel active homogeneous
catalyst at hand, the next step was to test the
catalytic activity on lignin. Therefore beech wood
lignin was treated with the respective catalyst at
elevated
temperatures.
2D
HSQC-NMR
analysisrevealed a decrease of the ß-O-4 linkages,
while GPC measurements showed a considerable
[9]
decrease of molecular weight (see figure 3).
These observations emphasize the potential of
molecular
catalysts
for
the
selective
depolmyerisation of lignin and foreshadow future
applications.

Beechw
ood
lignin

Beechwo
od lignin
after
catalytic
depolyme
rization

High
Low
MW
MW
Fig. 3: GPC chromatogram of beech wood lignin before and
after catalytic reaction with catalyst I.

Summary
Novel transition metal complexes could be
developed, allowing the selective disconnection of
linkages in complex lignin model compounds. The
novel catalysts remain active in the presence of a
highly functionalised substrate and initial
investigations already demonstrated the catalytic
potential of these systems in the depolmyerisation
of beech wood lignin.
Outlook
Future investigations will focus on the development
of novel catalysts based on the established lead
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structure and to extend the approach to more
abundant non noble metals.
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This study concerns autoignition characteristics of ketone compounds which are important constituents in
the recent discovered myco-diesels produced from fungi species. Fundamental autoignition experiments
were conducted in an HCCI engine under carefully controlled operating conditions. The two ketone
compounds studied, 2,4-dimethyl-3-pentanone and cyclopentanone, showed unique autoignition
characteristics compared to a conventional gasoline fuel and neat ethanol, and for the former ketone, this
enabled a new mechanism for high-load HCCI combustion with further improved engine efficiency.
____________________
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In this presentation, we report a systematic
investigation of the combustion behavior of two
ketone compounds, 2,4-dimethyl-3-pentanone (
, DMPN) and cyclopentanone ( , CPN) in a
homogeneous charge compression ignition (HCCI)
engine. As an advanced engine combustion
process, HCCI offers high efficiency and ultra-low
NOx and soot emissions. Since it relies on
compression ignition, HCCI combustion is strongly
affected by the fuel’s autoignition characteristics,
i.e. the low- and intermediate-temperature
reactions that drive the mixture into hot
autoignition. These reactions are similar to those
occurring in other advanced low-temperature
combustion engines and in the end gas of sparkignited engines, making the results of this study
also relevant to these other engine-combustion
processes.
Approach / Test set-up
Autoignition characteristics of the two ketones
were investigated through a series of fundamental
engine experiments in the Sandia HCCI engine
facility (single-cylinder, 0.98 L, CR 14:1), using
fully premixed fueling [2]. Various parameters were
studied over a wide range of engine operating
conditions, including HCCI reactivity, autoignition
sensitivity to intake temperature (T in), and intake
pressure (Pin) effects. HCCI performance, in terms
of the maximum achievable loads, was also
studied at naturally aspirated and intake-boosted
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conditions. Finally, the behavior of these ketone
fuels was compared with data from this same
facility for a conventional gasoline and neat
ethanol.
Results
Autoignition reactivity, as characterized by the Tin
requirement for a given autoignition timing was
compared for the ketones and two common fuels,
conventional gasoline and neat ethanol (Fig. 1).
Both DMPN and CPN showed lower autoignition
reactivity (i.e. harder to autoignite) compared to
gasoline or ethanol, as evident from the higher T in
required to reach a prescribed combustion timing
(as measured by the 50% burn point, CA50) at a
given equivalence ratio, engine speed, and Pin.
180

Intake Temperature [ °C]

Introduction
Ketones are common compounds in biomassderived liquids. Recent studies on myco-diesel [1],
where certain fungi were used to convert cellulose
directly into fuel-like hydrocarbon compounds,
found ketones to be an important constituent in the
liquids produced. As a potential fuel for the future
transportation, however, little is known about the
combustion chemistry or engine behavior of this
group of compounds.
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Fig. 1: Comparison of autoignition reactivity for the
ketone fuels, RON-91 gasoline, and ethanol.

In addition, the combustion timing of DMPN and
CPN both showed higher sensitivity to variations in
Tin, as indicated by a larger retard in combustion
timing with a given reduction of Tin for the ketone
fuels compared to gasoline or ethanol. On the
other hand, autoignition reactivity of one of the
ketones, CPN, is very insensitive to variations in
Pin, as indicated by a nearly constant heat release
prior to hot autoignition (normalized by the total
input fuel energy) for Pin = 1 – 2 bar. This behavior
is similar to ethanol, but it is different from gasoline
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Fig. 2: Comparison of autoignition sensitivity to intake
pressure.

whose pre-ignition heat release is enhanced by
increasing Pin in this pressure range. However,
DMPN showed a modest enhancement of its preignition heat release as Pin was increased above
1.6 bar, and a sudden increase was observed for
Pin > 2 bar, which significantly reduced the required
Tin for a given combustion timing (Fig. 2).
These autoignition experiments demonstrated
distinctive features of the two ketones for HCCI
combustion. CPN showed the lowest autoignition
reactivity of all the biofuels and gasoline blends
tested in this HCCI engine, with the highest T in
requirements for a given combustion timing (Fig. 1)
and the lowest heat release rate prior to hot
ignition. The combustion timing of CPN is also the
most sensitive to Tin variations, and it has very low
sensitivity to Pin variations (Fig. 2). These
characteristics are similar to ethanol, and overall,
the HCCI combustion of CPN is similar to ethanol
except for the higher required T in.
In
contrast,
DMPN
shows
multi-faceted
autoignition characteristics. On the one hand,
DMPN has strong temperature-sensitivity, even at
boosted intake pressures, which is similar to the
other low-reactivity fuels, ethanol and CPN. On the
other hand, DMPN showed considerable pressuresensitivity, which, although weaker than gasoline,
was much stronger than that of ethanol and CPN.
This
pressure-sensitivity
reduced
the
T in
requirement for DMPN as Pin increased, in a
manner similar to gasoline (Fig. 2), and it allowed
the same Tin = 60°C for DMPN as for gasoline at
Pin = 2.4 bar. HCCI performance tests at 2.4 bar
and 60°C showed that DMPN could reach a
maximum load similar to gasoline, ~ 14 bar gross
IMEP (indicated mean effective pressure).
However, in contrast with gasoline, which required
significant combustion-timing retard to prevent
knock at this maximum load, DMPN achieved this
load without knock at a more advanced
combustion timing (Fig. 3) because its high
temperature sensitivity caused a lower heat
release rate. This factor, together with the lower
EGR (exhaust gas recirculation) required by

Indicated Thermal Eff. [%]

180

42
8

9

10

11

12

13

14

15

Gross IMEP [bar]

Fig. 3: Comparison of thermal efficiency (gross
indicated) and combustion timing during high-load HCCI
operation. For all data, CA 50 was advanced until the
2
Ringing Index (RI) = 5 MW/m to obtain the highest
efficiency without knock.

DMPN due to its lower reactivity, resulted in
considerably higher thermal efficiency (gross
indicated) for DMPN than gasoline at similar loads
during high-load boosted operation (Fig. 3).
Summary
This study revealed that the two ketone fuels
demonstrate unique autoignition characteristics.
CPN is expected to have strong anti-knock
performance over a wide range of Pin, making it a
good potential blending component for premium
fuel for spark-ignition engines. DMPN gives similar
improvements to CPN at naturally aspirated and
low-boost conditions, and its autoignition
characteristics give good performance for highload HCCI at higher boost conditions.
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The combustion kinetics of di-n-butyl ether (DNBE) and 2-methyltetrahydrofuran (2-MTHF) is investigated
experimentally and theoretically. Ignition delay times are measured in a laminar flow reactor, a rapid
compression machine and shock tubes, quantum chemical simulations are performed for the thermochemistry of relevant species and reaction models for low and high temperature chemistry for DNBE and
high temperature chemistry for 2-MTHF are introduced and validated against the experimental data.
____________________
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Introduction
In the search for new biomass derived fuels, a
wide variety of fuel candidates is defined whose
chemical
structure
severely
differs
from
conventional fossil fuels and first generation
biofuels such as biodiesel and ethanol. For these
species, generally no knowledge exists on their
combustion behavior, neither from a theoretical
approach nor from engine relevant experiments. In
this study, the investigation of two potential
biofuels, di-n-butyl ether (DNBE) and 2methyltetrahydrofuran (2-MTHF) is presented
which were introduced for compression ignition
engine application. For both fuels, chemical
mechanisms were established, quantum chemical
simulations
were
performed
and
ignition
experiments – shock tube, rapid compression
machine or flow reactor – were applied to obtain a
comprehensive understanding of the chemical
kinetics of these fuels. For the low cetane number
fuel 2-MTHF (CN = 27), shock tube and rapid
compression machine experiments were feasible,
whereas for DNBE, which has an extremely high
cetane number of CN = 100, flow reactor
measurements were conducted.
Di-n-butyl ether
Experimental measurements of first stage ignition
delay times for lean and stoichiometric undiluted
DNBE/air mixtures were performed in a laminar
flow reactor at atmospheric pressure and
temperatures of 485 K – 525K. As indicated by its
high cetane rating, DNBE was found to be a very
reactive fuel, with ignition delay times below 1000
ms for temperatures above 500K.
A detailed chemical kinetic model was developed
to describe the oxidation of DNBE. The model is
derived based on the chemical mechanism of nbutanol. The oxidation pathways for DNBE are
generated using the so-called reaction class
technique. The reaction mechanism includes both

52

high temperature and low temperature reaction
pathways with reaction rates generated using
appropriate rate rules. The thermochemical and
transport properties are calculated for species
involved in the oxidation process. For a better
understanding of the combustion chemistry of

DNBE, this chemical mechanism is used to
elucidate its oxidation pathways.
Fig. 1: First stage ignition delay times of
DNBE at 1 bar

Due to the particular importance of the Habstraction from the fuel molecule, the thermo
chemistry of DNBE and its primary radicals have
been computed from ab-initio methods. The
weakest C–H bond was found to be the one at the
α-carbon. Sensitivity analysis showed that the
dissociation of ketohydroperoxides (Keto-Q),
leading the chain branching pathway, dominates
the ignition of DNBE in the low temperature
regime.
Therefore, the thermo-chemistry of
different Keto-Q isomers, corresponding to the
different internal H-abstraction sites, is compared.

1. International Conference „Tailor Made Fuels from Biomass“, 2013

In some geometries, both OH radicals form
cooperative hydrogen bonds, which leads to an
increase of the dissociation energy.
For the validation of the chemical mechanism, the
simulations were adapted to match the experiment
and a good agreement between numerical and
experimental first stage ignition delay times is
shown in figure 1.
2-Methyltetrahydrofuran
Similarly, 2-MTHF has been investigated for its
ignition properties and for evaluation of the kinetic
model developed in this work using different shock
tubes and a rapid compression machine (RCM).
The experimental research of ignition delay times
for stoichiometric 2-MTHF/air mixture at p = 20 bar
and T = 806 K to 1412 K was carried out utilizing a
high pressure shock tube (HPST) with a large
inner diameter of 140 mm. Ignition delay times are
determined by means of acquired pressure time
histories and CH* emission signal using several
pressure sensors and a photomultiplier (λ = 431.5
nm). Supported by the application of a rectangular
shock tube (RST) with optical access, the
visualization of the combustion process could be
realized at pressures around 10 bar, for which
Schlieren image studies have indicated a
homogeneous ignition of 2-MTHF at relatively low
temperatures around T=932 K. In the rapid
compression machine, the ignition delay times of
stoichiometric 2-MTHF/O2/diluent gas mixtures
were studied at a pressure of Pc= 10 bar for
temperatures from Tc = 665 – 872 K and at 20 bar
for a temperature range of 649 – 704 K.

good consistency. In the range of Tc = 710 – 1111
K, the ignition delay time increases nonlinearly with
decreasing Tc. Upon decreasing the temperature
further roughly below 710 K, the linear Arrhenius
type increasing trend in the measured ignition
delay time is resumed. Such a behavior which is
typical for certain fuels is called Negative
Temperature Coefficient (NTC) behavior. As
expected, at constant temperature, the increasing
pressures produce greater reactivity and lead to a
decrease in ignition delay times.
The NTC
character of 2-MTHF increases with decreasing
pressure.
For the development of the detailed chemical
kinetic model for the high temperature combustion
of 2-MTHF, the standard hierarchical approach has
been followed to include the relevant species and
classes of reactions. The recent base mechanisms
for the H2/O2 chemistry, the CO sub-mechanism
and a detailed mechanism for the combustion of
tetrahydrofuran (THF) have been used as basis for
the 2-MTHF chemical kinetic model. Other reaction
rates needed for the 2-MTHF sub-mechanism,
including the relevant high temperature reaction
classes, are estimated based on THF or other
equivalent species.

Fig. 2: 2-MTHF ignition at 20 bar

The ignition delay times for 2-MTHF at 20 bar are
presented in figure 2, in which a linear Arrhenius
dependence occurs in the region from 1111 K to
1413 K and that the transition between shock tube
and RCM data in the overlap regime exhibits a
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The engine efficiency of direct-injection spark-ignition (DISI) engines is more and more depending on the
spray injection quality. Thus, there is a need to increase the knowledge of spray atomization, evaporation,
inflammation and combustion mechanisms of both fossil fuels and of novel fuel components. In particular
reliable values for liquid biofuels which are likely to become relevant as gasoline surrogate fuels are
demanded as biofuel and synthetic fractions of gasoline are set to increase by law over the coming years.
This paper addresses biofuel spray atomization, evaporation and inflammation research at modern
boundary conditions based on optical measurements.
____________________
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Introduction
For a low-emission and fuel-efficient combustion
and to prevent from unwanted ignition processes in
particular in turbocharged DISI engines a precise
control of the combustion process is essential.
Biofuels and alternative fuels are increasingly
being blended to conventional gasoline fuel to
decrease overall CO2 emissions. For DISI engines
in combination with biofuel blends, the spray
atomization, evaporation and mixing as well as
inflammation and flame speed are altered
depending on the alternative fuel components
physiochemical properties. Within a current project
the DISI engine reaction chain is investigated
using different biofuel blends and different optical
measurement techniques.
Measurement strategy and setup
A variety of single-component (bio-)fuels
(isooctane,
ethanol,
n-heptane,
n-butanol,
isobutanol) and 3-component mixtures (see
figure 1, ‘3K’ [1], ‘3ZK’ [2]) are tested at different
boundary conditions to identify the most significant
fuel properties effects on the evaporation and
inflammation behavior.

combined with optical measurement techniques:
droplet size (PDA), evaporation cooling effects and
spray vapor distribution (2line-planar Laserinduced fluorescence and Schlieren), inflammation
(high-speed flame luminescence). The quasiadiabatic laminar burning velocity is tested by a
modified heat flux burner.

Fig. 2: Optical spray chamber setup, here: HiDense PDA
system (Dantec Dynamics) on a traverse in combination
with one-way Nd:YAG laser excitation

Fig. 3: Optical spray chamber combined with 2line-PLIF
setup for spray vapor measurements

Fig. 1: Boiling point diagram of gasoline with indicated
boiling points of the fuel components for ‘3K’ (blocks)
and ‘3ZK’ (dashed).

To achieve precise measurement data an optical
high pressure/high temperature spray chamber is
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Results
For the evaporation it was found that depending on
the operating conditions different physiochemical
properties dominate the atomization and
evaporation processes: For the moderate
conditions found at early injection timing modes
the atomization and evaporation of biofuel blends
differ not much from conventional gasoline since
different properties of the bio-components
counteract. For the higher ambient conditions at
late injection timings the heat of vaporization and
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the fuel boiling lines are found to dominate the
evaporation rate (fig. 4). Even small fractions of
high boiling-point fuels such as n-decane or nbutanol have a strong impact on the spray droplet
size distribution, spray vapor temperature and thus
the cooling effect in the surrounding gas (fig. 5).

Fig. 6: The butanol isomers n-butanol and iso-butanol
burning velocities over Φ at 373 K
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Summary
In this study a variety of single component fuels
and mixtures were tested at different ambient
conditions to identify most significant fuel
properties and their effects on the DISI reaction
chain. Due to a high degree of evaporation which
took place at high gas pressure and temperature
the studied fuels present a stronger difference in
droplet size and surrounding temperature after
evaporation. Isooctane with a higher boiling point
than ethanol show much lower evaporation cooling
than ethanol. Due to the very high heat of
vaporization of ethanol, the droplet evaporation is
limited. Thus, ethanol behaves much more like a
high boiling point fuel such as n-butanol for
increased boundary conditions. Overall, it can be
stated that for the spray evaporation at high level
supercharged conditions, the heat of vaporization
and boiling lines are found to be dominating
physiochemical properties for more-distant spray
locations where the momentum exchange is
already
10quite progressed.

Fig. 5: Absolute
temperature
µs after
radialvapor
distance
to3,000
plume
center
/ mm
Further
measurements investigating the radical
visible start of injection (673 K / 0.8 MPa)

To study the subsequent mixing process
measurements of the absolute fuel vapor
temperatures and concentrations were done. The
results show that the gas composition (more light
or heavy boiling components) at spark plug
position can vary much, so that e.g. for some
cases only heavy boiling components are found at
spark time. In the flame images differences
between the fuels are found to be more linked to
physiochemical properties and molecule structures
than to the Research Octane Number. This can be
seen for similar fuels like n-butanol and isobutanol
e.g. also in terms of laminar burning velocity
(fig. 6).

behavior in order to capture local 2D reaction
zones of the same fuels and mixtures are in
preparation. To simulate exhaust gas recirculation
different ratios of inert gas will be studied for the
biofuels and mixtures laminar burning velocity.
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Two fundamental processes inside the cylinder of internal combustion engines govern the applicability of novel
biofuels: mixing and combustion. Mixing means the formation of a gaseous air-fuel mixture, which incorporates the
sub-processes of injection, spray formation, evaporation and in-cylinder gas flow. Seven complementary projects of
the TMFB Cluster work together and tackle these sub-processes to gain a deeper understanding of the overall
process ‘mixing’. This combined approach based on both numerical and experimental methods is introduced together
with selected results of the Cluster’s first phase and their implications for the design process of future biofuels.
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Introduction
In the first phase of the TMFB Cluster numerous
fuel candidates were tested in gasoline-based as
well as Diesel engines. One promising fuel
candidate for spark-ignition engines
was
tetrahydrofurfuryl-alcohol (THFA), which showed
knock resistance comparable to RON 95. Although
this indicates favorable combustion properties for
spark-ignition operation the tests had to be aborted
due to high oil dilution with THFA [1]. This oil
dilution was caused by insufficient mixing, where
liquid fuel was continuously hauled into the engine
oil by the moving piston. This example emphasizes
the importance of understanding and optimizing
mixture formation for the aspired Fuel Design
Process of the TMFB Cluster.
Approach
Mixing can be subdivided into several subprocesses. The present investigations cover both
experimental and numerical methods to gain
insight into i) primary breakup of the liquid jet
exiting the injector and ii) the overall spray
behavior under engine-relevant conditions. Primary
breakup
is
experimentally
addressed
by
microscopic shadowgraphy in the near-field of the
nozzle. These investigations are complemented by
comprehensive direct numerical simulations (DNS)
in the same region. Engine-relevant ambient
conditions are provided by high-pressure
chambers; here the focus is on the overall spray
propagation including high-speed visualizations of
liquid and gaseous phase as well as OHchemiluminescence measurements to determine
the start of ignition under autoignition conditions.
All aforementioned investigations lack in the
presence of the in-cylinder flow field, which
significantly influences mixing and the evolution of
the flame front during combustion. For this reason,
iii) test engines with transparent piston and
cylinder are operated to investigate the in-cylinder
flow field. In order to complement these
experiments a new level-set based Cartesian cutcell flow solver for complex moving boundaries

58

was developed to enable highly resolved large
eddy simulations of the flow field.
Results
The primary breakup region close to the nozzle is
characterized by small scales (ligament sizes:
~ 1…100 µm) and a very fast moving jet
(> 300 m/s). Therefore, a self-made objective with
optimized magnification and resolution is set up
together with a pulsed Nd:YAG-laser as
illumination source which prevents motion blur due
to sufficiently short illumination duration [2]. Fig.1
shows a comparison of the evolving jets of isooctane and THFA. Due to its lower viscosity
(higher Reynolds-Number) the primary atomization
of iso-octane is clearly superior compared to
THFA, which shows an intact liquid column with
nearly no broadening and only very few
surrounding drops.
Iso-Octane

THFA

Fig. 1: Microscopic shadowgraphs of liquid jets in the
primary breakup region utilizing a diesel nozzle with hole
diameter of 109 µm (position: 1.78 – 2.8 mm
downstream of nozzle exit, ambience: atmospheric,
injection pressure: 700 bar, images at steady state
conditions).

The direct numerical simulations also focus on jets
emerging from circular diesel-nozzles. The intact
liquid core is modeled as freely moving liquid
surface, so that the ligaments and droplets
formation can be accurately captured. The
simulations are used to study the effect of various
liquid properties (e.g. density, viscosity) on the
atomization process. The parallel computations
(see e.g. Fig. 2) are performed on the high
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performance computer of Jülich Aachen Research
Alliance (JARA).
Besides primary breakup on microscopic scale, the
experimental part also covers the overall spray
behavior.

Iso-Octane

Ethanol

Butanol

Decanol

THFA

Ethyl-Lev.

2-MF

2-MTHF

Fig. 4: Laser-light-sheet visualizations of hollow-cone
shaped sprays evolving from an outwardly opening GDI
nozzle (only one half of the symmetric hollow cone is
imaged, propagation from top left to bottom right).

Fig. 2: Simulation of turbulent atomization of Iso-Octane
(Reynolds-Number: 60x10³, Weber-Number.: 600x10³,
3
air density: 22 kg/m ). a) Liquid core during atomization
with surrounding spray cloud, b) w/o surrounding spray
cloud, c) computed ligament and d) computed different
sizes of droplets with local refined computational grids.

Special chambers equipped with optical windows
are used to provide in-cylinder pressure and
temperature conditions, so that various optical
techniques can be applied to study the sprays. Fig.
3 shows a superposition of a shadowgraph and
OH-chemiluminescence of a spray. In addition to
the liquid phase, the vapor phase and first reaction
spots in the mixed region can be identified. (See
also [3])
liquid
phase

vapor
phase

In order to gain a complete picture of the entire
mixing process the in-cylinder flow field is also
studied. In the transparent spark-ignition engine
used in this study, a tumble vortex forms at early
crank angles and dominates the flow field in the
symmetry plane throughout induction and
compression. At approx. 320 °CA after top dead
center (atdc) the tumble breaks up into smaller
vortices and the resulting high levels of turbulence
contribute beneficially to the combustion process
[4]. The comparison of the temporal development
of the instantaneous and cycle-averaged turbulent
kinetic energies (TKE) show significant levels of
cyclic variations, see Fig. 5.

reaction
spots

Fig. 5: Temporal development of the cycle-averaged
turbulent kinetic energy and of the instantaneous
turbulent kinetic energy in two representative cycles.

References
intensity of
OH-chemiluminescence

intensity of
shadowgraph

Fig. 3: Exemplary single-shot superposition of
shadowgraphy and OH-chemiluminescence at start of
ignition (spray propagation from left to right).

Fig. 4, on the other hand, shows a comparison of
different spray shapes that are formed by a
common GDI-nozzle. A hollow cone type spray is
formed by an outwardly opening needle that opens
up an annular channel when actuated. The
differences between the fuels can be clearly seen:
iso-octane shows a broad and well atomized spray
cloud, whereas ethyl-levulinate and 2-methylfuran
form a thin liquid sheet. Furthermore, the formation
of a characteristic vortex system can be observed.
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Engine and FIE manufacturers are facing an increased number of complaints on abnormal engine
functioning related to internal diesel injector deposits (IID). Yet, there is still uncertainty about the detailed
chemical structure of the deposits and the mechanisms involved in its formation. In a study funded by the
research association FVV e.V. methods and experimental arrangements have been tested to analyse
internal deposits and a possible way of reproduction under laboratory conditions.
____________________
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Introduction
Since 2008 engine operating deteriorations and
failures (rough running, high emissions) related to
deposits inside common-rail injectors have
increasingly been reported [1]. In the literature
certain additives, biofuel components or metal
traces are held responsible for being the root
cause of deposit formation. It is expected that the
introduction of complex injection strategies and
highly accurate but sensitive injection components
into future engine generations will exacerbate the
risk of dysfunctioning. The relevant deposits are
widely referred to organic polymers [2, 3], whereas
the formation process and the detailed chemical
structure are for the most part unknown.
Main objective of this study is the identification and
application of different analytical methods in order
to examine the deposits on injection components
regarding their chemical characteristics. All tested
methods are applied to real injection components
with deposits and evaluated regarding their
usability. Moreover, a literature survey on general
polymerization processes considering fuel related
compounds has been carried out. Finally, selected
tests on a laboratory scale have been performed to
fundamentally prove the possibility of a synthetic
generation of fuel deposits on a defined metallic
object. The formed deposits are compared to
deposits from field injection components.
Approach / Test set-up
In a first project stage field components with
deposits were provided by engine and injection
component manufacturers. Since the formation of
deposits is linked to changes in the composition of
the fuel, it is important to gain detailed knowledge
about the fuel and any changes in its composition
versus time. That’s why random laboratory tests
were performed to demonstrate the possibility of a
targeted generation of deposits. This represents a
fundamental basis for further work on the
identification of the responsible chemical
mechanisms and their dependencies.
In a second stage of the project, a specific fuel
injection test bench has been set up with the
objective to generate deposits at defined, engine-
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like conditions (Fig. 1). According to engine
operation, the injected fuel is not recirculated, thus
reducing abnormal fuel aging effects in the tank.
Apart from different boundary conditions, like fuel
temperature, injection pressure, injected quantity,
steady or transient operation, also different fuel
and additive compositions can be applied to the
components at the test bench.

Fig. 1: Fuel injection test bench for the investigation of
deposit formation at engine conditions

Results
In order to investigate the dependency of deposit
formation
on
temperature
and
biodiesel
concentration, random laboratory tests were
performed. Here, among others two fuel types (B7,
B30) made from a B0 diesel fuel and FAME (70%
of rapeseed oil methyl ester, 30% of soybean oil
methyl ester) have been used. In the presence of a
metallic specimen (steel 100Cr6) and an air flow of
10 l/h the samples were maintained at 110 °C and
150 °C, respectively, for a period of 70 hours.
The visual inspection at the end of the experiment
resulted in a change of color from yellow to redbrown (aging at 110 °C) or dark brown (150 °C) for
the fuel samples. The HPSEC-analysis of the
thermally stressed fuels revealed that the two
150 °C samples imply a significant increase of
dimers / oligomers, wherein the B30-sample
contained the largest amount of oligomeric
components. As a result of thermal stress solid
brown residues were formed only in the B7
samples. The supernatant of the B7 fuel samples
showed in all cases turbidity. In contrast with this,
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the B30 samples were clear (110 °C) and
contained no solid residue (Fig. 2).

Fig. 2: Fuel samples with varying biofuel content and
residue after 70 h of thermal stress

Regarding the results from HPSEC analysis, it can
be stated, that a thermally stressed fuel with a high
FAME content (30%) tends to build more
oligomers than a B7 fuel. In contrast to B7 fuel the
oligomers, however, remain almost completely
soluble in the B30 fuel and do not form solid
residues at the given boundary conditions. After
cleaning the specimens by means of organic
solvents a golden and shiny coat was recognized.
The analysis of the deposit by X-ray photoelectron
spectroscopy resulted in the elements carbon,
oxygen,
nitrogen,
iron,
sulfur,
calcium,
phosphorous and zinc in different concentrations.
In Fig. 3 the C1s spectrum of the deposits
generated in the laboratory are compared with
various deposits from field test samples.

injection test bench were performed. First results
clearly show that relevant amounts of deposits
have successfully been generated, thus allowing to
extend the systematic investigation to engine
typical and extreme boundary conditions.
Summary
In the framework of the FVV-funded project
“Kraftstoffveränderungen / Alteration of fuel
properties” (project no. 1063) fuel-born deposits in
common-rail injectors have been chemically
characterized by means of different analytical
methods. It was shown that detailed information
about type, quality and condition of the applied fuel
represents an essential precondition to clarify the
occurring processes during the formation of
deposits. On the basis of the preformed
investigations it can be stated that extensive
deposits were found on components which have
been used with fuels of poor oxidation stability.
Apart from FAME ageing products (short-chain
oxygenated compounds and oligo-and polymers)
also reaction products of the diesel fuel, i.e.
oxygenated aromatic compounds, were detected.
The analysis of the deposits reveals a large
amount of organic bound carbon but among others
also aromatic compounds. According to the current
knowledge, reactive aging products of the fuel lead
to carbon containing deposits on the surface of the
injection components.
Outlook
The impact of different boundary conditions and
the consideration of appropriate measures to
reduce the amount of generated deposits are
currently to be investigated in the ongoing followup project “Kraftstoffveränderungen II”. Further
objectives focus on a detailed mechanistic
explanation and modeling of the deposit formation
processes and targeted experiments at engine like
and extreme boundary conditions.
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Fig. 3: C1s-spectra of the test object in comparison to
results from field samples (#7-22: representative
components from field, engine and injection benches)

It is seen that the spectrum of the deposits on the
test object substantially corresponds to the spectra
of the coverings generated at an injection test
bench and at engine operation (samples 7, 9, 22).
Consequently, it can be stated that deposits on
metallic surfaces have successfully been
generated at specific laboratory conditions. The
chemical analysis revealed a good agreement of
the synthetic deposits with deposits from engine
operation. In order to transfer findings from
laboratory scale tests to engine-like conditions,
durability runs of injection components at the
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Introduction
A worldwide increasing energy demand and the
finite availability of fossil fuel compromise the
security of supply. In order to solve this problem a
responsible handling of primary energy sources is
required and additional alternatives have to be
obtained.
With regard to alternative energy sources various
substitutes have recently moved into the focus of
research or are already on the market as blending
components for fossil diesel fuel. Depending on
the production process various chemical products
are derived from renewable feedstock. Besides
neat hydrocarbons like paraffins (BtL, HVO) for
example, which are also a major component of
fossil diesel fuel, oxygenic products are discussed,
e. g. alcohols, aldehydes, ketones, esters and
ethers.
Approach / Test set-up
Within the framework of this work the influence of
different alternative fuels on the combustion is
analysed in a state of the art passenger car CIengine (Table 1) with regard to emissions and
efficiency.
engine type
displacement
valve number
compression ratio
fuel-injection system

and transient tests are conducted. For the
stationary tests, a smoke meter and a Scanning
Mobility Particle Sizer Spectrometer (SMPS) are
used. The transient measurements (NEDC) are
done with an Engine Exhaust Particle Sizer
(EEPS).
Besides to fuels, which are already in the market,
such as
 GtL, HVO
 Swedish Class 1 – diesel fuel (SWC1) and
 US worst case fuel (USWC)
also different blends of oxygenated alternative
fuels such as
 Alcohols (Ethanol (Eth), Butanol (B)),
 Ester (Rapeseed methyl ester (RME)) and
 Ether (Butylal (BTY), Tripropylene glycol
monomethyl ether (TPM), Tetraoxaundecane
(TOU))
with reference diesel fuel (CEC-RF-06-03) are
examined. The fuel selection is based on [1]-[3].
Results

4-Cyl. in-line engine
two liter class
4 per cylinder
16,5
Common Rail

Table 1: Engine specifications

There are several test engines used in the course
of this work (full engines, single cylinder
derivative), which are derived from the same basic
engines but differ in details and in the
measurement systems used in each case.
An important emission-related component is the
variable valve train (VVT) so swirl, effective
compression ratio and cylinder filling are
influenced by only one actuator.
Different measurement methods are used in order
to characterize the particulate emission. Stationary

Fig. 1: Smoke reduction potential rel. to CEC in %

Fig. 1 shows the PM emission of the alternative
fuels relating to the CEC reference fuel, plotted
versus relative ignition delay and atomic H/(C-O)
ratio. The specific NOx-emission and CA50 are
kept constant in this stationary operation point. PM
was measured with the smoke meter. The atomic
H/(C-O) ratio can be considered as a parameter for
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the tendency of a fuel to produce soot under
otherwise constant boundary conditions [2]. The
diagram shows, that PM emission is dependent
both on the H/(C-O) ratio and on the ignition delay,
which
corresponds
to
the
degree
of
homogenization. Ignition delay has the stronger
influence in this case.
The ignitable fuel GtL (No. 9) produces an
increase of PM by 37 % compared with CEC (No.
1), though the H/(C-O) ratio is higher. On the other
hand USWC (No. 8) decreases PM by 81 %,
though the H/(C-O) ratio is lower.
A similarly high soot reduction potential of 83 % is
measured with the blend CEC/RME/Eth70/15/15 (No.
5). Ignition delay is shorter than with USWC, but
the H/(C-O) ratio is higher. The maximum soot
reduction in this operating point is achieved with a
blend of 30 % Butanol in CEC (No. 3), which
results in a combination of long ignition delay and
high H/(C-O) ratio.
The changes in ignition delay and thus in PM
emission depend on the operating point. With
higher load the ignition behavior of the fuels
converges, so that the H/(C-O) ratio becomes the
dominating parameter. In these cases also with
GtL the PM emission is reduced compared with
CEC.
Besides stationary measurements transient cycle
tests (NEDC) are carried out to assess the PM
emission of the alternative fuels. Engine
application is not adapted for the time being.

be observed with the other two blends. Especially
the number of particles with a mobility diameter in
the range of 100 nm, which largely contribute to
particle mass, is strongly reduced. Altogether the
particle mass emitted in the NEDC is reduced
when using oxygenated fuels.
In additional tests the variable valve train of the
engine is used to further improve the particle
emission. The possibility to reduce the effective
compression ratio can be applied to increase the
degree of homogenization even with ignitable
fuels. Optimal combinations are worked out.
Summary
With all alternative fuels a reduction of the PM
emissions can be achieved, however for different
reasons. Partly the different burning behaviour is
responsible for the soot decrease. Low ignitability
results in an extended ignition delay and in an
increase of premixed combustion. At higher loads,
when the combustion process is similar, the
chemical composition and the molecular structure
of the alternative fuels are decisive to reduce
smoke. The effects from the fuel chemistry and
from the combustion process can be combined.
The variable valve train provides a further
possibility to control the combustion and thus
improve PM emission.
Outlook
Further engine tests using alternative fuels are
currently under preparation.
The combustion process can be influenced by
engine parameters. There are several possible
strategy combinations, which can be divided into
the areas of air path, fuel path and engine
periphery equipment. These will be investigated in
more detail.
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In this study, the utilization of a biomass derived di-n-butylether (DNBE) and octanol in a state-of-the-art
single cylinder diesel research engine is investigated. Both, the alcohol and ether have the same
compound formula but differ in their molecular structure. Compared to conventional diesel, the high
oxygen content contributes almost soot free combustion at Euro 6 NOx-levels. But whereas hydrocarbon, carbonmonoxide- and combustion noise emissions are decreased with DNBE compared to diesel, they
are significantly increased with octanol. Next to engine experiments, a detailed insight into mixture
formation at time of ignition is given by experiments in a high pressure chamber and CFD simulations.
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Introduction
Within the Cluster of Excellence, large variety of
biomass-derived fuel candidates for diesel
combustion have been identified and investigated.
In particular, oxygenated fuels (e.g. alcohols,
furans) have proven to be beneficial regarding the
particulate matter / NOx trade-off [1,2]. Recently,
new pathways have been discovered to synthesize
1-octanol [3] and di-n-butylether (DNBE). These
molecules are identical in the number of included
hydrogen, oxygen and carbon atoms, but differ in
the molecular structure: for 1-octanol, the oxygen
atom is at the end of the carbon bond, whereas for
DNBE it is located in the middle of the molecule.
Since the molecular structure of these new
possible fuels differ in many ways from
conventional fossil fuels, in-depth research has
been carried out in order to gain a better insight
into the influence of molecular structure on
combustion behavior and engine out emissions.
Research Methodology
For investigating the influence of the molecular
structure on combustion behavior and exhaust gas
emissions, both fuels have been tested at a single
cylinder diesel engine (SCE). The experiments at
the SCE are carried out at load points typical for
state-of-the-art mid-size diesel engine passenger
cars. During these tests, major interest has been
on combustion behavior and emissions (PM, HC,
CO, NOx, combustion noise). Additionally, a
continuously scavenged High Pressure Chamber
(HPC) was utilized for a more detailed
characterization of these fuels. In order to ensure
comparability of SCE and HPC results, the
boundary conditions in the HPC were adjusted to
be very similar to in-cylinder conditions at start of
injection. The measurement technique provides
information
about
the
mixture
formation,
physiochemical ignition delay and lift-off length
flame propagation [4].
To provide deeper insight into the particular spray
and mixture formation processes of the

investigated fuels, numerical simulations of the
spray vessel experiments and also the engine
experiments are undertaken. The physical
properties of DNBE and octanol are integrated into
the data base of an in-house CFD code [5]
available at the Institute for Combustion
Technology. For DNBE combustion, Diesel engine
simulations are undertaken with the well proven
representative interactive flamelet (RIF) approach
[6]. A detailed chemical mechanism for DNBE is
used, which was recently developed within the
combustion kinetics group of TMFB.
Results
The test results of the SCE experiments are
depicted by Figure 1 at Euro 6 NOx-levels. In the
upper graph the indicated specific particulate
matter emissions (ISPM) are shown for DNBE,
Octanol and reference diesel. As expected, with
Octanol the PM emissions can be reduced
significantly with respect to conventional diesel,
since it features a high oxygen content and the
reduced cetane number contributes to a higher
degree of homogenization at start of combustion.
But surprisingly the combustion of DNBE can be
considered almost as soot free as well, even
though it is very prone to auto-ignition. The ignition
delay, and thus the time for mixture preparation, is
drastically shortened compared to both Octanol
and diesel (bottom graph in Figure 1). With
conventional fossil fuels such a short time for
mixture preparation typically causes high soot
emissions. Here it is demonstrated that the degree
of premixing required for soot-free combustion is
drastically reduced if the utilized fuel provides high
oxygen content and short carbon-carbon bonds, as
DNBE does.
Next to low ISPM, DNBE reduces HC-, CO- as well
as combustion sound level (CSL) due to its short
ignition delay. HC- and CO-emissions are reduced
by preventing mixture over-leaning. CSL is
reduced due to reduced shares of premixed
combustion, leading to low heat release rates and
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thus smooth increase in cylinder pressure. In
contrast to that, all these emissions increase with
combustion of Octanol due to the lower reactivity
and more time for mixture preparation.
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Figure 2. Engine test results with DNBE,
Octanol and Diesel
The findings with these fuels could be verified at
the HPC as well. DNBE showed a significantly
decreased ignition delay and lift-off in comparison
to Octanol. Due to the fact that the molecular
carbon-oxygen bond is more stable than a carboncarbon bond, it is believed that the central oxygen
position of DNBE decreases the size of
hydrocarbon fragments exiting the premixed
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reaction zone and therefore initial soot formation
tendency.
Further, the soot-formation tendency of the diesel
combustion depends on the stoichiometry inside
the partially premixed reaction zone and the flamekernel temperature [7]. In order to determine the
stoichiometry inside the initial reaction zones,
numerical simulations have been performed on the
basis of the HPC measurements.
CFD calculations were performed for all three fuels
for various conditions. All boundary conditions
were set according to experimental measurements
and the results for liquid and gaseous penetration
were compared to the measurements, showing
good agreement. This shows the validity of the
spray simulations and justifies the following
analysis of the numerical data. Figure 2 shows the
mixture fraction on the spray axis at the moment of
ignition for the different fuels. Additionally the
experimentally observed lift-off position is depicted
as a vertical line, and the stoichiometric mixture
fraction is depicted as a horizontal line. At p = 100
rd
bar, and T = 900 K, which corresponds to the 3
load point in the engine experiments, all fuels
ignite at rich conditions. As can be observed in
Figure 2, the mixture for Diesel is the richest,
explaining the higher sooting tendencies observed
in the engine experiments. Despite rather similar
ignition delay times, the mixture of DNBE is much
closer to stoichiometric conditions. This is
attributed to the differences of the physical
properties of DNBE and Diesel fuel.
The ignition delay time as the lift-off length for
Octanol differs substantially from the values for
Diesel and DNBE. However, the stoichiometry at
ignition is almost unaffected by these differences.
This might be explained by the fact that, at this
operating condition, all fuels ignite quite close to
the nozzle while the injector is still open. From
Figure 2 it is also observed that due to the longer
ignition delay time for Octanol a lean premixed
mixture stretches further into the vessel than for
the other fuels. While this has the potential to
provide good air utilization, it corresponds to the
experimental findings of higher CO and noise
emissions for Octanol.
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Figure 2: Mixture fraction, stoich. mixture
fraction, lift-off on centerline time of ignition at
p = 100 bar and T = 900 K.
In addition to the spray vessel simulations,
simulations of DNBE combustion in the SCE were
undertaken, using detailed DNBE chemistry.
Figure 4 shows the pressure traces from
experiment and simulation for load point 3.

Figure 4: Pressure traces for load point 3 from
SCE operation with DNBE.
The excellent agreement confirms the applicability
of the DNBE mechanism to capture the relevant
ignition and combustion chemistry. Also the
pressure traces for the other load points and the
CO emissions (not shown here) are in good
agreement. With this methodology, further detailed
CFD studies for DNBE and other novel fuels will
help to explain the experimental findings and thus
to fully utilize the potential of TMFB fuels.
Conclusion
Engine experiments have shown that both tailormade fuels enable almost soot free combustion
over a wider range of engine load even at lowest
NOx-emissions. With respect to diesel fuel, HCand combustion noise emission rise slightly with
combustion of octanol due to its lower reactivity.
By the experiments carried out at the HPC, the
SCE results could be verified. In order to deeply
investigate the differences in stroichiometry at time
of ignition, CFD simulations were performed based
on the measurement results of the HPC.
The CFD simulation could prove that the longer
mixing time available for octanol does not reduce
the local mixture fraction at the ignition spot,
compared to DNBE. The main reason for this is
believed to be caused by the differences in
dynamic viscosity. The significant reduced
viscosity leads to a faster spray break up and thus
contributes to a faster fuel/air mixing compared to
both diesel and octanol. However, simulation
showed lower mixture fractions for DNBE than for

diesel. Therefore, the low sooting tendency with
DNBE can be explained by its low viscosity and its
oxygen content on the one hand. Due to the fact
that the molecular carbon-oxygen bond is more
stable than a carbon-carbon bond, it is believed
that the central oxygen position of DNBE
decreases the size of hydrocarbon fragments
exiting the premixed reaction zone and therefore
initial soot formation tendency on the other hand.
A final statement on the optimal fuel characteristics
cannot be made. Two fuels have been investigated
which differ on molecular view only in the position
of the oxygen within the molecule. However, the
molecule’s physical and chemical characteristics
as well as the combustion and emission behavior
differ significantly. In order to gain the crucial
information about how the position of the oxygen in
the molecule, the boiling characteristics, viscosity
and cetane ranking contribute to the final behavior
within
the
combustion
engine,
further
investigations will be undertaken. Since the results
of the SCE experiments could only be explained in
a sufficient manner by combining these findings
with measurements at the HPC and corresponding
CFD simulations, ongoing and future research will
link these investigations with additionally optical
mixture formation investigations in an optical
engine.
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Introduction
From today’s point of view diesel engines are the
favorable combustion power source in terms of
efficiency. But the combustion principle leads to
emission complex which is not solvable by engine
measures themselves. The variety of design
parameters of synthetic fuels can help to minimize
these issues [1, 2]. Furthermore the utilization of
synthetic fuels, which theoretically can be based
on nearly every hydrocarbon material, can
contribute to security of energy supplies and green
house gas reduction.

To enable a deeper interpretation of the results
from the engine investigations fundamental
experiments are performed at a high temperature /
high pressure test cell. Here spray penetration
depth, spray propagation, evaporation, points of
ignition and soot formation are in the focus of
interest.
Furthermore
the
injection
was
characterized by injection rate measurements for
both the evaluation of differences in fuel entry into
the combustion chamber and to present an exact
data basis for consequently performed quantitative
process calculations.

Approach / Test set-up
Results
In engine experiments the behavior of the fuels The results that were gained from engine
was examined at several representative operating experiments were largely dependent on the
points under various conditions including both considered load and the chosen operation strategy
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the investigated synthetic fuels.
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soot did not play a role for any of the fuels. At
higher load operation the ignition delays were
significantly reduced while a greater amount of fuel
had to be injected into the combustion chamber.
While this was generally resulting in a
predominantly diffusive combustion, the individual
combustion characteristics of the fuels gain
importance. The recorded burn durations and the
combustion phasing pointed out that the
combustion behavior of the reference fuel is more
sensitive to different ignition delays than the
synthetic fuels: Great portions of premixed
combustion were seen at higher part load and late
starts of injection while the combustion of all
synthetic fuels was still mainly diffusive. At those
conditions the soot emissions of the reference fuel
were below the synthetic fuels. Contrary to that by
far the highest soot emissions were recorded for
the reference fuel at MSI operation. With regard to
the synthetic fuels naphtenic contents led to an
unfavorable soot performance independent of the
application of a pilot injection.

Summary
Summarizing this evaluation, the FT-Base fuel
which was mainly consisting of n- and iso-paraffins
led to the greatest potential in terms of efficiency,
partly burned and unburned emissions and
nitrogen oxides. Soot performance could be
improved by the earlier boiling fuel, the fuel with a
larger fraction of iso-paraffins and the fuel with
alcoholic content. But except for the fuel with
alcoholic content these fuel types had negative
impacts on the other assessment criteria.
Therefore long-chain alcohols are a promising fuel
content for diesel fuels of the future.

Fig. 5: Fuel assessment as a result from the
engine experiments (abstract).
Outlook
For the future it is to define how synthetic fuels will
be introduced. As it cannot be expected that a
short term substitution of fossil fuels will be
possible their application as a blending component
is more likely.
As soon as the utilization scenario is clarified, the
composition of synthetic fuels can be tailored
involving the results of this study.

Fig. 3: Soot-NOx-Tradeoff found in engine
investigations (2000rpm, 10bar imep, MSIoperation).
This could be due to slower soot oxidation
processes as it is suggested by results from the
HTDZ. On the other hand long-chain alcohols were
recorded with lowest soot emissions at MSI
operation and also showed the smallest KLmaxima in HTDZ experiments.
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Fig. 4: Rates of the KL-value (as soot equivalent
[3]) at pRail=1000bar, ADHE=1.0ms found in
HDTZ experiments.
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In this study, the functionality of crude tall oil based renewable diesel as blending component with regular
diesel fuel was investigated. The renewable diesel was produced using pilot reactor where crude tall oil
was hydrotreated and then fractionated into diesel and naphtha fractions. The renewable diesel was
splash blended in a ratio of v./v. 30% with RF-06-03 CEC diesel. The functionality and emissions were
investigated using single cylinder engine at the Institute for Combustion Engines at RWTH Aachen
University. The renewable diesel blend showed similar engine functionality and slight improvement in
emissions, and was fulfilling the EN590 diesel standard.
____________________
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Introduction
The global demand for transportation fuels is
increasing more than ever. The limited sources for
traditional transportation fuels and the legislative
decisions to increase the usage of renewable
energy sources have pushed forward the
development of biofuels for transportation.
During the past decades biofuels, such as estertype biodiesels, have been introduced to the
existing fuel markets. However, these biofuels are
often competing with the food production via
excessive land use and edible raw material. These
“first generation” fuels have also caused problems
with the engine operability (e.g. filter plugging).
This is a result of differences in chemical
compositions and fuel properties in comparison to
those of regular fossil fuels.
The European Commission is directing biofuel
production towards the use of non-edible raw
materials, such as lignocellulose, waste and
residues of existing industry, with subsidies and
legislation.
UPM, a forest company, has started to build a
biorefinery in Lappeenranta, Finland to produce
renewable diesel from crude tall oil (CTO), a
residue of pulp making process [1].
UPM’s
renewable
diesel
has
chemical
composition, as well as the fuel properties
comparable to low-sulphur fossil diesel and it can
be used as a drop-in blending component in the
current diesel fuel pool.

Fuel Production and Research Methodology
Crude tall oil based renewable diesel was
produced with a plug flow reactor. Commercial
hydrotreatment catalysts capable of simultaneous
hydrodeoxygenation,
hydrodesulphurization,
isomerization, hydrogenation and cracking were
packed in the reactor. The hydrotreatment of CTO
was performed at pressure range of 2-12 MPa and
the temperature was in the range of 280-430°C.
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After the hydrogenation reaction the product was
collected and fractionated into diesel and naphtha
fractions. The renewable diesel (non-additized)
fraction was splash blended in a blend ratio of v./v.
30% with RF-06-03 CEC diesel (in the following
B30UPM). Prior the engine test bench campaign,
both, the fuel blend B30UPM and RF-06-03 CEC
diesel were chemically analyzed. The elemental
composition,
physical
characteristics
e.g.
distillation curve, lubricity (measured with a high
frequency reciprocating rig, HFRR) and kinematic
viscosity were investigated.
The density of B30UPM was just slightly lower
than that of RF-06-03. The C/H/O ratio as well as
the calorific value was almost identical.
Recognizable difference was only found in total
aromatic content of B30UPM which was reduced
by ~ 20 % and may help in reducing engine out
particulate matter. In addition, the lubricity of
B30UPM was less than that of RF-06-03. Further,
the beginning as well as the end of distillation was
shifted to slightly lower temperatures with respect
to RF-06-03.
However, both the reference fuel and the tested
fuel blend B30UPM similarly fulfilled all limits set by
the EN590 diesel standard without the need of any
additive.
The engine tests were performed on a boosted
direct injecting single cylinder research engine
suitable for high load applications. The utilized
injection system is series-production; the injection
pressure can be varied between 200 and 2000 bar.
Furthermore, the test engine is equipped with
cooled EGR and high boosting pressures up to 3.5
bars. Thus, with conventional EN590 diesel, the
engine is able to meet current emission
legislations.
The test matrix consisted of four different engine
load and speed points. Three of these part load
points were within the typical range of the New
European Driving Cycle (NEDC) for a B-class
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diesel engine passenger car with a vehicle inertia
weight of 1590 kg.
The engine load point with 2400 rpm and an IMEP
of 14.8 bar, which is out of the range of the NEDC,
was utilized to test higher loads, too, as it will be
important in future driving cycles (e.g. Worldwide
Harmonized Light Vehicles Test Procedure,
WLTP). The major interest in these tests has been
on engine emissions (NOx, PM, HC, CO,
combustion noise) while operating with B30UPM
compared to RF-06-03 CEC diesel fuel.
Additionally, full load operation was tested at 1000,
2000, 3000 and 4000 rpm.
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Results
Neither the chemical and physical analysis, nor the
single-cylinder fuel screening showed major
differences between the splash blend and the
reference diesel fuel.
The rate of heat release and the combustion
stability with B30UPM and RF-06-03 were almost
equal. There were no significant deviations in
combustion emissions or indicated efficiency either
which could be recognized. Only at high load
operation there was a minor decrease in the PM
emissions with B30UPM compared to RF-06-03,
see Figure 3.

30

NOx = 0.20 g/kWh
NOx = 0.20 g/kWh
NOx = 0.60 g/kWh
NOx = 0.75 g/kWh

BioVerno renewable diesel and v./v. 70 % RF-0603 CEC diesel fuel is perfectly suitable for common
diesel engines with slight advantages in PM
emissions at medium and high engine load
conditions.
Summary
The fuel property measurements of crude tall oil
based renewable diesel, UPM BioVerno, showed
that in 30% blend, which is a commonly used
maximum blending ratio, it fulfilled the limits set by
the EN590 diesel standard.
Single cylinder engine tests performed in this study
showed similar engine operability in comparison to
reference fuel RF-06-03 CEC diesel. Overall, the
physical and chemical characteristics as well as
the engine performance of B30UPM and RF-06-03
were very similar. Only at medium and high load,
the smoke emissions were reduced due to
significant lower aromatic content. With respect to
regulated emissions, engine performance and fuel
consumption, blend ratios in between 0 % up to
100 % of UPM’s BioVerno renewable diesel are
feasible.
Outlook
When operational during 2014, UPM Lappeenranta
biorefinery will produce annually approximately
100.000 tons of commercially available renewable
diesel, UPM BioVerno. This is equating to 120
million litres of second generation renewable
diesel. The test results presented here prove that it
functions as a high quality drop-in fuel and fulfills
the EN590 diesel standard. However, testing will
continue with extended durability tests to have
further proof of UPM BioVerno renewable diesel
being a high quality diesel fuel.
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Figure 3: Results for B30 UPM and RF-06-03-CEC
The achieved power at full load operation was
almost identical. Due to the reduced aromatic
content of B30UPM, a minor increase in power
could be achieved at 2000 rpm and 3000 rpm. At
highest engine speeds, not the Filter Smoke
Number (FSN), but the exhaust gas temperature
becomes the limiting factor for both fuels. But at
this engine load conditions, the PM emissions are
reduced by 20 %. Thus, a blend of v./v. 30 % UPM
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For more than 25 years biomass has been part of the Danish energy system. The biomass technologies
has now developed to a level where large-scale biorefineries can be build and put into operation. The
presentation will provide an overview of the technology development and biomass supply including some
of the breakthroughs made possible by the scaling from laboratory to pilot- and demonstration
scale. Major issues of integration between biorefineries, the energy sector and agriculture will be
discussed.
____________________
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Introduction
The technology of biomass conversion has now
developed to a level where large-scale
biorefineries can be build and put into operation. A
number of conversion technologies are involved in
the refinery design including cellulosic ethanol,
biogas, gasification and hydrogenation. Some of
the main issues for technology scaling are the
integration and synergy between the different
technologies and how they link to already
established infrastructures in the energy- and
agricultural sectors.
Biorefineries
The development of biofuels has shown that
economically viable large-scale plants require that
as much as possible of the biomass is efficiently
processed into products of good value. Therefore
focus is now upon multi-product biorefineries.
Of main importance is that bulk markets are
needed for successful scaling of biorefineries. That
is just like for fossil refineries the energy
component will be the driving factor for economy
and technology.
Current state of the art is focused upon a biological
sugar based platform or a thermal platform using
the whole biomass. Often these two platforms are
seen as opposites, but there is potential synergy in
combining biological and thermal processing.
At the front end of the biorefinery is the biomass
supply.
Large
amounts
of
biomass
of
homogeneous quality are needed, but also the
basic issue of sustainability is determined by the
type of biomasss being used. In short it is how the
biomass is produced i.e. the use of land which sets
the environmental and climate impact.
Biorefinery technology
For more than 25 years biomass has been part of
the Danish energy system. In parallel there has
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been an extensive development of technologies
that are needed for a biorefinery.
Biomass pretreatment is one of the most
investigated biorefinery processes. For agricultural
residues and waste a simple approach of
hydrothermal pretreatment using steam at 170-200
C and mechanical mixing has been found to work
well when combined with efficient enzymatic
hydrolysis [1]. The fact that lignin is present in the
pretreated biomass also provides good resistance
towards bacterial infections. A 4 ton/hour reactor is
now running at the Inbicon demonstration plant in
Kalundborg (www.inbicon.dk).
A generic challenge has been the processing of
lignocellulose at sufficient high dry matter levels.
Efficient separation of e.g. ethanol at industrial
scale requires high initial sugar levels and thus
lignocellulose dry matter levels in the process of
preferably above 20%.
The enzymatic liquefaction of lignocellulose at dry
matter levels above 25% has been one of the
developments making high dry matter processing
possible [2] (Jørgensen et al. 2007). In this
process a vertical mixer is employed to provide
gravimetric mixing of biomass and enzymes. The
process runs at 25-30% dry matter and may for
some types of biomass e.g. oil palm kernels be
used at up to 50% dry matter.
Waste processing
The development of cellulosic ethanol has
provided spin-off technology by new processes for
waste processing. Using enzyme technology
unsorted household waste can be liquefied and
separated for recycling or use in e.g. a biogas
process [3] (Jensen). The liquefaction of the
organic waste is done by cellulases and enables a
more efficient use of organic waste as part of the
biomass resource.
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Lignin –new markets
Lignin is the most underutilized of all the
biopolymers. State-of-the-art application of lignin is
simple combustion for process heat and electricity,
but its unique structure provides high energy
density and aromatic chemistry. From a pure
energy perspective lignin is a better feedstock than
carbohydrates. However, conventional lignin
residue from pulp & paper processing is sulfonated
and therefore not well suited for processing to e.g.
liquid fuels.
A cellulosic ethanol process will typically provide a
residue with a lignin content above 80%. This
provides new opportunities for lignin processing.
One of these is the conversion of lignin to heavy
diesels for the marine sector. With an annual fuel
consumption of more than 350 mill tons and
upcoming environmental regulation, the marine
sector a promising market for lignin based diesel.
Technical and logistic advantages are that marine
diesel engines have a very wide tolerance for fuel
specifications, and that the supply infrastructure is
concentrated in a few major ports.
Several opportunities exist for processing of the
lignin residue; these include syngas FT-diesel,
pyrolysis and thermolysis/hydrogenation. Most of
these processes have been developed for coal or
lignocellulose. Working with lignin as feedstock
only new opportunities for chemical and thermal
processing may be possible [4]. Combining
thermal processing of lignin with a biochemical
sugar platform will provide new opportunities for
not only making new products but also for
optimizing the value of all biomass components.
As an example compared to simple combustion of
lignin for making heat and power, the processing to
liquid fuels will increase the value of lignin by a
factor of 4-6.

The biomass supply can be from dedicated energy
crops, from forestry, or as part of existing
agriculture. The latter option has the advantage
that if the biomass supply is built into existing
agriculture and forestry through intensification,
there is basically no extra land use, and much of
the sustainability controversy may be overcome.
This principle of “sustainable intensification” has
been investigated in the context of Danish
agriculture and forestry. Recently a “+10 mill tons
plan” investigated the opportunities for increasing
the biomass production from agriculture and
forestry under the constraints of no negative
environmental effects or decline in food production.
Looking at different scenarios it was found possible
to produce an additional 8 and 10 million tonnes of
biomass by 2020 within the framework of existing
agriculture and forestry without any adverse
impacts on food and animal feed production [5].
Outlook
Biorefineries are technically possible. Large–scale
application requires that bulk markets are available
and that the biomass supply to a large degree is
based upon existing agriculture and forestry. This
may require a re-focusing of some of the current
research.
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In the course of the second funding period of the Cluster of Excellence (CoE) Tailor-Made Fuels from
Biomass (TMFB), the Supplementary Cluster Activities (SCA) were enlarged inter alia to promote an
effective and efficient performance measurement and evaluation, such as the determination of clusterspecific key performance indicators. By implementing a cluster-specific Balanced Scorecard (BSC) during
the first funding period, performance measurement on the macro-level of the whole cluster was adapted
to cluster specific requirements. This makes it possible to identify recommendations of action for the
cluster management. Because of the complexity, dynamic and particular interdisciplinarity of the CoE,
extended methods are required to meet the needs of the research disciplines on the micro-level (e.g.
projects and subprojects) - always viewed against the objective to interlink people and knowledge from
different disciplines for succeeding in interdisciplinary cooperation.
____________________
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Introduction
Performance measurement and management are
common in profit organizations to increase output
and foster transparency in achieving objectives.
The adaption of those concepts in an
interdisciplinary scientific environment depicts new
challenges for promoters and scientific managers
[1]. This is caused by a high complexity and
dynamic progression which requires new forms of
management [2].
In the last decade, evaluation, rating and the
application of performance measurement systems
have decreased in research structures [3 [4].
Proven concepts – mostly derived from profit
organizations – have been adapted. Thereby it
was pointed out that rating and reporting systems
play an important role on different levels of
aggregation, e.g. within strategic planning and
regulation of CoE [3]. Generating a scientific added
value – especially with regard to interdisciplinary
cooperation - is an objective of initializing CoE.
Inevitably in a whole system CoE, performance
and interdisciplinary cooperation must be
enhanced also on sub-system level.
The purpose of this paper is to emphasize the
necessity of performance measurement tools,
either as an extension or a supplementation. A
detailed research approach for scientific forms of
organizations like CoE-“TMFB” in the second
funding period is given. This approach shall work
steadily, partly automated and give individual
recommendations of action to the CoE-actors.
Proven concept: the BSC
In the first funding period, steering and regulating
of “TMFB” as a system with knowledge-intensive,
interdisciplinary research structures became
possible [5] [6]. In order to support the cluster
management, a specific form of a BSC was

implemented. With this tool, objectives of the CoE
are
improved
and
the
cross-hierarchical
communication and cooperation is promoted [7].
Thereby the BSC is adapted to the needs of the
cluster of excellence as a measurement system for
performance. This approach is characterized by
the measurement and comparison of key
performance indicators on various levels (level of
management and level of employees) and is based
on a survey among all CoE- employees that is
used for the evaluation of the cluster performance
[8]. As shown in figure one, the cluster-specific
BSC comprises four perspectives and works on a
defined iteration loop. These perspectives are:
internal
perspective/
research
cooperation,
perspective on learning and development, output/
client perspective and financial perspective.

Fig. 6: BSC iteration loop and perspectives of the
cluster-specific balanced scorecard
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To measure the cluster performance, key
performance indicators (KPI) were successfully
identified (e.g. frequency, quality and benefits of
meetings; scientific cooperation; publications [9])
within the interdisciplinary research context and
gathered once a year.
The analysis of this data enables the derivation of
recommendations of actions for the cluster
management to enhance the cluster-wide
interdisciplinary cooperation. Considering the first
funding period it can be outlined, that the BSC
positively contributed to a cluster wide
cooperation-performance [2]. The BSC for “TMFB”
operates in the following way and on four layers of
action:
 Measurement of performance on an
aggregate cluster level,
 Exploring of key performance indicators,
 Electronic data collection once a year,
 Recommendations of action are given or
derived to/by the chief executive officer.
It hast been demonstrated that the BSC is able to
steer and regulate the CoE on a high aggregation
level (i.e. cluster management) [9]. The access to
evaluation data and thus to recommendations of
action is possible only in large time intervals, which
poses a limiting factor to the way of proceeding. To
improve interdisciplinary cooperation and to make
cluster
performance
transparent,
research
approaches on micro-level (e.g. IRF/CIF layer,
projects and subprojects) will be adjusted
appropriately. Performance measurement will be
complemented by management attempts. This is
recognized also by research and research funding
organizations.
Challenges of performance measurement
Own research, insights of the cluster management
and current studies on management and
measurement approaches in public funded
organizations expose and refer to unused potential
of collaborative cooperation. Using this capability
aims to support effectiveness inter alia in the public
sector [10]. Public funding organizations like the
German Research Foundation (DFG) or the
German Council of Science and Humanities (WR)
express the need for developing further concepts
to measure, steer and regulate scientific
collaborations [10] [11]. Over the last decade – but
especially after the first funding period of the CoE
in Germany - there has been a continuous call for
(advanced) performance management research in
non-profit organizations [12], because e.g.
research funding organizations had to cope with
evaluation challenges (how to) after the first
funding period.
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The increased demand of designing, adopting and
implementing performance management systems
(PMS) in non-profit organizations is discussed in
various papers [12]. The growing demand of
performance management systems can be
explained by identifying the potential of
performance
management
in
contrast
to
performance measurement, but how is PMS
defined? While performance measurement is the
process of assessing progress towards achieving
predetermined goals, performance management is
building on that process, adding relevant
communication and action achievements against
these predetermined goals [13].
Capturing the PMS grasp leads to an advanced
performance measurement approach for the CoE
“TMFB” – explored within the second funding
period. As a consequence for “TMFB” –further
development with regard to advanced performance
measurement is needed and reflects the actual
research efforts, with the objective of fostering
interdisciplinary cooperation and transparency.
Advanced performance measurement
To deal with demands of the DFG and WR to
make CoE performance transparent
and
assessable, a PMS shall be adapted in the CoE
and supplemented to the proven BSC. Within the
scope of the second funding period, research on
the following areas will be promoted.
Recursion layers:
While the BSC measures the cluster performances
on an aggregate cluster level, interdisciplinary
cooperation and performance on a micro-level
(IRF/CIF-, project- and subproject-level) must be
explored. To achieve interdisciplinarity on the
whole cluster level, cooperative collaboration on
lower cluster levels must be coexisting. A detailed
view on the micro-level provides the opportunity to
measure, steer and regulate particularized and
individually on different recursion levels to foster
discipline specific interdisciplinary collaboration
and performance.
Key Performance Indicators:
In order to deal with performance on micro-level, it
is necessary to operationalize specific KPIs, which
are able to measure specific scientific
performance. Therefore it is necessary to analyze
and operationalize the requirements i.e. of the
cluster management, the IRFs & CIFs, projects
and subprojects (researcher), industrial partners or
the research funding organizations. More thematic
key aspects such as output, interdisciplinary,
international presence, impact of the cluster as a
system and internal process enhancement have to
be considered.
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Time series:
Additional the acquisition period of data (by the aid
of an electronically questionnaire) shall be
increased. Data collection is aspired rather
continual and no longer once a year.
Automatic acquisition:
Beyond that, scientific
output must be
systematically analyzed (suitable KPIs are
essential – see above) and updates the
performance measurement tool in a self-controlled
way.
Recommendation of action:
The different actors within the CoE require
research/performance-information
for
various
reasons and thus demands and expectations
diverge [3]. Not only the cluster management
obtains appreciable recommendations of action,
but rather all cluster-actors get individual access to
target group adaptive rehashed recommendations.
Specific cooperation enhancement:
How
performance
measurement
fosters
interdisciplinary cooperation appeals on different
integration dimensions [14] (like organizational,
social, communicative and technical). This will be
examined, against the backdrop of a holistic cover
of all dimensions.
Taking these aspects into consideration and
transferring them into a BSC supplementing
approach will be part of research within the second
funding period of “TMFB”.

Summary & Vision
During the first funding period, performance
measurement is successfully implemented by the
adaption of the BSC. Therefore suitable KPIs are
identified and evaluated. Research funding
organizations
demand
further
performance
measurement, so that a PMS for the CoE-“TMFB”
will be explored.
Within the frame of the second funding period a
performance management system will be
developed to supplement the established
performance measurement tool BSC in the cluster
of excellence. By exploring a new approach it
might be possible to operate at all levels of
research work and square target-performance
within the cluster of excellence (micro-level). By
this new approach, recommendations of action
shall be given to all levels of actors/researchers
automatically and to any time. Differences to the
already elaborated BSC are shown in figure 2.

Elaborated

In research

Balanced Scorecard
[BSC]

New performance
measurement/management
approach

Operates at all levels of
Measures performance on an
research work (e.g. projects
+
aggregate cluster level
and sub-projects) within the
cluster of excellence
Gives recommendations of
Recommendations of action
action to the cluster
+ to all cluster participants
management
Implemented once a year
Continual implemented

+

Automatic acquisition of KPIs

Fig. 7: Development of the new research approach

Continual measuring and managing the degree of
interdisciplinary cooperation, target achievement
and altogether the performance of the CoE is
supposed to be covered by the depicted research
approach. Reason is for instance increasing
efficiency of research work, but even so
accomplishing a basis for DFG audits.
This aspires a more efficient use of resources
parallel to a continuously high quality of research
results. The vision of SCA is to lead the CoE into
sustainability
by
supporting
the
cluster
management.
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Optimisation of the system fuel, engine hardware and engine calibration for
lowest emissions using the example of GTL
Arndt Joedicke
Shell Global Solutions (Deutschland) GmbH
Hohe-Schaar-Straße 36
21107 Hamburg, Germany

The specific fuel properties of Gas-To-Liquid fuel (GTL) affect the fuel injection as well as the engine
combustion leading to emissions reductions when used as a “drop-in” fuel in Diesel engines. In
combination with tight fuel specifications this can be used to increase the boundaries for the engine
calibration and enables further optimisation. GTL optimised engine hardware and calibration show further
emissions improvements.
____________________
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Introduction
As bio-fuels are precious their optimal use with
maximum efficiency at lowest emissions is a
necessity. Alternative (bio-) fuels usually can be
produced in a narrow range of properties and allow
tight specifications to be set. This offers the
chance to optimise the engine design in terms of
calibration and hardware for specific fuel
parameters leading to minimised emissions and/or
improved fuel economy.
Using the example of GTL this paper shows which
fuel properties are specific and how they can be
used to optimise the system fuel, engine
calibration and engine hardware.
GTL properties - Approach
GTL fuel, the product of the Fischer-Tropsch
process, is of a distinctly different nature to crude
derived diesel fuel. Indeed, even its appearance as
a crystal clear liquid makes it readily
distinguishable from diesel. Its composition is
paraffinic, leading to a high cetane number and
higher hydrogen to carbon ratio compared with
diesel. In addition, it is virtually free of sulphur and
(poly-) aromatic hydrocarbons. Table 1 shows the
main characteristics of GTL compared to the
European reference Diesel B5.

Property
Density 15°C
Viscosity 40°C
Cetane
FBP
Sulfur
Poly-aromatics
Hydrogen
Carbon
Calorific value
FAME content

Units
kg/m3
mm2/s
CFR
°C
mg/kg
max. %w
%w
%w
MJ/kg
%w

EU ref.
Diesel B5
833-837
2.3-3.3
52-54
370
<10
2-6
13.6
86.3
42.9
4.5-5.5

GTL
778
2.7
78
342
<1
<0.1
14.7
85.2
44.0
0

Table 1: Properties of GTL and reference
Diesel B5 fuel acc. to EU regulation 692/2008

GTL fuel’s well-known emissions reduction
potential, seen in non-adapted engines, is
attributable to a combination of these properties.
The easiest way to achieve an improvement of
vehicle emissions with GTL fuel is simply to use it
within conventional diesel vehicles. Usually the use
of GTL fuel leads to a significant improvement in
CO, HC and particulate emissions. Quite often also
the reduction of NOx emissions can be observed.
The amount of these reductions depends on the
engine load, engine design, the fuel injection
system and the engine calibration. Key issue for
the reduction of emissions especially of
particulates and hydrocarbons is the paraffinic
nature of GTL fuel and its very low poly-aromatic
content of less than 0.1%. A large number of
studies have confirmed this immediate emissions
benefit [2, 3].

Figure 1: Benefits in the of PM - NOx trade-off for
GTL compared to Diesel fuel [1]

Figure 1 show schematically the advantage of GTL
in a typical Soot-NOx trade-off figure for an EGR
sweep for example. The soot emissions are lower
at constant NOx. The high cetane number of GTL
reduces the ignition delay time and therefore
reduces the time for premixing. This can lead to
lower peak temperatures which reduce the NO x
production.
If an even greater emission reduction is sought,
this may be achieved by adapting the engine to the
unique properties of GTL fuel. The initial reduction
of particulate emissions at constant NO x levels
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allows a re-tuning of the calibration to find engine
settings optimised e.g. for minimised NO x
emissions.
The EGR rate has got the biggest impact on the
NOx emissions. Due to the lower soot emissions
and the high cetane number of GTL it is usually
possible to increase the EGR rate. Also the
injection timings, injection pressure and the boost
pressure can be re-tuned to lower the engine out
emissions and/or be optimised for lowest GTL
consumption.
On the engine hardware side the high cetane
number of GTL allows an optimisation of the
compression ratio for the best compromise
between emissions, engine efficiency and cold
start properties. Also the hydraulic flow rate of the
injectors can be decreased by reducing the injector
hole diameters. At part load, this measure typically
leads to an improved mixture formation and thus a
significant
emissions
reduction,
especially
particulate emissions. At full load, a reduction of
the hydraulic flow rate would be expected to
increase the soot emissions due to the increased
injection duration. However, because of the
positive impact of GTL on soot emissions, no
penalties are expected.
Results
The results of the optimisation procedures will be
illustrated with an example.
Figure 2 shows the benefits of GTL when used in
an Audi A4 2.7 tdi EU-4 passenger car, measured
in the NEDC cycle. The applied hardware
measures were the lowering of the compression
ratio and the reduction of the hydraulic flow rate of
the injectors. Also was the engine re-calibrated
following different calibration strategies like
minimum NOx emissions (A) or minimum fuel
consumption (B).
With the dedicated hardware, three tests are
illustrated with different calibration statuses but all
following the calibration strategy A (minimum NO x
emissions). These results are designated in the
diagram as green pentagons.

Figure 2: NEDC results with engine optimised for
GTL in NEDC cycle [1]

When the calibration was optimized for minimum
fuel consumption (strategy B) a 3% volumetric fuel
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consumption benefit and a corresponding
reduction in Tank-to-Wheel CO2 emissions of 10%
could be achieved compared to a B0 Diesel fuel,
more than compensating the lower volumetric
heating value of GTL. However, in spite of this
focus on fuel consumption a simultaneous
reduction of 24% for NOx emissions and 30% for
particulate emissions were achieved. [4]
With the calibration changes alone it was possible
to stay below the EU-5 target with GTL fuel, with
the additional hardware measures the EU-6 limits
are approached. [4]
Summary
The specific properties of GTL are leading to
immediate emissions benefit when used in
conventional Diesel engines. A dedicated ECU
calibration for GTL can reduce the emissions even
further. The full potential of GTL fuel can be
enabled within engines with dedicated hardware
and ECU calibration and further emissions
reductions can be obtained.
The reduced engine out emissions might allow a
simplified exhaust after-treatment system to be
used or could reduce the UREA consumption if the
vehicle is equipped with an SCR exhaust aftertreatment system.
Outlook
Based on the positive outcome of GTL engine
optimisation studies Shell is currently working with
partners on further GTL derived optimisation for
heavy duty engine applications.
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®

Direvo´s BluCon strain and process portfolio provides efficient conversion for a broad range of different
substrate streams into valuable biofuels and bio-based chemicals. Without the need for costly enzymes, it
enables the direct conversion of both pretreated lignocellulosic feedstock and sugar-rich side-streams into
ethanol and / or lactic acid in a consolidated bioprocess. Enzyme production, cellulose breakdown and
product formation are combined into one vessel.
____________________
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Introduction
Global switch from a fossil-based to a bio-based
economy continues to increase demand for
sustainable transportation fuels and chemical
st
building blocks. With 1 generation processes
being critically discussed for limited sustainability
and food competition, significant effort has been
nd
put into the development of 2
generation
technologies.
However,
enzyme
cost
for
saccharification of biomass still constitutes a major
nd
economic burden to most conventional 2
generation processes. Direvo’s approach to
overcoming this pitfall is the use of cellulolytic
organisms for direct conversion of biomass.

as metabolic strain engineering and directed
evolution
are carried out in house and in
collaboration with global partners from industry and
academia.

Approach
Direvo has undertaken a major research program
leading to identifying a portfolio of proprietary
microorganisms. Based on the resulting, extremely
thermophilic
Caldicellulosiruptor
strains,
fermentation processes accommodating different
substrate streams are now being developed and
optimized.
Results
®

The BluCon platform is extremely flexible both for
feedstock and products and can be applied around
the globe. Both C6- and C5-streams from a broad
range of substrates including perennial grasses,
agricultural residues, hardwood and softwood are
®
readily converted. BluCon delivers transportation
fuels like ethanol or chemical building blocks like
lactic acid at lowest possible cost. The high
process temperature protects the process from
contamination; it reduces cooling requirements and
distillation energy.
Without added enzymes, already the wild-type
strains achieve product titers > 16 g/L.
With decades of experience in directed evolution
and process design, Direvo is perfectly positioned
for the final steps of this development. Strain and
process optimization including pretreatment,
fermentation and downstream processing as well
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