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“RON Prediction Models for the New Fuels and Vehicles Systems”
1,2

1,2

1

1,2

1,2*

L. S. Whitmore , R. Parthasarathi , R. Davis , A. George , C. M. Hudson
1

Sandia National Laboratories, Livermore, California, USA
2
Joint BioEnergy Institute, Emeryville, California, USA

In this talk we present multiple ways of predicting Research Octane Number (RON) from basic physical,
chemical and structural properties of a compound. Techniques for predicting RON include regressionbased estimation, using Density Functional Theory (DFT) and Random Forest Machine Learning for rapid
screening and classification of high RON compounds. The goal of this approach is to allow the rapid
screening of a large body of biologically-derived chemicals. Our regression analysis uses a list of 105
congeners to estimate regression parameters using DFT. We also use 153 RON estimates to build a
Random Forest Classifier that we test using additional recently estimated RON values for 20 new
compounds and subsequently screen the entire MetaCyc compounds database.
____________________

Corresponding author: cmhudso@sandia.gov
Rapid RON Classification of Compounds using
Machine Learning
Introduction
The determination of Research Octane Number The machine learning classifier (BioCompoundML)
(RON) is an important and characteristic fuel was trained on 152 hydrocarbons collected from a
1,4,5,6
. These compounds were split
property for identifying high value fuel compounds. literature review
Computational methods offer the opportunity to into two equal-sized classes at RON = 85 (Fig. 1).
rapidly screen a large number of potential low
greenhouse gas bio-derived chemicals, without the
0.08
need for costly experimental prior measurements.
0.06

Density

Approach
In this study we develop and present two methods:
One based on regression estimation, using Density
Functional Theory (DFT); and one using machine
learning for rapid classification.

0.04

0.02

0.00
0

40

80

120

Literature RON

Octane Number prediction using Density
Functional Theory
Our regression model was built using 105
congeners (40 alkanes, 40 alkenes and 25
1
cycloalkanes) . We optimized the geometries of
these compounds using semi-empirical methods
(AM1 and PM6 Hamiltonian) in Gaussian 09.
These methods are relatively quick and of low
computational expense. After optimization, we
used Koopmans’ theory for closed-shell system, to
calculate ionization potential (I) and electron
affinity (A), as well as a variety of chemical
reactivity descriptors. Optimization of these
geometries allowed the calculation of Chemical
Hardness (the second derivative of electronic
energy with respect to the number of electrons N,
for a constant external potential V(r)), Chemical
Potential (escaping tendency of an electronic
cloud), and Electrophilicity Index (measure of
energy lowering due to maximal electron flow
2,3
between donor and acceptor) .

Figure 1. Training data of RON estimates from the
literature.

Three data sources were used to collect features
for classification, PubChem structural fingerprints,
PubChem experimental and chemical properties,
and gross chemical descriptors derived from
structure, using PaDEL-Descriptor (Fig. 2).

We perform tandard linear regression analyses to
find the relationship between the various MON and
RON with the electrophilicity of hydrocarbons
series considered in this work.

Figure 2. Structure of BioCompoundML software
package.
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C-C-C-C-C-C which signify 5-carbon and 6-carbon
rings respectively. Of the 26 experimental and
chemical
properties
features,
19
proved
informative. Of these, the most valuable were
complexity and XLogP3-AA, which refer to the
rough estimate of how complicated a structure is,
and the logarithm of the atom additive method for
calculating the partition coefficient between noctanol and water. Of the 1876 PaDELDescriptors, 899 proved informative. Of these, the
most valuable were SssCH2 and maxssCH2, both
of which estimate CH2 group internal hydrogen
bond strength.

The machine learnig technique is suitable for very
rapid screening of a large number of compounds
(on the order of millions a day, using conventional
computers) and is robust to missing and variable
quality data. The quality of the model was
assessed using leave 50% out sampling, with 100
randomized bootstraps. This allowed us to
measure the accuracy, precision and receiver
operating characteristic of the training set. Twenty
additional compounds were chosen to test this set
and 10 349 compounds were screened using this
tool.
Results of Quantitative Structure-Octane
Number Relationship
We demonstrate that the electophilicity index is a
strong predictor of RON (Fig. 3). Measuring
Octane Sensitivity (RON – MON) we find a strong
concordance between experimental and predicted
values (Fig. 4), making it a valuable tool for active
screening
of
molecules,
using
strictly
computational evaluation.

Adding experimental/chemical and PaDELDescriptor features adds a number of features,
with only a marginal increase in precision,
accuracy and recall (Table 1). In general, leaving
out half the data for testing correctly identifies the
compound to class ~90% of the time.

Precision
Accuracy
Recall
ROCAUC

Figure 3. Relationship between Electrophilicity and RON.

0.82
(0.13)*
0.82
(0.08)
0.82
(0.14)
0.90
(0.06)

0.75
(0.15)
0.75
(0.09)
0.74
(0.19)
0.85
(0.09)

0.85
(0.13)
0.84
(0.08)
0.82
(0.14)
0.93
(0.05)

All

PaDELDescriptor

Fingerprints

Table 1. Average performance of classifier in 100
bootraps with 50% leave out.

Experimental
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0.85
(0.13)
0.84
(0.07)
0.82
(0.14)
0.93
(0.05)

*Values in parentheses are standard deviations
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Figure 4. Relationship between experimental and
predicted Octane Sensitivity.

Results of BioCompoudML Classifier
Of the 881 NCBI original fingerprint features, only
67 proved informative (i.e., were variable). Of
these, the most informative were C-C-C-C-C and
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”Green Toxicology for Green Biofuels – Integrating Bioassays in the Development

of Novel Fuels”
1*

1

1

1

S. Heger , K. Bluhm , M. Du , A. Schäffer , H. Hollert

1

1

Institute for Environmental Research
RWTH Aachen University, Aachen, Germany
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Approach / Test set-up
Different in vitro and in vivo bioassays have been
modified and adapted to assess potential adverse
effects of biofuel candidates with different
4,5
physicochemical properties.
Aquatic toxicity is
considered as one important ecological endpoint
1
relevant for biofuels. Therefore, the investigation
of aquatic toxicity of promising biofuel candidates
focused on three different organisms from different
trophic levels: Algae, crustacea, and fish.
Moreover, genotoxicty of the biofuel candidates
was also investigated to assess the potential

no data available

LC5 0 [mg HC/L]

EC5 0 [mg HC/L]

Biomass-derived fuels are considered promising alternatives for fossil fuels, e.g. with regard to their
potential to decrease greenhouse gas emission. However, their toxicological impacts on the environment
and human health should be fully assessed prior to manufacturing and distribution. The potential hazard
of fossil fuels is widely acknowledged, whereas nearly no information on the hazard potencies of novel
biofuels is available. An emerging discipline called “Green Toxicology” proposes the testing of chemicals
during early product developmental stages for a sustainable design of novel compounds using in vitro, in
vivo and in silico methods.
____________________

Corresponding author: seb.heger@bio5.rwth-aachen.de
effects on human health. A fossil diesel fuel was
Introduction
tested as reference fuel. Besides bioassays, the
Potential adverse effects of novel biofuels on the QSAR model ECOSAR (Ecological Structure
environment and human health, e.g. the Activity Relationship) has been applied for
1
contamination of water resources or toxic effects prediction of toxic effects of the biofuel candidates
on human genome should be fully investigated on different organisms. For each bioassay, the
before their mass production and entering to the concentrations the revealed 50 % of the
ecologic system. The lack of information on these investigated effects, so called “effect/lethal
potentially hazardous substances requires a concentrations” (EC50; LC50), have been
2
thorough investigation.
For this kind of calculated and used for assessing the relative
investigation, (eco)toxicological bioassays can be (eco)toxicological impact of the investigated
applied as screening tools during the early biofuels or reference fuel.
developmental phase of biofuel candidates for
obtaining information on potential hazardous
Increasing toxicity
properties. These bioanalytical tools can assess
2000
Experimental
adverse effects of many substances on various
1800
A
1600
ECOSAR
organisms
and
endpoints.
Coupled
with
1400
1200
quantitative-structure activity relationship (QSAR)
1000
800
models, a rapid and reliable screening of potential
600
200
biofuels can be conducted to identify potentially
150
harmful biofuel candidates at a very early stage of
100
product development. This testing strategy is part
50
of a framework proposed by the new discipline of
0
“Green Toxicology” which strives to move safety
4500
4000
B
considerations of newly developed chemicals to
3500
3
3000
the earliest possible moment of its lifecycle. By
2500
2000
applying “Green Toxicology” to the design of
1500
1000
biofuels and integrating bioassays in the design
500
process, a sustainable fuel development can be
400
300
ensured.

Fig. 1: EC50-values and LC50-values after 48 h in
[mg hydrocarbon / L] of investigated fuel
candidates found in the D. magna immobilisation
assay (A) and the Fish Embryo Toxicity test (B).
Experimental data is shown in black bars and
values calculated by ECOSAR are shown in grey
bars. Red arrow indicates increasing toxicity.
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data, but overestimated the toxic potential for
some promising fuel candidates.

Results
Testing for a number of promising fuel candidates
and reference fuels has been completed.
Exemplary results from the acute Daphnia magna
(crustacea) Immobilisation Assay and the Fish
Embryo Toxicity test are shown in Figure 1. These
results indicate that all investigated biofuel
candidates are less toxic than fossil diesel fuel for
daphnids. So far, 2-MTHF, 3-MTHF and MEK
appear to be the least toxic biofuels. Moreover,
even the most toxic fuel candidates 1-Octanol and
2-MF are less toxic to the aquatic invertebrate
Daphnia magna than the investigated diesel fuel.
The results obtained by the FET assay concur with
these findings and reveal an even lower toxic
potential for fish embryo than for daphnids.
However, no reliable data for an assessment of
diesel fuel is available so far. Furthermore, similar
results were found for the algae growth inhibition
test or the micronucleus assay for investigation of
genotoxicity.
The toxicity predictions by ECOSAR have the
potential for a rough ranking of the biofuels but
they can overestimate the toxic potential of low
toxic fuel candidates, such as 2-MTHF and 3MTHF.

Outlook
For a comprehensive assessment and
screening of biofuel candidates, more endpoints
with relevance for the environment and human
health need to be investigated. These potential
endpoints can include, e.g., inhalative toxicity,
developmental toxicity, or toxicity to soil
organisms. Moreover, reliable and reproductive
data for fossil reference fuels has to be generated.
References
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Summary
The results from the ecotoxicological screening
indicated that most biofuels showed a lower
toxicological impact than the established fossil
diesel fuel. Overall, the potential adverse impact
on aquatic systems and the genotoxic potential
was found to be very low for 2—MTHF, 3-MTHF
and MEK. However, bioassay results revealed
different toxic potencies of the different biofuels,
indicating several potential adverse effects of
biomass-derived fuel molecules. QSAR modelling
was found to support most of the experimental
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“Synthesis, Formulation, and Combustion of Ethanolic Fuels from
Lignocellulose”
M.S. Howard, T.M. Flannelly, M.K. Ghosh, J. J. Leahy, S. Dooley

*

Department of Chemical and Environmental Sciences
University of Limerick, Ireland

The acid-catalyzed conversion in an ethanol medium of the lignocellulose derived sugars, D-glucose and
D-fructose, to several liquid transportation fuel components, including ethyl levulinate is investigated.
Several reaction conditions including, H2SO4 concentration (0.015 – 0.075 mol/L), and temperature (351 –
458 K) at different time domains are pursued in constant volume and constant pressure reactor
configurations. For glucose, ethyl glucoside and anhydroglucose structures are identified as central
reaction intermediates to ethyl levulinate synthesis above 423 K (0.015 mol/L H 2SO4) where yields > 50
mol% are normally encountered. For fructose, the reaction mechanism is significantly different, being
dominated by furanic intermediates, such as 5-hydroxy methyl furfural and 5-ethoxy methyl furfural. The
conversion of D-fructose is shown to be approximately an order of magnitude faster than the conversion
of D-Glucose. The experimental findings are embodied in a hierarchically constructed mass-conserved
kinetic model which deciphers the reaction mechanisms to be also dependent on the phase in which the
reaction is performed. The numerical model is fundamentally underpinned by thermochemical quantities
supplied by G4MP2-SMD solvation model theoretical calculations of the hydrogen cation + D-glucose
potential energy surface. Both experiment and model show a range of ethylated fuel components to result
from the competitive processes of these reaction mechanisms. The fuel properties for this range of
molecules are listed, and it is suggested that they may be formulated to "Diesel" or "Gasoline" type
mixtures simply by adjusting the residence time, and/or phase of reaction of this “one-pot” system. Finally,
the combustion behaviours of ethyl levulinate are explored by the construction of a detailed combustion
kinetic model.
____________________

Corresponding author: Stephen.Dooley@ul.ie
formulation, and 3) of the combustion of the
Introduction
proposed fuel components. To this end, this paper
Increasing concern over the environmental and pursues each of these components in tandem via
economic utilisation of fossil-based resources for experimental and computational approaches.
transportation fuels necessitates the development
of sustainable alternatives to these finite Experimental and Numerical Approach
resources. Hexose carbohydrates account for the The reaction sub-mechanism/kinetics of each
largest portion of renewable carbon from biomass species observed to be formed in these hexose
and may be valorised as “smart” energy carriers by systems is elicited hierarchically by conducting a
acid hydrolysis reaction with low energy density, series of ethanol/H2SO4 experiments in condensed
cheap and plentiful solvents, such as ethanol. In so and gaseous phases using D-glucose, D-fructose,
doing, not only is the carbohydrate valorised into a 5-hydroxymethylfurfural, 5-ethoxy methylfurfural,
liquid transportation fuel, but the ethanol also and ethyl levulinate as separate reactants. The
becomes functionalised into a series of ethylated hierarchical experiments (Figure 1) allow for a
fuel components of variable RON/MON/Cetane rigorous mass conserved modelling methodology
Number, providing new avenues for its use in the that deciphers the reaction mechanism - providing
transport sector. Cellulosic derived glucose is the kinetic comprehension of the practically realistic Dmost naturally abundant hexose; but it has a glucose and cellulose ethanolysis systems to be
propensity to form insoluble polymeric materials in revealed, see Figure 2. The experimental
acidic solution, limiting the yield of viable fuel measurements, Figure 1, reveal ethyl levulinate
components. A solution to this issue requires a as the equilibrium product, but its mechanism of
chemical comprehension of: 1) the solution phase formation differs depending on D-glucose or Dsynthetic chemical reaction mechanism, 2) fuel fructose as starting material and depending on the
phase of the reaction system. In D-fructose
"ethanolysis", ethyl levulinate is formed via furanic
intermediates, whereas in D-glucose "ethanolysis",
it is formed via ethyl glucoside intermediates.
Potential Energy Surfaces for Glucose
Reaction with (Hydrogen Cations) Brønsted
Acids
Figure 1: Exemplar reaction data of D-Glucose (a) and DFructose (b) with 0.04 mol/L H2SO4 at 438 K (165˚ C) in a
constant volume (multiphase) ethanol medium. Symbols
(experiment), Lines (numerical model).
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in the condensed phase and biphasic systems are
270% and 207% respectively, whilst the energy
density of the resultant fuel mixtures are 30.6 MJ/L
and 27.4 MJ/L. Both are superior to the 24 MJ/L of
the ethanol base system.

In addition to the phenomenological interpretation
of the mechanism of reaction provided above, the
energetics of a series of elementary reactions
+
along the D-glucose + H reaction coordinate are
1
computed at the G4MP2 level of theory to provide
fundamental comprehension. Equilibrium and
transition-state geometries are computed using
gradient-correlated density functional theory (DFT)
with B3LYP in combination with the all electron 631G(2df,p) basis set. To account for the effects of
2
the solvent environment, the SMD implicit
solvation model in water and ethanol dielectric
mediums are also considered. The calculations,
Figure 3, show that the internal rotation of the CC(OH) bond of the sugar is facile and results in
sugar cations that are much more stable (low
protonation energies) for both  and  anomers.
The calculations suggest that acid catalyzed
reaction of the glucopyranose proceeds by OH
protonation at the "4" or "5" positions of rotamer-2,
rather than the previously suggested "2" OH
3
position of rotamer-1 .

Legend:

15.0 (14.7) [14.5]
5
15.8 (15.7) [15.8]
6
1

Black – Assary et al.4
Green – Limerick (α)
Red – Limerick (β)

17.1 (17.1) [19.2]

4

15.3 (15.9) [14.0]

3
15.0 (12.2) [12.4]

Rotamer - 1

6

1

(18.4) [20.2]

(8.5) [8.2]
2

4

2

16.1 (16.1) [15.9]

(20.0) [17.0]

5

(9.9) [10.0]

Rotational Barrier
Ea = 1.17 kcal/mol

(14.9) [14.8]
3

(13.6) [13.4]

Rotamer - 2

Figure 3: Protonation energies of α-D-glucose (Green)
and β-D-glucose (Red) rotamers at the G4MP2 level of
theory in water dielectric medium. All values are in
kcal/mol.

Combustion Kinetics of Ethanolyic Fuel
Components
In order to understand how these ethanolyic fuel
components might operate in conventional
engines, either pure or blended with petroleum
fuels, a detailed chemical kinetic model has been
constructed for the combustion of ethyl levulinate
and gasoline blends. The models shows that ethyl
levulinate has a propensity to decompose
unimolecularly to levulinic acid and ethylene. Due
to this, ethyl levulinate combustion reactivity shows
a reduced dependence on fuel/air equivalence
ratio (oxygen concentration) with respect to that of
conventional fuels.
Conclusions
“Diesel” or “Gasoline” oxygenated fuel components
can be formulated by the acid catalyzed reaction
of D-Glucose/D-fructose with ethanol, valorizing
both the hexose sugars and the ethanol.
Experimental data supported by mechanistic
understanding as embodied in kinetic model
calculations suggest a range of ethylated
molecules may be synthesized as drop-in fuel
components in a highly flexible one pot process.
Theoretical computational studies suggested that
the gateway initiating protonatation reaction occurs
4
5
at the OH or OH positions of the glucopyranose
rotamer-2. Combustion kinetic modelling of ethyl
levulinate, the dominant equilibrium product of the
ethanolysis system, shows that it combusts
through a unimolecular mechanism, forming
levulinic acid and ethylene. Due to this, the model
further shows ethyl levulinate to have a reduced
dependence of reaction rate on fuel-air
equivalence ratio compared to conventional
petroleum derived fuels.

Figure 2: Detailed mechanism for the Brønsted acid
catalysed ethanolysis of the cellulose derived D-glucose
and D-fructose. Potential fuel components are
highlighted in yellow.

Ethanolic Fuels – "Gasoline" or "Diesel"
In the condensed phase synthesis 5-ethoxymethylfurfural is the most abundant hexose derived
energy product; the resulting fuel blend is of a low
cetane number but is of notably high volumetric
energy density. In the biphasic synthesis ethyl
levulinate is the main hexose derived energy
product and significant amounts of diethyl ether
are also formed. This produces a lower energy
density fuel with a high cetane number making it a
suitable diesel blend component. The energy of
valorisation with respect to the ethanol consumed
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A novel approach is presented for computer-aided molecular design combining quantum chemistry-based
property prediction using COSMO-RS and process-level evaluation using advanced shortcut process
models. Thereby, solvents are designed based on a process-level evaluation and without the need for
experimental data in property prediction. The approach is successfully applied to the identification of
novel solvents for the production of bio-based platform chemicals -valerolactone (GVL) and 5hydroxymethylfurfural (HMF).
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Introduction
Platform chemicals play an important role in
bio-based value chains [1]. For the large-scale
implementation of bio-based value chains, the
production of platform chemicals needs to be
sustainable and energy efficient. To reduce the
energy demand and increase the process
efficiency, solvents used in the production process
need to be carefully selected [2].
Going beyond mere selection of solvents from a
pre-defined list, the optimal solvent structure can
be optimized using computer-aided molecular
design (CAMD). CAMD inverts property prediction
by designing molecules to meet a certain property
target. The success of CAMD depends critically on
two elements: An accurate property prediction
method and a sound property target. Previous
work relied mostly on thermodynamic groupcontribution models (e.g., UNIFAC) and heuristic
guidelines to define property targets [3].
In this work, we present a novel approach for
computer-aided molecular design integrating stateof-the-art quantum chemistry-based property
prediction and rigorous process-level evaluation of
the solvents. For this purpose, we build upon the
COSMO-CAMD framework recently developed in
our group [4].
COSMO-CAMD employs the
property prediction method COSMO-RS which
exploits statistical thermodynamics to predict
properties based on quantum chemistry with
reasonable computation effort [5].
In order to overcome heuristic targets for
solvent properties such as partition coefficients of
the solute in infinite dilution, we extend the
COSMO-CAMD framework by using advanced
pinch-based process shortcuts [6]. Pinch-based
shortcut models directly evaluate process
flowsheet performance criteria such as the
minimum energy demand for separation. This
allows for the optimization-based design of
solvents tailored to the actual process flowsheet
topology.

Approach
Fig. 1 shows a schematic procedure of the
COSMO-CAMD optimization approach.

Generation +1

Problem specification

Yes

Generation of
molecular structures

LEA3D & COSMO

Property prediction

COSMO-RS

Process evaluation

Shortcut model

Continue?

No

Ranked list of solvents
Fig. 1: COSMO-CAMD optimization

Based on initial process specifications, e.g.,
feed composition, pressure, and temperature, a
genetic algorithm optimizes the molecular structure
of the solvent to enhance the process
performance. Molecular fragments are generated
and combined using the genetic algorithm LEA3D
[7] which creates 3D molecular structure
information as input for quantum chemistry-based
COSMO calculations. COSMO-RS is employed to
predict thermodynamic properties of the designed
molecular structures.
The molecular structures are evaluated in a
process flowsheet using pinch-based shortcut
process models [6]. Molecular structures with
promising process performance are recombined
for a novel generation of molecular structures.
Overall, the genetic optimization leads to a list of
solvents ranked by process performance.
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For the hybrid extraction-distillation of GVL, 1,4pentadiyne is designed as solvent with the lowest
minimum energy demand Qmin. 1,4-pentadiyne has
a lower minimum energy demand than any solvent
contained in the comprehensive COSMO-RS
databank. The minimum energy demand is
reduced by 72% compared to the recent literature
benchmark process using n-butyl acetate [8].

In this work, a hybrid extraction-distillation
process is modelled (Fig. 2). The pinch-based
shortcut evaluation of extraction and distillation
allows to solve the flowsheet (Fig. 2) for both unit
operations operating at minimum solvent flow
(Smin) and at minimum reflux, respectively.
Thereby, each solvent is comprehensively
evaluated based on minimum energy demand Qmin.
Further criteria such as chemical stability and
toxicity can be applied to the final list of ranked
solvents by the design engineer.

Conclusions
The COSMO-CAMD optimization approach is
presented to evaluate solvents on a process-level
using process shortcut models. Thus, solvents are
designed based on their actual process
performance rather than simplified heuristic
guidelines. The approach successfully designs
novel solvents for the purification of bio-based
platform chemicals -valerolactone (GVL) and 5hydroxymethylfurfural (HMF) with large potential in
energy demand reduction compared to established
benchmark processes.

Solvent
Carrier
Smin
Feed

Product
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Fig. 2: Flowsheet for hybrid extraction-distillation
process.

Case study: Design of novel solvents for the
production of bio-based platform chemicals.
The COSMO-CAMD optimization approach is
applied to the purification of bio-based platform
chemicals
-valerolactone
(GVL)
and
5hydroxymethylfurfural (HMF).
The COSMO-CAMD approach designs solvents
that enhance extraction performance and reduce
the minimum energy demand for distillation (Fig.
3).

Qmin / MJ/kmolFeed

1000

100

n-butyl acetate

10

1
0

0.5

1

1.5

2

Smin / kmol/kmolFeed
Fig. 3: Molecules designed during the COSMOCAMD optimization (blue triangles) in comparison to
databank solvents (grey diamonds) and literature
benchmark (red line).
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Carbohydrates are potentially a renewable alternative to fossil carbon in the manufacturing of liquid fuels
and carbon-based chemicals. The development of robust and efficient heterogeneous catalysts is a key
step in the valorization of lignocellulosic biomass. Understanding chemistry occurring at solid-liquid
interfaces can supply molecular-level information about the interactions, which direct selectivity in these
catalysts. MAS solid-state NMR can differentiate solvents adsorbed in the zeolite, distinct from species
present in the bulk solution, via their characteristic chemical shifts, peak shapes, and relaxation times.
FAU zeolites catalyze the isomerization of glucose to fructose and also dehydration of fructose to 5hydroxylmethylfurfural. The surface selection of glucose/fructose can be modified by the presence of a
co-solvent and hence greatly impact the reactivity of zeolites.
____________________
*Corresponding author: sscott@engineering.ucsb.edu
typically ca. 7 Å. Large pore zeolites with 12T
apertures, like FAU and BEA zeolites, allow
diffusion of glucose within their threedimensional channels, without ring-opening to
form the acyclic isomer.
Gamma-valerolactone
(GVL)
has
been
suggested as a sustainable liquid for the
production of transportation fuels and carbon3
based chemicals. Recently, GVL was reported
as a water-miscible green solvent for biomass
processing. For the above-mentioned reasons,
the effect of GVL as co-solvent on glucose
transformations was therefore studied.

Introduction
Heterogeneous catalysts may be better-suited
for large-scale, continuous processing of
biomass-derived
carbohydrates
than
homogeneous
catalysts.
Therefore,
the
development
of
robust
and
efficient
heterogeneous catalysts is a key step in the
valorization of lignocellulosic biomass. Since
carbohydrates are not volatile, contact between
the substrate and the solid catalyst requires an
aqueous or semi-aqueous liquid phase. Solvent
effects are known to be important in directing the
selectivity of carbohydrate transformations for
both
homogeneous
and
heterogeneous
catalysts, via differential adsorption/desorption
of substrate/product, and via the reaction
1
mechanism. For example, the combination of a
polar aprotic liquid such as tetrahydrofuran
(THF) with water to create a binary, semiaqueous solvent system is reported to greatly
enhance conversion and selectivity in glucose
2
conversion. Therefore, understanding solvent
effects is important for the optimization of
catalytic activity and selectivity.

Adsorption Studies
The uptake of sugars by porous materials can
be studied by mixing them with glucose
dissolved in various solvent systems. Adsorption
was studied by quantitative analysis of the liquid
phase before and after interaction with a FAU
zeolite. Fig. 1 compares results for adsorption of
glucose and 5-HMF by NaFAU zeolite in three
semi-aqueous solvent systems containing
various amounts of GVL.

Approach
Many porous catalysts are known to be active in
carbohydrate-based biomass conversion. They
include microporous zeolites (with pore
diameters < 2 nm) and mesoporous carbons or
metal oxides (with pore diameters 2 – 50 nm).
Zeolites are classical crystalline microporous
catalysts, and are chosen as model catalysts in
this work, owing to their well-defined structures
and uniform pores.
The molecular diameters of simple sugars like
glucose and fructose, and reaction products
such as 5-hydroxylmethylfurfural (5-HMF), are

Fig. 1: Changes in liquid phase concentration of
glucose or 5-HMF upon combining 1.0 mL
-1
corresponding solution (0.100 mol L ) dissolved in a
GVL:water mixture with NaFAU (0.200 g).
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the insect of Fig. 3. Similar effects were
observed for adsorbed glucose in FAU zeolite.

While the adsorption of glucose is dramatically
enhanced by increasing the GVL co-solvent
content, the adsorption of HMF hardly changes.
The trend for fructose resembles that for
glucose. This result is consistent with the
hydrophobicities of the substrates. The stability
of hydrophilic glucose is greatly reduced in the
liquid phase due to its unfavorable interactions
with hydrophobic GVL, while 5-HMF is stabilized
as the GVL content increases. The adsorption of
5-HMF is further suppressed as a result of its
poor competition with glucose for the zeolite
pores.
Solvent Effect on Catalytic Activity
The results above show that the solvent system
can enhance the adsorption of glucose/fructose
(reactants) and suppress that of 5-HMF
(product). Since NaFAU catalyzes glucose
isomerization to fructose, and HFAU catalyzes
fructose dehydration to 5-HMF, we examined
the conversion of fructose using partially Hexchanged NaFAU (Na:H = 1:1.5). Fig. 2 shows
that the highest yield of HMF was obtained when
the solvent contained 46 mol% GVL.

13

Fig. 3: T1 relaxation measurements for C signals
of GVL (1 mL) in contact with H-BEA (0.2 mg).

Summary
We have successfully demonstrated the solvent
effects for the adsorption of glucose/fructose
with microporous FAU zeolites. More than 65%
of glucose can be adsorbed in the presence of
GVL as the co-solvent. Such effect can be
directly responsible for enhanced catalytic
activity in GVL:water mixtures. As the solvent,
the motion of GVL in zeolite pore is so confined
that strong dipolar coupling causes the changes
of chemical shift and broadening of peaks. All
the information indicates that special local
chemical environment of zeolite solid phase
when compared to the bulk liquid phase.
Outlook
In the future, we will conduct operando studies
of catalysis at the solid-liquid interface. Rational
design of porous catalysts will also be carried
out with the right solvent systems.

Fig. 2: Yields of HMF and formic acid from the
-1
reaction of fructose (0.1 mol L ) in three GVL:water
mixtures at 160 °C for 3 h.
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Solid-state NMR Studies of Adsorption
We investigated the adsorption of GVL in both
micro- and mesoporous materials using solidstate NMR with magic-angle spinning (MAS) at
room temperature. MAS solid-state NMR
discriminates between GVL molecules close to
the surface and those in the bulk liquid.
13
GVL exhibits five well-resolved C NMR signals:
two from the carbonyl and methine carbons
bonded to oxygen (the hydrophilic side of the
molecule), and three from the methylene and
methyl carbons (the hydrophobic side of the
molecule). Since GVL interacts with the acid
sites of HBEA via its hydrophilic side, its
adsorption induces shifts in the carbonyl and
methine signals to higher frequencies, Fig. 3.
Adsorption also shortens the T 1 relaxation times
(18.2 s versus 3.3 s) for the resonances
associated with adsorbed species, as shown in
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Many chemicals of interest are volatiles including fragrances, organic solvents and fuels. While most of
these chemicals are synthesized from crude oil, a strong incentive exists to produce these chemicals from
renewable resources. While many academic examples exist for the production of chemicals with wholecell biocatalysts, industrial examples are still rare, as the recovery of chemicals from water is expensive.
The advantage of whole-cell biocatalysis for the production of volatiles is the ease of product recovery
from water, often via gas stripping. We here present as an example volatile production of acetone from
renewable resources by recombinant Escherichia coli. Under the control of different constitutive
promoters, a synthetic acetone operon was strongly expressed, resulting in a strain with maximal acetone
production. The results indicate possibilities for the sustainable synthesis of industrial volatile chemicals
from renewable resources.
____________________
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volatility of acetone, product separation is not
necessary anymore. In further development, Lars
Blank created another plasmid called pLB4 which
2
was an advanced version of pACT . In the
beginning of this project a development of pLB4
was realized and the BPT1 operon was created
and thus the new plasmid pBPT1. In this new
plasmid we replaced the thiolase A promoter
responsible for a polycistronic gene expression
with three similar constitutive promoters and
terminators and created a monocistronic gene
expression. Further the codon usage of the genes
responsible for the acetone formation was
optimized for E.coli. The new created plasmid
pBPT1 was transformed into a new E.coli
production host (W397E) for recombinant acetone
production within fermentation.

Introduction
Volatile synthesis by fermentation has gained high
interest in the scientific society. Especially the
production of industrial relevant chemicals and
biofules is topic of many researches. This is often
realized by complex petrochemical synthesis,
which depends on the use of cracked raw oil
sources. Furthermore, the chemical production
creates significant yields of toxic waste as
3
byproducts . The solvent acetone today is still
obtained as a byproduct in phenol synthesis which
is also dependent on benzene based chemicals,
4
propene and cumene . Biotechnological production
of acetone was first obtained in 1919 through ABE5
fermentation process (ABE stands for acetone,
butanol and ethanol) synthesized by the anaerobic
microorganism Clostridium acetobutylicum. The
ABE-process unfortunately was not able to
produce economical quantities of the solvents
needed, so the petrochemical production was the
only alternative. Furthermore, in ABE-fermentation
the products were synthetized in a mixture (A:B:E 3:6:1), which needed to be separated right after
5
the process .
Biotechnological
acetone
production
in
recombinant Escherichia coli
1
In 1997 Bermejo et al. created an alternative way
for the biotechnological production of acetone by
cloning and expressing four specific genes (thl, ctf
A/B and adc) in E.coli. These genes are
responsible for the acetone production in C.
acetobutylicum. To examine the possibility of
recombinant acetone production in E.coli they
created the plasmid pACT. The process promised
to be a realistic alternative for both, petrochemical
production and the ABE-process. It has the
potential to create economical quantities of the
solvent and has the advantage to reduce costs in
downstream processing because of the high

Fig.1: Plasmids carrying the acetone formation genes
A: pLB4 with the classical ace-4 operon
B: pBPT1 with the new BPT1 operon
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Results and fed-batch fermentation strategy
The created strain E.coli W397E pBPT1 was
tested in several fermentations in shake flasks and
stirred tank reactors in laboratory scale.
Fermentations with the new recombinant E.coli
strain W397E pBPT1 resulted in faster acetone
production and higher acetone yield compared to
the previously used E.coli strain BW25113 pLB4
(Fig.2).

Conclusion & Outlook
Fermentations with strains carrying the optimized
plasmid
pBPT1
showed
higher
acetone
productivity compared to strains carrying pLB4.
Regulated fed-batch fermentations resulted in
another enhancement of the space-time-yield. By
the use of software algorithms, an adapted feedon-demand strategy for fed-batch fermentation is
currently
in
development.
An
interactive
modification of the controller-software generates a
dynamic feeding which reacts to the needs of the
bacterial culture and thus creates adapted
substrate feeding. With this strategy the organism
is only supplied the amount of substrate which is
necessary for optimal production. In comparison to
conventional and unadjusted substrate feeding, the
use of this “feed- on-demand” method, in principle,
avoids overflow metabolism, decreases excess
glucose and acetate concentrations in the medium
and should lead to a higher product yield. In
another approach an online measuring and control
system will be developed to enable a detection of
metabolic bottlenecks and thus gives approaches
for specific optimization within metabolic and
process engineering based on a stoichiometric
mathematic model.

Acetone production after 24 h of fermentation
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c Acetone [mM]
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0
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W397E pBPT1

Strain

Fig.2: Comparison of shake flask batch
fermentations performed with E.coli strains
BW25113 pLB4 and W397E pBPT1
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Fed-batch fermentation is a common method in
biotechnological production of market relevant
chemicals to obtain high cell densities, thereby
high volumetric productivity. A number of substrate
feeding strategies have been developed to achieve
higher production rates and thus higher space-time
yields. By using an integrated-multivariate-glucosemeasuring-tool combined with adapted software
algorithms,
differently
structured
fed-batch
strategies are feasible. The glucose monitoring
system itself can be controlled via PID-logic to
regulate a defined threshold value of glucose
within the culture medium. Several fed-batch
strategies were developed to enable better
process control and thus a better productivity. In
first results a significant increase of the acetone
production has been shown.

Fig.3: Adapted substrate feeding for fed-batch
fermentations
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The development of new sustainable routes for useful chemicals from renewable resources represents
currently one of the key goals of catalysis research. In this work, we present an efficient catalytic process
for the oxidative dehydrogenation of biomass-derived lactic acid over MoO3/TiO2 catalysts. A series of
MoO3/TiO2 catalysts, with MoO3 loading ranging from 1 to 10wt% were prepared by impregnation on the
TiO2 support with an aqueous solution of ammonium heptamolybdate. 60% yield of target product pyruvic
acid is obtained at 200 °C under atmospheric pressure.
____________________
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water was removed under reduced pressure and
the resulting solid was dried overnight at 110°C
followed by calcination at 500°C for 6h in static air.
The catalytic reactions was carried out under
atmospheric pressure in a vapor phase down-flow
fixed-bed reactor (stainless steel, 6 mm inner
diameter, 150 mm length). 0.30 g of catalyst
powder (125µm–250µm) were loaded in the
reactor with quartz in both ends. The lactic acid
solution (20 wt%) was fed by means of a HPLC
pump at a flow-rate of 0.05 ml/min, pre-vaporized
at 190°C and diluted with air (30 ml/min STP)
before being contacted with the catalyst. The
reaction temperature was fixed at 200°C. The
liquid products were collected in a cold trap, and
quantitatively analyzed by HPLC and GC-FID.
Concentrations of acids were analyzed by a
Shimatzu HPLC using a Prevail Organic Acid
column. Acetaldehyde was quantified by GC-FID.
For both HPLC and GC-FID, the amount of
products were determined using calibration curves
generated with authentic compound solutions.
Standards for all liquid products were obtained
from Sigma-Aldrich. The gaseous sample was
analyzed by an on-line Compact GC.
The yield of pyruvic acid (Y) was calculated as
follows:
µ
�
�
�
� % =
×
µ
�� � ℎ

Introduction
Selective oxidative dehydrogenation of biomassderived platform chemicals is an important step in
all chemical strategies for the valorization of
lignocellulosic biomass. Particular attention is
devoted to lignocellulose, from which different
platform chemicals can be produced. One of the
1
promising chemicals is lactic acid . Recently, lactic
acid has been identified as a potential feedstock
for the synthesis of pyruvic acid by oxidative
2
dehydrogenation . Pyruvic acid can be used as
intermediates of food additives and antiviral drugs.
However, the production of pyruvic acid is still
based
on
the
conventional
dehydrative
decarboxylation of tartaric acid. Although this
reaction provides pyruvic acid in reasonable yield,
its disadvantage is that it requires excess amount
of KHSO4 as the decarboxylation agent. Thus, the
design and the implementation of a catalytic
process would be preferred. It has reported that
single oxides (TiO2, ZrO2, and SnO2 .etc) and
binary oxides (SnO2-MoO3, MoO3-TeO2.etc) show
3, 4
high yield towards pyruvic acid
. However, high
temperatures or toxic solvent were typically
involved. In the present work, we applied
MoO3/TiO2 binary oxides to the oxidative
dehydrogenation of lactic acid aqueous solution to
pyruvic acid.
Approach
DL-Lactic acid 90 wt% solution was obtained from
VWR and used after dilution in deionized water.
TiO2
(anatase),
(NH4)6Mo7O24·4H2O
were
purchased from Sigma–Aldrich.
MoO3/TiO2, with different MoO3 loadings
ranging from 1wt% to 10 wt% (1, 2, 5, 8, and 10
wt%), were prepared by a wetness impregnation
method.
The
appropriate
amounts
of
(NH4)6Mo7O24·4H2O were dissolved in water under
vigorous stirring for 2h at room temperature, in
order to achieve complete dissolution of the
precursors. Then proper amount of TiO2 (anatase)
was added into the solution. The mixture was
stirred for 4h at room temperature. Afterwards, the

The carbon selectivities of the products were
calculated by:
�� %
µ
�
×
�
=
µ
�� � ℎ
×
� ×3
×

Results
MoO3/TiO2 binary oxide catalysts with different
loadings of MoO3 were characterized by XRD,
Raman, TPR, FTIR and their catalytic performance
in the oxidative dehydrogenation of lactic acid was
evaluated. Besides the target product pyruvic
acid, some by-products, such as methyl succinic
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anhydride, propionic acid, acetic acid, citraconic
anhydride, acetaldehyde and CO2 were also
produced.
Fig.1 shows the selectivities of all the detected
products from oxidative dehydrogenation of lactic
acid and the yield of pyruvic acid. The activity of
the MoO3/TiO2 catalysts shows a volcano-type
behavior and reaches the maximum at 2wt%
MoO3. When the loading is higher than 2 wt%, the
yield of pyruvic acid decreases with the loading
increases. In this case, pyruvic acid yield up to
60% could be achieved. Then, the yield decreases
at 1 wt% loading.
Methylsuccinic Anhydride
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Acetic acid
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Citraconic anhydride
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100

80

80

60

60

40

40

20

20

0

2

O2
O2
O2
O2
O2
/Ti
/Ti
/Ti
/Ti
/Ti
t%
t%
t%
t%
wt%
-1w
-8w
-2w
-5w
3
3
3
3
-10
3
O
O
O
O
O
Mo
Mo
Mo
Mo
Mo
O3

TiO

Mo

Yield Pyruvic acid (%)

100

Selectivity (%)

The Raman spectra of the TiO2, MoO3 and
MoO3/TiO2 catalysts under ambient conditions are
presented in Fig.2b. The surface molybdenum
oxide species possess the terminal Mo=O Raman
-1
stretch in the range of 942-992 cm which shifts to
higher frequency as the molybdenum oxide loading
5
increases . In the case of MoO3-2wt%/TiO2, Mo=O
-1
peak shifts to 980 cm indicating the presence of a
2tetrahedral MoO4 . When the loading is higher
than 2 wt%, the position of Mo=O Raman stretch
unchanged, suggesting the presence of octahedral
-1
coordinated surface MoO3.The 817 cm Raman
band is probably due to the stretching mode of a
Mo-O-Mo bond of the polymerized threedimensional surface molybdenum oxide species.
Strong Raman bands of crystalline MoO3 are
-1
presented at 817 and 992 cm for the 5, 8, and 10
wt% MoO3/TiO2 catalysts, which indicates that
monolayer coverage of the surface molybdenum
oxide species has been exceeded.
Activity and characterization results revealed
that the structural properties of TiO2 are affected
upon incorporation of MoO3. The superb catalytic
performance of the MoO3-2wt%/TiO2 catalyst can
be attributed to two factors here: (1) The highly
dispersed MoO3 on TiO2 surface; (2) The
2synergetic effect between tetrahedral MoO4 and
TiO2 surface.

0

Fig. 1: Products selectivity and pyruvic acid yield.

Powder XRD patterns of MoO3 catalysts
supported on TiO2 (anatase) is shown in Fig. 2a. At
low Mo loadings (1 and 2 wt%), the diffractograms
did not indicate the presence of characteristic
peaks due to MoO3. XRD peaks due to crystalline
MoO3 phase appeared only at higher Mo loadings
(5, 8 and 10 wt. %). The absence of XRD peaks
due to MoO3 at lower compositions (1 and 2 wt%)
of the catalysts indicates that the MoO3 phase is
present in a highly dispersed or amorphous state
on the surface of TiO2.
MoO3-1wt%/TiO2

(a)

300

Summary
High yield of pyruvic acid upon oxidative
dehydrogenation of lactic acid was achieved under
mild conditions. A correlation between the specific
productivity and the MoO3/TiO2 catalyst was found.
A synergetic action between the highly dispersed
MoO3 species and TiO2 support is proposed to be
the crucial factor for the activity of oxidative
dehydrogenation of lactic acid.
Outlook
These insights point out directions for rationally
designing catalyst for lactic acid dehydrogenation.
The different functional roles of MoO3 and TiO2
need to be clarified.

TiO2

(b)
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Fig. 2: (a) XRD patterns and (b) Raman spectra of
MoO3/TiO2 catalysts with different MoO3 loadings.
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“Light Naphtha Alkanes From (Ligno)Cellulose: A Chemocatalytic Approach”
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Lignocellulose is often presented as a renewable carbon source for the production of fuels, chemicals and
materials. In an attempt to select the most appropriate biomass source for each specific alkane-based
application, a diagram inspired by van Krevelen is applied. As a result of the enormous abundance in
nature, (ligno)cellulose seems to be the most appropriate feedstock for short alkanes. Therefore, a onepot biphasic catalytic system is here described to synthesize light naphtha alkanes from a mildly refined,
cheap and raw cellulose feedstock.
____________________

Corresponding author: bert.sels@biw.kuleuven.be
In the aqueous phase, cellulose will hydrolyse into
glucose through a HZSM-5 zeolite, while the IrReOx/SiO2 catalyst hydrogenates glucose into
sorbitol and subsequent C-O hydrogenolysis gives
3
n-hexane. Alternatively to the sorbitol pathway,
Op de beeck et al. introduced a second
deoxygenation-route, being the HMF-pathway (Fig.
1). The catalytic reaction proceeds at elevated
temperatures under hydrogen pressure in
presence of a homogeneous acid, dissolved in the
water phase and primarily responsible for cellulose
hydrolysis, and a modified Ru/C catalyst,
suspended in the organic phase and in control of
the
catalytic
hydrogenation
and
4
hydrodeoxygenation activity. Herein, the influence
of the cellulose properties and the presence of
impurities such as hemicellulose and lignin will be
discussed for this catalytic system.

Introduction
Linear, branched and cyclic alkanes are important
intermediates and end products of the chemical
industry and are nowadays mainly obtained from
fossil resources. More specifically, light naphtha
alkanes are useful building blocks for gasoline, the
synthesis of aromatic compounds as well as an
ideal source of polymer precursors such as
ethylene and propylene. As a result of its
abundance in nature and uniform chemical
structure, (ligno)cellulose is the ideal precursor for
light naphtha alkanes. Breaking and forming of CC bonds is not required, but rather the challenge is
to selectively disrupt C-O bonds in the presence of
C-C bonds.
Concerning the chemocatalytic production of
alkanes from (ligno)cellulose, two issues are
mentioned in this paper. First, a realistic
1,2
perspective for bio-based alkanes is developed.
Second, a one-pot biphasic catalytic system is
presented yielding, liquid hydrocarbons directly
from
(ligno)cellulosic
feedstocks.
Recently,
Tomishige et al. developed a biphasic catalytic
one-pot process going from cellulose into nhexane.

Perspective for bio-based alkanes
For the production of all types of transportation
fuels as well as various chemicals and materials,
bio-derived alkanes can be employed. However,
because of the large scale of the current alkane
market, a full petro-to-bio transition is considered
unfeasible. In the short term, bio-based alkanes
can be used as additives in fuels in expectation of
an electrified automotive industry. In the long term,
biomass should be used efficiently for applications
where electrification or other alternatives are not
expected to be technically viable, such as aviation
1
fuels, chemicals and materials.
In order to visualize similarities between biomass
and specific alkane applications, thus minimizing
the required amount of reaction steps, a plot
2,5
inspired by van Krevelen , was constructed.
Herein, the length of the hydrocarbon skeleton (Cnumber) is plotted on the y-axis, whereas the
functionality per carbon atom (F:C) is plotted on
the x-axis (Fig. 2). Alkanes are displayed on the yaxis (F:C=0), because these molecules do not
contain functional groups. Based on the relative
position of the biomass building blocks with
respect to the alkane products, this diagram can
be used to determine the most logic and efficient

Fig. 1: Mild catalytic conversion of cellulose to light
naphtha via two reaction pathways, through sorbitol or
HMF, and their subsequent valorization.
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between the soluble acid and cellulose and the
higher reactivity of the intermediates. Meanwhile,
side product formation is more pronounced, but
choosing a substrate with bigger particle size is a
viable way out. Moreover, feedstock pretreatment,
which is an important cost in a biorefinery, can be
reduced to a minimum.
To bridge the gap between pure cellulose
substrates and raw (ligno)cellulosic feedstocks,
different cellulose fibers, whether or not with
impurities such as hemicellulose and lignin, are
examined. Similar to large cellulose particles,
highly dense cellulose fibers also give a high yield
of light naphtha alkanes. Furthermore, the
presence of impurities does not influence the
efficiency of hexose conversion in this catalytic
system. In contrast to cellulose, hemicellulose and
lignin are not efficiently converted and decrease
the total yield of light naphtha alkanes. By
consequence, a simple biomass fractionation step
7
without additional costly pretreatments is advised
for this catalytic system.

conversion strategy. The chemocatalytic removal
of oxygen and hydrogenation of unsaturated bonds
is necessary to defunctionalize the biomass
building blocks. Moreover, coupling or cracking will
respectively increase and decrease the carbon
1
length.

Fig. 2: C-number vs. Functionality per carbon atom
(F:C) for the different biomass building blocks (Calculation
of functionality: Alcohol = 1; Carbonyl = 2; Ether = 2;
Carboxylic acid = 3; Alkene = 1; Aromatics = 3).

From a chemist’s perspective based on this
modified van Krevelen plot, fatty acids have the
best structural correspondence with heavier
fractions of alkanes. For the synthesis of lighter
alkanes, the use of more available (hemi)cellulose
seems more appropriate. Complementary, lignin
can answer to the need for cyclic alkanes, dimers
of lignin give rise to heavier fractions while
1
monomers yield lighter fractions.
One-pot biphasic catalytic system for the
completely hydrodeoxygenation of cellulose
From the above described chemical point of view
(Fig. 2), there is a match between cellulose and
light naphtha alkanes. In what follows, the
influence of physical cellulose properties and
impurities are investigated in the catalytic system
of the HMF-pathway. Cellulose is characterized by
three physical properties (i.e. crystallinity, degree
of polymerization and particle size) and the
influence of each property can be evaluated by
testing
different
(pretreated)
commercial
6
substrates.
In contrast to the crystallinity and
degree of polymerization, the particle size seems
to be an important parameter. More specifically, a
bigger particle size gives a higher yield of light
naphtha alkanes. Assuming spherical cellulose
particles and constant cellulose density, an
exponential decay of external cellulose surface can
be observed by increasing the particle radii.
Notably, the yields increase in a reverse trend with
the surface area (Fig. 3). Reaction times using the
HMF-pathway are faster compared to the sorbitol
pathway as a result of the better interaction

Fig. 3: Yield of light naphtha alkanes for different
commercial cellulose substrates. In addition, external
surface of the cellulose particles is mentioned.
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Problems with internal diesel injector deposits (IDID) have been reported since 2008. The experimental
investigation of IDID using engine tests is state of the art. However, due to the increasing number of new
components and the increased possibility of IDID the necessity arises to develop a suitable, cost efficient
experimental screening method for injectors. The general idea of the ENIAK project was to develop a
novel test method which is based on a complete common rail injection system. However, it circumvents
the drawbacks of state of the art engine-based test-methods.
____________________
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Introduction
Recent developments in diesel fuel injection
systems led to multiple injections at high injection
pressures exceeding 2,200 bar [1], resulting in
agile and sophisticated injectors with reduced
clearings. Hence, it is expected, that internal
deposits have more impact on the functionality of
the injector performance compared to older
systems [1]. At the same time, new fuels, new fuel
mixtures and, accordingly, new additives enter the
market. This increases the number of possible
interactions between single components and thus
the probability of undesirable chemical reactions
increases, such as deposit formation inside the
fuel injection system. These so-called “internal
diesel injector deposits” (IDID) have first been
reported 2008 and have been investigated since
[1, 2, 3]. The description of the ENIAK project have
already been submitted as a paper for and
presented at the 10th International Colloquium on
Fuels in January 2015 [5] and at the European
Combustion Meeting 2015 [7]. The present paper
is based on the latest insights of the experimental
results performed with the ENIAK setup.

into a vessel, which can be flushed with gas, for
example ambient air or nitrogen.

Test set-up
The test rig was already described in [7]. The test
rig is currently equipped with four identical Euro V
common rail systems with up to 1,800 bar injection
pressure. Figure 1 shows the general schematics
of the test rig. An in-tank fuel feed pump conveys
through a filter to the high pressure pump. Since
no engine operation is driving the high pressure
pump, it is driven by an electric motor. The high
pressure pump feeds the rail. Only one injector is
connected to each rail. The injectors can be
heated to a maximum of 370 °C at the needle
shaft. In order to simulate the temperatures of
engine operation at full load as measured by Tang
[4], they are heated up to 230 and/or 280 °C. Tests
at 350 °C at the needle shaft have been performed
as well. The injector injects at ambient pressure

Results
Tang [4] measured maximum temperatures of
350 °C on the nozzle tip and 260 °C on the needle
shaft. In order to investigate the influence of the
temperature, the needle shaft was heated up to
230 °C, 280 °C and up to 350 °C. During each test,
an injection pressure of 1300 bar was investigated
At 350 °C, all three injectors tested, failed due to
deposits, blocking the needle completely. They
failed after a comparatively short testing time of 70,
76 and 77 h of operation.
During investigations with 280 °C on the needle
shaft, two systems were operated at 1,300 bar
while the other two were operated at 600 bar. All
eight injectors operated showed disturbed
operation due to IDID. A significant difference
between the two pressure levels regarding the
IDID formation was not observed. The rail pressure

Electric motor (2.2 kW)
Max.
1.800 bar

High pressure
pump

P

Rail

Gas
Max. 280 °C

Injector
heating

Return flow
HP pump

reactor
Ambient
pressure

P

Filter

TE 8

Fuel feed pump

Diesel tank
(approx. 60 l, <55 °C)
Heating (optional)

Fig. 1: Flow sheet of one common rail system on the
test rig
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during testing does not seem to have a significant
influence. This indicates that the increased
injection pressure in modern systems, which is
assumed to be the cause for the increased
occurrences of IDID, only has an indirect influence.
Due to the higher compression, the fuel
temperature increases, while at the same time the
injectors become more prone to IDID hindering the
function due to the lower clearings within the
injector. Smaller clearings possibly being an
important cause for IDID occurrences have already
been suggested by Quigley [3]. In the present test
runs, a similar B10 fuel using dodecenyl succinic
acid (DDSA) and sodium (Na) as additives. DDSA
is used as corrosion inhibitor in diesel fuel and has
been reported to form sodium salts when in
contact with sodium, leading to IDID [6]. The
results confirm DDS in combination with sodium to
be critical and further indicate lower temperature
levels to be less critical. Currently, the influence of
DDS-Na on a different injector is being
investigated.

Consumer Protection (BMELV) through the FNR
(“Fachagentur
Nachwachsende
Rohstoffe”,
Agency for Renewable Resources). The ENIAK II
project
is
supported
by
the
AIF
(“Arbeitsgemeinschaft industrieller Forschungsvereinigungen "Otto von Guericke" e.V”) under
auspices of the German Federal Ministry of
Economic Affairs
The authors would like to thank Christoph Nailis,
Sebastian Deist and Roy Hermanns from OWI for
their support within the project.
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Summary
The method and the test rig are fully operational.
Substantial investigations produced and confirmed
findings related to IDID. Using the method, it was
shown,
that
increasing
the
temperature
exponentially increases deposit formation. The
current test results also support the theory, that the
direct impact from the increased pressures in
modern common-rail-systems on IDID is only
secondary. The much larger promotion of IDID
formation is due to the increased temperatures and
reduced clearings inside the injector, both a result
from the higher injection pressures. Finally, a
comparison between three engine tests and the
ENIAK test rig confirmed, that the results from
different test methods cannot be compared
directly, as test methods usually are designed to
test for specific parameters. Recently, a follow up
project ENIAK II was granted. Within this second
project, the deposit formation kinetics will be
investigated more closely. In order to achieve this
goal, the test rig will be enhanced to further
improve the separate settings of single
parameters, e.g. temperature in different locations
and pressure.
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As promising fuel candidates for spark-ignition (SI) engines 2-butanone and 2-methylfuran have been
identified. At high load, both fuels enable a significant efficiency gain compared to RON95 E10. To further
explore the potential of these fuels for SI engine application, experimental and numerical pre-ignition
investigations were conducted along with ethanol and RON95 E10 as reference fuels. The results show
that the low reactivity of 2-butanone leads to the highest glow-ignition resistance among all investigated
fuels. Engine operation with 2-methylfuran is restricted to slightly lower surface temperatures and ethanol
shows the lowest resistance against hot surface induced pre-ignition.
____________________
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isoOctane

2Butanone

14.1 8.98 10.1 10.5 15.1

2-Methylfuran

Investigated fuels
Table 1 lists the most relevant properties of the
investigated fuels. Due to its high knock
resistance and high heat of vaporization ethanol
is known as an excellent biofuel for gasoline
engines, particularly at high engine loads[8]. .
Therefore, ethanol is defined as the benchmark
biofuel for spark ignited engines. However,
disadvantages yield from a low volumetric
heating value and weak cold start capability. The
combination of a high heat of vaporization and a
low vapor pressure, along with an increased fuel
demand due to the lower stoichiometric air
requirement, result in an unfavorable mixture
formation characteristic. These drawbacks can
be overcome with 2-methylfuran and 2-butanone
both very knock resistant fluids identified as
potential candidates for future gasoline fuels in
the excellence cluster TMFB. A high vapor
pressure and only moderate enthalpy of

Specific enthalpy
of vaporization /
kJ/kgair, λ = 1
Lower heating
value / MJ/kg
Lower heating
value / MJ/l
Stoichiometric air
requirement / 1
RON
MON

Ethanol

vaporization lead to an advantageous mixture
formation at cold start conditions compared to
ethanol. An even higher knock resistance than
2-methylfuran and still good mixture formation
properties are combined in 2-butanone, which
makes it even more attractive for future gasoline
application.
RON 95
E10

Introduction
The pre-ignition phenomenon is a statistically
distributed premature ignition of the cylinder
charge before spark timing and is only observed
at high loads, where high cylinder pressures and
temperatures are present [1–5]. Thus, it is of
particular importance for downsized highly
charged SI engines. Especially the occurrence
of pre-ignition at low engine speeds (low speed
pre-ignition / LSPI) can act as a trigger for
super-knock and consequently carries the
potential to lead to severe damage of the engine
components surrounding the combustion
chamber [6, 7]. Among several sources for such
an unfavorable combustion pre-ignition induced
by hot surfaces is one of the major mechanisms
known to lead to an early auto-ignition of the
cylinder charge and is focused on in the present
work.

28.1 102 35.5 46.1 20.4
42.1 26.8 30.4 31.5 45.0
31.1 21.1 25.3 27.6 31.2

97
85

109
90

101
82

117
107

100
100

Table 1 – Fuel properties

In addition to these fuels, iso-octane was
included to the underlying investigations as a
gasoline surrogate fuel, particularly for numerical
analysis.
Experimental set-up & approach
The experimental testing presented in this paper
was conducted on a homogeneously operated,
direct injection, SI single cylinder research
engine, presented in previous publications [8, 9].
In Table 2, the technical data of the test engine
are summarized. The spark plug and injector
were placed in a central cross position, with the
injector installed between the intake valves and
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the spark plug between the exhaust valves. A
6-hole solenoid actuated injector with an
optimized spray pattern with a focus on low liner
penetration was applied. The single cylinder
engine was equipped with a glow-plug as
applied in Diesel engines. An integrated
thermocouple enabled monitoring and feedback
control of the glow-plug temperature.
Bore
Stroke
Stroke/bore ratio
Displacement
Number of valves
Compression ratio
Average peak
pressure capability

mm
mm
1
cm³
1
1

75
90.5
1.2
400
4
11

bar

170

Numerical approach
In order to investigate the role of chemical
reaction kinetics in the rather complex
phenomenon of glow-ignition, zero dimensional
reaction kinetic simulations were conducted.
Five mechanisms are used to simulate the zero
dimensional ignition delay times over a range of
relevant
temperatures
(833-1250 K)
and
pressures (30-80 bar) and under stoichiometric
air/fuel conditions.
2-Butanone
2-Methylfuran
Ethanol
iso-Octane
RON95 E10

Table 4 – Mechanisms used for kinetic simulations

Table 2 – Hardware specifications of the single
cylinder research engine

Initial simulations were performed using a
constant internal energy (U) and volume (V)
constraint using the CANTERA solver [20].
These initial simulations were performed in order
to probe the reactivity of the fuels based solely
on the chemically driven autoignition. These
results are already presented in Figure 2.

The operating conditions are listed in Table 3.
The relative air/fuel ratio (λ) of the exhaust gas
was derived according to the formula of Spindt
[10] with the extension for oxygenated fuels of
Bresenham [11]. After stabilizing the engine
under the listed conditions, the glow-plug
temperature was raised until first pre-ignition
events were observed. Starting from this point,
the temperature was raised several times with
steps of 10 °C until a pre-ignition frequency of at
least 5 % was finally recorded. For each
glow-plug temperature level a number of 2000
cycles was measured to ensure a sufficient
statistical significance and reproducibility of the
underlying pre-ignition events. During fired
engine operation the control unit has to
compensate for fluctuations of the glow-plug
temperature originating from highly transient
heat transfer interaction between the glow-plug
surface and the surrounding cylinder charge.
These fluctuations were fixed within a range of
± 10 °C by the control loop. Finally all recorded
cycles were classified according to their
respective glow-plug temperatures into classes
of 10 K width. This way a sufficient statistical
significance was ensured.
1/min
mbar
mbar
°C
° CA BTDC
bar
° CA ATDC
1

1500
1500
1500
30
300
200
44-45
1.0

°C

90

Results
An overview of the pre-ignition characteristics of
the fuels at 1.5 bar boost pressure is given in
Figure 1. It is obvious that iso-octane shows the
highest sensitivity towards glow-ignition. It
reaches a pre-ignition frequency (PIF) of 2 % at
a glow-plug temperature of 853 °C (T2%PIF)
followed by ethanol with a T2%PIF of 864 °C.
2-Methylfuran was found to be more resistant
against hot surface induced pre-ignition with a
T2%PIF of 880 °C, similar to conventional gasoline
with 890 °C.
n = 1500 1/min
pInt = pExh = 1500 mbar
TInt = 30 °C
TCoolant = TOil = 90 °C
SOI = 300° CA BTDC pRail = 200 bar
RON95 E10
2-Methylfuran
iso-Octane

Ethanol
2-Butanone

10

PI frequency/ %

Engine speed
Boost pressure
Back pressure
Intake air temperature
SOI
Rail pressure
MFB50
Rel. air/fuel ratio
Oil / coolant
temperature

[12]
[13-15]
[16]
[17, 18]
[19]

8
6
4
2
0
800

850
900
950
1000
Glowplug temperature / °C

Figure 1 – Glow-ignition frequencies

The
premature
ignitions
were
partially
accompanied by heavily knocking combustion
with knock amplitudes up to 100 bar with
RON95 E10.

Table 3 – Operating conditions
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The three biofuels did not show any sign of
engine
knock
during
measurements,
independently of the extent of pre-ignition.
Comparably
minor
peak-to-peak
knock
amplitudes of up to 15 bar were recorded with
iso-octane. This fact is clearly indicated by the
considerable gap in the octane rating between
conventional RON95 and the four remaining
fuels. Apart from this observation 2-butanone
has the highest glow-ignition resistance by far.
The T2%PIF of 2-butanone is higher by 42 °C than
the next lower candidate RON95. Considering
only the biofuels ethanol, 2-methylfuran and
2-butanone, the same ranking between these
fuels in terms of glow-ignition can be observed
in terms of chemical ignition delay (cf. Figure 2).

Abbreviations
ATDC
BTDC
CA
FEVIS
LSPI
MFB50
MON
PIF
RON
SOI
TMFB
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In the present work HVO was investigated in a single cylinder engine and compared to EN 590 Diesel at
constant center of combustion in one low and one high load point. At lower loads the high Cetane number
of HVO leads to a short ignition delay coupled with disadvantageous injection timing due to the constant
center of combustion. Therefore, the soot emissions are increased compared to EN 590 due to ignition
under fuel rich conditions, which is caused by the injection timing. At higher load the aromatic free HVO
shows lower soot emissions than Diesel.
In order to improve the combustion performance of any alternative fuel, one would usually optimize the
engine calibration but in this paper another way to improve the combustion is chosen. In the following a
blend of HVO and 1-octanol (1-OL), a fuel identified using the Fuel Design of the TMFB, is presented.
The blending of HVO and 1-octanol combines on one hand the beneficial features of both fuels while
reducing their negative aspects and on the other hand increases the density and brings it closer to
EN590. With the addition of 1-octanol the higher soot emissions of HVO at low loads, due to the current
engine calibration, can be reduced. The soot emissions are decreased due the oxygen content of
1-octanol and the lower Cetane number of the blend compared to neat HVO. Furthermore, the good HC
and CO performance as well as noise performance of HVO is not compromised by blending.
____________________

Corresponding author: doerr@lubtrading.com
Investigated fuels
As mentioned previously the investigated fuels are
EN 590 Diesel, HVO, 1-octanol and the blend of
80 % v/v
HVO
and
20 % v/v
1-octanol
(HVO / 1-OL) and their properties are summarized
inTable 1. HVO features a lower boiling curve and
zero aromatics compared to Diesel, which should
be beneficial in order to reduce soot. Furthermore,
it has a high Cetane number which should lead to
lower combustion noise. Neat 1-octanol shows
only a boiling point, since it is a well-defined
molecule and a high oxygen content, which
suppresses the formation of soot precursors [4].
Additionally, its moderate Cetane number is
beneficial for low soot emissions, since more time
for mixture formation is available. The blend is still
showing a high Cetane number, as can be seen in
Table 1, which was determined using the
Advanced Fuel Ignition Delay Analyzer (AFIDA)
[5].

Introduction
Biofuels are a key step towards sustainable
transportation der to save fossil resources and
decrease CO2 emissions. Furthermore, biofuels
give the possibility to tailor the fuels properties to
the needs of modern combustion engines.
Therefore, a new degree of freedom in engine
design is obtained, using tailored fuels.
In the following a large scale available paraffinic
fuel is investigated, using a state of the art single
cylinder Diesel engine. The used paraffinic fuel is
Hydrogenated Vegetable Oil (HVO), which
features a high Cetane number and is virtually free
of poly-aromatics hydrocarbons (PAH). The
beneficial combustion behavior of HVO, compared
to Diesel, is already well known and many studies
revealed lower HC, CO and soot emissions as well
as less combustion noise [1].
Furthermore, a novel biofuel is studied as well,
which was identified using the Fuel Design process
[β] of the cluster of excellence “Tailor Made Fuels
from Biomass” (TMFB). This fuel is 1-octanol,
which shows a very promising combustion
behavior, since it burns virtually soot free, as
shown in previous studies [3].
Nevertheless, the performance of both fuels could
still be improved and therefore, HVO and 1-octanol
are blended into each other in a final step of the
present study in order to even out their individual
opposing drawbacks.
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All fuels were investigated in one lower part load
point and one higher part load point and are
summarized in Table 3. During the investigations
the center of combustion was held constant for all
fuels and the engine calibration was optimized in
previous studies for EN 590 Diesel fuel in order to
achieve low soot emissions [6].

Table 1- Physical properties of investigated fuels

Boiling
Range
Cetane
Number
Density
(15°C)
Carbon
Content
Hydrogen
Content
Oxygen
Content
Aromatic
Content
Lower
Heating
Value

Unit

EN590
Diesel

HVO

1-OL

HVO /
1-OL

°C

180350

220300

195

195300

-

56.5

80

33.8

70

kg/m³

832.9

780

837

791

% w/w

~ 86.4

85.3

73.5

83.0

% w/w

~ 13.6

14.7

13.9

14.5

% w/w

~ 0.14

0

12.3

2.5

% w/w

27

~0

0

-

MJ/kg

43

43.8

38.2

42.7

Table 3 - Investigated load points
Speed,
Load
rpm,
bar
1500,
6.8
2280,
9.4

Table 2 - Engine specifications
Units

Specification
s

Displacement

cm³

390

Stroke

mm

88.3

Bore diameter

mm

75

Compression ratio

-

15

Valves per cylinder

-

4

Maximum peak pressure

MPa

22

Maximum injection pressure

MPa

220

Rail
press.

Boost
press.

Exh.
gas
press.

EU
NOxlevel

°CA
aTDC

bar

bar

bar

g/kWh

5.8

900

1.5

1.6

0.2

9.2

1400

2.29

2.39

0.4

Results and Discussion
In Figure 1 the filter smoke number (FSN),
combustion sound level (CSL), indicated specific
HC (ISHC) emissions and indicated specific CO
(ISCO) emissions are depicted. As one can see,
the soot emissions of 1-octanol are undetectable
with the current measuring equipment. This is due
to the moderate Cetane number, which gives the
mixture more time for homogenization and fuel rich
zones are avoided at ignition, which would lead to
high soot emissions. Furthermore, the oxygen
content in 1-octanol itself is suppressing the
formation of soot precursors as well [4]. Due to the
control strategy of the engine with fixed center of
combustion, the injection timing for HVO is close to
top dead center (TDC) due to its high Cetane
number. This is very disadvantageous, since the
high in-cylinder temperatures lead to a very short
ignition delay and hence, ignition occurs under
very fuel rich conditions leading to the high soot
emissions. The blending approach can dampen
this effect since the fuel is containing oxygen itself,
providing enough oxygen to combust properly
even under rich conditions. Furthermore, the lower
Cetane number of the blend leads to more time for
mixture formation and therefore less soot.

Test carrier and load points
The experimental investigations were carried out
on a state of the art single cylinder Diesel research
engine (SCE) with a displacement of 0.39 l. The
fuel injection system is near series production with
maximum injection pressures up to 220 MPa and
features a piezo injector. This combustion system
is rated at 80 kW/l specific power and capable of
peak pressures up to 22 MPa. Due to charge air
cooling and high exhaust gas recirculation (EGR)
the engine is capable of meeting EU-6 emission
legislation nitrous oxides (NOX). The key data of
the engine is summarized in Table 2 - Engine
specification. Detailed information about the
combustion system can be found in various
publications [6].

Parameters

CA50

Via exhaust gas sampling the following regulated
and unregulated emissions were measured: HC,
CO, CO2, NOX and soot. For the HC and CO
emissions a non-dispersive infrared absorption
analyzer was used and a flame ionization detector
for the HC emissions. The NOX emissions were
measured using a chemiluminescence detector
and soot was detected with the filter paper method.
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At higher loads, as can be seen in Figure 2, neat
HVO is already showing lower soot emissions,
since it is aromatics free. The blend is further
decreasing the soot emissions due to the addition
of oxygen to the fuel and neat 1-octanol is again
showing almost no soot emissions.
In terms of HC, CO and sound emissions the same
phenomena can be observed as in the lower load
point. Neat HVO is showing the best performance
in terms of HC, CO and noise emissions and here
again the blend is not compromising these features
but is capable of further reducing the soot
emissions.

0.50

85.0

0.25

82.5

0.00

80.0

1.00

6.0

0.75

4.5

0.50

3.0

0.25

1.5

0.00

0.0

Combustion sound level / dB

87.5

ISCO / g/kWh

0.75

Summary
It was shown that biofuels have superior
combustion behavior compared to Diesel in terms
of engine-out emissions. Furthermore, by blending
two biofuels the fuel properties could be tailored to
give the best overall engine performance, without
changing the combustion system or engine
calibration.

Di
es
e
HV l
O
HV 1-O
L
O
/1
-O
L

90.0

D
ie
se
HV l
O
HV 1-O
L
O
/1
-O
L

ISHC / g/kWh

FSN / 1

1500 min-1; 6.8 bar IMEP
1.00

Figure 1 - Emissions at lower part load: 1-octanol
is showing virtually no soot emissions
Regarding the HC and CO emissions, HVO is
showing the lowest of all fuels due to its high
Cetane number. 1-Octanol is showing relatively
high HC emissions. This is due to overmixing,
caused by the fuels moderate Cetane number and
the high swirl level of the engine.
Although 1-octanol is virtually soot free in this low
load point, it has a drawback in terms of engine
noise, as can be seen by the CSL in Figure 1. Due
to the low Cetane number and greater mixture
homogenization the pressure rise is very rapid
during the initial part of combustion, leading to high
CSL. HVO on the other hand is showing a smooth
pressure rise due to the high Cetane number and
therefore, low combustion noise. The blend is not
compromising this beneficial effect of neat HVO
and shows the same CSL.

Abbreviations
1-OL
AFIDA
ATDC
CA
CA50
CSL
CO
IS
HC
HVO
FSN
PAH
TDC
TMFB
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loads the soot emissions of HVO are decreased
since it is free of PAH
32

S. Mikkonen, T. Hartikka, M. Kuronen, P.
Saikkonen, 2012, pp. 1–56; HVO Handbook.
F. Kremer, B. Heuser, S. Pischinger, J.
Klankermayer, 9th International Colloquium Fuels,
Conventional and Future Energy for Automobiles
Technical Academy, Esslingen, (TAE), January,
2013.
B. Heuser, T. Laible, M. Jakob, F. Kremer, S.
Pischinger, SAE Fuels & Lubes; 2014-01-1253,
2014.
C. K. Westbrook, W. J. Pitz, H. J. Curran, Phys.
Chem. A,; Vol. 110, 2006, pp. 6912–6922.
P. Seidenspinner, M. Härtl, T. Wilharm, G.
Wachtmeister SAE Technical Paper, 2015-010798. SAE Technical Paper, 2015
M. Muether, A. Kolbeck, M. Lamping, R. Cracknell,
D. J. Rickeard, J. Ariztegui, K. D. Rose, SAE
International, 2008-01-2404, 2008.

[Geben Sie Text ein]

4. TMFB International Conference
Day 1: June 21st, 2016

“Laser Correlation Velocity Measurements in the Near Field of
a Diesel Injector for Variable Ambient Densities”
Valeri Kirsch*, Manuel A. Reddemann, Bernhard Thalheim, Johannes Palmer,
Reinhold Kneer
Institute of Heat and Mass Transfer
RWTH Aachen University, Aachen, Germany

The underlying physics of jet breakup is hardly understood due to lack of experimental data. Especially in
case of increased ambient densities, optical techniques suffer from obstruction of transmitted light in the
near field of optically dense sprays. The inner jet region cannot be analyzed on the basis of conventional
highly resolving microscopic visualizations [1,2]. However, Laser Correlation Velocimetry (LCV) was
found to be a promising tool for determination of local velocities of primary liquid structures in this region
[3,4,5,6]. In this work, a special LCV system for investigation of primary breakup of a diesel injector under
high ambient pressures close to the nozzle (axial distance below 10 times orifice diameter) is presented.
A systematic analysis is done, regarding the performance of LCV and the velocity of structures for
correlation window lengths, ambient densities and different TMFB fuels.
____________________

Corresponding author: kirsch@wsa.rwth-aachen.de
Since the distance between the OF’s is small,
electrical signals show a high degree of similarity
with a slight time delay. A cross-correlation can be
used to calculate this time delay and by that, the
local spray velocity (with known distance of the
OF’s and known magnification factor). Both signals
are subdivided into correlation time windows to get
temporal information of local velocities.
Since LCV is based on back light illumination, this
measurement technique has an obvious weak
point: light information arising from moving liquid
structures outside the depth of field is inevitably
collected by the OF’s, leading to the assumption
that LCV is not locally resolved in direction of the
optical path. However, Hespel et al. [6] have
demonstrated on the basis of a systematic study
that LCV velocities, achieved with current
configuration (see Fig. 1), represent the maximum
velocities on the object plane and that LCV is
particularly suitable for investigation of narrow jets
in the near field.

Material and methods
The high-pressure LCV-system consists of three
parts: i) injection system with high pressure pump,
injection control device and injector itself, ii)
microscopy chamber developed by Reddemann et
al. [2] and iii) components of LCV (see Fig. 1). LCV
itself consists of a simple arrangement of Ar+laser, lens, optical fibers (OF’s) and avalanche
photodiodes (APD’s) with the associated
processing components.
Contrary to previous works on LCV under high
ambient pressures conditions, the current optical
arrangement is based on a short working distance
between microscope optics and object plane of
approx. 15 mm.
The local velocity is determined by comparing two
nearby vertical arranged points of a magnified
spray image. Two optical fibers (OF1 and OF2)
guide the local optical signals from the magnified
spray image to associated APD’s, where light
information is transformed into electrical signals.

APD1
+

Ar -laser

Filter Oscilloscope

OF1

Lens
Image Plane
Injector

OF2 APD
2

U1

Δt
CrossCorrelation

U2

Fig. 1: Setup of the LCV-system, enabling velocity measurements for engine relevant ambient densities.
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Fig. 2: Radial velocity plots with an injection pressure of 800 bar and an ambient density of 6 kg/m³. The crosscorrelation is performed with a variable correlation window size from 5.12 µs to 40.96 µs.

measured and velocity values are in good
agreement with expected theoretical values.

Results
Diesel injections are realized with a nozzle
diameter of 140 µm, an injection pressure of 800
bar. For such conditions, a comparison of different
tailor-made fuels and ambient pressures (2 to
12 bar) is done. For each operation point a radial
traversing at an axial distance of 1 mm
downstream of the nozzle is performed.
In Fig. 2, an exemplary result is shown
representing the radial velocity profile for a
selected ambient density as a function of
correlation window size. As illustrated, correlation
window size has a significant influence on
measurement of velocity profile: For large time
windows, the velocity exceeds 200 m/s at each
radial position inside and outside the spray core,
whereas a decrease of velocity with radial distance
is observed for reduced size of correlation
windows. This effect can be explained by the
dominating influence of large and fast structures in
cross-correlation, as for larger sizes of correlation
windows, the probability for observation of large
and fast structures is increased. However, jet core
velocities in the near field of the injector can be
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The electrochemical oxidative cleavage of lignin is a potential approach to valorize lignin’s monomeric
subunits. It is attractive since it does not require toxic solvents or expensive catalysts. However, due to
the unselective nature of the electrochemical depolymerisation, overoxidation of the generated products
occurs, therefore a selective product removal strategy from the reaction environment is necessary. We
report the use of an electrochemical membrane reactor for the continuous electrochemical cleavage of
lignin integrated with an in-situ nanoporous filtration process for the generated cleavage products.
____________________
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3D-printed. This unit is where the lignin
degradation and product separation takes place
and both nickel rods will be utilized as anodes. The
reactor is depicted in Fig.1. The tubular
nanofiltration membrane is then placed in a
polymethylmetacrylate (PMMA) casing, separating
the
inside
of
the
membrane

Introduction
The valorization of lignin into value-added
compounds, such as fuel additives or fine
chemicals,
is a prerequisite for a positive energy balance of
biorefinery concepts [1]. Many lignin valorization
techniques use expensive catalysts as well as high
temperatures and pressures in order to effect the
intermolecular bond cleavage that leads to the
desired low-molecular compounds [2]. Even
though the organic chemistry community strongly
focuses on catalysts based on cheaper materials
[3], most lignin utilization processes will continue to
be rather elaborate and expensive. In contrast, the
cleavage of lignin by electrochemical oxidation can
be performed at room temperature and ambient
pressure with the use of dimensionally stable
nickel electrodes without the need for toxic
solvents or additives [4–5]. In addition, the
electrochemical oxidation is very robust in terms of
impurities. However, electro-oxidation of lignin in
fact
is
a
process
with
little selectivity when compared to heterogeneous
catalysis that usually targets specific binding types
in the lignin molecule. A major issue of the
electrochemical lignin valorization is the overoxidation of desired products, for example to
organic acids and
CO2 [6-7]. Therefore, separation of the desired
products from the reaction is of fundamental
importance. Membrane processes are especially
promising due to the possibility of truly continuous
operation, freedom of used solvents and the large
window of module and process conditions that can
be employed for the separation of the products [8].

(lumen) from the outside where the permeate will
be gathered. In order to close the electrical circuit
a counter electrode has been positioned in a
second PMMA casing, that is separated from the
permeate volume by an ion exchange membrane.
Thus, three distinct volumes are created: The
lumen of the tubular membrane, where the electrooxidation
of
lignin
takes
place
(anode
compartment), the outside of the ceramic
membrane where the permeate with the products
are gathered (permeate compartment) and the
cathodic compartment where the cathode is placed
as a counter electrode.

Approach / Test set-up
In order to realize the simultaneous formation and
separation of low-molecular compounds, two nickel
rod anodes have been inserted into a tubular
ceramic membrane. The membrane consists of an
α-Al2O3 support structure and an active layer of
TiO2. In order to increase mixing and thus
membrane performance, a static mixer has been

Results
Fig.2 shows the most important characteristics of
the filtration and the ECMR (electrochemical
membrane reactor. Continuous line represents the
filtration experiment without electrochemical
process. The retentate is characterised by a large
peak with a maximum around 22 min elution time
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representing the high molecular weight (HMW)
fraction of the lignin. On the right side of the curve
a peak arising around 27 min indicates the low
molecular
weight
(LMW)
fraction.
The
electrochemical process shifts the peak of the
HWM fraction towards left indicating a
depolymerisation of the lignin. Consequently, an
increase in the LMW fraction can be noticed.
The permeate presents characteristic peaks just
for the LMW fraction of the lignin, indicating a
successful filtration. An increase of these peaks
can be noticed when the electrochemical process
takes place. The reduction of the molecular weight
in the permeate by means of the electrochemical
process shows that the depolymerisation at the
nickel electrodes leads to smaller products
compared
to
a
filtration.

doubled the amount of products that can be gained
from Kraft lignin. In addition, the product stream
was free of lignin fractions, so that subsequent
chemical transformation of the products can be
achieved without further downstream processing.
Even the relatively small electrode area used in
this study led to a considerable intensification of
the lignin cleavage and separation process. The
use of electrode materials with higher surface
area, such as metal foams, is supposed to result in
a substantially higher product yield. A further
possibility to improve the process is the placement
of anode as well as cathode in the tubular
membrane in order to reduce the potential drop
over the membranes and use the complete current
for the degradation of lignin.
This work was published in Electrochemical
Communications (Stiefel et al.) [9].
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In particular the decrease of the molecular weight
of both permeate and retentate confirm what was
already observed in Fig.2
The molecular weight of the products in the
permeate is only a measure of the product
composition in terms of molecule size, but not of
the concentration of these products. Unfortunately,
to this date it is virtually impossible to
comprehensively
quantify
all
lignin-derived
products by chromatographic methods. However, it
is possible to compare the amount of products in
the permeate of filtration and ECMR by a
comparison of the peak areas of the respective
size exclusion chromatograms.
Summary and Outlook
The electrochemical degradation of lignin with the
simultaneous separation of lignin-derived LMW
products by a tubular ceramic NF-membrane
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Catalytic reductive fractionation of lignocellulose is a biorefinery strategy wherein lignin is solvolytically
extracted from the cell wall matrix and simultaneously disassembled, resulting in a stable lignin oil and a
solid carbohydrate-rich residue. Herein, we present the general concept and show the effects of different
catalytic additives: H3PO4 vs. NaOH. Based on our findings, mildly acidic conditions performed best and
allow for the removal of both lignin and hemicellulose from the matrix. This results in three products
streams, each derived from a major lignocellulose constituent.
____________________
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Introduction
The goal of the “bio-refinery”, in analogy to the
petro-refinery, is to fractionate a raw renewable
carbon resource into specific and purified product
mixtures, creating valuable streams which can be
processed further by the chemical industry. In
pursuing more added-value and making the future
biorefinery more profitable, lignin valorisation
recently got into the spotlight. However, selective
conversion is hampered by lignin’s complex
chemical structure and its tendency to
repolymerise which occurs in most classic,
carbohydrate-oriented biorefinery schemes.
Herein, we present an alternative biorefinery
strategy, termed catalytic reductive fractionation,
which focusses primarily on lignin valorisation
1
(lignin-first). During this process, woody or
herbaceous biomass is processed at elevated
temperatures (423 K – 523 K) in an organic solvent
2
(e.g. MeOH) in presence of a heterogeneous
3
redox catalyst (e.g. Pd/C) under hydrogen
atmosphere (Fig. 1). Lignin as present in the matrix
is extracted through thermally-induced solvolysis
and
is
simultaneously
disassembled
via

hydrogenolysis. Repolymerisation is inhibited in
this
“lignin-first”
concept
since
reactive
intermediates are quenched by reductive
stabilisation. The result is a lignin product oil
comprising a select number of phenolic monomers,
dimers and short oligomers. The obtained
phenolics are potential intermediates for the
production of biofuels via hydrodeoxygenation (e.g.
4,5
C6-C18 alicyclic compounds),
or for the
production of various polymer building blocks (e.g.
6
bisphenols, caprolactone). In addition to the lignin
oil, almost all carbohydrates are retained in a solid
residue which is suitable for further chemocatalytic
1
or biocatalytic valorisation.
Influence of H3PO4 and NaOH
In an attempt to lower the operating temperature
and pressure, the effects of two frequently used
pretreatment agents, H3PO4 and NaOH, were
investigated on the catalytic reductive fractionation
of poplar wood in MeOH. An extensive qualitative
and quantitative analysis of the complete lignin
product fraction was performed, together with
determination of the retention of pentose and

Fig. 1: Schematic representation of the catalytic reductive fractionation of lignocellulose. Lignin is
solvolitically extracted and immediately disassembled via Pd/C-catalysed hydrogenolysis. The result is a
lignin product oil in addition to a processable carbohydrate pulp. On processing in mildly acidic conditions,
the hemicellulose fraction can be removed simultaneously from the pulp in the form of a third product
7
stream, creating opportunities for more efficient down-stream
valorisation.
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Fig. 2: Influence of different quantities of H3PO4 and NaOH on the catalytic reductive fractionation of poplar
wood. Reaction conditions: 2 g sawdust, 40 mL MeOH, 0.2 g Pd/C (5 wt%), 2 MPa H 2 at room temperature, 473
K, 3 h. The addition of H3PO4 strongly increases the degree of delignification and monomer yield. A neutral
7
reaction at higher temperature (523 K, right) serves as benchmark for comparison.

conditions results in three product streams, each
derived from a major lignocellulose constituent. For
a more detailed comparison, the reader is referred
to ACS Catal. 6, 2055-2066.

hexose carbohydrates in the pulp. The results
reveal characteristic effects of acidic and alkaline
processing conditions.
Influence on lignin
As illustrated by Fig. 2, the addition of H3PO4
strongly enhances the removal of lignin
(delignification). Concurrently, also the monomer
yield increases, reaching values which are close to
the theoretical maximum, taking into account the
fraction of cleavable inter-unit bonds. Most of the
monomers are in the form of propanol-substituted
guaiacol and syringol (1,2). Hence, the
implementation of H3PO4 allows for processing at
lower temperature (473 K vs. 523 K) which
significantly lowers the operating pressure (from
7
110 bar to 58 bar in the case of MeOH).
Oppositely, the addition of NaOH results in a small
decrease of the monomer yield, while the degree
of delignification increases. Implementation of
NaOH promotes the removal of lignin but also
enhances repolymerisation reactions, resulting in a
lignin product oil with a higher molecular weight
compared to neutral/acidic conditions. Therefore,
the implementation of NaOH is less desirable
7
when monomeric products are preferred.

References
[1] S. Van den Bosch, W. Schutyser, R. Vanholme, T.
Driessen, S. F. Koelewijn, T. Renders, B. De
Meester, W. J. J. Huijgen, W. Dehaen, C. M. Courtin,
B. Lagrain, W. Boerjan, B. F. Sels, Reductive
lignocellulose fractionation into soluble lignin-derived
phenolic monomers and dimers and processable
carbohydrate pulps, Energy Environ. Sci. 8, 17481763 (2015).
[2] W. Schutyser, S. Van den Bosch, T. Renders, T. De
Boe, S. F. Koelewijn, A. Dewaele, T. Ennaert, O.
Verkinderen, B. Goderis, C. M. Courtin, B. F. Sels,
Influence of bio-based solvents on the catalytic
reductive fractionation of birch wood, Green Chem.
17, 5035-5045 (2015).
[3] S. Van den Bosch, W. Schutyser, S. F. Koelewijn, T.
Renders, C. M. Courtin, B. F. Sels, Tuning the lignin
oil OH-content with Ru and Pd catalysts during lignin
hydrogenolysis on birch wood, Chem. Commun. 51,
13158-13161 (2015).
[4] C.
Zhao,
J.
A.
Lercher,
Selective
Hydrodeoxygenation of Lignin-Derived Phenolic
Monomers and Dimers to Cycloalkanes on Pd/C and
HZSM-5 Catalysts, ChemCatChem 4, 64-68 (2012).
[5] A. Deneyer, T. Renders, J. Van Aelst, S. Van den
Bosch, D. Gabriëls, B. F. Sels, Alkane production
from biomass: chemo-, bio- and integrated catalytic
approaches, Curr. Opin. Chem. Biol. 29, 40-48
(2015).
[6] I. Delidovich, P. J. C. Hausoul, L. Deng, R.
Pfützenreuter, M. Rose, R. Palkovits, Alternative
Monomers Based on Lignocellulose and Their Use
for Polymer Production, Chem. Rev. 116, 1540-1599
(2016).
[7] T. Renders, W. Schutyser, S. Van den Bosch, S.-F.
Koelewijn, T. Vangeel, C. M. Courtin, B. F. Sels,
Influence of Acidic (H3PO4) and Alkaline (NaOH)
Additives on the Catalytic Reductive Fractionation of
Lignocellulose, ACS Catal. 6, 2055-2066 (2016).

Influence on carbohydrates
While enhancing delignification, the addition of
H3PO4 also promotes the alcoholysis of the
hemicellulose fraction. For the most acidic
-1
condition (5 g L H3PO4), up to 73 wt% of
hemicellulose sugars are removed, mostly in the
form of methylpyranosides. The cellulose fraction
is more resistant to acid-catalysed alcoholysis,
leading to a cellulose retention of 91%. The
solubilised sugars can be separated easily from
the lignin products, for example via liquid-liquid
extraction. To summarise, catalytic reductive
fractionation of lignocellulose in mildly acidic
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The full valorization of lignocellulose residues is a crucial step to obtain ecological and economic figures
in future bio-refineries. The recently developed OrganoCat process is a promising alternative to deliver
non-degraded fractions of the three main carbon components of lignocellulose. The OrCaCel project aims
to combine plant science with analytics and chemical engineering to adapt the OrganoCat process to
different types of biomass obtained from perennial plants grown in low-input production systems to
minimize the environmental footprint.
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Introduction
For the successful conversion of lignocellulose
to bio-fuels and bio-chemicals the first chemical
step is the fractionation and isolation of its main
components: cellulose, hemicellulose and lignin.
[1-3]
The OrganoCat process , recently published
by our group, is a biphasic lignocellulose
fractionation process, using a diluted acid as
catalyst. In the reactive aqueous phase
hemicellulose is selectively hydrolyzed to the
non-degraded monomers with oxalic acid as
catalyst while disentangled lignin is in situ
extracted into the second phase (2-MeTHF)
preventing it from further reaction. Cellulose
enriched pulp stays as a solid residue and can
easily be filtered off the reaction mixture.

Fig. 2: Subsequent conversion of xylose from
the OrganoCat Process into furfural.

Up-scaling of the process was conducted
successfully, showing results as good as in the
smaller laboratory scale. Screening of different
lignocellulose plants (e.g. Sida Hermaphrodita,
Sylphie, Szarvasi) was conducted and the
reaction parameters were adapted to show the
versatility of the OrganoCat process.

Results
After the proof of concept for this process,
further improvement was achieved by recycling
[2]
the liquid phases for several cycles (Figure 1).
-1
This lead to concentrations of up to 60 g L
xylose (derived from hemicellulose) in the
-1
aqueous phase and 40 g L lignin in the organic
-1
phase. An overall biomass loading of 400 g L
in the aqueous phase was achieved.

Summary
The OrganoCat process was improved in terms
of efficiency and applied to new substrates (e.g.
Sida, Szarvasi, Silphie, etc.). Product streams
were analyzed and compared to the initial
composition of the biomass.
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Fig. 1: Recycling of liquid phases of the
OrganoCat process.

The carbohydrate product streams were
characterized and proven to be utilizable for
subsequent reaction steps, hydrolyzing the
cellulose enriched pulp with commercial
cellulase and converting yielded xylose into
[4]
furfural (Fig. 2).
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®

The Thermo-Catalytic Reforming (TCR ) is a promising conversion technology for the production of crude
®
bio-oil, char and syngas from residue biomass. The TCR process is a combination of prior thermal
treatment of the biomass at mild temperatures (intermediate pyrolysis) followed by a second catalytic
®
treatment step at elevated temperatures (reforming). The downstream processing of the crude TCR biooil, including fractionation by distillation and hydrotreatment, has been proven to produce useable fuel
fractions with strikingly similar qualities to fossil based fractions, specifically gasoline and diesel. This
technology opens the door to renewable fuel refining as it is known from petroleum refineries.
____________________
 Corresponding author: johannes.neumann@umsicht.fraunhofer.de
reforming reactor as the second stage the
pyrolysis vapors are upgraded to a hydrogen
rich synthesis gas and condensable organic
vapors with improved physical and chemical fuel
properties. The post reforming stage operates at
elevated temperatures between 500 °C and
750 °C.
Extensive
testing
has
been
accomplished on various feedstocks. [1-4]

Introduction
Fraunhofer UMSICHT has developed a novel
intermediate pyrolysis and reforming reactor;
introducing the Thermo-Catalytic Reforming
®
®
(TCR ) process. The TCR is a process which
can convert any kind of biomass or organic
feedstock into a variety of energy products like
char, bio-oil, and permanent gases. It has been
designed to specifically utilize residue and waste
biomass, such as sewage sludge, biogas
digestate, deinking sludge, or livestock manure,
instead of wood from forestry or energy crops
from arable land.

Approach
®
The downstream processing of the crude TCR
bio-oil is of special interest to meet high
standards of common fuels like gasoline or
diesel. To explore the possibilities, various biooils from waste biomass, like biogas digestate or
sewage sludge, were produced by the ThermoCatalytic Reforming.
®
The crude TCR bio-oil was distilled into
different boiling fractions, like it is known from
petroleum refining, by forming low viscous
distillates and a high viscous residue fraction
comparable to vacuum gas oil.
®
The crude TCR bio-oil was also hydrotreated
(hydrodeoxygenated) in order to remove sulfur,
nitrogen and oxygen, producing renewable
hydrocarbons. These renewable hydrocarbons
were fractionated by distillation into common fuel
fractions, like gasoline and diesel, and analyzed
according to EN 228 and EN 590. Based on the
analysis results, first gasoline and diesel engine
tests were performed.

Fig. 1: Function illustration of the
Thermo-Catalytic Reforming reactor
®

The TCR reactor is an auger reactor with
different temperature zones followed by a post
reforming unit. Depending on the physical and
chemical characteristics of the feedstock, the
temperature and the heating rate can be varied.
The temperature adjustment optimizes the
quality and quantity of the products. The
temperature for the first section, where pyrolysis
occurs, is between 400 °C and 500 °C and the
heating rate is around 1-20 °C/s. In the post

Results
®
The crude TCR bio-oil revealed a high thermal
stability by generating 75% distillate and 25%
vacuum gas oil (> 350 °C). The hydrotreated
®
TCR bio-oil contained less than 10 mg/kg sulfur
in addition nitrogen and oxygen were below the
detection limit of 100 mg/kg. The renewable fuel
®
fractions extracted from the hydrotreated TCR
bio-oil were a naphtha and gas oil fraction. The
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interest. The syngas can be directly utilized in
combined heat and power (CHP) engines or,
more attractively, used for green hydrogen
generation for the hydrotreatment of fossil and
renewable hydrocarbons instead of hydrogen
from natural gas. The char can be used for
gasification
and
H2
production,
soil
enhancements, and industrial applications.
Furthermore, the char has the potential for
carbon sequestration, which would result in a
renewable fuel production that removes CO2
from the atmosphere and stores it as stable
carbon in the soil.

naphtha fraction showed almost all required
properties according to EN 228 gasoline, only
lacking light boilers and a slightly higher content
of benzene, which is negligible in the context of
further processing by isomerization and
aromatization like it is done in the gasoline
production from naphtha. The gas oil fraction
fulfilled all requirements of EN 590 diesel fuel,
except the sulfur content, which was slightly
higher as the EN 590 limitation of 10 mg/kg.
However, the sulfur content of the hydrotreated
bio-oil containing the naphtha fraction was below
10 mg/kg, which indicates that the content of
sulfur increases with the size of the
hydrocarbons, which is consistent with fossil
crude oil.
®
Based on these results, crude TCR bio-oil was
mixed with fossil crude oil, distilled, and
successfully hydrotreated.

References
[1] J. Neumann, A. Binder, A. Apfelbacher, J.R.
Gasson, P. Ramírez García, A. Hornung,
Production and characterization of a new quality
pyrolysis oil, char and syngas from digestate e
introducing
the
thermo-catalytic
reforming
process, J. Anal. Appl. Pyrolysis 113 (2015)
[2] J. Neumann, J. Meyer, M. Ouadi, A. Apfelbacher,
A. Binder, A. Hornung, The conversion of
anaerobic digestion waste into biofuels via a novel
thermo catalytic reforming process, Waste Manag.
47 (2016)
[3] J. Neumann, N. Jäger, A. Apfelbacher, R.
Daschner, S. Binder, A. Hornung, Upgraded
biofuel from residue biomass by Thermo-Catalytic
Refomring and hydrodeoxygenation
[4] R. Conti, N. Jäger, J. Neumann, A. Apfelbacher,
R. Daschner, A. Hornung, Thermo-Catalytic
®
Reforming (TCR ) of biomass waste streams, A.
Energ. Technol. (2016)

Summary
®
The production of renewable crude TCR bio-oil
opens an energy efficient route to renewable
chemicals and fuels by downstream processing
as it is known from petroleum refineries.
Especially, compared to liquids from other
pyrolysis technologies, this is a significant
advantage, as those are not directly suitable for
refining, need significant pre-treatment, or
instead are gasified using the high energy
Fischer-Tropsch synthesis process.
Outlook
®
Besides the bio-oil from the TCR process, the
char as well as the syngas are of additional
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In this study, the NO formation early in the diesel-like combustion of new oxygenated biofuels, which were
provided recently by the TMFB cluster, is investigated. For this investigation a laser-measurement set-up
was built up which consists of an excimer laser operating at ~248 nm wavelength and a detection system
with a spectrometer and an intensified camera. Because of the characteristics of these fuels NO can be
detected by LIF (Laser induced fluorescence) in the center of spray plumes, which is strikingly different to
classical diesel conditions.
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Introduction
In order to reduce CO2 emissions it is a major
subject to find new alternative fuels out of
renewable sources. For this reason, new
oxygenated fuels are designed in the cluster of
excellence. The alternative fuels have a different
combustion behavior particularly concerning
important combustion parameters like ignition
delay and mixture formation. Also nearly no soot is
formed with these fuels. Especially the formation of
pollutants like nitrogen oxides in the combustion of
alternative fuels is of global interest. Also
knowledge of the combustion behavior of these
fuels is necessary. It should be known if the fuels
behave like classical fuel in a diesel spray, or like
modern LTC (low temperature combustion) sprays
[1-4].

the investigated spray diagonally through the
measurement volume.

Test set-up
The nitric oxide measurement experiments have
been conducted at the high pressure test-bench
(HPC) at RWTH Aachen University. During
operation, the HPC is scavenged by a continuous
3
air volume flow of 50 m n /h. As a result, steadystate boundary conditions in the combustion vessel
of a maximum ambient pressure pmax,a=140 bar
and
a
maximum
ambient
temperature
Tmax,a=1000 K can be generated within the
measurement
volume.
In
the
present
measurements the conditions in the combustion
vessel are an ambient pressure of pa=50 bar and
an ambient temperature of Ta=800 K. These
conditions are representative of part-load of a
reference passenger-car diesel engine (engine
speed
1500 rpm,
mean
effective
pressure=6.8 bar). The combustion volume of the
high pressure-test bench is accessible from all four
horizontal sides. Three sides of the volume can be
equipped
with
circular
windows
(diameter=127 mm), which allows the application
of various optical measurement techniques. At the
fourth side, a series production piezo-injector with
a three-hole nozzle (109 µm) is mounted to direct

Figure 1: Measurement set-up
The output of a tunable KrF* excimer laser (LPX
250T, Lambda Physik) is formed into a rectangular
beam, which is approximately parallel in the probe
volume. A 25 mm long section of the laser beam in
the vessel is imaged onto the entrance slit
(width=0.5 mm) of an imaging spectrograph (Acton
Research, aperture: f/4) by two spherical lenses
(f1=500 mm, f2=200 mm). The laser-induced
emission passes one stray-light filter (Laseroptik
HR 248 nm/45°) in front of the spectrograph. In the
exit plane of the spectrograph, an imageintensified charge-coupled device (ICCD) camera
(LaVision, Dynamight) is installed [5, 6]. The
nozzle distance of the presented measurement is
50 mm.
Results
The feasibility of the NO measurements in the
entire radial extension of the spray plume is
demonstrated first, based on spectroscopic raw
data. Figure 2 shows a typical line-imaging (1-d)
ICCD frame. As fuel a mixture of 50Vol% 1- octanol
and 50Vol% di-n-buthylether is used. The image
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is averaged over 20 injections. A spectrometer
grating with 3600 grooves per mm is used to avoid
interferences of broadband LIF of combustion
intermediates and O2-LIF. The resulting resolution
of the spectrometer is ~ 0.4 nm. Residual O2-LIF
bands are observed in Figure 2, but NO-LIF is
clearly detected.

First-stage ignition
Liquid fuel

Vapor fuel
Second-stage ignition

Figure 4: Conceptual picture
Summary
With the investigated biofuel the combustion
behavior is strikingly different to classical diesel
combustion:
 Fast mixing of the fuel occurs because of
the better physical parameters
 Because of the enhanced mixing, the precombustion fuel-air mixture is more
homogenous in comparison to classical
diesel jets
 Because of the enhanced pre-mixing,
nearly soot-free combustion
 NO is formed in the quasi-steady jet core.

Figure 2: Spectroscopic NO image (RD: Radial
distance
Figure 3 shows the corresponding NO-profile, the
jet centerline is located at x=0. The NO-profile is
corrected for light- attenuation and for temperature
influence, which are the most important influences
on the LIF-signals [5].
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Figure 3: Radial NO-profile
It can be clearly seen that there is significant NOsignal in the middle of this flame. Also in single
shot images NO signal can be found in the middle
of the flame so that it is not an averaging effect.
Note that these measurements have been
conducted in the short quasi-steady phase of the
combustion event during injection and relatively
close to the LOL (lift-off length) [5, 6]. Thus, the
NO signal on the centerline is attributed to precombustion mixing. Figure 4 shows a conceptual
picture of the jet.

47

[Geben Sie Text ein]

4. TMFB International Conference
Day 2: June 22nd, 2016

“Electron Delocalization and Fuel Molecular Structure in Octane Sensitivity”
C. K. Westbrook
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The phenomenon of octane sensitivity in transportation fuels is widely discussed and understood in
phenomenological terms, and there are examples of fuels from most molecular classes that are known to
have considerable octane sensitivity (OS). Many small molecule fuels such as methanol, ethanol,
propanols and butanols have large values of OS. Other fuels with considerable OS include alkyl
benzenes, olefin fuels, and alkyl esters. Most explanations of OS behavior depend on macroscopic
measurements, particularly RON and MON tests that are carried out in specialized test engines, but
basic, theoretical chemical science explanations of the factors that determine octane sensitivity have not
been available. Octane sensitivity and its basic science explanations are potentially very important and
have great practical combustion implications, since modern SI engines in ongoing engine research
depend on OS fuels to avoid engine knock under high compression ratio combustion and boosted
conditions. This work shows how each class of fuels with different structural features has its own unique
approach to octane sensitivity, and in each different fuel class, these key structural features depend on
the impacts of electron delocalization in each type of fuel.
____________________
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conditions to compare the time of autoignition of
OS and non-OS fuels.

Introduction
This paper presents results of applications of
chemical kinetic reaction mechanisms to
simulate fuel/air autoignition under spark-ignition
(SI) conditions.
Previously existing kinetic
models have been collected from the literature
for a wide variety of alkane, alcohol, alkyl
benzene, olefin, methyl ester, and other classes
of fuels, into a single kinetic model which is used
to simulate the early stages of fuel ignition. We
look in particular for correlations between low
temperature, cool flame behavior and the onset
of ignition, and between ignition properties and
fuel molecular size and structure.

Results
The principal differences between overall
ignition behaviors of different fuels were traced
to differences in low temperature kinetics of nalkanes,1-alcohols, linear olefins, and n-alkyl
benzenes. All of the n-alkanes, olefins, n-alkyl
benzenes, and 1-alcohols with significant OS
have
been
determined
from
modeling
calculations to have negligible low temperature
reactivity or cool flames. In each class of fuel
molecules, we have been able to identify and
characterize the specific low temperature
reaction pathways of the OS fuels that avoid or
quench low temperature reactivity and cool
flame behavior so that such cool flames cannot
occur. These modeling calculations also show
how the specific kinetic mechanisms that limit
low temperature reactivity and heat release are
different for each class of fuels, although the
fundamental, uniting principle of these limiting
mechansism can be traced to the concept of
electron delocalization that takes different forms
in each class of high OS fuel. In addition, very
small molecules such as methane, ethane,
ethanol, and methanol have high OS values and
negligible low temperature reactivity because
their small size makes it impossible for them to
support low temperature reactivity. We have
also been able to establish a kinetic boundary
between the OS and the non-OS fuels within
each fuel class and the features of the
transitional regime that exists between the
limiting behaviors. Those transitional regimes
are extremely consistent for the 1-alcohols, nalkanes, n-alkyl benzenes, and the linear olefins,
and show that as straight-chain carbon features
in these transitional fuels increase in length,

Kinetic modeling studies for many hydrocarbon
and oxygenated hydrocarbon fuels have
appeared recently [1-6] which describe ignition
and oxidation of many of the different classes of
fuels commonly found in practical transportation
fuels.
A composite kinetic model was
constructed by combining most of these recent
mechanisms into one model with the same
single, central small molecule submechanism
could be used by all of the larger molecule
models, in order to facilitate intercomparisons
between their individual properties.
This combined, multifuel kinetic model was then
used to study the problem of Octane Sensitivity
(OS), which is defined as the difference between
Research Octane Number (RON) and Motor
Octane Number (MON). Fuels with large OS
values have been found to be attractive for use
in new, high compression ratio engines, where
they resist knocking behavior under high
compression,
turbocharged
operating
conditions. We have followed the pressure
history of an SI engine of near-stoichiometric
fuel-air mixtures under RON and MON
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transitions from “no cool flame” to “marginal cool
flame” and then to “robust cool flames” result
from the appearance first of a marginal amount
of alkyl peroxy radical isomerization from 6membered secondary and 7-membered primary
RO2 isomerizations within the linear carbon
chain. We have speculated about and intend to
pursue extensions of this approach to alkyl ester
fuels and begin to examine additional classes of
fuels such as furans, mixed aromatic/aliphatic
multi-ring fuel types, and others that might
contribute to next-generation SI engine fuels.
This
kinetic
modeling
study
provides
fundamental insights into the basic chemistry
that controls important phenomena of fuel
autoignition and should assist in development of
future engines and fuels.

[4]
K.A. Heufer, S.M. Sarathy, H.J. Curran, A.C.
Davis, C.K. Westbrook, W.J. Pitz, Kinetic Modeling
Study of n-Pentanol Oxidation, Energy Fuels 26
(2012) 6678-6685.
[5] S.M. Sarathy, S. Park, B.W. Weber, W. Wang,
P.S. Veloo, A.C. Davis, C. Togbe, C.K. Westbrook, O.
Park, G. Dayma, Z. Luo, M.A. Oehlschlaeger, F.N.
Egolfopoulos, T. Lu, W.J. Pitz, C.J. Sung, P. Dagaut,
A comprehensive experimental and modeling study of
iso-pentanol combustion, Combust. Flame 160 (2013)
2712-2728.
[6] H. Nakamura, D. Darcy, M. Mehl, C.J. Tobin,
W.K. Metcalfe, W.J. Pitz, C.K. Westbrook, H.J.
Curran, An experimental and modeliing study of
shock tube and rapid compression machine ignition of
n-butylbenzene/aira mixtures, Combust. Flame 161
(2014) 49-64.
[7]
E.J. Silke, W.J. Pitz, C.K. Westbrook, M.
Ribaucour, Detailed Chemical Kinetic Modeling of
Cyclohexane Oxidation, J. Phys. Chem. A 111 (2007)
3761-3775.
[8] W.J. Pitz, C.V. Naik, T.N. Mhaolduin, H.J. Curran,
J.P. Orme, J.M. Simmie, Modeling and Experimental
Investigation of Methylcyclohexane Ignition in a Rapid
Compression Machine, Proc. Combust. Inst. 31
(2007) 267-275.
[9] C.K. Westbrook, W.J. Pitz, M. Mehl, P.-A. Glaude,
O. Herbinet, S. Bax, F. Battin-Leclerc, O. Mathieu,
E.L. Petersen, J. Bugler, H.J. Curran, Experimental
and Kinetic Modeling Study of 2-Methyl 2-Butene:
Allylic Hydrocarbon Kinetics, J. Phys. Chem. A 119
(2015) 7462-7480.
[10] J. Bugler, B. Marks, O. Mathieu, R. Archuleta, A.
Camou, C. Gregoire, K.A. Heufer, E.L. Petersen, H.J.
Curran, An ignition delay time and chemical kinetic
modeling study of the pentane isomers, Combust.
Flame 163 (2016) 138-156.
[11] D. Darcy, H. Nakamura, C.J. Tobin, M. Mehl,
W.K. Metcalfe, W.J. Pitz, C.K. Westbrook, H.J.
Curran, A high-pressure rapid compression machine
study of n-propylbenzene ignition, Combust. Flame
161 (2014) 65-74.
[12] D. Darcy, H. Nakamura, C.J. Tobin, M. Mehl,
W.K. Metcalfe, W.J. Pitz, C.K. Westbrook, H.J.
Curran, An experimental and modeling study of
surrogate mixtures of n-propyl- and n-butylbenzene to
simulate n-decylbenzene ignition, Combust. Flame
161 (2014) 1460-1473.
[13] W.K. Metcalfe, S.M. Burke, S.S. Ahmed, H.J.
Curran, A Hierarchical and Comparative Kineetic
Modeling Study of C1-C2 Hydrocarbon and
Oxygenated Fuels, Int. J. Chem. Kinet. 45 (2013)
638-675.
[14] C.K. Westbrook, W.J. Pitz, O. Herbinet, H.J.
Curran, E.J. Silke, A Comprehensive Detailed
Chemical
Kinetic
Reaction
Mechanism
for
Combustion of n-Alkane Hydrocarbon Fuels from nOctane to n-Hexadecane, Combust. Flame 156
(2009) 181-199.

Summary
Within the discipline of chemical kinetic detailed
reaction mechanisms, the present model
represents an unprecedented variety of coupled
kinetic models for many representatives of
practical fuel classes.
As such, it already
represents a valuable analysis tool that can be
used to study many features of practical engines
for both idealized studies and addressing
practical engine and fuel design questions. We
intend to continue to build on this existing model
in several ways.
As new theory and
experimental results become available, we will
continue to refine the present modules. Other
groups are pursuing especially detailed analyses
with many model validation tests, and these will
also lead to model refinements and
improvements.
Finally, we intend to add
submodels to describe larger fuel modules for
aircraft gas turbine engine design studies and
then for diesel engine studies, both of which will
require fuels extended to fuels with 15 an 20 or
more carbon atoms.
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“Experimental Investigation of a Liquid Wax Ester As Alternative Diesel Fuel”
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Biofuels from oilseeds are a prospective alternative to fossil fuels. Among them, jojoba oil-wax, a liquid
wax ester may be a proper substitute for diesel fuels but only little is known about its combustion
characteristics. Therefore combustion analysis was performed using the Advanced Fuel Ignition Delay
Analyser and compared to reference diesel fuel and HVO. While the ignition quality of neat jojoba oil-wax
is similar to the high cetane HVO, the burning duration takes longer in comparison to HVO at low
operating temperatures. Nevertheless, jojoba oil-wax might be a promising alternative fuel candidate.
____________________

Corresponding author: matthias.plank@tfz.bayern.de
this the jojoba oil-wax fuel sample was heated up
to 348 K.
The specific gravity was evaluated at 288 K
according to DIN EN ISO 12185 and the kinematic
viscosity at 313 K according to DIN EN ISO 3104.
The higher heating value (HHV) was determined
according to DIN EN 59100-1. The ignition quality
is given as generic cetane number (G-CN) using a
5
preliminary version of the AFIDA’s test method .

Introduction
Biofuels can play a major role in reducing traffic
greenhouse gas emissions. Several types of
biofuels have been successfully tested and are
ready for use today. Pure vegetable oil fuel is
1
predestinated for agricultural mobile machinery .
While vegetable oils are mainly a mixture of
triglycerides, jojoba oil-wax is a unique liquid wax
ester, consisting of a long chain fatty acid bonded
to a long chain fatty alcohol. The average chain
length of the esters range from 38 to 44 carbon
2
atoms .
In the past, several researchers have tested the
performance of jojoba oil-wax as fuel for diesel
3,4
engines . Most of them used jojoba oil-wax
transesterified to biodiesel but only little is known
about the usage of pure jojoba oil-wax as fuel.
Thus, the purpose of this research was to
investigate the physical properties and the ignition
and combustion behaviour of jojoba oil-wax for
diesel engine application.

Results
Tab. 3 shows the values of the tested fuel
properties.
Tab. 3: Tested fuel properties of Diesel (B0),
hydrotreated vegetable Oil (HVO) and jojoba oil-wax
(JOW)

parameter
specific gravity in
kg/m³
kin. viscosity in
mm²/s
HHV in MJ/kg
generic cetane
number

Approach / Test set-up
Jojoba oil-wax (JOW), CEC RF-06/03 reference
diesel fuel (B0) and hydrotreated vegetable oil
(HVO) were used as test fuels.
The combustion analysis was performed using the
Advanced Fuel Ignition Delay Analyser (AFIDA),
constructed by Analytik-Service Gesellschaft mbH,
Germany. The AFIDA is a novel constant volume
combustion chamber (CVCC) apparatus for
generic cetane number ratings or combustion
analysis.
Combustion analysis was done at various ambient
combustion chamber air temperatures ranging
from 795 K to 966 K. For each temperature level,
the combustion chamber filling pressure was set to
reach a constant gas density of 9.3 kg/m³ and
17.7 kg/m³ respectively. Injection pressure and
energizing time of the injector was held constant
for each test at 100 MPa and 1.2 ms. To reduce
the viscosity of JOW, the convective fuel sample
heating system of the AFIDA was used. Through

B0

HVO

JOW

834.3

779.1

867.9

3.0

2.9

25.1

43.2

43.9

40.6

53.3

73.0

69.4

The specific gravity of JOW is about 4 % higher
compared to diesel reference fuel and exceeds the
upper limit given in the standard for diesel fuel
DIN EN 590. However it ranges within the limits of
biodiesel standard DIN EN 14214. The kinematic
viscosity is about eight times higher compared to
diesel fuel as expected because of the JOW
molecular structure. Therefore, JOW cannot be
used as straight fuel in common diesel engines
without any modification like e.g. fuel preheating.
The energy content of JOW is 6 % lower compared
to diesel fuel. The ignition quality of JOW indicated
by the G-CN is similar to that of HVO. These
findings agree with values of the derived cetane
number of neat JOW which can be found in the
6
literature .
While the cetane number gives the ignition quality
of a fuel compared to reference fuels at one single
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operating condition, varying ambient conditions
may have an influence on the ignition and
7
combustion behaviour of high viscous fuels .
According to Fig. 3 ignition delay (ID) times of JOW
are similar to those of HVO over the tested
ambient air temperatures and density levels as
expected by the evaluated G-CN. For all tested
fuels the ID decreases with increasing ambient air
temperature and increasing ambient gas density.
5.0

B0
HVO
JOW

ms

ignition delay

4.0
3.5
3.0

leads to a lower amount of premixed fuel able to
burn. Therefore burning rate slows down and BD
increases. This effect is very prominent for the air
temperature levels lower than 850 K. For higher
ambient gas temperatures or gas densities mixture
preparation enhances and BD increases again due
to a shift in combustion phase like it was seen for
the other tested fuels.
These findings have to be regarded when using
JOW in engine applications to avoid the forming of
deposits and to avoid an increase in exhaust gas
emissions when operating at low load conditions.

air=9.3 kg/m³
air=17.7 kg/m³

Summary
Jojoba oil-wax, a novel alternative diesel fuel
candidate was investigated under diesel engine
like conditions. Specific insights on the combustion
characteristics of a wax ester were obtained and
compared to other diesel fuels. The wax ester’s
combustion performance was comparable to that
of a high cetane HVO except at low operating
temperatures and gas densities in the constant
volume combustion chamber. Nevertheless, it may
be a promising fuel candidate for future diesel
engine applications.

2.5
2.0
1.5
1.0
0.5
0.0
790 810 830 850 870 890 910 930 K 970
air temperature

Fig. 3: Ignition delay as function of air temperature at two
different gas densities levels

Outlook
With its higher viscosity, JOW is not a drop-in fuel
for common diesel engines. Therefore, further
research has to be done in order to find proper
mixtures of JOW and diesel fuels, alternative fuels
or additives for meeting the requirements of
DIN EN 590 standard and to analyse their
combustion behaviour.

Fig. 4 gives the relation between ID and burning
duration. Burning duration is defined as difference
between the moment where the chamber pressure
equals 90% of the maximum pressure increase
and the ID. Burning duration (BD) increases with
decreasing ID except for JOW at a gas density
level of 9.3 kg/m³. The rising BD with decreasing
ID can be attributed to the shift in the combustion
phasing from mainly premixed to mainly diffusive.
4.0
ms

air=9.3 kg/m³
air=17.7 kg/m³
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Fig. 4: Burning duration plotted against the ignition delay

In contrast to that, the BD curve of JOW goes
through a minimum and increases with rising ID for
the lower gas density level. The high viscosity and
the high boiling point of JOW lead to poor
atomisation and longer evaporation times. Despite
the short ID of JOW, the poor mixture preparation
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-Valerolactone (GVL) is a common platform chemical, which can be derived from biomass and is already
highly accessible. In order to better understand its potential as a biofuel, the present study reports
theoretical and modeling findings about the combustion chemistry of GVL. Ab initio investigations on the
unimolecular reaction network of GVL are used to update the most recent GVL kinetic model. The
updated chemical kinetic model will be validated against flame and shock tube data. From this, we
deduce the role of hot -scission on GVL combustion.
___________________________
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RRKM / Master-Equation (ME) simulations, using
8
the PAPER software code.
Recently, a new type of fuel radical -scission was
proposed based on ab initio and RRKM/Master9
Equation (ME) computations. It appears that a
significant fraction of fuel radicals formed via
hydrogen abstraction can directly dissociate prior
to thermalization at high temperatures and low
pressures. This type of chemistry is called hot scission and describes the direct reaction from
hydrogen abstraction reactants to
-scission
products, or later products.
The fraction of rGVL* undergoing hot -scission is
given by the integral of the microcanonical scission rate constants (RRKM) times the radicals'
non-Boltzmann distribution P(E). The latter is
obtained from the high-pressure hydrogen
abstraction rate constants for abstraction from GVL
10
by OH radicals ,
n− 1
( E − Ea )
E− Ea
P ( E) =
,
⋅ exp −
n
kB T
( kB T ) ⋅ Γ ( n )

Introduction

One of the most important platform chemicals used
throughout the Tailor-Made Fuels from Biomass
1,2
(TMFB) cluster is -valerolactone (GVL). There
exists a strong production infrastructure and GVL
3
is highly accessible. From an engine point of view,
GVL is interesting in the context of spark ignition
1
engines and may be beneficial as fuel blending
1,2
compound. In the context of engine application,
theoretical and experimental investigations on GVL
pyrolysis and ab initio hydrogen abstraction
4,5
predictions were used to model GVL combustion
6
kinetics. Further insights into the high-temperature
combustion chemistry of GVL, however, are
desirable to improve predictions of the combustion
behavior of GVL fuels and fuel-blends.
Understanding the fate of the GVL radicals is key
for understanding which chemistry is important in
GVL combustion. Since GVL radicals are ring
structures, -scission partly leads to unimolecular
species via ring opening. These unimolecular
species in turn lead to bimolecular products. Wellskipping reactions on the potential energy surface
(PES) of the GVL radicals are expected to have a
significant impact on combustion predictions.
Here, we use RRKM/ME simulations to improve
the kinetic model performance. Moreover, the role
of rovibrationally excited GVL radicals (rGVL*) in
GVL combustion is studied.

(

)

with the activation energy Ea, the temperature

Boltzmann and non-Boltzmann Kinetics

Molecular geometries, frequencies, and singlepoint energies of stationary points on the GVL
radical potential energy surface are computed at
the B2PLYPD3//B3LYP level of theory with the 6311++G(d,p) basis set, using the Gaussian 09
7
software package. The four GVL radicals, their
eight unimolecular
-scission products, 36
unimolecular and bimolecular exit channels, and a
total of 51 transition states are considered in the
present study. The kinetics of GVL radical
isomerization and -scission are predicted with

Fig. 1: Branching ratios between hot β-scission and
thermalization. The lines represent the branching ratio
for hot β-scission of the displayed GVL radicals. If two
lines belong to one GVL radical, the lower represents hot
reactions leading to products of other GVL radicals.
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exponent n, the gamma function Γ, and the
9
Boltzmann constant kB (cf. Döntgen et al. ).
Figure 1 shows the fractions of rGVL* skipping at
least one well on the GVL radical PES. For all
radicals, the branching ratio of hot -scission
jumps to unity as soon as the radical itself
becomes unstable. The respective transition
temperatures at different pressures are used in the
kinetic model to describe the branching ratio
between thermalization and hot -scission as a two
step process. The first step regulates the
branching ratio between GVL radicals and rGVL*,
the fate of which is decided in the second step.

The maximum decrease in ignition delay time
amounts to 1.8 %, 21.5 %, and 25.6 % at 1, 10,
and 20 bar, respectively. This trend is counterintuitive (cf. Figure 2). One would expect that
'earlier' transitions are reflected in the ignition delay
times. With increasing pressure, however, the
concentration of OH radicals is increasing, thus the
rate of rGVL* formation presumably increases.

Fig. 3: Ignition delay times of GVL/air mixtures.

Summary

The present work provides detailed theoretical
insights into the unimolecular kinetics of GVL
radicals. It provides kinetics for reactions of
thermal GVL radicals and gives a first description
of reactions of rGVL*. The latter were found to
largely dominate the unimolecular reaction network
of GVL radicals for high-temperature and lowpressure conditions. The unimolecular kinetics of
thermal and non-thermal GVL radicals are included
in the most recent kinetic model to test the impact
at different conditions.

Fig. 2: Transition temperatures of the four GVL radicals.
Above these temperatures, the radicals become
unstable and the reactions are 'hot' by definition.

Figure 2 shows the transition temperatures of the
four GVL radicals as function of pressure (cf.
'jumps' in Figure 1). These transition temperatures
are used to obtain the rate constants for the first
step, i.e. formation of rGVL*.

Outlook

Kinetic Modeling

Sensitivities will be analyzed and further
modifications via RRKM/ME simulations will be
added to the model. The updated model will be
6
validated against the flame data of Sudholt et al.
and novel shock tube experiments.

A chemical kinetic model describing hightemperature oxidation of GVL is taken from the
9
recent work of Sudholt et al., which utilizes the C012
C4 base chemistry from Blanquart et al. and a
high-temperature combustion model of GVL based
5
on the pyrolysis study of Bruycker et al. Rate
parameters for GVL radical isomerization and scission reactions are based on the above
RRKM/ME study. Thermochemical data is either
6
adopted from Sudholt et al. or calculated using the
13
Benson group additivity method implemented in
14
the THERM program. Transport parameters of
newly introduced species are calculated using the
15
RMG software package. The developed model
consists of 346 species and 2854 reactions
(forward and backward counted separately).
Numerical simulations are conducted using the
16
FlameMaster software package.
Figure 3 compares ignition delay time predictions
based on two updated GVL kinetic models, one
with (solid lines) and one without (dashed lines)
hot -scission. As expected, ignition delay times
decrease when adding the hot reactions. When
interpreting Figure 3 in the context of Figure 2, the
transition temperature of ~1200 K at 10-20 bar is
resembled in the ignition simulations.
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In order to reach the challenging goals for CO 2 reduction the use of fossil-based fuels must be reduced
extensively. Road transport by light-duty vehicles and delivery vans can be transposed to hydrogen in
combination with fuel cell drive systems. This option can be transacted if corresponding technologies
achieve their cost targets and if a widespread infrastructure for hydrogen can be installed. Nevertheless,
a remarkable number of applications demands liquid energy carriers due to their higher volume-specific
energy density. Such liquids could be produced by both BTL- and PTL process routes.
____________________
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efficiency. At IEK-3, second-generation fuels have
been prioritized in relation to future use.
Power to fuel (PTL) implies the usage of emitted
CO2 and H2 from excess electric power from
renewable sources such as wind and photovoltaics
via electrolysis. A wide range of fuels is discussed
such as ethers, alcohols, alkanes from FischerTropsch process and additionally ammonia. It must
also be considered that today’s jet fuel
specification limits the oxygen content. Especially
poly-oxymethylenethers (POME or OME) are
interesting fuels or blending components for truck
diesel because their presence reduces limited
emissions.

Introduction
In Germany, a share of 50 % from demanded
crude oil, i.e. 63 mio. t fuels from 110 mio. t crude
oil, is devoted to the transport sector. Thereby,
middle destillates such as kerosene and diesel for
air planes, trucks and ships make up 31.6 mio. t in
2013. A central role in scenarios to switch to fuels
with smaller CO2 burden lead to liquid from
syngas. This xtL processes cover CTL, coal to
liquid, GTL, stranded gas to liquid, BTL, bio to
liquid and PTL, power to liquid. Beside the syngas
route other options such as hydrogenation of bio
oils or biochemical reactions from sugar alcohols
(mannitol) to alkanes are considered in avionic
industry. The first route is quite well established
later represents the newest research field.
Approach
Process and systems analysis aims to evaluate the
different routes from the primary energy carrier to
fuel in terms of energy, ecology and economics.
Such analyses must also account for the fact that
when waste materials from wood processing, for
example, are used to produce fuel, considerable
quantities can no longer be used in the existing
recycling process. The food production industry, in
particular, is faced with competition in terms of
direct use (bioethanol or flour from wheat) and in
terms of the use of agricultural land (cultivation of
rape for biodiesel production or the cultivation of
cereals for the food industry). To evaluate this,
criteria such as ILUC (indirect land use change)
have been defined and are used for the
assessments. This is usually done in the form of
life cycle assessments (LCAs), which evaluate the
entire life cycle of a product in terms of energy and
materials. Furthermore, the fact that the
conversion of waste materials into energy is most
efficient in many cases in the form of combined
heat and power must also be taken into account.
On the other hand, increasing the proportion of
sustainable energy in the transport sector is not
feasible simply by considering the best possible

Fig. 3:

Different synthesis routes for fuels from
biomass and carbon dioxide

A
well-to-tank
analysis evaluates energy
consumption and greenhouse gas emissions over
the entire fuel path, i.e. from the starting fuel to the
tank or the gas pump. Usually, different scenarios
are defined. In relation to the production of fossilbased diesel or FT-products from woody residues
the common applied CONCAWE database does
not contain any information on the energy required
to produce fuels from sandy shale, sand oils and
algae oil concerning their specific CO 2 emissions
associated with supplying them. Ideally, literature
searches should provide a wide range of data for a
new chain.
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Quantities for BTL- and PTL fuels are analyzed in
regard to a substitution of fossil fuels. For reasons
of simplification, a uniform production of alkane
mixtures via the Fischer-Tropsch process was
assumed. The analysis introduced downward
adjustment factors to account for competing uses.
Uncertainties were accounted for in Monte Carlo
simulations. The production of fuel from biomass
and via the PTF pathway was limited by the
restricted area of land available for the cultivation
of energy crops and by the restricted quantities of
CO2.
In special cases, the production process must be
analyzed in detail with commercial simulation
programs, such as PRO-II (SimSci) or Aspen plus
(Aspen Technology Inc.). This method was
intensively applied for PTL fuels methane, OME
and FT-products.

Fig. 4:

Fig. 5: Distribution functions for various fuel production
pathways for synfuels compared to FAME for reduced
quantities (50–100%)

Summary
Alternatives to fossil fuels include liquid synthetic
fuels produced from biomass (BTL) or in PTF
processes using carbon dioxide and hydrogen,
hydrogen and methane from PTG processes, and
methane from biomass fermentation (bio CH4).
The fluctuating nature of wind energy and
photovoltaics means that their expansion as
energy sources for power production generates
surplus power. This surplus power can be utilized
in electrolysis plants to produce hydrogen.
Hydrogen combined with fuel cell vehicles can
make a considerable contribution to meeting future
fuel demand. Alternatively, hydrogen can be
utilized for the synthesis of hydrocarbons when
CO2 is integrated into the process.
The separation of the alkane cuts in the FischerTropsch synthesis produces a distribution of the
available fuel quantities among the individual
market segments, which initially appears
appropriate for Germany. The shares of alternative
energy carriers vary considerably across the
individual segments. In road passenger transport,
the share of fossil fuels will decrease to 11.9 %.
This will be made possible by utilizing
approximately 3 Mt hydrogen in fuel cell vehicles.

Principle flow sheet of indirect OME production
via methanol, formaldehyde and trioxane

Results
1
According to Stolten , a maximum of 6.2 Mt H2 will
be available in 2050 from wind power and
electrolysis. Of this, 2.93 Mt H2 will be required for
fuel cell vehicles. Therefore, a maximum of 3.27 Mt
H2 will be available for PTF processes.
Considering a conservative scenario for CO2 reuse of 8.3 Mt/a CO2, combined with 1.16 Mt H2,
would produce approximately 2.66 Mt ntetradecane (C14H30).
To evaluate BTL fuel production on repurposed
agricultural land Monte Carlo simulations were
conducted with 5000 random samples. Following
values were used: 2  0.2 Mha cultivable land, 12
 2 t/ha wood yield, downward adjustment factors
of max. 20 % and min. 0 % and fuel yield max. 205
g/twood, min. 130 g/twood. On the basis of this
additional land, an average of 3.42 Mt/a fuel is
produced.
Fig. 5 shows the distribution functions for various
fuel production pathways for synfuels compared to
FAME for reduced quantities (50–100%). BTL from
cultivated biomass and FT fuel from H2/CO2
syngas make important contributions here.

Outlook
For constant fuel consumption in Germany,
hydrogen and alternative liquid fuels will account
for a market share of up to 50 % by 2050. If
renewable power generation based on wind and
solar energy is not expanded to the extent
required, then the market share for similarly low
shares of alternative liquid energy carriers will only
be around 17 %.
References
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One possible version of a value chain from renewable hydrogen (H 2) to propulsion is analyzed comparing
direct use of H2 in a fuel cell and conversion to different hydrocarbon fuels (methane, methanol and
dimethyl ether) that are used in combustion engines. All four pathways enable similar reductions in
greenhouse gas emissions and offer reduced pollutant formation compared to fossil fuels. However, they
require very cheap hydrogen in order to provide fuel at similar cost to current fossil fuels.
__________________________
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On the engine side, expected changes compared
to fossil powertrains with respect to engine
efficiency,
pollutant
formation,
and
other
performance criteria are compiled from literature
data. Well-to-wheel greenhouse gas (GHG)
emissions are determined assuming a predicted
emission factor of the German electricity mix in
2035 (on average 108 gCO2-eq./MJel) for all power
1
consumptions except for electrolysis. Emissions
from plant construction or vehicle production are
neglected. For multiproduct plants (such as biogas
upgrading), emissions are allocated according to
the energetic value of the products. Fuel
production costs are calculated based on the
investment cost of the processes, power
consumption of all steps, and literature data for
CO2 separation and transport.

Introduction
Most processes for producing synthetic fuels from
fluctuating renewable electricity employ water
electrolysis to generate hydrogen (H2), either as a
fuel or as an intermediate energy carrier to be
converted to hydrocarbon fuels of higher energy
density that are more compatible with existing
infrastructure and engines. In this contribution, we
present a technical and environmental evaluation
of four pathways for introducing renewable H2 into
the transportation sector (cf. Fig. 1): direct
application of H2 in a fuel cell electric vehicle
(FCV), and conversion of H2 with CO2 to methane
(CH4), methanol (MeOH), or dimethyl ether (DME)
with subsequent use in a combustion engine.

Results
For the production of the three hydrocarbon fuels
from H2 and CO2, the fuel conversion efficiency
��� u l
�̇
� c = ̇u l
,

Fig. 6: Considered pathways for introducing renewable
H2 into the transportation sector

�H2 ���H2

where ̇ u l/H2 denotes the mass flow rates and
��� u l/H2 the lower heating values of the produced
fuel and the H2 used, respectively, determines how
much fuel energy can be supplied given a certain
amount of renewable hydrogen. For the three
processes considered herein, it is close to the ideal
value determined by the reaction stoichiometry and
heat of reaction (cf. Tab. 1). The processes do not
require any heat input since the overall reactions
are strongly exothermic and all necessary heat can

Approach
Hydrogen is assumed to be available from
electrolysis using renewable power that would
otherwise be curtailed and is delivered
continuously via a pipeline from a cavern storage
1
facility. The CO2 is assumed to be collected via
pipeline from several biogas plants where it occurs
2
as a byproduct of biogas upgrading.
3-5
State-of-the-art process concepts
for direct
production of CH4, methanol, or DME from H2 and
®
CO2 are modeled and analyzed in AspenPlus
using a set of common assumptions. The fuel
production plant is assumed to operate
continuously using power from the electricity grid.
In case of H2 and CH4, the fuel is distributed to gas
stations via a pipeline network and compressed to
the required fueling pressure, while for methanol
6
and DME it is transported via train and truck.

Tab. 1: Fuel conversion efficiency and net work demand
of the hydrocarbon fuel production processes

� c [%]
Current processes
Ideal
Net work [MJ/MJFuel]
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CH4

MeOH

DME

82.3
83.0
-0.054

85.2
88.0
0.002

89.7
91.6
0.025
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The fuel production cost is dominated by the cost
of hydrogen. Only if H2 can be supplied at a cost of
less than 1-β €/kg (which is the range of current
fossil H2), the production cost of the considered
fuels can be in the same range as that of fossil
fuels (cf. Fig. 3). If, however, these renewable fuels
were exempted from fuel tax, higher values for the
H2 cost would be allowable. The production costs
of the different hydrocarbon fuels are rather
similar, with CH4 having an advantage at low H2
cost because of the simpler process and net work
output. The cost of CO2 and the fuel production
plant obviously make the hydrocarbon fuels more
expensive to produce than pure H2. However, this
does not take into account differences in the cost
of fuel infrastructure and vehicles, both of which
will favor the hydrocarbon fuels over the H2-FCV.

be provided internally. Their work demand can be
partially or fully (for CH4) provided internally.
Methane production is advantageous in this
respect
because
it
is
very
favorable
thermodynamically and can thus be conducted in a
one-through process at relatively low pressure with
high-temperature waste heat being used in a
steam turbine. For DME, the cryogenic separation
of DME from CO2 is a major driver for power
consumption and plant cost and is a promising
point for future process improvements.
All three hydrocarbon fuels are expected to result
in an increase of the engine efficiency at rated
power of 2 to 4 percentage points compared to the
respective engines operating on the conventional
fossil fuels (33% for CH4 and methanol, and 39%
for DME for a representative passenger car). Care
has to be taken when comparing these values to
6
those for a fuel cell at rated power (around 47.5% )
since rated power is rarely achieved in real driving
and the part load behavior differs significantly
between the different powertrains. Therefore, a
more detailed analysis considering a driving cycle
would be desirable. All fuels also offer significant
reductions in pollutant formation. Particularly DME
is expected to produce around 90% less carbon
monoxide (CO) and soot than Diesel, while H2FCV cause no local emissions at all. The fuels that
need to be stored under pressure such as H2, CH4,
and DME are considered less attractive with
respect to fuel handling and safety. The volumetric
energy density is between 50% (for DME) and
90% (for H2) lower than that of gasoline or diesel.
In terms of well-to-wheel GHG emissions, all four
pathways offer significant improvements over fossil
fuels (cf. Fig. 2). Most of the emissions associated
with the routes are due to the electrical energy
consumed from the grid. For all four pathways, H 2
provision (namely storage and transport) is a large
contribution. For H2-FCV, the compression to the
fueling pressure has a significant impact as well,
while for the hydrocarbon fuels CO2 provision, fuel
synthesis (especially for DME) and the lower
efficiency of combustion engines lead to slightly
higher overall emissions than in the H2-FCV. Note
that for CH4, possible leakages from the fuel
distribution system could have a large additional
impact.

Fig. 3: Fuel production cost as a function of H2 cost (not
including fuel distribution and dispensing).

Conclusions
Synthetic fuels based on renewable H2 can enable
significant reductions in GHG emissions compared
to fossil fuels, but they require very cheap H 2 to be
economically competitive. Therefore, designs that
reduce the cost of H2 (and CO2) provision by, e.g.,
integrating it more closely with the fuel production
processes are desirable. The differences in terms
of GHG emissions and production cost between
the three hydrocarbon fuels considered herein are
rather small so that other factors such as pollutant
formation, handling, or energy density can play an
important role, while there is also a chance that
future process improvements will change the
ranking between these fuels.
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Fig. 2: Well-to-wheel (WTW) GHG emissions for the
different pathways at rated power (i.e. highway).
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Electrofuels are produced from carbon dioxide (CO 2) and water using electricity as the primary source of
energy. Production costs for the fuel options methane, methanol, dimethyl ether, Fischer-Tropsch (FT)
diesel are estimated based on different assumptions. The production costs of these electrofuels, for a
best, average and worst case, was found to be in the range of 120-135, 200-230 and 650-770 €2015/MWh
fuel respectively where methane had the lowest and FT diesel the highest costs within each range.
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65 €/tCO2. [11-12]. Strong bases such as NaOH,
KOH and Ca(OH)2 can scrub CO2 out of the
atmosphere [13], but the regeneration of the bases
is an energy intensive process, and other
alternative materials that might be more energy
efficient are under development. The cost
estimations for capturing CO2 from air fall in the
range of 150-1β50 €/t CO2. A CO2 capture cost of
γ0 €/ton has been chosen in this study.
Hydrogen and CO2 can form different energy
carriers in fuel synthesis processes. The
investment cost for methane synthesis is 30-900
€/kW fuel for different plant sizes and technological
maturity [4,14-17]. The investment cost for
methanol and DME synthesis is 200-1β00 €/kW fuel
[15-16,18-19] and 300-1β00 €/kW fuel [15,18]
respectively, whereas the investment cost for
Fischer-Tropsch liquids have a slightly higher
range of 300-β100 €/kW fuel for different plant sizes
[15,18,20-22].
In many studies calculating production costs of
electrofuels, the average electricity price of 50
€/MWh has been used, which also is the chosen
electricity price in this study.

Introduction
Tailor-made synthetic fuels produced by utilising
hydrogen and carbon dioxide (CO2), here called
electrofuels, can be made from renewable sources
and thereby contribute to reduce the climate
impact from transport. The aim of this study is to
assess the production costs of electrofuels to get a
better understanding of the cost-competitiveness
of electrofuels.
Literature review production costs
The main posts within the production of
electrofuels are connected to the hydrogen
production, the CO2 capture, the fuel synthesis,
and the electricity price.
In this study it is assumed that hydrogen is
produced from electrolysis of water. The most
discussed types of electrolysers are alkaline,
proton exchange membrane (PEM) and solid oxide
electrolyse cells (SOEC), where the latter is not yet
large scale available. The costs for commercial
alkaline electrolyser systems varies in the literature
from 600 up to β600 €/kW elec depending on
production capacity and efficiency with most
estimates around 1100 €/kW elec [1-4]. Future costs
for alkaline electrolysers are estimated to 400-900
€/kW elec. PEM electrolysers are more expensive
mainly due to the use of membrane and noble
metals [5]. The investment cost is in the range of
1900-γ700 €/kW elec, and are expected to be
reduced to 300-1γ00 €/kWelec by 2030 [2,3,6]. The
cost of SOEC is estimated in the range of 4001000 €/kW elec for 2030 [7-9]. In this study only
alkaline cells have been considered.
CO2 can be captured from various, e.g. biofuel
production, natural gas processing, flue gases
from fossil and biomass combustion plants,
industrial plants such as cement, oil refineries, iron
and steel, pulp and paper, geothermal activity, air
and seawater. The cost depends on the CO2
sources (i.e. concentration of CO2) and the capture
method. Most biofuel production plants have high
concentration of CO2, and capturing costs are in
the range of 5-9 €/tCO2 [10]. For CO2 separation in
flue gases, and industrial processes, the capture
cost has been estimated to be in the range of 20-

Results
Production costs are calculated using data found in
literature for six different cases (the best case, the
worst case, and the average case) based on
current available technologies in a small-scale
plant of 5 MW fuel as well as based on technologies
assumed available in 2030 in a medium-sized 50
MW fuel plant. All costs and prices are expressed in
€2015. Fuel options assessed are methane,
methanol, dimethyl ether, and Fischer-Tropsch
(FT) diesel. Results for the six cases are presented
in Figure 1.
In Figure 1a it can be seen that the production
costs of assessed electrofuel options, using
current technologies, for a best, average and worst
case, were found to be in the range of 120-135,
200-230 and 650-770 €2015/MWhfuel respectively
where methane has the lowest and FT liquids the
highest costs within each range. Figure 1b shows
that the production costs can be significantly
reduced by 2030, where results for the best,
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representing indirect costs. In the reviewed
publications it is not fully transparent if these
factors are included or not.
Results in this study show that there is no
significant difference between the fuel options
assessed, but indicate that methane is the least
costly electrofuel to produce.

average and worst case, were found to be in the
range of 100-110, 155-180 and 265-340
€2015/MWhfuel respectively where methanol has the
lowest and again FT liquids the highest costs
within each range.
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a

b

Fig. 1: Production costs of electrofuels based on (a)
current technology in a 5 MW plant and (b) technology
assumed available in 2030 in a 50 MW plant. Note the
different scales on the x-axes.

Productions costs of other fuel options
To get a better understanding if electrofuels can be
cost-competitive, production costs of other fuel
options are listed in Table 1.
Table. 1: Comparison of production cost for fossil,
biogenic and synthetic fuels.
Fuel options
Fossil oil-based fuels
Ethanol (maize)
Ethanol (wheat)
Biodiesel (rapeseed)
Biodiesel (palm oil)
HVO (palm oil)
BTL (wood)
Electrofuel-methane
Electrofuel-methanol

2020–β0γ0 (€/MWh)
39-140 [23], 72 [24]
188-247 [23]
260-345 [23]
151-210 [23]
72-129 [23]
134-185 [23]
451-655 [23]
110 [24]
120 [24]

From Table 1 it can be seen that the production
costs for electrofuels, assuming best case up to
average case, are in the same magnitude as some
of the most expensive biofuels, i.e., having the
potential to become cost-competitive.
Discussion and Conclusions
One reason behind that results presented as worst
case are significantly higher than the other cases
are the uncertainties connected to the additional
costs that may come when investing in new
equipment. The specific investment cost for each
process unit is generally multiplied with an
installation factor to generate a direct investment
cost and thereafter multiplied with a factor
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“Biotechnological Production of Itaconic Acid via in Situ Product Eemoval by
Reactive Extraction, Back Extraction and Crystallization”
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This contribution deals with an experimental investigation of a new downstream process for
biotechnological production of itaconic acid. The process concept includes an integrated in situ product
removal. The feasibility study for the overall process is shown by three combinations: fermentation with
reactive extraction, reactive extraction with back extraction and back extraction with crystallization.
____________________
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and buffer, with a pH value above the pKa=3,84 of
IA seems feasible for IA concentration.
Finally, a combination of pH-shift and cooling
crystallization can be performed to obtain solid IA.
The process parameters for back extraction were
optimized with regard to the crystallization step to
achieve maximal yields of solid IA. Therefore, the
pH dependent solubility of IA was determined.

Introduction
Today, biotechnological production of itaconic acid
(IA) is realized by aerobic batch fermentation of the
fungal strain Aspergillus terreus. To obtain IA with
a purity of more than 99 %, the fermentation is
followed by a two stage evaporative cooling
crystallization and recrystallization [1]. The
bioprocess is characterized by a long fermentation
time and a low space-time-yield due to product
inhibition. Furthermore, the high energy demand
for aeration, agitation and cooling during the
fermentation, as well as for water evaporation are
highly disadvantageous considering the overall
energy usage. To increase space-time-yield and to
minimize energy demand, a new process concept
was developed and experimentally investigated by
AVT.BioVT and AVT.FVT.
The new process setup includes an in situ product
removal technique for IA separation from the
fermentation broth, combined with further
concentration and purification by non-thermal
separation.
Since pure biocompatible solvents have low
partition coefficients for (di)-carboxylic acids like IA,
reactive components (RC) are needed for ISPR.
For other (di)-carboxylic acids, ISPR methods
based on reactive extraction with organic mixtures
of solvents and RCs are known [2]. In this
contribution, the influence of RC concentration and
temperature on the thermodynamic equilibrium will
be shown for IA extraction and back extraction.
The process parameters for reactive extraction
were hence optimized to achieve higher extraction
efficiency and concentration of IA within the
organic phase in the extraction step and in the
aqueous phase of the back extraction step.
For an economic production, the recycling of the
organic phase, especially of the RC, is necessary.
Previous studies have demonstrated an effect of
pH on (di)-carboxylic acid extraction by reactive
extractants [3]. Furthermore, a higher solubility of
dissociated (di)-carboxylic acids in water is known
[4]. Therefore, a back extraction step using an
alkaline aqueous system, e.g. sodium hydroxide

Approach / Test set-up
The process concept as described before is shown
in Fig.1. The feasibility experiments are carried out
in lab scale. The fermenter is run with in situ
reactive extraction while fermentation. The
influence of organic phase and aqueous phase
composition on thermodynamic equilibrium for both
extraction steps is performed outside the
fermentation in shack flasks. The pH dependent
solubility data are measured in agitated double
jacket vessel by titration.
Fermenter

Extraction

Crystallization

Fig. 1: New IA Process concept

Results
Fermentation: Based on its biocompatibility and its
properties relevant for IA extraction a suitable
solvent system is chosen. As shown in Fig. 2,
solvent addition after cultivation for 63 h leads to a
considerable increase in the obtained IA
concentration as well as volumetric productivity.
Simultaneously,
substrate
consumption
is
enhanced. Compared to the standard cultivation,
negative effects of product inhibition can thus be
alleviated and in situ reactive extraction could
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the pKa should be targeted. With this the amount of
hydrochloric acid for the pH-shift crystallization can
be minimized.
Overall the concept of pH-shift back extraction and
pH-shift crystallization seems feasible especially
by using the same effect of pH dependent solubility
and superior to thermal crystallization due to
strongly increased maximal yield.

successfully be integrated into the cultivation of
Aspergillus. terreus.
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Fig. 2: Fermentation without and with ISPR

Extraction and back extraction: In the first
extraction step IA and RC form a hydrophobic
complex within the organic phase. Fig. 3 shows
characteristic overloading curves for the reactive
extraction equilibrium. In close proximity of the
stoichiometric binding capacity the concentration of
acid in the organic and the aqueous phase show a
sharp change. Below the loading capacity a strong
increase of IA in the organic phase can be
reached. Here the operating window for the
reactive extraction is located. The extraction
efficient and the partition coefficient increase by
increasing the RC concentration within the organic
phase.
The RC is formed by an oxygen bond and can be
cleaved by back extraction into aqueous phase
with pH above pKa.
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Fig. 4: IA solubility in aqueous phase

Summary
The combination of biocompatible reactive
extraction, back extraction and non-thermal,
induced crystallization is a promising option
regarding the overall space-time-yield as well as
energetic aspects. Nevertheless, due to addition of
acids and bases the recovery of produced salts will
be considered in subsequent evaluations.

200

Outlook
In future investigations the back extraction
parameters in terms of starting pH-value and
NaOH concentration will be investigated.
Furthermore, detailed process parameters for IA
crystallization as e.g. suitable seeding and addition
strategies will be evaluated. Finally, process
transfer to technical scale is targeted.
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Fig. 3: Equilibrium curves

pH-Shift crystallization: For final crystallization an
increased concentration in the aqueous phase is
needed which can be depleted and form IA
crystals. In Fig. 4 the temperature and pH
dependent solubility is shown. Above a small pH
range around the pKa value the solubility of IA
increases steeply. Due to IA dissociation a six time
higher solubility can be achieved in the aqueous
phase. In the back extraction step a final pH near
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A potential dedicated energy crop (switchgrass) and an invasive (North America) plant species (phragmites) as well as an agricultural residue (corn cobs) were compared as potential substrates for acetone
butanol ethanol (ABE) and traditional ethanol fermentation. Different pretreatments were evaluated.
Biomass was pretreated with 1% (w/v) NaOH and subjected to enzymatic hydrolysis as comparatively
-1
traditional approach. Total reducing sugar yields were 365, 385 and 598 g kg raw biomass for
switchgrass, phragmites and corn cobs. Fermentation of the hydrolysates resulted in overall ABE yields of
-1
146, 150 and 290 g kg (per kg dry plant material), with a theoretical maximum of 189, 208 and 350 g kg
-1
, respectively. Alternatively, the biomass was initially converted thermochemically via fast pyrolysis. The
process was configured in order to obtain a fraction high in reduced sugars (predominately levoglucosan).
The sugars were subsequently hydrolyzed to glucose and fermented to ethanol. Overall ethanol yields
achieved based on initial cellulose fraction were 27.8 % in switchgrass and 27.0 % in corn cobs.
____________________

Corresponding author: lrehmann@uwo.ca
4

lignocellulosic biomass . In this case lignin is
discarded as ‘black liquor’ similar to process
known in the pulp and paper industry. Generaly,
the by-products (hemicellulose and lignin
fraction) after pretreatment of lignocellulosics
are of low-value, if compared to dried distillers
grains (DDG), the main by-product of cornethanol. Fast pyrolysis is an alternative thermal
conversion technology for processing biomass.
It has recently been optimized to produce a
stream rich in levoglucosan, a fermentable
glucose precursor for biofuel production.
Additional product streams might be of value to
the petro-chemical industry. However, biomass
heterogeneity is known to impact the
composition of the pyrolytic product streams, as
a complex mixture of aromatic compounds is
recovered with the sugars, interfering with
subsequent fermentation. The present study
investigated the feasibility of fast pyrolysis to
produce fermentable pyrolytic glucose from two
abundant lignocellulosic biomass sources in
Ontario, switch grass (potential energy crop) and
corn cobs (by-product of corn industry).
The objective of this study was therefore to use
the aforementioned lignocellulosic materials as
feedstock for bio-butanol production after NaOH
pretretment and to evaluate the production of
ethanol using the pyrolysis based biorefinery
approach (Figure 5).

Figure 5: Process diagram for the production of
sugars via fast pyrolysis using the biorefinery
approach. Italized streams represent proposed
added value products of the present approach.
Underlined are the names given to each of the
detoxification routes.

Introduction
The source of lignocellulosic biomass as well as
the choice of pretreatment are crucial when
aiming to produce a fuel or chemical through
fermentation. One of the main bottlenecks in
lignocellulosic ethanol production is the
necessity of pretreatment and fractionation of
the biomass feedstocks to produce sufficiently
pure
fermentable
carbohydrates.
Alkali
pretreatment has been shown to be an effective
pretreatment method for ligncellulosic materials
1
2
such as corn-stover , switchgrass , Bermuda
3
grass , etc. The major effect of alkali
pretreatment is the removal of lignin from

Results
NaOH pretreatment successfully removed a
large fraction of the biomass’ lignin. For all
untreated biomass, glucan was the major
carbohydrate, followed by xylan, which is the
major hemicellulose constituent. These two
components comprised 44.4% of the total
biomass for switchgrass and 46.0% of the total
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possible via clostridia. Various detoxification
schemes were tested as shown in Figure 5. The
inhibitory cocktail was quantified through a
double integral of a DAD signal after HPLC
8
analysis . Ethanol fermentation could be
achieved using these sugars, and kinetic
parameters were close correlated to the
integration value (Figure 8).
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biomass for phragmites. Small amounts of
arabinan were detected in all samples. It is
important to note that the initial lignin content of
phragmites is higher than that of switchgrass,
which may bring extra recalcitrance to
phragmites since lignin is predominantly
5
believed to hinder the enzymatic hydrolysis .
The composition of switchgrass and phragmites
used in this study agreed with those of different
2,6
varieties reported before . The pre-treatment
substatianllly increased the sugar yields (Figure
6).

100
50
0
Untreated Pretreated Untreated Pretreated Untreated Pretreated

--

Figure 6: Comparison of sugar production and yield
7
from pretreated and untreated switchgrass.

Figure 8: Calculated model parameters for
fermentation experiments with varying fractions of
unremoved inhibitors compounds resulting from the
pyrolytic oils.

The resulting sugars could directly be fermented
to butanol (Figure 7). Rapid glucose utilization
was observed in the first 12 h of fermentation
until all glucose was consumed (24 h), while the
culture showed a delay of 12 h before xylose
was utilized. After 36 h of fermentation (when
-1
the fermentation stopped), 22.70 g L ABE
-1
-1
including 9.13 g L acetone, 0.56 g L ethanol,
-1
and 13.00 g L butanol were produced, which
represents an ABE yield and productivity of 0.40
-1
-1 -1
g g and 0.63 g L h .
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Figure 7: ABE Fermentation from enzymatic
hydrolysates of switchgrass pretreated with 1% NaOH
at 121 °C for 0.5 h (-□-, glucose; -○-, xylose; -►-,
acetic acid; -♦-, butyric acid; -▼-, acetone; -◄-,
butanol; -▲-, ABE).

Pyrolytic conversion results in the formation of
inhibitory byproducts and direct fermentation of
the resulting sugars without detoxification is not
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The process of converting solid biomass in a solvent under high pressure in order to obtain a liquid
product is called direct liquefaction. It is desired to develop a process for direct liquefaction of lignin to
obtain a low oxygen content liquid diesel product. A parameter study of lignin ethanolysis has been
carried out in a high pressure batch autoclave. Lignin ethanolysis at 400°C has yielded an oil that is
stable, non-corrosive and ash and sulfur free. The oil had an oxygen content of less than 10 wt% and
therefore blends with fossil diesel with a solubility of at least 75%. It is proven that exhaustive
deoxygenation may not be necessary in order to convert lignin into a green diesel that can directly
substitute fossil diesel.
____________________
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of different temperatures. Furthermore as the
temperature is increased to above 400°C the
pathway for lignin depolymerization and
decomposition may be dominated by simple
thermal breakage of lignin interlinkages.
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Introduction
There is an increasing pressure on the transport
sector to blend fossil fuels with biofuels. Over
the recent years there has been an increased
focus on liquid fuel production from lignin. Lignin
is of particular interest as it is found in quantities
up to 30wt% in lignocellulosic biomass and the
majority is burned as a low value fuel [1]. In
order to transform solid lignin to a liquid fuel the
lignin polymer needs to be depolymerized and
the oxygen content lowered. Depolymerization
can be obtained by direct liquefaction where
lignin is dissolved in a solvent at elevated
temperatures.
Subsequent
upgrading
by
hydrodeoxygenation (HDO) may be required in
order to sufficiently lower the oxygen content
and improve fuel quality [2].
In a joint research project by the Technical
University of Denmark and Copenhagen
University we designed a simple one-pot
process where biorefinery lignin residue is
cooked in ethanol at 300 – 400°C which allows
for
high
complementarity with
existing
biorefineries.
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Fig. 1: Yields of lignin-oil and residual solid per lignin
is represented as a function of reaction temperature.
Furthermore the final pressure of the autoclave is also
shown. 100ml of ethanol and 10g lignin was heated
for 4 hours at autogenous pressure starting with a
non-pressurized inert N2 atmosphere.

Results and Discussion
In order to identify a suitable process for lignin to
liquid conversion it is necessary to obtain a high
liquid yield. Oil yields obtained from treating
lignin at temperatures ranging from 250-450°C
in ethanol are shown in Fig. 1. The final gas
pressure is also shown. The plot clearly shows
that an optimum oil yield can be obtained at
around 400°C and if the temperature is
increased further the lignin is increasingly
gasified. It is widely reported in literature [1] that
the alcohol solvent needs to be supercritical to
ensure the highest liquefaction yield. Ethanol
becomes supercritical at 241°C so for all of the
data represented the solvent is supercritical but
parameters such as solvent density, polarity and
reactivity may change considerably as a function

In Fig. 2 the molar O/C ratios of the obtained
lignin oils is plotted as a function of reaction
temperature. The lignin feedstock has an O/C of
0.5 so for all of the different reaction
temperatures a reduction of oxygen content in
the oils is obtained. Seemingly an increase in
temperature
increases
the
degree
of
deoxygenation as one would also expect as the
most reactive functionalities and linkages in the
lignin molecule are those containing oxygen.
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In these studies the residence time for the lignin
ethanolysis was also varied as well as the
amount lignin relative to solvent used. Extensive
parameter studies in batch mode operation have
shown that without the addition of hydrogen and
without a catalyst a lignin-oil with an oxygen
content of less than 10 wt% can be obtained.
The resulting oil is non-corrosive, ash and sulfur
free and has been proven be stable after a
period of 12 month shelf storage. Size exclusion
chromatography and NMR has highlighted that
the molecular structure and size of the lignin oil
is a mixture of mono- and dimeric partially
oxygenated and alkyl substituted aromatics
bearing strong resemblance to the original lignin
structure.
Below in Table 1 an elemental analysis of
one of the lignin-oils is shown for comparison
with the lignin feed. It is evident that simple noncatalyzed ethanolysis can yield an oil product of
comparable quality to a fossil fuel despite not
having undergone exhaustive deoxygenation.
The resulting lignin oil has a heating value of 38
MJ/kg which is similar to that of a fossil diesel
which is typically 40-45 MJ/kg.
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Fig. 2: Molar O/C ratios of the lignin-oils obtained at
different reaction temperatures. Lignin oils were
obtained by treatment of 10g lignin in 100ml of
ethanol for 4 hours at autogenous pressure starting
with a non-pressurized inert N2 atmosphere.

Solubility (%)

It is desired to reduce the oxygen content as
much as possible as low oxygen content will
yield a higher heating value of the lignin-oil. A
low oxygen content also has other benefits
which typically include reduced reactivity and
thus higher stability of the oil product. A clear
advantage of low oxygen content is the reduced
polarity and thus increased miscible with a nonpolar fossil diesel. The target of this study is to
not only produce a lignin oil that will satisfy fuel
standards but also successfully blend with a
fossil diesel. The molar O/C ratio serves as a
benchmark for the oil quality as can be seen in
Fig. 3 below where the solubility in heptane as a
function of O/C for selected oils is represented.
Heptane was used as a substitute for fossil
diesel possibly representing an even more nonpolar substance due to the lack of aromatics.
Still the representation in Fig. 3 clearly shows
that with O/C approaching lower values near 0.1
the solubility is increased to near 80% thus
indicating that exhaustive deoxygenation is not
necessary.

Table 1: Elemental composition of lignin and lignin-oil
obtained from a single experiment. The oil was
obtained by treatment of 40g lignin in 100ml ethanol
for 4 hours at autogenous pressure at 400°C. Oxygen
is determined by difference.
Sample
Lignin
Oil

C
47
79

H
4.9
9.6

N
1.5
1.8

S
0
0

O
34
9.7

Ash
13
0

HHV
18 MJ/kg
38 MJ/kg

Conclusions
Non-catalyzed lignin ethanolysis has shown to
yield an oil product comparable in quality to that
of fossil diesel. The resulting oil is stable, noncorrosive and ash and sulfur free. An oxygen
content of less than 10 wt% has been achieved
by treatment in ethanol at 400°C and the
resulting oil can blend with fossil diesel with a
solubility of at least 75%. This shows that
exhaustive deoxygenation is not necessary
which typically requires use of expensive
catalyst and hydrogen.
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Fig. 3: Solubility of lignin-oils in heptane as a function
of molar O/C-ratio. Target blend of oil in heptane was
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Algae, in particular microalgae have raised high expectations as organism for biofuel production. The
governmental funded project AUFWIND investigates the large scale production of algae, the conversion
into bio-kerosene and the impact over the whole value-chain. As outlook, I would like to update you about
the current state of algae as potential source for biofuels.
____________________
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Introduction
In the project AUFWIND, focus is laid on the
following aspects: Algae production (1), best
method for cell-disruption and extraction (2),
highest conversion- and refinement rates (3),
identification and analysis of by-products (4),
and a system analysis (5).

Summary
Cultivation of fresh water algae and conversion
to jetfuel is possible and demonstrated in an outof-laboratory scale. Only a fraction of the
biomass is converted to fuel, opening up
multiple side-product streams. Progress is
presented on the transfer of cultivation out-oflaboratory, extraction of lipids from algal
biomass as well as potential catalysts for algal
oil refinement. Analysis of cultivation and
conversion is still ongoing, however a brief
outlook is given. Today AUFWIND is the largest
facility in Germany to produce algae-fuel. It is
contributing as a first facility to analyze and
evaluate the technical production of algae-fuel.
It’s the first step out of the research lab. Multiple
challenges and potential future topics are
identified under the investigated conditions.

Approach
1,500 m² (0.37 acres) of algae photo-bioreactors (PBRs) are built in Jülich (50°
55’ 19” north, 6°21’ 29” east), representing
three different concepts for algae cultivation.
Each closed PBR has 500 m² production area
and enables monitoring of input streams.
Cultivation of algae for biofuel is based on
multiple factors, e.g. the type of cultivation
(phototrophic vs. heterotrophic), the water
resource (salt- vs. freshwater), the type of
reactors used (open vs. closed) and the selected
species and strains. In the project, fresh water is
used as resource and the same organism is
grown in all reactors. After cultivation the algae
is dewatered by filtration or centrifugation. Wet
or dry biomass is further processed to extract oil
and the oil further refined to jet fuel. Multiple side
streams and possibilities are investigated to
utilize the remaining biomass.

Outlook
After an offspring of research projects and
companies focusing on algal biofuels in the last
8 years, 2015 and 2016 saw a strong decrease
and change of focus for these projects. I would
like to update you about the current state of
algae as source for biofuels and products.
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Two major challenges of the 2,5-dimethylfuran (DMF) synthesis have been investigated: An affordable
but sufficiently clean source of 5-hydroxymethylfurfural (HMF) and the hydrodeoxgenation reaction of
HMF to DMF itself. Improved solvents for the extraction of HMF from a reactive aqueous solution,
o-propylphenol and o-isopropylphenol, were identiﬁed using the predictive thermodynamic model
COSMO-RS. For the hydrodeoxygenation reaction Ni@C combined with a Lewis acid like AlWO x has
been identified as an efficient catalyst.
____________________
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better extraction capacity than known solvents
from literature we were able to select 110
chemicals that are suitable as solvent based on
their properties and their availability (Figure 1). The
data show a pareto front and the necessity to
decide between a high extraction capacity (PHMF)
and a high extraction selectivity (PFructose). The
most
promising
solvents
were
validated
experimentally.
o-Propylphenol
and
oisopropylphenol can be presented as the most
promising solvents with an experimental partition
coefficient of 11.5 and 12.0, facilitating a six-fold
increase of HMF partitioning compared to the state
[3]
of the art.

Introduction
In recent years, a number of renewable fuel
candidates have been suggested. One that
became apparent is 2,5-dimethylfuran (DMF). DMF
exhibits fuel properties superior to ethanol and the
production based on cellulosic biomass via
5-hydroxy-methylfurfural (HMF) avoids a direct
[1]
competition with the food chain. The production
cost of DMF is up to now manly influenced by the
prize of the substrate HMF. It is very challenging to
isolate HMF from the production mixture due to its
high polarity and low thermal stability. A reactive
extraction of HMF eliminates this step and makes it
available at a reasonable prize as an intermediate
for fuel production. However, solvents exhibiting
high partitioning coefficients for HMF were not
available until recently.
Another crucial factor of an economic DMF
production relates to catalyst design. Noble metal
catalysts enable a selective transformation of HMF
to DMF but costs and availability are major
drawbacks. Alternatively, nickel catalysts have
proven their potential as cheap and effective
[2]
supplement for expensive noble metal catalysts.
Overall, efficient HMF extraction together with
subsequent catalytic deoxygenation over bare
metal catalysts would pave the way to an
economic and sustainable DMF production.
Extraction of HMF
Utilizing COSMO-RS as a basis for a systematic
solvent selection has the potential to save
signiﬁcant time and effort by computationally
screening several thousand possible solvents.
Factors including temperature, concentration, and
fructose addition were used for experimental
validation of the predictive power of COSMO-RS.
After validation of COSMO-RS as suitable tool for
the prediction of partition coefficients, a database
screening led to a big number of possible solvent
candidates. From the 900 chemicals providing a

Fig. 1: Plotted screening results for the 110 feasible
solvents for the extraction of HMF. The solvents marked
red, are the solvents which embody the trade-off
between HMF and fructose partition coefficient identified.
The partition coefficients are defined so that a large
partition coefficient for HMF is favorable, while the
opposite is true for the partition coefficient of fructose.
[3]
Thus, the optimum is toward the top left corner.
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A mixture of Ni@C and AlWOx is a very good
catalyst for the hydrodeoxygenation of HMF to
DMF. With these insights, the setup of an one-pot
system is an achievable milestone on the way to
the big-scale production of DMF and its application
as a renewable fuel.

Hydrodeoxygenation of HMF to DMF
The hydrodeoxygenation of HMF to DMF consists
of two steps, the hydrogenation of HMF to
bishydroxymethylfuran
and
its
subsequent
hydrogenolysis. In a catalyst screening with many
different metals Ni has proven to be a promising
candidate, the low prize and high availability
makes it even more attractive. Based on
throughout catalyst design and optimization, we
could recently demonstrate Ni@C (15 wt.-%) as
promising catalyst enabling high activity and
[4]
selectivity with 80% DMF yield at full conversion.
It has been proven that Lewis acid functionalities of
the catalyst have a beneficial effect on the reaction
as they enhance the C-O bond cleavage in the
[5]
hydrogenolysis step. We could show this effect
with the addition of AlWOx as solid co-catalyst to
the reaction mixture. An increase of more than
200% yield and 250% selectivity (non-optimized
conditions) were possible. Additionally the reaction
can run at lower temperatures when adding a
Lewis acid.

References

[1] S. Zhong, R. Daniel, H. Xu, J. Zhang, D. Turner, M.L.
Wyszynski, P. Richards, Energ Fuel 24 (5), 28912899 (2010).
[2] Y.-B. Huang, M.-Y. Chen, L. Yan, Q.-X. Guo, Y. Fu,
ChemSusChem, 7 (4), 1068-1072 (2014).
[3] L.C. Blumenthal, C.M. Jens, J. Ulbrich, F. Schwering,
V. Langrehr, T. Turek, U. Kunz, K. Leonhard, R.
Palkovits, ACS Sustainable Chemistry & Engineering
-235 (2016).
[4] L.C. Blumenthal, R. Palkovits, Manuscript in
progress.
[5] Y.-B. Huang, M.-Y. Chen, L. Yan, Q.-X. Guo, Y. Fu,
ChemSusChem 7, 1068-1072 (2014).

Acknowledgements
Parts of this proceeding are reprinted with permission
from L.C. Blumenthal, C.M. Jens, J. Ulbrich, F.
Schwering, V. Langrehr, T. Turek, U. Kunz, K. Leonhard,
R. Palkovits, ACS Sustainable Chemistry & Engineering
4 (1), 228-235 (2016). Copyright 2016 American
Chemical Society.
We acknowledge financial support by the Cluster of
Excellence ‘‘Tailor-Made Fuels from Biomass’’ (TMFB)
funded by the Excellence Initiative of the German federal
and state governments to promote science and research
at German universities and Hans-Böckler Foundation.

Summary & Outlook
Two aspects to enable a cost effective production
of DMF have been investigated. We were able to
identify novel highly efficient solvents for the
extraction of HMF via a computational approach
using COSMO-RS. o-Propylphenol and oisopropyl-phenol are very promising solvents for
the extraction of HMF from aqueous reaction
mixtures.
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Pretreatment is necessary for the efficient access to biomolecules of wood. Ionic liquids (ILs) have been a
powerful and mild pretreatment liquid but the effects have not been fully understood to enable transfer for
other electrolyte systems. This study analyzes the multi-scale effects of ILs during pretreatment with a
focus on the structure on the nanometer scale. As a novelty, small-angle neutron scattering is applied to
resolve the changes in cellulose fibrils in situ. The results show a fast swelling of the cellulose fibrils,
which disintegrates the tissue while matrix polymers are removed and the cellulose is decrystallized.
____________________
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analysis as published recently [5]. Second, the
effects are monitored in situ by small-angle
neutron scattering (SANS) to resolve the
mechanisms.

Introduction
Efficient conversion of lignocellulosic biomass for
chemicals and fuels at mild conditions requires a
pretreatment step. One effective pretreatment
concept employs ionic liquids (ILs), which
disintegrate the tissue and enable complete
enzymatic saccharification of wood within a few
hours [1]. The remarkable performance of
enzymes in comparison to other pretreatment
concepts is likely due to a change in the structure
of the cellulose.
The investigation of the involved processes is
however complicated by the molecular and
structural effects scales of the pretreatment.
Established analyses merely focus on the
molecular composition but the origin of the
increased enzymatic activity is still subject to
research [2]. Neutron scattering revealed two
common fundamental processes in the structure of
cellulose fibrils during pretreatment [3, 4]. First, the
cellulose fibrils are dehydrated leading to
coalescence of the fibrils. Then, extracted lignin
and hemicellulose form a second phase that is
redistributed on the fibrils surface. These
processes have also been followed in situ during
steam pretreatment.
The effect of ILs however is more complex. While
similar effects of coalescence can also be
observed in samples pretreated with IL/water
mixtures,
more
concentrated
ILs
enable
decrystallization of the cellulose and disintegration
of the tissue [5]. As these effects are likely
connected with the observed improvement in
enzymatic activity, a better understanding is
essential for the development of other
pretreatment concepts.
This contribution concludes the results of the multi
length-scale effects of the pretreatment of beech
wood in the IL 1-ethyl-3-methylimidazolium acetate
(EMIMAc). The presentation is organized in two
parts: First, the changes of the material in mixtures
of ionic liquids with water are revealed by off-line

Approach / Test set-up
Beech veneer (Fagus sylvatica, Kohl GmbH,
Cologne, Germany) was cut into small chips of
3
approximately 10 x 2 x 1 mm . 1-Ethyl-3methylimidazolium acetate (EMIMac) was obtained
from Iolitec. Partially deuterated 1-ethyl-3methylimidazolium acetate-d11 (99%, d-EMIMAc)
was synthesized from hydrogenous imidazole and
deuterated methyliodide, bromoethane and acetic
acid. NMR and Raman spectra showed identity
with the commercial substance (not shown).
Wood pretreatment was carried out in aqueous
mixtures with EMIMAc at 115°C. The material was
characterized by chemical analysis, Raman
spectroscopy, X-ray diffraction (XRD) and smallangle neutron scattering (SANS). Enzymatic
hydrolysis was applied to check for enzymatic
digestibility of the cellulose (cf. Ref. 5 for further
details on the experimental and analytical
techniques).
In situ SANS measurements were carried out at
the KWS-2 diffractometer in operation at the
research reactor FRM-II with the host organization
Heinz Maier-Leibnitz Zentrum (MLZ, Garching,
Germany). The wavelength of the neutrons was
4.5 Å. For in situ experiments, the wood was
placed in a cuvette of 10 x 1 mm filled with dEMIMAc. It was placed in a sample holder
preheated to 100°C.
Results
The results show that beech wood disintegrates in
EMIMAc/water mixtures at 115°C up to a water
content of 8.6 wt % (Fig. 1). Above 10.7 wt %, the
pretreated wood is not disintegrated anymore.
Interestingly, the pretreated material it is still much
better digested enzymatically compared to native
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compared to native or fractionated wood and
enables

wood. All mixtures show an extraction of a few
percent of lignin and hemicellulose but
concentrated EMIMAc achieves better xylan
extraction and defunctionalization of the lignin.
0.6% 2.8% 4.7% 6.7%

Summary
IL pretreatment has been investigated by several
analytical techniques both off-line and in situ by
SANS. While the off-line analysis shows a
disruption of the cellulose structures, the new timeresolved results hints at the origin of disintegration
and the increase in enzymatic activity on the
nanometer range. The removal of matrix polymers
is combined with intensive solvation of the
cellulose that swells the fibrils and disintegrates
the tissue. Any coalescence of cellulose fibrils after
this decrystallization then results in much better
accessible cellulose compared to established
pretreatment
concepts.
The
mechanistic
understanding enables systematic screening for
other pretreatment systems based on strong
electrolytes.

7.6% 8.6% 10.7% 12.6% 14.7% 16.6% 18.5%

Fig. 1: Beech chips after pretreatment in
EMIMAc/H2O mixtures at the indicated water content
(picture from Ref. 5).

XRD and SANS data show that disintegration at
macroscopic scale corresponds to an increase in
isotropy in the fibrillary structure and a loss of
crystallinity of the cellulose. The decrystallinization
coincides with the disintegration. The SANS data
further indicates coalescence of fibrillary cellulose
structures in aqueous mixtures of ILs, which
resembles established aqueous pretreatment
concepts.
In situ SANS analysis shows an intensive swelling
and the material disintegration. The data show a
fast swelling before the disruption of the fibrillary
cellulose network happens approximately after 1 h
under the investigated conditions.
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At the Fraunhofer CBP demonstration and pilot plants are operated for the development and scaling of
catalytic processes converting biomass to fine and platform chemicals. Examples of recent investigation
are given including the base catalyzed depolymerization of lignin to bio-aromatic compounds, the chemocatalytic production of hydrocarbons for bio-fuel production as well as conversion of fatty acids to
hydrocarbons. Results are shown with regard to the adaptation of the processes to real biogenic feed
streams, aspects of process automatization and continue operation, as well as technical and economic
evaluations.
__________________
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Stirred tank reactors having a volume of 1 L, 10
L to 100 L are available for batch and semibatch reactions under atmospheric condition
operating at temperatures up to 300°C. Process
optimization and scale-up of homogeneously
and heterogeneously catalyzed reactions in gas
and liquid phase can be performed in batch
reactors operating in 0.5 L up to 50 L and
pressures up to 200 bars. For continuous
operation tubular flow reactors are used with a
flow rate of up to 20 kg/h suitable for
hydrothermal reactions in gas or supercritical
water phase at temperatures up to 500°C and
pressure up to 300 bars. Instrumental online
and offline analytic (GC, HPLC, SEC, MS and
UV-VIS) is available for process control.
Laboratory and pilot facilities for mechanical and
thermal
separation
processes
include
crystallizers, separators and equipment for
filtration and membrane filtration. Moreover,
several evaporator and distillation units are
running for working under atmospheric pressure
and in vacuum up to 350°C with a capacity of 1
l/h to 80 l/h. Extraction plants for solid-liquid and
liquid-liquid extraction under atmospheric
conditions and under high pressure with liquid
propane and supercritical carbon dioxide are
used for product isolation and purification
issues. Process simulation supports the practical
developments and provides data for technical
and economic evaluation.

Introduction
Challenges for the transfer of petrochemicalbased manufacturing into renewable-based
manufacturing are besides feedstock availability
and logistics feedstock composition and the
integration of the innovative processes into
existing value chains. Process adaption
including feedstock pretreatment, process
development and scale-up as well as efficient
down-stream processing are the key enabling
steps to develop industrial relevant processes.
This includes an optimized process design,
material efficient procedures and the integration
within an industrial relevant operational
environment. In addition to the evaluation of
technical aspects economic and ecological
assessments of the processes are necessary to
consider its technological maturity and establish
bio-refinery concepts.
Feedstock quality and composition have a huge
impact on the selectivity and the conversion of
the catalytic reaction. Here, feasibly studies and
pilot scale experiments on chemically catalyzed
processes will be demonstrated. Metathesis of
methyl oleats and the conversion of bio-based
isobutene to isooctane were investigated in
terms
of
processabilty
and
feedstock
composition.
Depolymerization of lignin to bio-aromatic
compounds is processed in diluted aqueous
solution at high temperatures and pressures.
Thus, scale up into industrial environment
requires a safe process and plant design in
continuous operation. In terms of an economic
process design down-stream processing has to
be evaluated and optimized.
Equipment for Scale-up and Process
Evaluation
At the Fraunhofer-Center for Chemical and
Biotechnological Processes CBP demonstration
and pilot plants are operated for the
development and scaling of catalytic processes
converting biomass to fine and platform
chemicals [figure 1].

Figure 1: Pilot plants and simulation tools for process
development.

75

[Geben Sie Text ein]

4. TMFB International Conference
Day 2: June 22nd, 2016
obtained containing phenolic momomers and
dimers. Oligomeric products can also be
continuously isolated as BCD-Oligomers [figure
2]. Continuous operation in diluted aqueous
solution at high temperatures and pressures
needs demanding plant design and safe
processing followed by efficient and material
reduced downstream processing.

Objectives and Results on Catalytic
Conversion
At Fraunhofer CBP scientific studies range from
feasibility studies and process evaluation in lab
and technical scale to the scale-up and process
evaluation in pilot scale. Projects may also lead
to a concept engineering and design of demo
plants. Moreover, sample amounts in kg to t
scale are provided to technical assessment and
product evaluation.
Within the joint funded project “Integrierte Bioproduktion” partners form industrie and research
developed processes for the chemical and
biotechnological production of synthetic building
blocks from plant oil [1]. One development
included metathesis of methyl oleats to dimethyl
oleat and 9-octadecen using ruthenium-carbene
catalysts. The batch process was scaled to 100
L reactor
and
downstream
processing
established. Later requires several high vacuum
distillation steps in order to obtain product
qualities for further utilization. Further, it was
shown that feedstock quality and composition
have a significant impact on the conversion of
the catalytic reaction. Impurities in the educt oil
influence the catalytic activity of the ruthenium
species.
Catalyst poising by renewable based feedstock
was also shown converting bio-based isobutene
to isooctane. This process has been developed
at Fraunhofer CBP and represents the first
production of bio-sourced isobutene. The
process involves generally the steps of
dimerization to isobutene followed by a
hydrogenation process. Although impurities in
the bio-based feedstock like Sulphur containing
compounds, solvent impurities and carbon
dioxide requires additional purification steps for
catalytic transformation, the selectivity of
dimerization could be enhanced due to partial
inactivation of the catalyst [2].
Cleavage of the phenolic macromolecule lignin
enables the production of mixtures of aromatic
building blocks. These can be used directly as
raw material, e.g. for phenol formaldehyde
resins, polyurethanes or in epoxides, or can be
converted into the classic aromatic compounds,
benzene, toluene, xylene or phenol. The
process of base-catalyzed depolymerization
(BCD) of lignin results in the production of
monomers, dimeric and oligomeric alkylfunctionalized aromatic compounds [3, 4].
Scaling of this process at the pilot scale was
carried out successfully at Fraunhofer CBP. We
investigated and optimized the continuous
process of chemical cleavage of lignin and the
subsequent separation and purification of the
aromatic fractions using a multi-stage process
design. After separation a liquid BCD-oil is

Figure 2: Products (BCD-oil and BCD-oligomers) of
the base-catalyzed depolymerization of lignin.

Summary and Outlook
The
Fraunhofer
Center
for
ChemicalBiotechnological Processes CBP in Leuna
focuses on the combination of biotechnological
processes with chemical processes, and with its
pilot scale technical equipment it closes the gap
between
the
laboratory
and
industrial
implementation.
By providing the infrastructure and technical
facilities as well as a staff of highly qualified
experts, it enables to develop and scale-up
processes for the utilization of renewable raw
materials to production-relevant dimensions, and
also to accelerate process developments. Within
the field of chemical processes focus is laid on
the conversion of vegetable oils and
lignocellulosic feedstock including
derived
products. Optimization of the process with
reference to a process design that is materialand energy-efficient will follow on from the
demonstration of the principal feasibility of
scaled processes; also with regard to the
integration as a technology module in a biorefinery.
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During the assessment of the feasibility of new production routes, aerobic fermentation can turn out to be
a major factor contributing to the operating expenditure of the overall process. The accurate evaluation of
its energy demand is, therefore, of prime importance. To this end, a conceptual approach was developed
to minimize the energy demand based on established and generally accepted correlations considering
relevant parameters and constraints for bioreactor operation.
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range of permitted operating conditions as
illustrated in Fig. 1. Within the operating window
provided by the utilized constraints, a minimization
of the total energy demand could be performed.
Among the evaluated constraints, the floodingloading transition of the bioreactor proved to be a
crucial criterion for culture volumes of more than
3
20 m . Minimum energy demand for cooling,
agitation, and aeration could thus be achieved at
low agitation and high aeration intensity. This is in
good agreement with previous findings by Henzler
[3]. At moderate oxygen transfer requirements,
bioreactor pressurization was not found to increase
energy efficiency of aerobic processes. It was,
however, shown to be indispensable for processes
with high oxygen demands and elevated tendency
of foam formation.
The computational tool was applied to assess
itaconic acid as well as lysine fermentation
processes. Due to considerable differences in
oxygen demand, average power consumption was
-3
found to be at 0.51 kW m (itaconic acid) and 2.61
-3
kW m (lysine). For itaconic acid formation, the
course of the oxygen transfer rate and the
corresponding energy demand for cooling,
agitation, and aeration is depicted in Fig. 2.

Introduction
With the gradual establishment of a biobased
economy and the imminent switch from
petrochemicals to products from renewable
resources, fermentation processes noticeably
gained importance over the last decades. To
assess the potential profitability of large-scale,
industrial
plants,
detailed
techno-economic
analyses are required, especially for low-cost bulk
chemicals with low net profit margins [1]. To avoid
the utilization of rule of thumb values for an
estimation of the energy demand of aerobic
fermentation processes, a computational tool was
developed for a more accurate assessment and
simultaneous minimization of power consumption.
While the assessment is performed for large-scale
reactors, it is based on data from small-scale
experiments using the oxygen transfer rate as a
scale-up criterion.
Results
To exclude unrealistic operating conditions for the
assessment of the overall energy demand, several
constraints were considered for all calculations.

Fig. 1: Operating window illustrating the influence of the
applied constraints on permitted operating conditions.
Fig. 2: Assessment and minimization of the total energy
demand of large-scale itaconic acid production with
Aspergillus terreus.

Depending on the respective process and the
choice of specifications, these constraints lead to
operating windows [2], in each case representing a
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The oxygen transfer rate and energy demand of
biotechnological lysine production are shown in
Fig. 3. Due to the increased oxygen demand,
reactor pressurization is required [4]. The start of
pressurization is indicated by the black arrow in
Fig. 3.

chosen set of constraints revealed that minimum
power consumption can be achieved via operation
close to the flooding point of the reactor. As
expected, the application of the established
computational tool revealed significant differences
in the energy demand of different aerobic
fermentation processes. Hence, the utilization of
general rule of thumb values for the average
energy demand of different fermentation processes
can result in critical inaccuracies in the
assessment of overall process performance. The
established conceptual approach provides an
efficient tool to adjust the utilized estimate towards
more accurate values.
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Fig. 3: Assessment and minimization of the total energy
demand of large-scale lysine production with
Corynebacterium glutamicum

Conclusions
The assessment of the energy demand of largescale bioreactors based on small-scale data was
successfully performed using the parameter
network developed in this study. An analysis of the
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