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Co-Optimization of Fuel Production and Combustion: Model-Based Fuel Design,
Engine Optimization and Early-Stage Process Screening
1*

2

3

2

3

M. Dahmen , T. Ottenwälder , A. König , F. Hoppe , J. Viell ,
3
1,3
2
W. Marquardt , A. Mitsos , S. Pischinger
1

Forschungszentrum Jülich, IEK-10 Energy Systems Engineering, Jülich, Germany
2
RWTH Aachen University, Institute for Combustion Systems, Aachen, Germany
3
RWTH Aachen University, Process Systems Engineering, Aachen, Germany

Aiming at co-optimization of fuel production and combustion, Dahmen & Marquardt, Energy & Fuels, 4
(2017), 4096-4121 have recently proposed an optimization-based methodology for simultaneous product
and pathway design of multicomponent biofuels. Herein, we set out to apply their model-based design
approach to formulate a (multicomponent) fuel that exhibits extreme knock-resistance and at the same
time is superior to TMFB fuel 2-butanone (Hoppe et al., Int. J. Engine Res. 17 (2016), 16-27) in terms of
estimated fuel production cost. Engine testing and early-stage process evaluation provide evidence that
the resulting mixture of ethanol, 2-butanone, cyclopentanone and cyclopentane can achieve these goals.
The present work thus demonstrates, how close we have come to realizing the vision of model-based
integrated product and process design which has guided TMFB efforts over the last ten years.
____________________


Corresponding author: m.dahmen@fz-juelich.de

Introduction
Research on renewable fuels for internal
combustion engines can be divided into two
major areas. One focusses on creating fuel with
superior combustion properties, the other one
deals with the optimal conversion of renewable
carbon sources into fuel. Dahmen and
Marquardt [1] have recently proposed an
optimization-based methodology that is capable
of integrating aspects of product and pathway
design of multicomponent biofuels (cf. Fig. 1). In
the present contribution, we apply this modelbased design approach to formulate a fuel for
highly-boosted spark-ignition (SI) engines. To
this end, we simplify and re-optimize a blend
already described in [1]. The resulting fuel is
referred to as TMFB Blend #1. The high
potential of the corresponding pathway
configuration is confirmed by applying Process
Network Flux Analysis (PNFA) [2], i.e., a method
for early-stage process screening, to estimate
fuel production cost. We finally report on the
results of engine testing, where TMFB Blend #1
achieves indicated efficiencies of up to 43 %.

CO2

Biomass

H2

network of possible conversion
pathways:

?

?

biofuel mixture with
tailored properties

?

O

target values for physicochemical properties:
• cetane number
• octane number
• volatility
• heating value
• density
• viscosity
• surface tension
• …

Design fuel
and its optimal
production
pathways at the
same time!

Fig. 1: Optimization-driven integrated product and
pathway design [1]

Integrated product and pathway design
As part of their case study on SI fuels, Dahmen
and Marquardt [1] have analyzed a network of
24 potential fuel components and 38 conversion
pathways. They have derived optimal designs,
i.e.,
multicomponent
fuels
and
their
corresponding production pathways, for varying
values of the derived cetane number (DCN), i.e.,
an auto-ignition indicator. DCN can be
correlated with RON and MON by using the
equations proposed by Perez and Boehman [3].
The design with the lowest DCN (and thus
highest correlated RON) has been referred to as
“blend B” in [1] and is shown in Fig. 2.
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2,3-butanediol
HO

Table 2: Properties of TMFB Blend #1

2-butanone
1-propanol

O

OH

OH
O
HO

CO2

O

OH

O

Molar composition
ethanol
50 mol-%
2-butanone
21 mol-%
cyclopentane
15 mol-%
cyclopentanone
14 mol-%
Physico-chemical properties
(predictions if not stated otherwise)
Derived Cetane Number (DCN)
10
Correlated RON / MON
112 / 103
Experimental RON / MON
107 / 92
Lower heating value (LHV)
32 MJ/kg
Liquid density (25°C)
806 kg/m3
Enthalpy of vaporization (25°C)
60 kJ/kg(air,λ=1)
Surface tension (25°C)
24 mN/m
Liquid viscosity (25°C)
1 mm2/s
Reid vapor pressure
48 kPa
Distillation curve T10 / T50 / T90
62°C / 79°C / 105°C

O tetrahydrofuran

O

succinic acid

hexoses

γ-butyrolactone
OH

CO2

1-butanol

ethanol
O

pentoses

O

furfural

O

1-butene

cyclopentanone

cyclopentane

Fig. 2: The optimal design for DCN≤9 is a sevencomponent blend (referred to as “blend B” in [1]).
Removing the succinic acid route (inside dashed
lines) and re-optimizing the remaining parts yield
TMFB Blend #1

To reduce the complexity of the sevencomponent blend, the succinic acid route is
removed and the remaining parts are reoptimized. The upper bound on the DCN is
raised to 10, because no feasible solution could
be obtained for a value of 9. This DCN increase
corresponds to a 2-point decrease in the
correlated RON (cf. Table 1). No further
changes are made to the fuel property
constraints compared to [1]. The quaternary
mixture (ethanol, 2-butanone, cyclopentanone
and cyclopentane) resulting from optimization is
referred to as TMFB Blend #1. Production
process related performance measures for
“blend B” [1] and TMFB Blend #1 are compared
in Table 1. Molar composition and physicochemical properties of TMFB Blend #1 are
shown in Table 2.

Early-stage process screening
To assess the production performance of TMFB
Blend #1 in more detail, PNFA [2] as an
optimization-based tool for early-stage process
screening is applied. Similar to the conversion
pathway model used in the integrated product
and pathway design approach [1], PNFA relies
on stationary mole balance equations for all
reaction steps and incorporates a new
formulation of yield constraints to account for
recycle streams and selectivity limitations [4].
However, in contrast to the integrated product
and pathway model [1], PNFA also considers
cooling
water,
steam
and
electricity
requirements of reactions as well as
separations. With respect to separations,
reduced-order models are applied which are
able to account for thermodynamic non-idealities
[5]. Thus, an estimate of the operational cost of
a prospective fuel production plant can be
derived. Investment cost is estimated with the
help of the step-counting method proposed in
[6]. For the present contribution, the PNFA case
study from [2] is extended to incorporate not
only the blend components ethanol and 2butanone but also cyclopentanone and
cyclopentane. Since PNFA as an early-stage
process screening methodology is not capable
of performing product design, the composition of
TMFB Blend #1 is given to PNFA as an
additional constraint specifying the product. The
network is then optimized with respect to total
annualized cost at a fixed capacity, which is
equivalent to 1 million tons of ethanol per year
based on the lower heating value of the
respective fuel. Fig. 3 shows the cost-optimal
reaction pathway network resulting from
optimization as well as the annualized
investment cost breakdown for TMFB Blend #1.

Table 1: TMFB Blend #1 is a simplified and
re-optimized variant of “blend B” described in [1]
Original
blend (“blend
B” in [1])

TMFB
Blend
#1

Production process related performance measures
Energy of fuel (MJfuel/MJbiomass)
0.61
0.58
Hydrogen
demand
1.7
1.2
(molH2/molfuel)
LHV energy efficiency
0.54
0.53
Fuel auto-ignition indicators
Derived cetane number (DCN)
9
10
Correlated RON
114
112
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2,3-butanediol

an
engine
speed
of
2000 1/min.
All
investigations have been performed in a singlecylinder research engine with a very high
compression ratio of 14.7 and a high peak
pressure resistance of 17 MPa. In this setup,
TMFB Blend #1 achieves exceptional levels of
indicated efficiency, similar to ethanol, clearly
outperforming the RON 102 fuel, and slightly
beating 2-butanone. Only above two MPa IMEP,
the spark has to be slightly retarded for TMFB
Blend #1. Also with regard to emissions and
combustion duration, TMFB Blend #1 behaves
comparable to ethanol.

2-butanone
O

OH

HO

Cinvest(MEK) = 1.26 $/GJfuel
CO2
OH
O

cellulose

HO

HO

OH

glucose

biomass

CO2

OH

ethanol

lignin

O

O

hemicellulose

HO

OH

HO

OH

xylose

Cinvest(pretreat.) = 0.69 $/GJfuel

cyclopentane

Cinvest(EtOH)
= 1.65 $/GJfuel
O

O

cyclopentanone
Cinvest(Cyl) = 2.89 $/GJfuel

furfural

Fig. 3: TMFB Blend #1: Optimal production pathways
and annualized investment cost breakdown. The stepcounting method [6] has been applied to each of the
four sub-processes, as three parallel routes are used
to convert cellulose and hemicellulose into valuable
fuel components

n = 2000 1/min, SOI = 300° CA BTDC,
pRail = 20 MPa, lSpindt = 1.0, ε = 14.7
45

The detailed cost breakdown shown in Fig. 4
reveals that utilities and waste disposal costs for
the production of TMFB Blend #1 are almost
60% lower than in case of 2-butanone
production. Moreover, due to the use of both the
hemicellulose and the cellulose fractions,
biomass costs are significantly lower. As the
pathways leading to cyclopentanone and
cyclopentane require additional hydrogen (which
is assumed to be supplied at 2.3 $/kg), the total
raw material cost is only slightly lower. Since the
production of the blend involves more
processing steps, investment costs are about
60 % higher than those of 2-butanone. Total fuel
production cost of TMFB Blend #1 is
approximately 20 % lower than that of 2butanone, thus making TMFB Blend #1 more
attractive from a production point of view. Still,
ethanol comes out as the least expensive option
(cf. Fig. 4).

Indicated efficiency / %

35
25
28

MFB 50 / ° CA ATDC

14
opt.

0
16

Avg. cylinder peak pressure / MPa

8
0
20

Comb. duration (10 - 90 %) / ° CA

15
10
0.04

IMEP standard deviation / MPa

0.02
0.00
0.3 0.6 0.9 1.2 1.5 1.8 2.1 2.4
Indicated mean effective pressure / MPa

Fig. 4: Cost breakdown for the three fuels.
Note: Identical biomass compositions (cf. [1])

RON 102
2-Butanone

Engine testing and optimization
Fig. 5 shows the results from comparative
examination of TMFB Blend #1, ethanol, 2butanone and a conventional pump fuel with
RON 102 in an engine load sweep in the range
of 0.3-2.4 MPa indicated mean effective
pressure (IMEP) at stoichiometric conditions and

Ethanol
Blend #1

Fig. 5: Load sweep for TMFB Blend #1, ethanol, 2butanone and conventional pump fuel (RON 102)

8

6th TMFB Conference Tailor-Made Fuels
Day 1: June 19th, 2018
Summary and perspectives
By means of a concrete example, i.e., TMFB
Blend #1, we have demonstrated that the modelbased approach for integrated product and
pathway design proposed by Dahmen and
Marquardt [1] can be used to co-optimize
aspects of biofuel production and combustion.
TMFB Blend #1 has been designed to reach
exceptional levels of indicated efficiency in
highly-boosted spark-ignition engines, while
concurrently offering
a significant
cost
advantage compared to 2-butanone, which up to
now has been considered the best-performing
TMFB SI fuel. The results from early-stage
process screening and engine testing provide
strong evidence that both targets have been
achieved. From a methodological point of view,
it is now important to unify the model-based fuel
design approach [1] and PNFA [2]. This would
allow to explicitly account for the expected fuel
production cost in the objective function of
model-based fuel design, thus moving from
integrated product and pathway design to
integrated product and process design. The
approach of designing multicomponent fuels
(instead of pure compound fuels) has opened
powerful additional degrees of freedom for
tailoring the fuel to the engine and vice versa.
Unlocking the full potential of such well-defined
blends requires refined physico-chemical
property constraints, which in turn require a

better understanding of the complex fuel/engine
interactions.
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Towards Drop-in Diesel Biofuels from Lignin Monomers:
From Production to Combustion
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Biomass is one of the renewable energy sources that can play a significant role in the strive for a
sustainable future. The three main constituents of biomass is cellulose, hemicellulose and lignin, where
the latter one today is not utilized in the most efficient way. Lignin is most commonly just a low-value
residue from bio refineries or paper- and pulp industry and used for internal heat generation, even though
this is an abundant constituent that could contribute with much more than only heat. It has been proven
that lignin possesses characteristics that makes it to a possible source for liquid fuels, both as a drop-in
fuel for marine diesel fuels and as an octane booster for gasoline engines. This work is focusing on two
different conversion methods to achieve these lignin monomers; lignin depolymerisation and the ligninfirst approach. The combustion characteristics of two model compounds, p-cresol and 2-methoxy-4propylphenol, representing lignin monomers from these two conversion methods were compared and
analyzed experimentally by determining their cetane numbers when blended with heptane in an advanced
fuel ignition delay analyser (AFIDA). Calculations of the cetane numbers when these lignin monomer
model compounds were blended with ethanol and methanol were also performed.
____________________

Corresponding author: p.d.kouris@tue.nl

Introduction
It is well known that the availability of fossil fuels
is limited and that other energy sources are
needed to cover the increasing energy demand.
Except the limited availability of fossil fuels,
other energy sources are as well needed to
replace fossil fuels to minimize the emissions
that is harmful to our environment. One of the
greatest possibilities of renewable energy lies in
the CO2-neutral biomass, where the utilization of
lignin can play a significant role in the strive for
renewable fuels. To be able to fulfil visions like
that a quarter of the transport fuels in the
European Union will be biofuels by 2030 [1] an
abundant biomass constituent as lignin should
not be wasted.

the second step the lignin fragments are further
broken down to phenols (monomers) by metalcatalyzed hydrogenolysis, i.e. hydrogen is
together with a metal catalyst (Pd/C) cleaving
the C-C and C-O bonds.
When the lignocellulosic biomass is processed
with the main aim of producing other products,
most commonly cellulosic ethanol or paper pulp,
technical lignin is the main by-product of these
processes that needs to be depolymerized into
lignin monomers. The technical lignins,
depending on the pretreatment process from
which they were derived, have different
characteristics. Of special interest for the Lignin
Depolymerisation
Technology
are
the
differences in the macromolecular properties of
lignin (e.g. solubility,molecular weight, polydispersity) and linkages between the original
monolignols (β-O-4, β-5, β-β). The reactivity is
depending on the amount of the reactive β-O-4
ether linkages that are being replaced by C-C
bonds during the pretreatment. The C-C bonds
are harder to cleave. This replacement during
the pretreatment makes the lignin used in the
lignin depolymerization less reactive (compared
to native lignin) which further results in that the
lignin
depolymerization
requires
harsher
conditions than the lignin-first approach [2], e.g.
higher temperatures to achieve thermal
cleavage of the C-C bonds. A one-step
valorization of soda lignin in supercritical ethanol
with high yield of lignin monomers (up to
60 wt%) has already been reported [4].
Dissembling of lignin in supercritical methanol

Approach
Production
In the Lignin-First approach, lignin from the
native lignocellulosic biomass is being broken
down to achieve high yield of aromatic
monomers. This is usually accomplished by a
tandem process containing homogeneous metal
triflates and metal-catalyzed hydrogenolysis [2].
In the first step the metal triates are cleaving the
ester and ether linkages between lignin and
carbohydrates as well as the β-O-4 ether
linkages within the aromatic lignin structure, to
achieve lignin fragments (oligomers). The metal
triflates are able to cleave these β-O-4 ether
linkages due to their interaction with vicinal OH
group that activate the ether bond [3]. Then in
10
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Results
It has been shown in earlier auto-ignition tests of
blends of high cetane and high octane numbers
that the presence of high octane number
constituents has a strong inhibitory effect on the
auto ignition [8]. Since p-cresol and 2-methoxy-4
propylphenol have high octane numbers and
heptane a high cetane number, and the cetane
numbers were significantly lowered by the
presence of these model compounds, this
cetane analysis in the AFIDA has followed the
same trend. It was found that the cetane number
slightly decreases almost linearly with an
increasing concentration of 2-methoxy-4propylphenol in heptane. This is explained by
the lower cetane number of 2-methoxy-4propylphenol compared to heptane. Still, even at
the higher concentration of 2- methoxy-4propylphenol, 20 wt%, the cetane number of the
blend almost reaches 50, which is a promising
result for 2-methoxy-4-propylphenol as a drop-in
fuel in diesel applications. The decrease of the
cetane number is steeper for the blends with pcresol compared to the 2-methoxy-4-propyl
blends. This is an expected trend due to the
presence of the reactive propyl group in 2methoxy-4-propylphenol, which p-cresol lacks
and consequently is less reactive. The cetane
numbers were also calculated when the two
compounds were blended with methanol and
ethanol. It was found that p-cresol has promising
properties to become an octane booster. When
turning attention to 2-methoxy-4-propyl phenol, it
was found that increasing the concentration in
the alcohol blends results in an increased
cetane number.
The higher cetane number of 2-methoxy-4propylphenol makes that lignin monomer model
compound more suitable for diesel applications,
while p-cresol with a higher octane number
(which follows from the lower cetane number)
would be more preferable as an octane booster
in gasoline. This is in line with [9], where 2methoxy-4-propylphenol are categorized as a
monomer suitable for diesel applications and pcresol as most suitable for gasoline applications,
even though it could be used in diesel
applications as well.

has also been performed, with copper-doped
porous metal oxide as the catalyst [5, 6]. Choice
of solvent plays a key role in the
depolymerization of lignin and needs to be
considered carefully.
Combustion
It was decided to use p-cresol (CH3C6H4(OH))
and 2-methoxy-4-propylphenol (C10H14O2) as
model compounds, since they are representing
one route each of the lignin conversion
processes that were explained before. P-cresol
has been chosen to represent lignin
depolymerisation since it is one of the most
common compounds when converting technical
lignin to lignin monomers using CuMgAl mixed
oxide catalyst in supercritical ethanol. By similar
reasons 2-methoxy-4-propylphenol was chosen
to represent the lignin-first approach. Converting
native lignin with Pd/C catalyst and acids in
methanol results in alkylmethoxyphenols, out of
which 2-methoxy-4-propylphenol is a typical
one. Combustion tests are expected to show
some
differences
in
the
combustion
characteristics of these two chosen compounds.
It has been shown in studies of vegetable oils
that a longer chain of carbon atoms increases
the ignition delay [7]. The higher number of
carbons in the 2-methoxy-4-propylphenol also
gives that compound a higher molecular weight
which will affect the combustion characteristics
as well. Furthermore, the presence of a reactive
propyl group in the 2-methoxy-4 propylphenol
may make that model compound ignite more
easily. Since both compounds have a relatively
low cetane number (which indicates slow
autoignition) it was suspected that blends of
these may not ignite properly in the tests.
Therefore it was decided to blend the model
compounds with heptane, since 100 % heptane
is representing the zero point on the octane
scale, which further means that heptane autoignites easily and has a high cetane number.
Due to the end point position on the octane
scale heptane is a primary reference fuel (PRF)
that is commonly used as a reference in fuel
combustion tests. Further it is a straight-chain
alkane hydrocarbon that appears as a colorless
liquid, have an odor reminding of petroleum and
is immiscible in water. The tests were carried out
with a test unit called advanced fuel ignition
delay analyzer (AFIDA), developed by AnalytikService Gesellschaft. The AFIDA unit is able to
determine the ignition quality of diesel and diesel
related fuels by an accurate determination of
calculated cetane
numbers (CCN).

Summary
A comparison of the ignition characteristics of
two lignin monomer model compounds from two
different conversion processes, lignin-first and
lignin depolymerization, has been performed.
This to further investigate their promising
properties as drop-in fuels, both as an additive in
diesel fuels and as an octane boosters.
The general trend from these ignition
characteristic tests of the two model
compounds,
p-cresol
and
2-methoxy-411
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propylphenol, was that the latter of the two gives
the result of higher cetane number when
blended with heptane. This means that 2methoxy-4-propylphenol, that represents the
lignin-first approach, auto ignites easier than pcresol and therefore is the one most suitable as
an fuel additive in compression ignition
applications, like as a drop-in marine fuel. With
10 wt% of 2- methoxy-4-propylphenol in heptane
the cetane number is 52.8. This is even higher
than the cetane number legislation for diesel
automotives (51), even though these drop-in
fuels are more suitable for marine diesel
applications, where the legislations are milder.
However,
p-cresol
representing
lignin
depolymerization has a higher octane number
and is thus the lignin monomer model compound
of these two that are most preferable as an
octane booster.
Cetane number calculations of the same two
model compounds blended with ethanol and
methanol were also performed, due to their
participation in the lignin conversion processes.
This investigation showed that the addition of
the model compounds in these alcohols was
affecting the cetane number in different ways. 2methoxy-4-propylphenol was increasing the
cetane number of the blends while p-cresol
instead strongly decreased the cetane number
of the blends. These cetane number calculations
thereby confirmed what the experimental tests
showed an indication of; that 2-methoxy- 4propylphenol from lignin-first is a promising
drop-in fuel for diesel applications while p-cresol
from lignin depolymerization is more suitable as
an octane booster.

methanol. It could also be relevant to investigate
in the influence of equivalence ratios from
similar model compounds. Furthermore, since
the AFIDA can operate with emission analysis
with and without EGR, a similar comparing study
with that taken into account could be something
worth looking further into.
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Outlook
Appropriate research to follow up this study of
model compounds would be to perform similar
test with real lignin monomers that has been
processed through these different lignin
conversion processes that this report has
handled. Further research could also involve
experimental
tests
of
the
combustion
characteristics of lignin monomers blended with
the solvents that only took part in the
calculations in this report, i.e. ethanol and
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To steer a successful development of alternative fuels in line with customer- and public needs and
requirements, social acceptance needs to be timely integrated into the development process. Key insights
derived from three empirical studies on public acceptance on different levels of alternative fuel technology
development are presented. They demonstrate the feasibility of assessing and integrating acceptance for
alternative fuels and the associated production infrastructure and highlight the importance of informationand communication strategies for a successful rollout of alternative fuel solutions.
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Introduction
Alternative fuels are the key to energy efficiency
and climate protection by enabling a sustainable
mobility. However, their successful adoption does
not only depend on innovative technical solutions
but also on the prevailing social, economic, and
political climate, within the public decides to adopt
or to reject alternative fuels and required
production technologies. Recent approaches to
make the mobility sector more ecological (e.g.,
electromobility) have failed their ambitious targets,
not least because their adoption by the general
public is lagging behind the expectations [1]. In
recent years, the relevance of social acceptance
for a successful diffusion of innovations has been
widely acknowledged [2]. However, social
acceptance was mostly considered after the rollout of novel technologies and their required
infrastructures, where either only minor changes
were possible in favor of social acceptance. We
define social acceptance as a positive attitude
towards a technology, which leads to a promoting
or supporting behavior (e.g. approving the roll-out
of a technology infrastructure, purchasing and
using novel products) [3]. In contrast, the public
can also adopt an indifferent or even a rejective
position towards technical innovations (e.g. public
protests, law-suits against technical infrastructures,
consumer boycott). The lacking consumer demand
for the biofuel E10 in Germany demonstrates, that
a missing consideration of social acceptance can
make innovations fail [4]. Thus, social acceptance
should no longer be regarded as “side effect” but
as a core dimension of technical development. To
achieve
this
aim,
novel
interdisciplinary
methodological approaches are needed to steer a
successful technical scenario- and product
development in line with needs and requirements
of potential customers and the general public. This
way a “socially licensed” development and roll-out
of alternative fuel innovations on the product and
technical infrastructure level is possible.
The present paper presents an approach, which is
applied to three use cases, on how social
13

acceptance can be assessed, modeled and
integrated as additional evaluation parameter into
early stages of the fuel development process. The
use cases are located on different “zoom levels” of
alternative fuel technology development:
1. fuel product level: looking at consumer
preferences
regarding
alternative
fuel
characteristics
2. fuel production infrastructure level: focusing on
the acceptance of fuel production plants and
the required infrastructure
3. fuel production life cycle level: investigating
public preferences for holistic fuel production
scenarios
ranging
from
resources
to
production plant characteristics
Moreover, key insights regarding the challenges of
assessing and integrating acceptance in the
technical R&D process are presented, which also
provide practical guidelines for the interaction with
social phenomena like acceptance.
Methodological approach
The integration of acceptance as assessment and
weighting parameter into technical development
processes requires an empirically based multi-level
approach (Fig. 1).
First, public acceptance patterns (perceived
benefits, concerns, risks, “no-Go´s”, usage
requirements) are identified by using qualitative
research methods (e.g., interviews and focus
groups). Qualitative data will provide the basis for
item generation and guides the selection of
measurement scales (for relevant attitudinal
constructs) to be used in the subsequent
quantitative stage.
Second, decision-relevant acceptance parameters
are quantitatively assessed, and acceptance
decision processes are modeled. Here, the
conjoint measurement approach (CBC, choice
based conjoint [5]) is applied for studying individual
preferences or decision-making processes,
determining trade-offs, and segmenting subgroups.
Conjoint analyses are simulating consumers’
reactions to novel alternative fuels and the
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associated production infrastructure [6]. To
consider the heterogeneity of consumers/the public
regarding
sociodemographic
variables
and
attitudinal characteristics (e.g., information level,
innovativeness,
risk
levels,
environmental
awareness), individual factors are also empirically
assessed and integrated into the analysis.
Third, public requirements and acceptance
parameters for decision-relevant criteria are
extracted from empirical studies. They can be used
to design scenarios and products, which are
acceptable and attractive to the public and can be
fed into techno-economic evaluation frameworks
as additional evaluation and weighting parameter.

Fig. 1: Process steps of assessing and integrating
acceptance into alternative fuel development

Acceptance-relevant criteria
Based on expert interviews and data from
qualitative interviews studies (technical experts
and laypeople), decision-relevant criteria were
identified, which were implemented in three
choice-based-conjoint studies. Respondents had
to choose the most preferred alternative fuel
scenario in several choice tasks, which were
composed of the respective criteria.
Study 1 - Fuel product: E-fuel surcharge
(willingness to pay in cent), required car
adjustments, availability of filling stations, range
per filling, reduction of pollutant emission (sample
size n = 332)
Study 2 - Fuel production infrastructure: size /
location of the production plant, emissions,
electricity mix, field of application, compensation
(sample size n = 313)
Study 3 - Alternative fuel production life cycle:
CO2-source, CO2-transport, size / location of the
production plant (sample size n = 325) (Example of
a choice task see Fig. 2)
In all three studies representative samples for the
German population were assessed.
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Fig. 2: Example of a choice task from study 3

Results
The key insights regarding an integration of
acceptance into the development of alternative
fuels are presented from a meta perspective. The
detailed findings of the three studies can be found
on posters on the TMFB 2018.
Insight 1: Technical experts and the public
differ significantly in their assessment of the
relevance of technical criteria. When selecting
the criteria for scenario development for the
conjoint studies, we found that essential technical
features for alternative fuel development were not
acceptance-relevant – and vice versa. One
example for technical features, which were
expected to be acceptance-relevant from the
technical expert side, but only played a minor role
in preference decisions was the reduction of
pollutant emissions in innovative fuels. Even
though the topic of emissions is intensively
discussed in media today, it only reached a relative
decision impact of 12.6 % on respondents’
preferences in comparison to e.g., the willingness
to pay for an e-fuel surcharge, which had a
decision impact of 26.9 % (study 1). On the other
hand, laypeople emphasized the importance of
aspects - such as emissions from production
plants in the fuel production process - which are
not relevant from the technical perspective of
power systems planning. Here, emissions exerted
the highest impact (37 %) on preferences for
production and power system scenarios (study 2).
Regarding the type of emissions, smell was more
distinctly rejected than noise. The combination of
both emission types was most strongly rejected.
When acceptance is integrated into early stages of
alternative
fuel
development,
technically
“irrelevant” factors should not be excluded, since
they might act as “hidden” public acceptance
influencer.
Insight 2: Technical experts and the public
define different optimal roll-out scenarios.
Based on preference judgements for single
technical features, it was possible to derive “best and worst case” technical roll-out scenarios from
an acceptance perspective and to simulate
preferences for specific technical scenarios [7].
Technical “best case” scenarios were not preferred
from a public perspective (e.g. only 8.6 %
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preference share for the “technical best case” of a
CO2-fuel production scenario in study 3). On the
other hand, public “best case” scenarios were not
optimal from a technical perspective (e.g. highest
public preference for air capturing, which has the
lowest efficiency as CO2-source).
When acceptance is used as additional evaluation
parameter in technical scenario assessment,
deviations between technical- and acceptance
assessments indicate potential “hot spots” or
“fracture zones” of public acceptance.
Insight 3: Information can drastically change
the acceptance of alternative fuel scenarios.
The public knowledge about alternative fuels and
production technologies is comparably low.
Providing technical background information leads
to more informed opinions and evaluations. The
acceptance of a technically optimal alternative fuel
production scenario significantly increased (from
8.6 % to 44.2 %, study 3), when respondents
received
tailored
information
about
the
environmental impact or energy consumption of
specific technology features. In designing
alternative fuels and production scenarios,
technical experts should be aware of the fact, that
the general public is a “lay public” regarding the
technical
background
of
alternative
fuel
innovations. The development and introduction of
alternative fuel solutions therefore requires
systematic target-group specific information
activities, which convey a) factual knowledge about
technology features and their environmental
impact, b) trust-enhancing measures regarding
sustainability targets.
Insight 4: Local affectedness changes
acceptance patterns for alternative fuel
scenarios. As soon as an individual is locally
affected by the roll-out of a technology (e.g.,
production plant, transmission lines, new roads for
transport), re-evaluations of individual risks and
benefits take place and general acceptance
patterns might change. As a consequence, the
acceptance for technical alternative fuel scenarios
might change from the planning stage to the actual
implementation stage, at least in regions, which
are locally affected.
To
integrate
valid
empirical
acceptance
parameters therefore requires a high sensitivity
and diagnostic of measurement as well as a
detailed stakeholder-analysis to include relevant
respondent groups.
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Summary and Outlook
An integration of acceptance as assessment and
steering parameter in technology development is
essential for a successful roll-out of “socially
licensed” sustainable innovations. Acceptance has
to regarded as core dimension of R&D, not as side
effect. Methodologically, this can be achieved by
analyzing, assessing, and modeling social
acceptance of alternative fuels and transferring the
results back into technical and economic modelling
and assessment approaches. By integrating
acceptance it is possible to identify optimal
technical and economical, but also socially
accepted alternative fuel solutions. A holistic
system perspective is achieved that allows the
predictive assessment of environmental impact,
economic viability, and societal relevance of novel
fuel value chains. The outcomes can be used for
two key aspects:
a) the design of future mobility concepts that have
a larger scope – due to the combined evaluation
approach that integrates socio-economic and
environmental aspects in one frame of reference.
b) for the development of individually tailored
information and communication concepts for
science, research and the public.
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A new concept of biofuels was successfully developed and patented. It enables the simultaneous usage
of high amounts of vegetable oils and glycerol derivatives without further drawbacks. Thus, this concept
enhances the biodiesel production profitability through the integration of glycerol and other “waste”
products in sustainable fuels. The biofuels are applicable in an unmodified up-to-date diesel engine and
possess competitive ignition, combustion and emission properties compared to common diesel.
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Introduction
Unsustainable fuels like fossil oil are among the
most widely consumed liquid mixtures all over the
world. Since the worldwide energy demand is still
growing and the fossil oil reserves are limited or
rather difficult to exploit, the development of fuels
based on sustainable resources becomes
increasingly important. From an environmental
point of view, biomass-derived fuels such as
vegetable oils, biodiesel and bioethanol can help
solving global warming and environmental pollution
problems due to their renewability and positive
CO2 footprint as well as the absence of sulfur,
aromatic hydrocarbons and metals. However,
many companies and research groups mistakenly
use the catchphrase “biofuel” as marketing
strategy to promote mixtures of a green substance
with fossil fuels. Since this strategy just leads to
slow environmental improvements, a new concept
for the formulation of completely renewable
biofuels seems desirable and even necessary.
Although vegetable oils are the most available
source of biomass that could be used as biofuels,
their high viscosities and melting points cause
many problems that make a direct usage in

engines very difficult. Therefore, they are further
processed to fatty acid methyl esters (FAME) by a
transesterification
reaction
with
methanol.
Nevertheless, these low viscous liquids, that are
usually called biodiesel, still possess high melting
points as well as an energy-consuming processing,
which leads to the byproduct glycerol. In a
previous work, we could already show that it is
possible to implement high amounts of a vegetable
oil in biofuels without using unsustainable or highly
toxic compounds, although they had to fulfil
modern biodiesel standards. Further, they had to
be applicable in an unmodified up-to-date diesel
engine [1]. The direct usage of high amounts of
vegetable oils would make their chemical
transformation to FAME obsolete and thus the
production of glycerol. Due to its strong
hydrophilicity and high viscosity, there are just a
few applications, which do not justify its huge
production volume. Therefore, the new biofuel
concept, illustrated in Fig.1, should not only
implement high amounts of vegetable oils, but also
consider the usage of glycerol to avoid waste [2,3].

Fig. 1: Scheme of the developed biofuel concept
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Approach
Within the scope of this work, we wanted to use a
blend of a vegetable oil and its FAME and
implement the produced glycerol in this mixture.
The usage of FAME is indispensable due to its
beneficial physicochemical and combustion
properties. After choosing different, more
hydrophobic glycerol derivatives, the miscibility
behaviour and compatibility of the components
was investigated. Further, the biofuel mixtures
were formulated with consideration of the viscosity
standards ASTM D6751 and EN 14214 for
American and European biodiesel. Additionally,
their low-temperature phase behaviour was
investigated at 0 and -20° C. After optimising the
compositions, engine tests, in particular ignition
delay, exhaust gas recirculation and combustion
process measurements, were performed for two
formulated biofuels on an unmodified up-to-date
diesel engine. These biofuels consisted of about
58 wt% FAME derived from rapeseed oil, 29 wt%
rapeseed oil, 10 wt% solketal or tributyrin and
3 wt% 2-methylfuran. With these compositions,
high amounts of vegetable oil and glycerol
derivative were used in mixtures with biodiesel and
the influence of every component on the ignition,
combustion and emission properties could be
investigated. During the engine tests, both biofuels
were compared to diesel to evaluate their
competitiveness.
Results
After simple addition reactions with short-chain
carboxylic acids or building block chemicals like
acetone, glycerol derivatives with low viscosities
and freezing points can be obtained. In particular,
the products of the reactions with acetone or
butyric acid, referred to as solketal and tributyrin,
respectively, led to the most promising results after
the miscibility tests. Due to their very low freezing
points, they act as cloud and freezing point
depressants, when added to vegetable oil/FAME
blends. Since their viscosity is close to common
FAME, formulations with high amounts of
vegetable oil and glycerol derivatives in even
higher amounts than they arise during FAME
production can be implemented. This new class of
biofuels enables adapted compositions depending
on the application. To even further enhance the
low-temperature phase behaviour and to decrease
the viscosity of the biofuels, small amounts of furan
derivatives can be added to the mixtures [4,5].
These are environmentally interesting substances,
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since they can be chemically produced from sugar
or cellulose, e.g. from the waste of vegetable oils.
The ignition delay measurements showed that both
biofuels are similar to diesel regarding their ignition
behaviour. The emission tests for varying exhaust
gas recirculation rates at different boost pressures
also revealed that the formulations can compete
with diesel. Especially at high boost pressures, the
biofuels lead to distinctly less emissions than
diesel. These tests further showed that the
consumption of the biofuels is slightly higher than
of diesel, which can be justified with its complete
sustainability and therefore possibly lower price in
the future compared to fossil fuels.
Outlook
After successfully patenting and publishing this
biofuel concept, we currently want to find niche
areas, where these biofuels could already replace
fossil fuels. We are also focused on substituting
the established, but usually highly toxic and
synthetic antioxidants that are used to protect
biofuels from oxidation by natural substances.
Regarding this, we already achieved promising
results and developed a natural antioxidant mixture
that is compatible with fossil as well as biomassderived fuels and even more effective than
synthetic antioxidants. Further, we currently
develop a new approach to implement water in
fuels to reduce their NOx-emissions by using
surfactant-free microemulsions.
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A kinetic model for the acid catalyzed, biphasic production of 5-HMF from fructose in the solvent system
2-MTHF/water is presented. Experiments were conducted in a novel lab-scale autoclave consisting of two
independently stirred compartments equipped with Raman and infrared spectroscopy. Model
development is based on a decoupled investigation of 5-HMF decomposition, fructose dehydration and
mass transfer of 5-HMF from the aqueous into the organic phase. A combination of the three derived submodels based on these data allows accurate prediction of the concentration profiles in the biphasic
reaction.
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Introduction
Dehydration of fructose to 5-hydroxymethylfurfural
(5-HMF) in acidic aqueous solutions suffers from
low yields and carbon efficiency due to formation
of undesired by-products, namely humines. In-situ
extraction of 5-HMF into an organic phase enables
to overcome this drawback by a significant
suppression of humine production [1, 2].
In a previous study, we demonstrated a reactor
concept based on a counter-current extraction
column with promising advantages regarding the
extraction efficiency and hence the overall reaction
yield[3]. In order to design such a tailor-made
biphasic reactor, a kinetic model considering the
complex interactions between intrinsic reaction
kinetics and mass transfer is of central importance.
However, available kinetic models for monophasic
systems prove insufficient for the depiction of
results in biphasic environments [4, 5]. Recent
investigations in biphasic media assume instant
equilibrium for the extraction step, neglecting the
influence of mass transfer rates [6, 7].
In this work, we develop a kinetic model for
fructose dehydration to 5-HMF suitable for the
design of a biphasic, tubular reactor. Our
underlying concept is a decoupled investigation of
mass transfer and intrinsic reaction kinetics,
leading to an extended model for the description of
the biphasic reaction.
Approach
Single phase and biphasic experiments were
conducted in a custom-made lab-scale reactor.
When used for mass transfer and biphasic
reactions, the autoclave comprised two
independently stirred compartments and a
defined mass transfer area between the liquid
phases. Custom made internals ensured a
defined flow regime within each compartment
(Fig. 1).
In
all
biphasic
experiments,
2methyltetrahydrofuran (2-MTHF) was the organic
solvent. In order to account for changes in the
partition coefficient, mass transfer experiments
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were
performed
at
respective
reaction
temperatures.
Monophasic and biphasic reactions were both
performed starting from fructose and 5-HMF as
substrates. Temperature was varied from 120140°C with sulfuric acid as catalyst.
All concentration profiles were recorded by
employing
inline
Raman
and
infrared
spectroscopy. Validation of spectroscopic data
was performed with offline HPLC analytics.
Parameters for the reactions and mass transfer
were determined based on a minimization of errors
between the experimental data and the respective

Fig. 1: Experimental set-up

model. To minimize the error between
measurement and model, we used the Lsqnonlin
method [4].
Results
Based on the 5-HMF extraction experiments, we
develop a detailed mass transfer model based on
the apparent flow regime in the lab-scale reactor.
The obtained values for mass transfer coefficients
are in the expected range for this type of

6th TMFB Conference Tailor-Made Fuels
Day 1: June 19th, 2018
experimental set-up. The average error in mass
balance for 5-HMF is less than 6 %.
Monophasic decomposition of 5-HMF is in good
agreement with current literature data [8]. From the
experimental data for monophasic dehydration of
fructose, new model parameters are obtained.
A combination of the mass transfer model and the
intrinsic kinetic model derived in this work enables
the
description
of
the
time-dependent
concentration profiles in the biphasic reaction
(Fig. 2).
Our approach for the development of the kinetic
model based on a decoupled investigation of
biphasic mass transfer and single-phase intrinsic
kinetics proves feasible for this reaction.
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Fig. 2: Biphasic fructose dehydration concentration
profiles in the organic (top) and aqueous (bottom) phase;
Experimental conditions: T=120°C, c0,Fructose = 0.09 mol/l,
cH2SO4 = 0.09 mol/l, organic solvent: 2-MTHF,
Reorg=Reaq=8532
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Outlook
The kinetic model allows a description of the
spatial concentration profiles in a counter-current
biphasic tubular reactor. From the detailed mass
transfer sub-model, the required area for efficient
extraction can be calculated. This mass transfer
area will determine the necessary droplet diameter
in order to prevent a possible mass transfer
limitation in the extraction step compared to the
reaction in the aqueous phase.
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Many valuable solvents, fuels, and other commodities are produced via anaerobic fermentation
processes. However, the challenge of maintaining an oxygen-free atmosphere reduces the number of
options available for anaerobic screening methods at smaller scales. This work describes a novel online
process monitoring method of anaerobic fermentations in shake flasks with low filling volumes, allowing
multiple conditions to be examined in parallel. This new technique is demonstrated via biological
conversion of glycerol to butanol, a potential biofuel without further modification.
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Introduction
Small-scale fermentations are vital for rapid and
reliable screening of novel organisms, media,
substrates, and fermentation conditions. However,
when working anaerobically, the availability of
reliable and reproducible small-scale processes
are limited. As a result, early screening of
anaerobic processes is often conducted in
fermenters using litres of media and large amounts
of substrates. In addition, longer periods between
experiments are required for equipment cleaning
and maintenance. This slows the initial screening
process as multiple fermentations cannot be run in
parallel.
Work conducted at the RWTH has developed
several highly effective techniques for online
monitoring of the metabolic conditions in smallscale fermentations, known as the Respiration
Activity MOnitoring System (RAMOS) system [1].
The RAMOS system monitors the consumption
and production of oxygen and carbon dioxide
(CO2) by the growing culture. This principal was
modified for use with anaerobic processes, using
the production rate of CO2 as an indicator of the
metabolic state of the growing culture. Combined
with traditional offline analysis, this creates a
powerful toolbox for the rapid and reliable
screening of multiple anaerobic fermentations in
parallel.
Approach / Set-up
A detailed overview of the traditional RAMOS setup can be found elsewhere [1]. In brief,
conventional shake flasks are modified with three
additional ports – one as gas inlet path,
one as a gas outlet path, and one for sampling.
Cultures are kept sterile by use of sterile cotton
plugs at the inlet and outlet which still allow gas
passage. Two distinct phases are cycled during
the fermentation: 1) the flow phase, in which gas
flows freely into and out of the flask at a set flow
rate and 2) the stop phase, in which both inlet and
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outlet are closed and the consumption/evolution of
gasses are measured.
For use with anaerobic cultures, the sparging gas
was changed to high-purity nitrogen gas. All eight
flask measurement systems used with the
anaerobic RAMOS system (anaRAMOS) are
identical. RAMOS flasks are tightly capped to
prevent any gas from entering or exiting the flask
unless through the valve-controlled inlet or outlet.

4

1

2

C

A

D

E

B

3
Fig. 1: Schematic overview of a single flask of the
anaRAMOS system. 1: PC controlling inlet / outlet
valves and logging CO2 sensor information. 2: Nitrogen
gas supplied at constant flow rate to all flasks. 3: Eight
anaRAMOS flasks running in parallel. 4: Overview of
single anaRAMOS system. 4A: gas inlet control valve.
4B: anaRAMOS flask with culture. 4C: CO2 Sensorblock.
4D: Micropump. 4E: Outlet control valve.

The sensor blocks containing the CO2 sensors are
located directly on the RAMOS shaking board and
connected in a closed recirculation loop to the inlet
and outlet of each flask.
During the stop phase, a micropump is used to
maintain the movement of the gases out of the
flask, through the sensor block, then back to the
flask. The CO2 Transfer Rate (CTR) was
calculated over the stop phase.
Results
Using the new anaRAMOS device, several
different fermentation conditions were identified via
the CTR characteristics. The system chosen for
demonstration was the conversion of glycerol to
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butanol by Clostridium pasteurianum, a wellcharacterized anaerobic fermentation system. A
conventional growth pattern was established in
which 20 g/L of glycerol was converted to 4.68 g/L
butanol, a molar ratio of 0.28 mol butanol / mol
glycerol consumed. This matched previous reports
when similar experiments were conducted in a
conventional fermentation vessel [2].
Following the establishment of a baseline, different
fermentation conditions were altered to produce
variations in the CTR. Inhibition of growth was
demonstrated by the addition of butanol to the
initial
fermentation
media
in
increasing
concentrations, resulting in a clearly visible trend of
slowed growth until complete inhibition results at
7.5 g/L butanol addition.

Fig. 2: Comparison of different CTRs over time. All
cultivations were performed with Clostridium
pasteurianum in a minimal media [3] with 20 g/L glycerol
and 0.05 M citrate buffer. Fermentation volume was 30
0
mL, cultivated at 35 C and 100 rpm. Changes in the
CTR are visible as a result of the addition of an
additional carbon source (dextrose), addition of butanol
(inhibition), or removal of buffer from the starting media
(pH inhibition).

When C. pasteurianum was grown on the cosubstrates dextrose and glycerol, in which the
dextrose is added at a lower concentration than
the glycerol, clearly defined drops in the CTR
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indicated the point of the depletion of the dextrose
in the media, confirmed via HPLC.
The effects of pH inhibition are clearly visible when
no buffer is added to the media, with growth being
severely hindered and the CTR reaching zero prior
to glycerol exhaustion.
Analysis of the products (butanol, ethanol, acetate,
and 1,3 propanediol) and biomass produced, and
the amount of substrates consumed showed a
carbon balance closure of over 90 % for all
samples.
Summary
This work describes the adaptation of the RAMOS
technology for use with anaerobic cultures. Using
the CTR, different carbon sources and media
conditions can be screened in parallel for signs of
inhibition, substrate depletion, and cessation of
metabolic activity. The novel application of this
technology allows far more accurate initial
screenings of organisms and conditions to be
conducted in shake-flasks, and allows screening
prior to beginning work with bench-top fermenters,
requiring large volumes of media and substrates.
When combined with conventional offline analysis
techniques, the anaRAMOS becomes part of a
powerful toolbox for the reproduceable screening
of several fermentation conditions in parallel.
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Herein, a series of copper catalysts with increasing particle size supported on activated carbon were
tested for the conversion of sorbitol to 1,2-propanediol and ethylene glycol in the presence of Ca(OH) 2.
Activity measurements reveal a distinct correlation between TOF and particle size, which increases until
14 nm after which a plateau is reached. Notably, the time course of the reaction demonstrates that the
byproducts glycerol and lactic acid are transformed into 1,2-propanediol during reaction, contributing to
the unprecedented combined glycols selectivity of 82% at full sorbitol conversion.
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Introduction
The hydrogenolysis of sorbitol under alkaline
conditions results in the formation of glycerol
(GLY), lactic acid (LA), 1,2-propanediol (PDO),
ethylene glycol (EG) as well as a minor amount
glycolic acid (GA)[1] (Scheme 1). These
products have been widely applied in industry
for renewable plastics, paints, antifreeze,
cosmetics and pharmaceuticals.[1]

with high selectivity. Jin et al. developed a multifunctional Cu/CaO-Al2O3 catalyst over which the
combined selectivity to 1,2-PDO and EG
reached 61.5 % with full sorbitol conversion.[5] A
synergistic two-phase mechanism, where
CaCuAlO phase presents the active site for
dehydrogenation and retro-aldol, and spinel
CuAl2O4 species catalyse hydrogenation, was
2+
proposed. Ca was considered as crucial for
cleavage of C-C bond to smaller products.
However, the low intrinsic activity (TOF) of
Cu/CaO-Al2O3 is a considerable disadvantage
as compared to noble metal catalysts. Moreover,
2+
insight into the effect of Ca
on sorbitol
conversion is still lacking. Therefore improving
the intrinsic activity of Cu catalysts, combined
with the a fundamental understanding of the
influence of Ca are of significance.

Scheme 1. Conversion of sorbitol.

Supported metal catalysts have been widely
used for the heterogeneous catalytic conversion
of biomass-derived polyols to glycols (1,2-PDO
and EG). A kinetic study by us on sorbitol and
xylitol hydrogenolysis under neutral/acidic
conditions, revealed that Ru/C also catalyzes
decarbonylation and deoxygenation, leading to
degradation
and
formation
of
smaller
products.[2] The same disadvantage applies to
Ni/Al2O3, which was investigated by Ye and coworkers. [3] Hence, metals such as Ru and Ni,
which have a high tendency for the
hydrogenolysis of C-C bonds, are not suitable
candidates. Montassier et al. first investigated
the conversion of polyols (i.e. sorbitol, xylitol,
erythritol and glycerol) over a series of carbon
supported catalysts.[4] The results suggest that
Cu possesses a high potential to obtain glycols

Approach / Test set-up
Hydrogenolysis of sorbitol was carried out in a
50 mL autoclave with Teflon insert. In a typical
run, aqueous sorbitol solution (20 g, 5 wt%),
Ca(OH)2 (0.2 g) and Cu catalyst were charged
into the autoclave. The reactor was purged five
times and pressurized to 5 MPa with H2. The
sealed autoclave was heated to 513 K with
750 rpm
stirring.
Samples
were
taken
periodically.
Results
Particle dispersion of loaded Cu catalysts is
presented
in
Fig.
1.
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GLY and LA are converted to 1,2-PDO during
the reaction.

Fig.3: Products evolution over 25 %Cu/AC.
(Conditions: 0.18 M sorbitol, 0.08 g Cu (25 %Cu/AC),
0.2 g Ca(OH)2, 513 K, 5 MPa H2, 750 rpm, full
conversion.)

Fig. 4 shows products depend on Ca(OH)2.

Fig. 1: TEM images of Cu catalysts

In order to identify the role of the Cu particle size
on sorbitol conversion, the turnover frequency
(TOF) was determined in relation to the average
Cu particle size (Fig. 2). Increasing the particle
size from 5.8 nm to 14 nm leads to a significant
-1
increase of the TOF from 10.4 to 54.8 h . From
14 nm onwards the TOF remains constant.

Fig. 4: Product distribution and selectivity ratio of C3
and C2+C4 products versus the amount of
Ca(OH)2Reaction conditions: 0.18 M sorbitol, 0.08 g
Cu (25 %Cu/AC), 4h, 513 K, 50 bar H2, 750 rpm, full
conversion.

C3 products include 1,2-PDO, GLY and LA and
C2+C4 products include GA, EG, Butanediols.
The C3/(C2+C4) ratio increases from 1.9 at 0.15
eq. Ca(OH)2 to a plateau of approx. 6 at 0.45 eq.
This suggests that with increasing amount of
Ca(OH)2, the relative amount of ketose in the
reaction increases leading to higher amounts of
C3 products.
The main pathway to produce 1,2-PDO is
highlighted in scheme 2. Due to the favored
effect from Ca(OH)2, isomerization of aldehyde
and ketone takes place following the
dehydrogenation of srobitol, further promotes
the production of C3 products. The conversion of
lactic acid results in the high accumulation of
1,2-propanediol.

Fig. 2: TOF of sorbitol conversion as a function of
Cu average particle size. (Conditions: TOF
determined at < 35 % conv., 1-2 h, 433 K, 5 MPa H2,
750 rpm.)

Products evolution at 513 K (Fig. 3) indicates
that the selectivity to 1,2-PDO increases while
those of LA and GLY decrease, suggesting that
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Scheme 2: Conversion pathways of hexitol.

excellent ability makes Cu catalysts a promising
candidate applied in industry.
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Outlook
Base metal Cu catalysts outperforms than noble
metals on the hydrogenolysis of sorbitol to
glycols in terms of activity and selectivity. The
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As a remedy to the increasing concentration of greenhouse gases and depleting fossil resources, the
electrochemical carbon dioxide (CO2) reduction closes the carbon cycle and provides an alternative
carbon feedstock to the chemical and energy industry. While most contemporary research focusses on
the catalyst development and the understanding of the reaction mechanism, we report and emphasize a
design strategy for an electrochemical membrane reactor (ecMR) to value-added products such as
carbon monoxide, ethylene or hydrogen for high selectivities and high production rates.
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Introduction
Today, the field of research on the electrochemical
reduction of carbon dioxide (CO2) grows
continuously in relevance and extent. Limited fossil
resources
drive
research
to
alternative
technologies, which provide supply for the
chemical and energy industry. Additionally, the
growing world population and emerging economies
demand an increasing amount of resources [1].
Out of the many proposed alternatives to oil, gas,
and coal the electrochemical CO2 reduction stands
out as one of the most promising candidates: the
electrochemical activation of CO2 provides carbonbased platform chemicals and closes the
anthropogenic carbon cycle by mitigating net CO2
emission [2,3].

Fig. 1: Possible chemical pathways to turn CO2 into
valuable products incorporating electrochemical
conversion processes

Fig. 1 shows three possible pathways for the
activation of CO2. The classical integration of
renewable energies is a three-stage process,
process a) in Fig. . A classical water electrolysis is
followed by a reverse water-gas shift reaction to
form synthesis gas. Value-added products are
formed with classical heterogeneous catalysis in a
last step. Electrochemical CO2 reduction allows to
combine the water electrolysis and reverse watergas shift reaction in one step, so-called coelectrolysis, process b) in Fig. 1. This allows
26

reducing investment cost and a possible increase
in energy efficiency. The formation of value-added
products in a single step is also possible and of
course desirable, process c) in Fig. 1.
The co-electrolysis of CO2 brings the gaseous
educt into the electrolyzer to reduce it with protons
which are formed by the water splitting at the
anode. The catalyst of the electrodes defines the
final product, such as carbon monoxide, ethylene
or formic acid [4].
Approach / Test set-up
Most of the research on electrochemical reduction
of CO2 focuses on the catalyst design or on
understanding the reaction mechanism to
manipulate or tune the catalyst selectivity. It has
also been noticed in the past that the cell design,
the configuration of electrodes as well as the
batch- compared to flow-mode operation is of
considerable importance for a stable performance,
an energy efficient transformation and the product
spectrum [6]. Even though researchers have
turned their spotlight on some individual aspects, a
comprehensive
analysis
is
missing.
We
demonstrate a systematic methodology to look
further than the catalyst only. An analysis
encompassing the design aspects integrating
different catalysts as gas diffusion electrodes into a
variety of cell configurations is given.
The present work will focus on the overall reactor
design and especially the cathode operating mode.
Further, the electrode design with regard to the
used catalyst as well as polymeric binder is
investigated. The optimization of the oxygen
evolution reaction at the anode is focused in many
research of PEM water electrolysis. Related
optimization, including the choice of catalyst, setup
and design can be found elsewhere [6]. The three
evaluation criteria in this work will be the current
density, current efficiency and energy efficiency.
The energy efficiency will be evaluated for
-2
experiments up to 100 mA cm for different cell
designs, whereas the current efficiency will be
-2
evaluated even up to 300 mA cm .
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Results
A fuel cell like design, as the left one in Fig. 2, is in
terms of energy efficiency the most desirable
approach. Only a thin solid electrolyte between
anode and cathode results in low ohmic drops from
the anode to the cathode and thus low exergy
losses. On the contrary, a two-sided buffered
system, such as the right one in Fig. 2, is not very
promising as wide distances between anode and
cathode result high ohmic drops and thus high
exergy losses.

Fig. 2: Possible reactor configurations. On the left a fuelcell like design with only a solid electrolyte and on the
right a two-sided buffered system

The necessary cell potential to meet a certain
production rate is the main indicator for the energy
efficiency. Fig. 3 shows the cell polarization
behavior for the two presented systems with a
silver-based electrode as cathode and an iridium-2
based. Current densities up to 100 mA cm are
applied to the system and the necessary cell
potential is measured.

Fig. 3: Polarisation of the two presented designs.
-2
-2
Polarisation from 10 mA cm up to 100 mA cm

The right design in Fig. 2 with two liquid buffer
layers at the anode and cathode shows high cell
potentials. The strong slope of the experimental
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data is a result of the high ohmic resistance of the
electrolyte. The energy efficiency for the highest
applied current density is about 18 %, based on
the open cell potential for CO formation. The
polarization behavior of the zero gap assembly, left
design in Fig. 2, is more promising. The thin solid
electrolyte allows for a nearly plane polarization
-2
and an energy efficiency of 77 % at 100 mA cm .
Unfortunately, the current efficiency for CO 2
reduction is nearly 100 % for H2 in the zero-gap
assembly transforming this system into an energy
inefficient water electrolyzer. Using different
catalysts, applying different electrode designs did
not result in any improvement. The reason for the
poor current efficiency for CO2 reduction is the
acidic character next the Nafion based membrane.
The acidic network next or inside the Nafion
membrane results such low pH that the H2
formation suppresses nearly all CO2 reduction.
To
understand
limiting
factors
in
the
electrochemical CO2 reduction and their origin,
different cell design and electrode design options
are compared. The designs range from a classical
liquid-liquid electrolysis system with full metal
electrodes, Fig. 2 right design, to a fuel-cell like
system, Fig. 2 left design. A more active
nanoparticulate electrode is beneficial to a full
metal electrode in the classical batch liquid-liquid
system saturated with CO2. The setup of a three
phase boundary layer with a gas diffusion
electrode at the cathode side increases the current
efficiency at elevated current densities drastically.
Continuous flow-through operation opposed to
batch operation yields defined product removal,
temperature control and improved hydrodynamics.
Changing the anode configuration from a buffered
design to a zero-gap assembly mitigates
overpotentials at the anode side and thus makes
the energy efficiency of the one-sided buffered
design come closer to the energetic most desirable
zero-gap assembly. Gradually, single parts of the
electrochemical
membrane
reactor
are
investigated and show their influence on different
energy losses. This allows a continuous decrease
of cell potential by the right design of reactor and
electrode to increase the energy efficiency while
keeping the current density and the current
efficiency as high as possible. The most promising
design for the activation of CO is a one-sided
buffered system with a catalyst coated membrane
at the anode side and a very thin buffer layer
between membrane and cathode to be able to
control
pH,
see
Fig.
4.

6th TMFB Conference Tailor-Made Fuels
Day 1: June 19th, 2018

Fig. 3: Continuous one-sided buffered system with a
catalyst coated membrane at the anode side and a thin
buffer layer between membrane and cathode

Using this design with a buffer layer thickness of
2 mm results in an energy efficiency of 46 % at
-2
100 mA cm . However, also in different technical
problems. Reliable electrical connection of the
catalyst-coated membrane to the current collector
of the anode side as well as the electrical
connection of the cathode has to be guaranteed.
Pressure losses along the channel length must be
in an acceptable range to result no liquid
breakthrough through the GDE. Further, reliable
removal of gas bubbles out of the buffer layer has
to be ensured. If the boundary conditions are not
chosen correctly, a decrease in current efficiency
results.
A two-sided buffered system with easy process
control shows current efficiencies for synthesis gas
production with a PTFE-bonded silver gas diffusion
-2
electrode of 56 % at 300 mA cm . Using a Nafionbonded copper gas diffusion electrode at the same
current density allows the production of ethylene
with a current efficiency of 94%. However,
transferring these promising current efficiencies to
the one-sided buffered system with a thin buffer
layer is complex in terms of process control,
leading to deteriorated current efficiencies.
Summary
The reduction of CO2 in a zero-gap assembly is not
favorable as the high activity of protons favors the
formation of H2. A two-sided buffered system
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allows
easy
gas
diffusion
electrode
characterization with the drawback of a ruin energy
efficiency. With this system high specific
production rates of synthesis gas or ethylene are
possible. The type of binder used for the
preparation of the gas diffusion electrode is of
particular importance for the aimed products. The
thinner the buffer layer in the one-sided buffered
system gets, the more complex process control
becomes. This leads to decreased current
efficiencies compared to the two-sided buffered
system, even though the energy efficiency can be
increased significantly.
Outlook
Further process control optimization is necessary
to be able to transfer the polarization results of a
two-sided buffered system to a one-sided one.
Long-term stability tests are necessary to evaluate
the systems suitability for implementation into
chemical industry.
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High-speed stereo-PIV (HS-SPIV) is utilized to investigate the influence of the intake valve lift events of
two Miller cycles on the flow field inside a DISI engine. The flow fields of both Miller cycles are compared
to a standard Otto valve timing to analyze the impact on the flow field topology and on the large-scale
flow structures, since changes of the flow field directly affect the turbulent mixing and the combustion
process. The HS-SPIV measurements show a different impact on the flow field for both Miller cycles.
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Introduction
Since the global fuel demand of the transportation
sector is increasing and legislation is aiming for
significantly reduced pollutant emissions, novel
technologies for clean propulsion are a necessity.
One promising engine technology are Miller cycles,
which are used to improve engine efficiency and to
reduce pollutant emission. The Miller cycle alters
the effective compression ratio without affecting
the expansion ratio by utilizing a change in the
intake valve timings. The reduction in compression
ratio decreases the in-cylinder peak pressure and
temperature, therefore, reducing combustion flame
temperature and NOx emissions as well as
mitigating knocking limitations [1, 2]. In the future,
the technique could be used to enable novel
biofuels that may possess promising production
paths but also suffer from low RON and high
knocking limitations.
Although extensive research on the effect of Miller
cycles on efficiency and emissions has been
conducted in the past [3, 4], very little research on
their influence on the in-cylinder flow field has
been carried out. Since mixture formation,
turbulent flame propagation, and the entire
combustion process are significantly reliant on the
engine flow field, this study analyzes the impact of
the Miller cycles on the engine flow using highspeed stereoscopic particle-image velocimetry
(HS-SPIV).
Research Methodologies
The HS-SPIV measurements are conducted in an
externally driven, optical four-valve direct injection
spark-ignition (DISI) internal combustion engine.
The engine’s Bowditch design enables full optical
access to the combustion chamber over the
complete
engine
stroke
for
laser-optical
measurements. The engine parameters are
displayed in Fig. 1.
Two Miller cycles are investigated and compared
to a standard Otto valve timing (‘SIVC’). The first
Miller cam features late intake valve closing
(‘LIVC’), while the other features an early closing of
the intake valves and an overall reduced valve lift
(‘EIVC’). The valve lifts of the three investigated
intake cam shafts are displayed in Fig. 2, while
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their effect on the in-cylinder pressure is displayed
in Fig. 3. Changes in the peak pressure can be
seen for both Miller cycles, with LIVC yielding a
pressure drop of more than 20 %.

Fig. 1: Parameters of the optical ICE [5]

Fig. 2: Valve lift of the three intake camshafts [6]

Fig. 3: In-cylinder pressure of the three intake
camshafts [6]

The HS-SPIV images are recorded by two Photron
Fastcam SA5 high-speed cameras that meet
Scheimpflug conditions and are equipped with
Tamron 180 mm macro lenses with a focal number
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of f/5.6.The intake air is seeded with Di-EthylHexyl-Sebacat (DEHS) with an average particle
diameter of 0.35 - 0.45 µm. For the light sheet
illumination a Quantronix Darwin Duo 527-100-M
high-speed PIV-laser is utilized yielding a thin light
sheet of 1.5 mm at a frequency of 1,800 Hz and a
pulse distance of 20 µs. The measurements are
conducted in the engine’s symmetry plane using a
45°-mirror in the hollow piston to illuminate the
measuring plane without causing reflections on the
glass liner. The HS-SPIV setup is displayed in Fig.
4. The measurements yield the velocity fields of all
three cam shafts in the tumble plane between 40°
and 335° atdc (gas exchange tdc) for an engine
speed of 1,500 rpm at ambient conditions of 101
kPa and 23° C at the intake manifold. For additional
information about the engine test rig or the HSSPIV setup as well as the data processing see [5 8].

the end of compression. For EIVC, the averaged
turbulent kinetic energy decreases steadily until
the end of compression, where it reaches neglibile
values. In contrast, for SIVC and LIVC, a clear
increase in turbulent kinetic energy can be seen
towards tdc. This local maximum is an effect of the
break-up process of the tumble vortex and
improves the turbulent flame propagation. The
aforementioned observations indicate a weakened
and insufficient tumble vortex for EIVC.

Fig. 5: Temporal development of the plane- and
ensemble-averaged kinetic energy

Fig. 4: High-speed stereo-PIV setup [6]

Results
The results of the HS-SPIV measurements show
significant differences between the two Miller
cycles. While the flow field for LIVC is mostly
similar to that for SIVC, EIVC features significant
differences in the velocity vector fields. During the
early intake stroke, the reduced valve lift leads to
higher intake velocities and increased turbulence
production. In combination with the slightly earlier
opening of the intake valves, this significantly
impacts the ensemble-averaged kinetic energy and
turbulent kinetic energy, which can be seen in
Fig.s 5 and 6, since the high velocities lead to
increased energy levels. However, the earlier
closing of the valves prevents the peak in the
mean kinetic energy at approx. 100° atdc.
Thereafter, the flow field ist stretched significantly,
and the velocities and the kinetic energy decrease
to negligible values for EIVC. During the
compression stroke, the tumble spin-up process,
which leads to an increase in kinetic energy for
SIVC and LIVC, is missing and the velocities and
the kinetic energy remain at very low values until
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Fig. 6: Temporal development of the plane- and
ensemble-averaged turbulent kinetic energy

The differences in the tumble intensity and
development can also be found in the flow fields.
Fig. 7 displays the ensemble-averaged velocity
vector fields, streamlines, and turbulent kinetic
energy in the symmetry plane for the three valve
timings at 160° atdc. Evidently, EIVC features an
entirely different flow field topology. Especially, the
tumble vortex is changed significantly as it has
sunk towards the bottom of the combustion
chamber featuring reduced intensity.
The mentioned observations are further supported
by the development of the mean vorticity and the
trajectory of the core of the tumble vortex as well
as by the measurements in the cross-tumble
plane. [6]
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Conclusion
The impact of two Miller cycles on the flow field
inside an internal combustion engine was analyzed
using HS-SPIV. The results showed different
impacts on the engine flow for EIVC and LIVC in
comparison to SIVC. For LIVC, the flow topology is
mostly comparable to SIVC and a strong, sufficient
tumble vortex could be detected. This suggests
that the in-cylinder mixture formation for LIVC is as
sufficient as that of SIVC, although the peak
pressure is reduced by ~20 % for LIVC.
In the EIVC case, the flow topology is altered
significantly. During the intake stroke, a significant
increase in velocity and turbulent kinetic energy
due to the reduced valve lift can be found.
Thereafter, the shape of the tumble vortex is
massively changed by the early closing of the
intake valves. A weak and early-dissolving tumble
vortex can be found in the compression stroke.
The negligible velocities and the lack of a sufficient
flow field and turbulence suggest that mixture
formation and turbulent flame propagation are
insufficient for the EIVC case.
Outlook
The discussion of the results shows that further
research on the impact of fuel injection on the flow
field of Miller cycles and on the interaction between
fuel and flow is necessary. Furthermore, volumetric
measurements can be deployed to further
investigate the three-dimensional impact of the
intake valve timings on the flow field. Finally,
extensive research on Miller cycles can be used to
improve mixing and engine performance, and
enable biofuels that might be knocking-limited due
to their low RON but possess very promising
production paths.
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Spray formation and combustion characteristics of waste cooking oil biodiesel (WCO) and diesel fuels
were simulated using a RANS (Reynolds Averaged Navier Stokes) based model under diesel engine
conditions. For diesel fuel, n-Tetradecane (C14H30) and n-Heptane (nC7H16) were used as surrogates
while the combination of methyl decanoate (C11H20O2), methyl-9-decenoate (C11H19O2) and nheptane were used for WCO. A reduced reaction mechanism by Lu et. al (2014) was used for the
simulation. Validations of the spray liquid length, ignition delay, lifted flames and soot formation data were
performed against previous experimental data . The simulated liquid length, ignition delay and flame liftoff length agreed with the trends in the experimental data at all injection pressure conditions. Prior to the
main ignition, a first stage ignition characterized by the formation formaldehyde (CH2O) with low
temperature heat release occurred. Higher fuel oxygen content made WCO to produce lesser soot than
that of diesel.
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Introduction
Emissions from diesel engine are detrimental to
health and environment. In ensuring a safer
environment, organizations such the EU are
proposing stringent regulations for original engine
manufacturers. It is expected that these
regulations will become more stringent with time.
Current heavy-duty diesel engine operates at
injection
pressures
around
2000 bars.
Fundamental experimental works have revealed
that by increasing injection pressure to ultra-high
values of 3000 bars, emissions could be reduced
[1]. In realizing these limits, high injection
pressures and biofuels such as biodiesel could be
effective. There are prospects of using biodiesel as
an alternative in diesel engines. However the feedstock for its production which is in competition with
food supplies has generated concerns [2]. Waste
cooking oil from restaurants can be used as
alternative to produce biodiesel. Due to its high
oxygen content, waste cooking oil biodiesel (WCO)
has prospects of being a better candidate for
reducing emissions in diesel engines. There is still
need to investigate the impact of injection pressure
up to ultra-high value of 300 MPa on intermediate
products and flame structures during combustion
of WCO. In addition, WCO flame structures in
conventional diesel engine need to be
investigated. Therefore, the impacts of fuel
properties such as viscosity, surface tension,
density, cetane number and molecular oxygen
content plays on spray combustion processes of
WCO compared to Diesel fuel is investigated using
computational techniques.
Approach
Simulations were performed by employing the Eulerian-Lagrangian approach in a computational
fluid dynamics (CFD) proprietary code. Spray
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atomization and breakup, turbulence, droplets
collision models with chemical kinetic solver
embedded in the code. Details about model
implementations in the code have been described
in previous works [3]. In this research, Normal
tetradecane and normal heptane were selected as
surrogates for Diesel in order to capture the spray
formation
and
combustion
characteristics
respectively. In formulating the WCO surrogate,
methyl decanoate, methyl decenoate, and nheptane were combined in proportions as
described in [3] taking into consideration the five
major WCO main components. The reduced
reaction mechanism developed by Lu and
coworkers [4] were used for the WCO and diesel
spray combustion. Grids were generated internally
in the code during runtime. An optimum base grid
of size 2 mm with four levels of adaptive mesh
refinement (0.25 mm) to capture for velocity fields
near the injector was specified. Boundary
conditions such as ambient gas, nozzle diameter
and injection pressure were based on experimental
conditions in previous works. Simulations were
validated against results obtained in previous
experiments [1]. The fuel properties have been
defined in [5].
Results with Validations
Spray formation
The simulated and experimental evaporating
sprays after start of injection (ASOI) are presented
in Fig. 2. The vapor phase length was not captured
in the experiment. The predicted liquid length (blue
part of contour images) followed similar trend
observed in the experiment (grey images).
Increase in injection pressure up 300 MPa
enhanced atomization leading to shorter liquid
length with longer vapor. As injection pressure
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increased, spray momentum in-creased enhancing
breaking up process leading to large number of
fine droplets formed. As fine spray droplets
propagate through hot air, surface evaporation with
air entrainment were enhanced leading to shorter
liquid and longer vapor lengths.

Flame Structures
Fig. 3 presents the variation ignition with injection
pressure. The simulated data followed similar trend
obtained in the experiment. As injection pressure
increases from 100 to 300 MPa, the simulated and
experimental ignition delays were shortened.
Ignition delay was shortened due to enhancement
in mixing which accelerated the rate of reaction as
injection pressure increases. WCO ignition delay
was shorter for both simulated and experimental
data. WCO shorter ignition was due to higher
cetane number.

Fig. 1: Evaporating sprays at 1.5ms ASOI

Due to high distillation temperature and low
volatility, WCO produced longer liquid length
compared to that of diesel. In Fig. 2, for both
simulated and experimental temporal data, after an
initial development period, the tip of the liquid
phase fuel region stops penetrating instead
fluctuated about a mean axial location because of
turbulence. For both simulated and experimental
data at all injection pressures, WCO produced
longer liquid phase length compared to diesel. This
was attributed to the inferior atomization by WCO,
which limited the rate of evaporation as air is
entrained in the spray. The higher boiling point of
WCO characterized by the distillation temperature,
T90 could have initiated the longer liquid phase
length.

Fig. 3: Simulated vs experimental ignition delays

Temporal variations of the normalized predicted
CH2O and OH* species are presented with
experimental data in Fig. 4. CH2O was used to
characterize flames at low temperature and initial
fuel-rich premixed reaction zone.
Appearance of CH2O prior to OH* is an earlier
indication of the first stage of ignition with low heat
release and cool flame. CH2O is formed during the
decomposition of keto-hydroperoxides, which are
the result of complex low temperature oxidation
mechanism.

Fig. 4: Time variations of CH2O and OH* at 300 MPa
Fig. 2: Temporal variations of evaporating sprays
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Fig. 5 pro-vides information about the occurrence
of the first stage ignition at locations where
temperature was a little higher than the ambient
conditions (885K).

Fig. 5: CH2O at low temperature at 300 MPa

It occurred at the lean side of the stoichiometric
mixture space (black line at ϕ = 1). In addition, it
was concentrated at the lean side of the mixture
space. CH2O appeared earlier in WCO compared
to diesel. After autoignition, in Fig. 6, the flame size
increases becoming quasi-steady downstream.
The distance measured from the injector to the
quasi location, (red line) is the flame lift-off length.
Upstream of lifted flame the air entrained plays an
important role in soot formation. Increase in
injection pressure led to increase in spray velocity
and further pushing of the flame front to the lean
side of the mixture space. For stabilization, the
flame moved upstream to-wards the rich mixture
space.

be entrained leading to the formation of more OH*
in the flame. Since diesel fuel vaporizes better, it
had higher OH* species in its flame. The simulated
OH* flame structure looked similar to that of the
experimental with both converging upstream. The
flame structures of WCO tend to converge
upstream more. Considering the temperature
contour image, WCO display more spray-flame
interactions as compared to diesel. In terms of
spray-flame interactions, the simulated data
captured similar trend in the experimental except
for diesel at 100 MPa condition. At all injection
pressures, the lift of length simulation results
followed similar trends obtained in the experiments
with WCO producing shorter flame lift-off length
compared to that of diesel.
Emission Modelling
In Fig. 7, after end of injection (AEOI), C2H2 contours provide information about the soot
propensities of the fuels. The results obtained were
com-pared to the soot KL factor obtained in the
Two-color pyrometry experiments. C2H2 specie
has been is a precursor for soot formation. It
constitutes the building block for the Polycyclic
Aromatic Hydrocarbon (PAH) mechanism, which is
important for soot formation. While the location of
the simulated soot formed differs to the experiment
in some cases, as injection pressure increases
from 100 to 300 MPa, the trend in the simulated
soot formed compared well with the experimental
KL factor. Both simulated and experimental data
showed that soot area and quantity decreased as
injection pressure increase to 300 MPa. This was
attributed to enhancement in mixing as injection
pressure increased.

Fig. 6: Simulated vs experimental flame lift-off lengths

Fig. 7: Soot formation at 0.25 ms AEOI

OH* was more concentrated downstream of the
vaporized spray edge especially at the
stoichiometric region where the mixture is in close
proximity with oxygen in air. At the flame lift-off, the
predicted OH* mass fraction in-creases as
injection pressure increases. This implies that
increase in injection pressure promoted the
formation of fine droplets and enhances more air to

Due to enhancement in atomization more air was
entrained upstream of the combusting zone which
led to the reduction in soot. At all injection
pressures, the soot formed was within the rich
region of the mixture zone. As reported earlier in
previous sections, at the stoichiometric line (black),
there was a high concentration of OH* which has
influence on the soot formation processes. Hence
it could be inferred that as the OH* formed
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increases after end of injection there is a decrease
in the quantity of soot formed. Soot quantities are
lower in WCO compared to that of diesel. As
reported by [6], high oxygen content in WCO fuel
molecule played a greater role in oxidation of
C2H2 and subsequent soot formed as injection
pressure increased.
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The experimental research reported in this paper evaluates the potential of blends consisting of the C 8 alcohol 2-ethylhexanol, hydrotreated vegetable oil and Diesel or RME as possible drop-in components for
compression ignition engines. To overcome the need for modifications in engine hardware or calibration
settings, fuel blends were designed to mimic Diesel properties.
Experiments were carried out in a Volvo D13 single cylinder heavy-duty research engine operated with
standard engine settings. The performance and emissions of the different fuel blends were analyzed with
special attention paid to the particulate emissions (mass and number). In an optically accessible highpressure/ high-temperature chamber (HP/HT) were spray experiments under non-combusting conditions
performed to get further understanding of the combustion behavior.
Engine experiments revealed that the engine performance in regard to cylinder pressure, rate of heat
release and indicated thermal efficiency were similar for Diesel fuel and the designed blends. NOx and
HC emissions did not vary, whereas there was a decrease in CO and soot mass. The particle size
distribution showed a shift towards smaller particle sizes for the blends. Spray experiments supported
these results. The liquid penetration was elevated for the blends, which correspond to lower soot
emissions. Overall, the obtained results indicate that blends mainly containing long-chain alcohols could
be a potential replacement for fossil Diesel fuel.
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Introduction
Fuels from biomass are considered part of the
solution to secure a fossil free energy supply in the
future while also helping to reduce greenhouse gas
emissions.
Fuels in the present work were selected based on
the producibility from renewable material as well as
the physical properties compared to standard
Diesel. The main criteria were the cetane number
(CN), lower heating value, density, boiling point
and oxygen content. Table 1 lists the neat
components and most relevant properties.
2-Ethylhexanol (EH) is an isomer of n-octanol
(C8H18O) containing 12.3 % oxygen with Diesel-like
density and boiling point. The CN and lower
heating value (LHV) are lower than Diesel. Several
researchers have shown that adding alcohols to
standard Diesel fuel can help to reduce NOx and
soot emissions. The reduction in soot emissions
can partly be attributed to the higher oxygen
content in the fuel [1–3]. HVO is an aliphatic
paraffinic hydrocarbon. It contains no aromatic
structures and is free of sulfur. Properties of HVO
resemble those of standard Diesel except HVO
has a lower density and the CN is higher than for
Diesel [4]. RME consists of saturated and
unsaturated fatty acids and can be produced by
extraction of the oil from rapeseeds, followed by a
refining and transesterification reaction. RME is
available in today’s infrastructure, reduces well-towheel CO2 emissions and promises a decrease in
CO, HC and particulates whilst maintaining Diesellike properties, apart from the density [5].
With the use of renewable fuel alternatives, the
nature (e.g., size, form, composition) of the emitted
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particles has also changed. Therefore, the
experimental research reported focused also on
the particle mass and particle number emissions.
Experiments were performed in a heavy-duty
compression ignition engine. Additionally, spray
experiments were conducted in a highpressure/high-temperature chamber.
Approach
Fuel properties and blending strategy
To generate a drop-in fuel, blends were designed
to match properties of Diesel, primarily regarding
the CN. EH and HVO compensate each other in
CN and density. Table 2 properties of the chosen
blends. The volume percentage of each fuel
component is stated after its abbreviation.
Table 1: Properties of tested fuel components
Density
CN
Flash point
LHV
Oxygen
content
Boiling point
Kin. Viscosity
(40°C)
Vapor
pressure
(25°C)

Unit
kg/m3
°C
MJ/kg

Diesel
830
52
74
42.9

2EH
832
23.2
75
38.4

%

-

12.3

-

10

°C

180350

186

180320

317346

mm /s

3.0

5.2

2-4

4.5

mbar

<1.2

0.03

0.087

NA

2

HVO
779.9
87.8
94
44.1

RME
888.3
53.4
154
37.3
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Table 2: Properties of blends

Kg/ m3

Oxygen
content
m%

808.7

4.4

41.7

51.9

809.5

6.0

41.1

52.1

Density
EH36HVO44D20
EH43HVO50R7

LHV

CN

MJ/kg

-

Engine settings and equipment
Engine tests were performed on a single cylinder
heavy duty compression ignition engine equipped
with a cylinder head from a Volvo D13 engine. The
displacement volume is 2.1 L, compression ratio
17:1 and the fuel is injected with a Delphi common
rail system with a F2 injector. Exhaust gas
emissions were detected using the iGEM emission
measurement system, AVL AMA i60. The particle
mass
was
measured
with
the
AVL
MicrosootSensor and the particle size distribution
was captured with the Cambustion DMS500.
Four load points from the European Stationary
Cycle (ESC) were chosen: A25 (1200 rpm, IMEP
6.1 bar, 16.5 % EGR), B50 (1500 rpm, IMEP
11.0 bar, 12.9 % EGR), B75 (1500 rpm, IMEP
15.9 bar, 12.5 % EGR) and C75 (1800 rpm, IMEP
14.1 bar, 17.5 % EGR). Fuel injection pressure
was kept constant at 1800 bar. Standard Diesel
was used as reference case. Detailed settings can
be found in Preuß et al.(2018) [6].
High-pressure/ high-temperature chamber
The spray chamber has a volume of 2L. In the
chamber bottom fuel is injected with a Scania
XPI injector with an axially single orifice nozzle.
A Scania XPI high pressure pump supplies the
fuel with a common rail. Detailed setup of the
chamber and cameras can be found in Du et al.
(2016) [7]. A non-combusting and combusting
case was studied with injection pressure
varying from 1200 bar and 1800 bar at a gas
3
density of 26 kg/m . For non-combusting
conditions, the temperature in the spray
chamber was 350°C (623 K), the pressure
46,9 bar. For combusting conditions, the
temperature was 550°C (823 K), the pressure
46,9 bar.
Results
Engine performance
The blends showed similarities regarding indicated
fuel efficiency. Owing to the lower heating value of
the blends compared to Diesel (Table 1), the
specific fuel consumption was increased. The
indicated thermal efficiency was increased for the
medium load (B50) for all blends. For all other load
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points, a clear trend was not detected (Fig.s can
be found in [6]). Blends containing RME showed
the lowest efficiency values. As shown in Fig. 1,
the cylinder pressure did not differ significantly for
the alcohol blends from standard Diesel. This is
expected, since the CN as well as the injection
timing was kept constant for all the experiments.
The heat release rate was slightly lower for blends
compared to Diesel. Using a drop-in fuel implied a
reduction in mean effective pressure (IMEP) due to
the lower heating value and running at constant
fuel mass flow.

Fig. 1: Cylinder pressure and rate of heat release at load
B50 (1500 rpm, 11.0 IMEP, 12.9% EGR)

Engine exhaust emissions
More stringent legislation has demanded a strong
reduction of exhaust emissions. NOx emissions
and
HC emissions of the blends resemble Diesel
emissions. CO and soot mass were decreased. A
higher oxygen content in the fuel blends promoted
slightly faster combustion (advanced CA50 value),
and oxidized more CO as well as soot. Blends
containing RME and no Diesel showed the lowest
soot mass, because they do not contain aromatic
structures which are a known precursor for soot.
These results agree well with previous studies on
oxygenated fuel blends (e.g.[1–3] ).
The particle size distribution depicted in Fig. 2,
showed an increase in particles in nucleation mode
for the blends. Possible explanations for the shift
towards smaller particle sizes are the lower initial
soot concentration as well as the higher heat of
evaporation for the blends, which contribute to
lower local temperatures in the reaction zone,
leading to a reduced soot formation.
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At combusting conditions, the flame lift-off length
(LoL, distance from nozzle to first ignition of fuel)
was detected with OH* chemiluminescence. For
the EH blends, the lift-off length was longer than
for Diesel, for neat HVO lower. A longer LoL
correspond to a reduced equivalence ratio and
therefore lower soot formation. This agrees with
the finding from the engine tests. The CN from
HVO is higher than Diesel, therefore a shorter LoL
is expected [7].

Fig. 2: Particle size distribution of EH blends compared
to Diesel

Further studies are necessary to investigate the
combustion mechanism and composition of small
particles in order to understand the process of
particle formation.
Spray evaluation
Two-dimensional
time-resolved
shadowgraph
imaging was used to evaluate the liquid phase in
the spray. A diffusor was placed in front of a
halogen light source. For detecting vapor phase
penetration, the background grid distortion method
was applied. In this method a striped diffusor plate
was installed as background. For statistical reliable
data, 30 injections events were recorded. For the
evaluation of the penetration length, the
background was subtracted from the images and
the boundary layer was defined by setting a
threshold of 0.15 (4/256), which was based on the
light intensity. Fig. 3 displays the liquid and vapor
penetration length of Diesel, EH blends and neat
HVO at non-combusting conditions. Compared to
Diesel, the EH blends and HVO showed a longer
liquid penetration length, whereas the vapor
penetration resembles the one from Diesel. One
influencing factor for the liquid penetration is the
latent heat of evaporation which is 250 kJ/kg for
Diesel and 389 kJ/kg for neat EH.
vapor

liquid

Fig. 3: Liquid and vapor penetration length at 46bar,
350°C, pinj=1200 bar
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Summary
In this study, the long-chain alcohol 2-ethylhexanol
was blended with HVO and 20 % Diesel or 7 %
RME to evaluate the suitability of such mixtures as
future transportation fuels. Blends were designed
to mimic Diesel fuel properties. The experimental
investigation showed that the engine performance
in a heavy-duty CI engine was similar for blends
and Diesel regarding the indicated thermal
efficiency, cylinder pressure and rate of heat
release. Owing to the slightly lower heating value,
the specific fuel consumption was increased.
Concerning emissions, NOx and HC emissions did
not differ significantly from Diesel, CO emissions
decreased for the EH blends.
Soot mass was significantly reduced. Increased
oxygen in the fuel promotes the reduced formation
of particulates. Furthermore, soot oxidation is
enhanced. EH43-HVO50-R7, the blend without
fossil Diesel and therefore no aromatic structures,
was found to generate the highest number of small
particles (<23 nm), but the lowest soot mass. The
number of particles in the nucleation mode
dominated the particle size distribution for both EH
blends. For Diesel, particles tended to form
agglomerates.
Overall, the results showed that long-chain
alcohols blended with vegetable oils can be used
as drop-in fuels for Diesel combustion.
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Diesel engines are commonly used in non-road application and even in the future not fully replaceable by
electric power units. In 2019 stage V of European emission standards for non-road mobile machinery
(NRMM) includes compression ignition (CI) engines below 19 kW for the first time. This project aimed to
develop an exhaust gas treatment system these engines. Special focus at the DBFZ laid on carbon
reduced fuels to lower raw emissions of regulated flue gas components as well as the behviour of a
catalytic diesel converter with these fuels.
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Introduction
The operating personnel of non-road mobile
machineries like mini-excavator, generators or
handheld machines is often exposed to healthtreating emissions, which exceed occupational
exposure limits of the German technical rule of
hazardous substances TRGS 900 [1]. Health risks
like shortness of breath, headache, dizziness and
a higher cancer risk can be the outcome.
As a rule the used combustion engines of the
mobile machineries are self-ignition engines and
part of power class smaller 19 kW, which is
regulated for the first time in European emission
standard for non-road engines (Stage V of NRMM)
in 2019, shown in Table 1 [2].
Table 1: Stage V emission standards for non-road
engines below 19 kW net power in Europe
Net Power
CO in
HC + NOX
PM
-1
-1
-1
P in kW
g kWh
in g kWh
in g kWh
P<8

8.0

7.5

0.4

8 ≤ P < 19

6.6

7.5

0.4

technology readiness level (TRL) and fuel
readiness level (FRL) as well as infrastructure
compatibility, greenhouse gases and exhaust
emissions. In addition to the preliminary
investigation, storage stability according to ASTM
D4625-14 and material compatibility of two
elastomers according to ISO 53504, ISO 7619 and
ISO 815 of the fuels were compared to
conventional EN 590 diesel fuel. One of these
fuels was chosen to examine the catalytic
conversion behaviour of a catalysed diesel particle
filter (cDPF) after the preceding tests. These tests
were performed at a single cylinder research
engine (AVL 5402) and at a commercial diesel
generator (Pramac S6500). Conversion behaviour
regarding carbon monoxide (CO), nitrogen oxides
(NOX) and hydro carbons (HC), soot filtering as
well as the regeneration behaviour of the filter
were examined.
Table 2: Diesel substitutes

Current and future emissions legislations can be
attained with the help of retrofitted catalytic coated
diesel particle filter systems in combination with
low-emission decarbonized fuels. Against this
background, the use of various diesel substitutes is
considered for small-scaled non-road engines
regarding the emission behaviour, storage stability
and material compatibility.
Approach
The projects approach is to lay the foundation to
develop an exhaust gas treatment system for small
engines with less than 19 kW in NRMM
application. Special focus at the DBFZ laid on
carbon reduced fuels to lower raw emissions of
regulated flue gas components. A preliminary
investigation was carried out to specify the
potential of several low carbon fuels (Table 2) to
reduce emissions and meet standard specification
at the same time. This was done to determine the
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Fuel

Standard

FAME

EN 14214

HVO

EN 15940

BTL

EN 15940

OME

-

Raw material
Agricultural and
forestry
raw
materials and
biogenic waste

TRL* / FRL**
9/9
9/9
5/9
3/3

* TRL: Technology Readiness Level compare definition
of European commission: High-Level Expert Group on
Key Enabling Technologies, Brüssel (2011), ** FRL: Fuel
Readiness Level compare definition of Commercial
Aviation Initiative (CAAFI)

Results
Today only biodiesel (FAME) and hydrotreated
vegetable oil (HVO) are available in large-scale as
renewable diesel substitutes. Both fuels have a
TRL and a FRL of 9. The Fischer-Tropsch fuel
Biomass-to-liquid (BTL) has a FRL of 9, but the
TRL is only approximately 5 [3]. In the future
synthetic fuels like polyoxymethylene dimethyl
ether (OME) from renewable sources could come
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Mass of insoluble residues
in mg (100 ml)-1

125
100
75

Diesel
FAME
HVO
BTL
OME

50
25

and BTL as fuel, NBR is unlimited usable. The
three tests show no changes. The elastomer FKM
is much more robust than NBR against the used
fuels and the high temperature. Only the OME
soaked FKM is not usable, all other fuels have no
influence to the elastomer.
HVO was chosen for further analyses at the
combustion engines because of the high
availability and the good performance for storage
stability and material compatibility tests. At first,
raw exhaust gas emissions and fuel consumption
(FC) of HVO was investigated and compared to
diesel fuel. The tests were performed at the single
cylinder engine at three constant speeds
(1000 rpm, 1500 rpm and 2000 rpm), an indicated
mean effective pressure (IMEP) of 8 bar and
without any exhaust gas treatment. HVO reduces
NO2, CO, HC and soot (FSN) emissions by 3 %,
10 %, 38 %, 22 % at a constant NO and
consumption level compared to diesel fuel. The
results are shown in Fig. 2. The exhaust
temperature with HVO at engine output is little
higher.
Relative Change of HVO to Diesel

in focus, but this fuel has currently a low TRL and
FRL of approximately 3 and is not commercial
available [4]. Many references in literature claim,
that the use of this diesel substitutes reduce CO,
HC, NOX as well as CO2 emissions.
In the investigated NRMM application, fuel
properties have to be constant over time because
of the unsteady use of these machines. To
evaluate the storage stability of the selected fuels
the long-term storage test method ASTM D462514 was selected, where the fuel are stored at a
temperature of 43°C for 24 weeks. Fuel samples
were filtered at defined times. The filtered residues
constitute the degree of storage stability. Fig. 1
shows the mass of these insoluble residues of the
five analysed fuels. FAME and diesel fuel show
high fractions of insolubles and thus a low storage
stability according to the used test conditions after
a storage time of 24 weeks. After 4 weeks of
storage, FAME has already a fraction of more than
100 mg insolubles per 100 ml fuel. In contrast to
FAME and diesel, the three other fuels HVO, BTL
and OME show almost no change after the storage
test. The experiment shows that synthetic biofuels
can be high-quality alternative to conventional
fuels according to storage stability.

1.0
0.8
0.6
0.4
0.2
0.0
-0.2
-0.4
-0.6
-0.8
-1.0

NO NO2 FSN CO HC FC TExh
Fig. 2: Raw exhaust gas, fuel consumption and exhaust
temperature of HVO compared to diesel

0
0

4
8 12 16 20 24
Storage time in weeks
Fig. 1: Insolubles during storage of fuels at 43°C

The material compatibility of the two common used
elastomers NBR (nitrile rubber) and FKM
(fluorinated rubber) was also investigated. The
elastomers were immersed in the fuels at 100 °C
fuel temperature for 168 hours. These fuel soaked
elastomers were investigated to determine the
tensile stress (ISO 53504), the Shore hardness
(ISO 7619-1) and the compression set (ISO 815).
NBR shows high sensitivity to OME, FAME and
high temperatures. NBR with OME has no stability
according to the three tests and for FAME NBR is
only limited stable according to the tensile stress
test. In addition, the material compatibility to diesel
is limited in combination with high fuel
temperatures. The Shore hardness of diesel
soaked NBR is reduced in particular. If using HVO
43

Tests with the catalytic diesel particulate filter
(cDPF) were performed to examine the behaviour
of the developed exhaust gas treatment with
carbon reduced fuels. These tests were also
performed at the single cylinder engine. HVO
improves the conversion of HC and CO. The
reduction rate of both components is higher at
lower exhaust temperatures (). This leads to an
advantage of HVO compared to diesel in NRMM
application with less than 19 kW net power where
low engine loads or idle speed are very common.
The higher conversion rate derives from the fact
that the HC and CO raw emission of HVO are
reduced to diesel. The ratio of NO and NOx shows
no significant differences between diesel and HVO.
The balance point marks the equilibrium of soot
mass intake and conversion of soot in the filter.
The catalytic coating reduces the activation
temperature and ensures a passive regeneration
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of the cDPF at operating temperatures. These
tests were performed at the single cylinder engine
at 2000 rpm and an IMEP of 8 bar. Fig. 4
compares the balance point behaviour of diesel
and HVO exhaust. The fuels show a soot mass of
2,0 g and 2,4 g per liter catalyst volume in the
balance point respectively. The pressure difference
of the cDPF ranges between 30 mbar and 40 mbar
for both fuels in the balance point with a slightly
reduced pressure for HVO.
1.0

HVO
HC
CO
NO/NOX

Conversion rate

0.8
0.6

Diesel
HC
CO
NO/NOX

0.4
0.2
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Fig. 3: Conversion behaviour of the tested cDPF with
diesel and HVO
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Fig. 4: Balance point behaviour of cDPF at 2000 rpm
and 8 bar IMEP
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Summary
The presented project showed that alternative
diesel fuels are suitable for exhaust gas treatment
with a catalytic diesel particulate filter. The use of
diesel substitutes
alone
already reduces
emissions. In this project HVO was found as the
best solution for substituting diesel in NRMM. It
has a good availability on the market, a
sophisticated storage stability and material
compatibility as well as reduced raw emissions.
Using an exhaust gas treatment system emissions
are reduced far below the legal limits of EU NRMM
regulations. HVO in combination with the used
treatment system reduces drastic the healthtreating emissions according to the German
technical rule TRGS 900.

1
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Sustainable solvents are key for economics and environmental impacts of many chemical processes.
However, solvent selection is currently often limited by lack of experimental data and by simplified
assessment tools. To overcome these limitations, this work presents a method for predictive sustainable
solvent design. Process performance of the solvents is assessed based on predictions of thermodynamic
properties using COSMO-RS and pinch-based process models. Environmental impacts of each solvent
are predicted using an Artificial Neural Network. In combination with the predicted Life Cycle Inventory
from the process model, Life Cycle Assessment becomes fully predictive. The proposed method is
demonstrated for selecting sustainable solvents to purify the bio-based platform chemical γ-valerolactone
from aqueous solution.
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Introduction
Growing environmental concern and strict
regulations require an assessment of chemical
processes not only based on economics but also
on environmental impacts [1]. A key for economic
and environmentally benign processes are
solvents. Thus, solvents should be selected based
on their impacts on process economics and
environment.
In recent years, methods for computer-aided
molecular and process design (CAMPD) have
been developed to integrate solvent design with
process design [2]. However, these methods only
focus on economic performance and neglect
environmental impacts. Environmental impacts
could, in principle, be assessed by Life Cycle
Assessment (LCA). However, LCA requires
detailed process data, which is usually missing
during early process development. To overcome
data limitations, predictive LCA approaches have
been proposed, e.g., to estimate energy demands
based on generic flowsheets [3] or to predict
process impacts based on Artificial Neural
Networks (ANN) [4]. These predictive LCA
approaches have not been integrated in CAMPD
methods yet.
To enable the design of sustainable solvents, we
combine a CAMPD method with predictive LCA
that exploits the available data from process
design. The basis is our COSMO-CAMPD
framework for predictive solvent screening recently
developed within the TMFB Cluster of Excellence
[5]. Herein, thermodynamic properties of solvents
are predicted using COSMO-RS [6] and process
performance is evaluated by pinch-based process
models [7]. By integrating LCA, the method
presented in this work designs solvents by
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simultaneous assessment of ecological and
economic process performance, while still being
fully predictive.
Method
In this work, we extend process evaluation in
CAMPD by environmental assessment. The
resulting method combines process design with
predictive LCA and uses four steps (Fig. 1):
1. Molecular structures of solvent candidates
are generated, e.g., by molecular design or
by selection from databases.
2. Thermodynamic properties required for
process design and Life Cycle Assessment
are calculated using quantum mechanics
and COSMO-RS [6].
3. The process is optimized using advanced
pinch-based process models. Process
performance is evaluated based on the
resulting process data, e.g., solvent flow
rates or energy consumption.
4. Process data obtained from process
design provides gate-to-gate life cycle
inventories for ecological assessment. To
conduct a full LCA, these life cycle
inventories are combined with an Artificial
Neural Network (ANN), which predicts
cradle-to-gate impacts of the solvent
production. The ANN uses both molecular
and thermodynamic solvent properties as
predictors.
As a result, the method yields a ranking of solvent
candidates based on their optimal ecological and
economic process performance. This ranking can
serve for further refinement or experimental
validation.
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of the climate impact. This difference in overall
impact on Climate Change results from a higher
solvent loss and highlights the need for a complete
LCA to account for environmental impacts.
The best commercially available solvent is
2-methylfuran (2-MF), which still yields a reduction
of 37 % in process energy demand and 50 % in
Climate Change (Fig 3, pentagram). Thus, the
proposed method successfully identifies promising
solvent candidates.

Fig. 1: Schematic procedure for combined process
design and predictive Life Cycle Assessment

Case Study
The combined method is exemplified by a case
study for the production of γ-valerolactone (GVL),
which is a promising platform chemical and
potential fuel additive produced from biomass [8].
GVL is produced in a hybrid extraction-distillation
process
(Fig. 2). In the flowsheet model, pinch-based
process models for extraction and distillation are
used to calculate the minimum solvent flow rate
and the minimum reboiler duty per mole GVL
processed. For environmental assessment, both
solvent loss and heating duty are considered.

Fig. 2: Flowsheet model for hybrid extractiondistillation process for GVL production

More than 10,000 solvent candidates from the
COSMObase databank [6] are evaluated. For each
solvent, environmental assessment considers 17
ReCiPe Midpoint impact categories [9]. Due to
space limitations, only results for the impact
category Climate Change are discussed (Fig. 3).
From all solvents, 1224 solvents reduce energy
consumption as well as impact on Climate Change
compared to the literature benchmark n-butyl
acetate [10]. Noteworthy, the solvent with the
lowest process energy consumption (Fig. 3,
asterix) is not the solvent with the lowest impact on
Climate Change (Fig. 3, circle), although the
process energy demand accounts for a large share
47

Fig. 3: Climate Change of process per mole GVL
versus minimum energy demand (Qmin) in distillation for
each solvent per mole GVL (diamonds) in comparison to
the benchmark (line), and the solvents with lowest
Climate Change (circle) and lowest energy demand
(asterix) and most promising commercially available
solvent (2-MF, pentagram)

Conclusions
This work presents a design method for
sustainable molecules and processes. The method
combines predictive thermodynamics using
COSMO-RS, advanced pinch-based process
models and an Artificial Neural Network to predict
cradle-to-gate impacts of feedstock chemicals.
Thereby, economic and ecological process
performance can be assessed in early conceptual
design stages.
The method is applied to a case study for the
production of γ-valerolactone to identify solvents
with superior process performance as well as
reduced environmental impact compared to a
literature benchmark. Thus, the presented method
is shown to allow for design of sustainable
processes and molecules.
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This research investigates the application of reducing sugar from sugarcane bagasse pretreated with
nitric acid for the production of biodiesel (lipid) by yeast, Rhodotorula glutinis. In this study, the influence
of heating time and nitric acid concentration on pretreatment of sugarcane bagasse was examined and
the optimized values were utilized for lipid production. The estimated physical properties of produced
biodiesel including kinematic viscosity, cloud point, cetane number (CN), Iodine value (IV) and higher
heating value (HHV) were acceptable by U.S. biodiesel and EU biodiesel standards.
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Introduction
(sugare cane bagasse, wheat straw, rice straw,
Worldwide energy consumption has been etc) and biodiesel-derived waste glycerol.
In
intensified because of population growth, addition, the TAGs synthesized by oleaginous
economic development, increasing standard of yeasts are very similar in molecular composition
living and mechanization. In the past decades, and energy value to TAGs synthesized by oil seed
using fossil fuels to meet world energy demand is crops [5, 7].
causing serious environmental, economic and The properties of the different fatty esters that
energy problems all over the world. To deal with comprise biodiesel determine the overall fuel
these severe problems such as, global warming, properties of the biodiesel fuel. Besides, the
climate change, pollution (human, animal and plant properties of the various fatty esters are
health risks), rising oil prices, conventional energy determined by the structural features of the fatty
supply depletion, and limited availability of energy acid and the alcohol moieties that comprise a fatty
resources, the world is in great necessity of ester [3].
alternative energy sources [10].
Structural features that influence the physical and
Bioenergy is receiving considerable attention in the fuel properties of a fatty ester molecule are chain
recent years for providing an effective energy length, degree of unsaturation, and branching of
source from technical point of view and utilizing the chain. Important fuel properties of biodiesel
sustainable resources around the globe [6]. From that are influenced by the fatty acid profile and, in
amongst, the biofuel industry is an important turn, by the structural features of the various fatty
component of an emerging world-wide bio-based esters are cetane number and ultimately exhaust
economy. Biofuels, which can be utilized as emissions, heat of combustion, cold flow, oxidative
transportation fuels with little change to current stability, viscosity, and lubricity [3].
technologies, have significant potential to improve In this study, diluted nitric acid pretreatment of
sustainability and reduce greenhouse gas sugarcane bagasse was investigated to produce
emissions in the short term [9].
reducing sugar for the production of fuel (biodiesel)
Biodiesel, one of the most widely used liquid or value-added chemical from hydrolysate by
biofuel, is produced by converting oil from yeast, Rhodotorula glutinis.
oilseeds, animal fat, waste oils, microalgae,
oleaginous microorganism into biodiesel via Approach / Test set-up
esterification process. Global production and use The sugarcane bagasse used in this study was
of biodiesel has increased dramatically in recent collected from Amir Kabir sugarcane industry,
years and the fuel represents a promising Khuzestan, Iran. The sampled biomass was
alternative for use in compression-ignition (diesel) washed, dried (45°C, for 48 hours) and sealed in a
engines. The increasing cost of vegetable oils is plastic bag and kept in a refrigerator at 4°C.
turning the use of microbial lipids into a competitive Mechanical treatment of the sample was
alternative for the production of biodiesel fuel. performed for size reduction to become about
Oleaginous yeast are able to produced lipid up to 1 cm.
60% of the dry cell weight, therefore, they can be Bagasse samples were pretreated with different
used as the biodiesel feedstock [4].
concentration of nitric acid (0.5-10 %, w/w) and a
Oleaginous yeasts, moreover, grow much faster, range of heating retention time from 5 to 180 min,
and to much higher cell densities, than oil according to experimental design.
synthesizing microalgae, and can utilize low cost Response surface methodology was applied to
substrates such as lignocellulosic waste materials assess the effect of nitric acid concentration and
49
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Results
In order to evaluate the profitability of pretreatment
operation, the amount of reducing sugar was
determined based on DNS method. The observed
responses for reducing sugar (RS) ranged in 4.215.5 g/L. According to RSM method, a polynominal
2
equation was used to predict responses. The R
2
(93.6 %) and R –adj (89.7 %) revealed that the
full-quadratic model were adequate model to
predict the response. The predicted model are as
follows:
The numerical optimization technique was applied
to optimize the amount of RS in the final
hydrolysate.
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The acid concentration (A) of 0.5 % and heating
time (B) of 180 min were found as the optimum
condition for the releasing of reducing sugar. The
RS content was achieved to 15.5 g/L (Fig. 1).
180

RS(g/L)
< 5.0
– 7.5
– 10.0
– 12.5
– 15.0
> 15.0

160

5.0
7.5
10.0
12.5

140

B: Heating time (min)

heating retention time on bagasse pretreatment,
and hydrolysis. The concentration of bagasse and
pretreatment temperature were maintained at 10%
(w/w) and 121°C, respectively.
The yeast, Rhodotrula glutinis 5258, was obtained
from the Scientific and Technological Cooperation
of Iran. Rd. glutinis was maintained on YMA with
dextrose agar plate containing 10 g/L glucose,
5 g/L Peptone 3 g/L yeast extract, 3 g/L Malt
extract, and 20 g/L agar grown at 22°C and stored
at 4°C.
Pre-cultures of Rd. glutinis in GMY medium
containing 20 g/L glucose were inoculated into
500 mL Erlenmeyer flasks containing 100 mL of
the same media, and cultured at 25°C on a rotary
shaker (180 rpm) for 72 h.
The pH was adjusted to 5.5 before autoclaving.
Lipid production by Rhodotrula glutins were
scrutinized from the acquired substrate of acid
hydrolysis processes, in addition to the glucose
fed-culture as the reference, at 25°C, pH=5.5
during 72 hours post inoculation.
The total solid and organic matter of sugarcane
bagasse were determined according to National
Renewable Energy Laboratory (NREL) analytical
methods.
In addition, the reducing sugar amount in
hydrolysate was determined using dinitrosalicylic
acid (DNS) method according to Saqib et al. [8].
The lipid extraction and transesterification of fatty
acids was carried out as described by Bligh and
Dyer (1959). FAME analysis was conducted using
GC 7890 MS 5975 [7].
Based on the equations of previous work [2, 7],
several important properties of biodiesel made
hypothetically with TAGs derived from Rd. glutinis
were estimated and compared to properties of
biodiesel made from TAGs of other oleaginous
yeasts, microalgae, vegetable oils and animal fats.
This comparison of biodiesel properties was based
on the calculated values of cetane number (CN),
specific gravity (SG), cloud point (CP), viscosity
(γ), iodine number (IN), and higher heating value
(HHV).
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Fig. 1: Contour plot for interactive effect of acid
concentration (A, %) and heating time (B, min) on the
releasing of reducing sugar (RS, g/L)

The lipid content in glucose fed-culture, and
hydrolysate medium were 27.33±1.06 %, and
19.52±1.34 % of dry cell weight (dcw),
respectively. Presence of the inhibitors such as
Furfural, 5-HMF and acetic acid in hydrolysate
could be the reason for discontinuing the lipid
accumulation by yeast.
Fatty acid profiles were similar, with minor
variations, in Rd. glutinis grown on glucose or
hydrolysate. The most important fraction of fatty
acid methyl esters were palmitic and oleic acid
(Table 1). In particular, the maximum content of
major fatty acids for glucose grown cells was:
41.19 % dcw oleic acid (C18:1), and 26.92 % dcw
palmitic acid (C16:0).
In hydrolysate grown cells, the content of major
fatty acids was 33.65 % dcw oleic acid and
(C18:1), 29.95 % dcw palmitic acid (C16:0), in
addition to stearic and linolenic acid which were
noticeably observed in both cultures.
Table 1: Comparison the fatty acid Composition (wt.%),
saturation (SFA), mono-unsaturation (MUFA) and polyunsaturation (PUFA) of lipid found in various oleaginous
yeast [grown on glu(cose) or gly(cerol), and
hyd(rolysate)]
Lipid
Rd. glutinis
(hyd)
Rd. glutinis
(glu)
R.
diobovatum
(glu)
R.
diobovatum
(gly)
R.
diobovatum
(gly)
R. babjavae
(gly)

C16

C18

C18:1

C18:2

C18:3

Ref.
This
work
This
work

29.9

13.3

33.6

10.8

1.0

26.9

10.7

41.1

12.6

2.5

36.5

3.3

39.6

9.7

0.1

7

30.9

2.1

44.7

13.2

0.2

7

29.7

5.2

35.3

19.7

0.4

5

28.0

6.0

33.0

20.0

3.0

5
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The fatty acid composition of oleaginous yeasts
appears to be very similar to those of vegetable
oils, animal fats, and used fryer oils. Interestingly,
the percentages of fatty acids from oleaginous
yeast are very close to the FA percentages of oils
from palm, peanut, and almond, as well as tallow,
yellow grease, and brown grease (Nasirian et al.,
2018). In addition, the estimated properties of
biodiesel made from triacyglycerides of Rhodotrula
glutinis was calculated. The physical properties of
produced biodiesel including kinematic viscosity,
cloud point, cetane number (CN), Iodine value (IV)
and higher heating value (HHV) were acceptable
by U.S. biodiesel and EU biodiesel standards.
Table 2: Comparison of the estimated biodiesel
properties from Rd. glutinis and various oleaginous
yeast, oilseeds, animal fats, diesel fuel, and biodiesel
standards, adapted from Nasirian et al.,2018 (EN 14214,
ASTM D6751-08 and D7467-08)
Lipid
Rd.
glutinis
(hyd)
Rd.
glutinis
(glu)
R.
diobovatu
m (glu)
R.
diobovatu
m (gly)
R.
diobovatu
m (gly)
R.
babjavae
(gly)
Canola
Corn
Palm
Coconut
Rapeseed
Safflower
Soy
Sunflower
Olive
Yellow
grease

HHV
MJ/K
g

IN
-

C
N
-

CP
°C

SG
-

γ
mm
2
/s

39.5

55

59

12

0.87

4.8

This
work

39.8

67

58

10

0.87

4.7

This
work

39.8

68

57

9.8

0.87

4.7

7

39.6

56.8

58

11

0.87

4.8

7

39.9

78

57

8.9

0.87

4.6

5

40.0

78

56

8.5

0.87

4.6

5

41.3
43.1
40.6
38.1
41.1
42.2
39.7
40.6
40.2

108
101
54
18
116
141
125
128
84

53
55
61
59
53
51
51
51
57

-2
-3
14
-3
-3
-4
0
2
7

0.88
0.88
0.87
0.87
0.87
0.87
0.88
0.87
0.87

4.3
4.2
4.6
2.7
4.5
4.1
4.2
4.4
4.5

2
2
2
2
2
2
2
2
2

39.4

88

56

8

0.87

4.8

0.86
- 0.9

Europe

3.5 5

U.S.
D6751-08)

1.9 6

U.S.
D7467-08)

1.9 4.1

Diesel fuel

avera
ge
=45

51

18

0.82
0.86

24.5

Ref.

and palmitic acid. Acceptable calculated physical
properties of produced biodiesel by Rd. glutinis
and other oleaginous yeast, according to the
international standard, confirm that the profile of
synthesized fatty acids result in biodiesel with
suitable ignition quality, ideal melting point,
kinematic viscosity, and oxidative stability.
Outlook
Further investigations are needed to develop a
tailor made biodiesel with different fatty acid ester
composition
from
cheap
and
abundant
lignocellulosic materials based on desirable
combustion, emission and performance parameter
of the engine.
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An alternative fuel-molecule to substitute or even exchange diesel fuel is 1-octanol, which benefits from
lowered soot- and NOX-emissions. 1-octanol can be synthesized from microbiologically produced
hydroxyalkanoyloxy-alkanoates (HAAs). Microorganisms able to produce HAAs have previously been
constructed. Here a combined approach was carried out to increase the suitability of the fermentation for
industrial purposes by strain- and process-development. The organisms were further engineered to be
more productive. Also, the degradation of HAAs by the producing organism was investigated and the
presence of host-intrinsic HAA degrading enzymes was shown. As HAAs are amphiphilic molecules, high
amounts of foam are formed during fermentation. This can be controlled using a foam centrifuge.
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Introduction
The production of alternative fuels to substitute or
even exchange fossil fuels is in the focus of many
research groups worldwide. At the moment, the
main blending ingredients for diesel fuels are fatty
acid methyl esters (FAME), which were reported to
have several drawbacks [1]. Hence, they are only
used to up to 7 %. A present alternative, which is
investigated in the TMFB, is 1-octanol, which
benefits from lowered soot- and NOX-emissions.
Unfortunately, the production of 1-octanol requires
high amounts of energy and chemicals. Therefore
the synthesis from biologically provided molecules
is investigated. The molecules of choice, which are
produced from Pseudomonas species, are
hydroxyalkanoyloxy-alkanoates (HAAs). HAAs are
dimers of hydroxyfatty acids with differing chain
lengths, which can chemically be converted to 1octanol. They are produced as congeners of C8C10 (app. 10 %), C10-C10 (app. 65 %), C10C12:1 (app. 10 %), and C10-C12 (app. 15 %)
hydroxyfatty acids.

Fig. 1: Schema of the chemical structure of HAA

HAAs are precursors of rhamnolipids but lacking
the rhamnose. Even without this sugar-molecule,
HAAs exhibit amphiphilic properties. For chemical
syntheses and research with biologically produced
starting materials, high amounts of HAAs have to
be produced. This leads to the main challenges,
which are addressed in the current project:
1) Productivity. At the moment, plasmidbased biocatalysts are used, with the
drawbacks
of
low
and
unstable
productivity. Hence, standard laboratory
fermenters are hardly able to cover the
52

demand of HAAs for further chemical
research.
2) Product
stability.
In
contrast
to
rhamnolipids, HAAs are degraded fast,
even in the absence of living cells. To
achieve high product titers, fermentation
times have to be long, as thus more
carbon source can be metabolized. The
resulting prolonged degradation time
however also leads to increased product
degradation
thus
lowering
HAA
concentrations.
3) Foam-formation. As HAAs are amphiphilic
molecules and thus accumulate at
interphases, they can stabilize phase
boundaries. This leads to excessive
foaming during aerated fermentations. The
amount of foam increases with increasing
product concentration but also with
agitation and gas flow. Unfortunately, both
are required to ensure sufficient oxygen
supply to the producing organisms.
Foaming
drastically
decreases
the
efficiency of the fermentation process as
both the product and the biocatalyst are
washed out of the fermenter.
In the current research project, the mentioned
challenges are addressed. The used strains are
improved to increase the product yield in the
current process. Methods to lower or even prohibit
foam formation or guide it back to the fermentation
process are investigated to avoid the loss of
product and increase the productivity. Additionally,
the enzymes, responsible for the degradation of
HAAs are investigated to engineer microorganisms
unable to degrade HAAs. Together with the use of
larger bioreactors (10 L), we increased the output
of HAAs to cover the demands for further chemical
research.
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Test set-up
Fermenter and foam centrifuge
For fermentation, a 3 or 10 L vessel was used. The
process was controlled using a Bioflo 120
(Eppendorf). The fermenter were aerated with up
to 60% oxygen to avoid high gas flows while
keeping the level of dissolved oxygen in nonlimiting ranges. The off gas was led through a
foam centrifuge (by Frings, Rheinbach) which
separated the liquid from the dry gas. The dry gas
was let through an overrun bottle while the liquid
was guided back to the fermenter (Fig. 2).

Fig. 2: Experimental setup of a normally used
fermenter and an attached foam centrifuge (alternative
off gas route, circled in red)

Results
Strain improvement
Previously, the gene required for the production of
hydroxyalkanoyloxy-alkanoates (HAAs) (rhlA) was
amplified from the pathogenic microorganism
Pseudomonas aeruginosa and used to enable the
non-pathogenic strain Pseudomonas putida
KT2440 via plasmid transformation to synthesize
HAAs [2]. The initially generated strains were able
to produce HAAs if a rich medium was used for
cultivation, but not in minimal media. Additionally,
these strains rely on the addition of antibiotics in
order to maintain the gene-harboring plasmid.
Further research revealed a negative impact of the
antibiotic concentration on the amount of produced
HAA. Lowering the antibiotic concentration and
decreasing oxygen supply by increasing the liquid
volume resulted in an increase of the titer to up to
0.45 g/L. This could be further increased to app.
0.7 g/L when the oxygen supply was further
decreased by lowering the shaking frequency.
In order to produce a more industrial-friendly
strain, which does not require the addition of the
stress causing antibiotics, genome integration of
the rhlA gene was performed. The resulting strains
were, even in the absence of antibiotics, able to
produce the desired product in mineral media,
which are mainly used in industrial applications.
Also, the production rate was more stable
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compared to the plasmid based system.
Furthermore, with rich medium, the titer of the
HAAs was further increased using these strains
(1 g/L)

Product stability
The produced HAAs have to be processed further
immediately after the end of the fermentation as
they are degraded within hours. We could show
that enzymes, secreted by the producing microbes,
are responsible for the degradation process.
Hence, denaturing the enzyme by heating the
supernatant or addition of organic solvents will
prevent the degradation. At the moment, the
secreted proteins from the supernatant are being
analyzed to identify the enzyme responsible for the
HAA degradation. Subsequently the strain will be
further engineered to avoid HAA degradation. This
measure will ensure stable HAA production.
Process development
HAAs are amphiphilic molecules. Thus, with
increasing HAA concentration in the medium, foam
is formed during aerated fermentation. The
produced foam leads to several challenges for the
production process. With increasing fermentation
times, the foam level increases, leading to leakage
of the fermenter. As a result, the off gas filter can
be blocked. Furthermore, the HAAs are
concentrated in the foam and are together with the
active
biocatalyst,
discharged
from
the
fermentation process. To avoid the loss of product
and producers, a foam centrifuge (provided by
Frings, Rheinbach) was installed. Using this
device, the foam that exits the fermenter can be
separated in liquid and dry off gas. The liquid is
guided back to the fermenter. Thus, we can keep
the product and the biocatalysts in the fermenter
and ensure a stable bioprocess.
Fuel design
The produced HAAs are a mixture of different
molecules, dominated by the C10-C10 fraction.
Hence, to chemically synthesize octanol with high
specificity, this spectrum has to be reduced to only
obtain one specific fraction, which is a time- and
cost-intensive procedure. To be able to provide a
drop-in fuel, which is able to compete with costs for
crude oil based fuels, we propose to use the
resulting product mixture as is. Converting the
HAA mixture to fatty alcohols yield a specific
product spectrum. Calculations made within the
TMFB cluster showed that the resulting mixture
does not fit the specific requirements for sparkignition nor for self-ignition engines. However, the
calculated boiling point of the mixture ranges close
to the one of diesel fuel. Thus, it could be used to
blend in with conventional diesel fuel.
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Summary
We were able to build microorganisms that can
produce hydroxyalkanoyloxy-alkanoates. The gene
required for the production was genome
integrated, providing thus the ability to synthesize
HAAs without the need of adding antibiotics. In
addition, the strains are able to produce HAAs
based on mineral medium cultivations. As the
product is degraded by secreted enzymes,
proteins present in the supernatant are being
investigated. The process development led to the
usage of a foam centrifuge, which keeps the
product and producing cells in the fermenter. The
calculation of a complete conversion of the
produced HAA mixture revealed that it can be used
to blend in with diesel fuel.
Outlook
The used microbial strains will be further
developed to increase the HAA production, for
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example by using knockout strains that are more
energy efficient. Additionally, further research will
be carried out to identify the degrading proteins
and produce microbial strains not able of
synthesizing these. Using other gassing- and
stirring methods, we aim to minimize foam
formation while simultaneously increasing HAA
production.
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LNG is a fuel that is under increasing discussion for transport purposes. It differs from CNG because it
often has a higher concentration of hydrocarbons > C4. This affects knocking in a negative way. The
knocking propensity of gases is characterized by the Methane Number or, if an arbitrary engine is used,
by the Service Methane Number (SMN). For a set of LNGs the SMNs are measured on two test engines.
Different approaches to measure the SMN are investigated. Further, several calculation methods are
compared with the measurements.
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Introduction
The
knocking
properties
of
gases
are
characterized by the Methane Number (MN). It is
defined by the content of methane in a mixture of
methane and hydrogen which shows the same
knocking behavior as the gas which is investigated
in a defined test engine under defined operating
conditions. The MN of methane is defined to be
100, for hydrogen it is 0. There are several
methods available to calculate the MN from the
gas composition. Unfortunately they can give
widely differing results.
The MN was defined by AVL as a result of a large
project funded by the FVV (Forschungsvereinigung
Verbrennungskraftmaschinen,
Research
Association for Combustion Engines) [1] [2]. The
measured value of the MN depends on the test
engine and the operating conditions. Unfortunately
the equipment used by AVL does not exist
anymore. This means “the” MN according to the
original definition cannot be measured anymore.
Of course an MN can also be measured on any
other engine or under other operation conditions.
To distinguish the result from the MN measured in
the CFR/RDH-engine, which was used as the
reference engine, and under reference conditions
AVL introduced the designation “Service Methane
Number” (SMN) [1] [2]. It is defined like the MN but
is measured in an arbitrary test engine under
arbitrary operating conditions. For mixtures of
Methane and Hydrogen the SMN is equivalent to
the MN.
Approach / Test set-up
Two single cylinder four stroke engines of 600
(engine 1) and 200 (engine 2) cm³ swept volume
were used for the tests. Both engines were
originally direct injection gasoline engines. They
were converted to port injection gas engines. The
engines were operated stoichiometrically.
Cylinder pressure was measured with piezoelectric
water cooled sensors. The data analysis was
carried out with a Kistler KiBox combustion
analysis system. For the detection of knock the
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VDO-algorithm [3] was used, which is available
within the KiBox [4].
The test engines do not have a variable
compression ratio so alternative methods were
needed. Three possibilities to determine an SMN
were investigated to take into account the
dependence of the SMN on the operating
conditions:
 Use of the knock limiting charge air pressure
pch as a measure for the knocking propensity
(pch-SMN).
 Use of the knock limiting IMEP (IMEP-SMN).
 Use of the knock limiting MFB50 (MFB50SMN).
There were 11 test gases investigated, 8 of which
were defined based on typical LNG compositions.
The other 3 were ternary mixtures of hydrogen,
iso- and n-pentane. Further, 5 reference gases
were available, with 40, 30, 20, 10 and 0 %
hydrogen in methane, corresponding to methane
numbers of 60, 70, 80, 90 and 100.
Results
The MN was calculated with the following
algorithms: DGC [5], NPL [6], MWM [7], PKI [8],
GRI-linear [9], Wärtsilä [10] and Cummins [11].
In the following the SMNs measured with the
different methods are compared with the MNs
calculated with the various algorithms. Because
the SMN is dependent on the engine and the
boundary conditions a comparison can only be
made for one engine and one set of boundary
conditions at a time. A complete picture results if
all comparisons are put together.
In Fig.s 12 to 16 the pch-SMN and the IMEP-SMN
for MFB50 = 14 °CA as well as the MFB50-SMN
are plotted vs. the MN calculated with the MWMmethod for engine 1.
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the DGC- and the MWM-method are very similar to
those from the NPL-method, as all of them are
based on the original AVL-data.
As before the absolute values and the slopes of
the regression lines differ but now this results from
the different calculations methods. Further,
considerable differences in the coefficients of
determination are visible.
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Fig. 1. pch-SMN vs. MWM-MN, engine 1,
MFB50 = 14°CA
110

100

80
MFB50=10°CA
70

x=y

60

Linear (MFB50=10°CA)

50

R² = 0.9802

90

40

40

IMEP-SMN

80

50

60

MFB50=14°CA
70

x=y

60

Linear (MFB50=14°CA)

70 80
NPL-MN

90

100 110
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Fig. 5. pch-SMN vs. PKI-MN, engine 1,
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Fig. 3. MFB50-SMN vs. MWM-MN, engine 1,
pch = 1.3 bar

As expected the absolute values of the SMN differ
from the calculated MN. The slope of the
regression line also differs from case to case. On
the other hand it is nearly always the same gases
lying above or below the regression line. So the
trends are the same, independent of the method
used to determine the SMN.
For other values of MFB50 and for engine 2 the
absolute values and the slopes of the regression
lines differ from the results shown above but in all
cases the trends are the same.
In Fig.s 4 to 8 the pch-SMN for MFB50 = 10 °CA
measured with engine 1 are plotted vs. the MN
calculated with the NPL-, PKI-, GRI-linear-,
Wärtsilä- and Cummins-method. The results from
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Generally it can be stated that the calculated MNs
correlate with the measured SMNs also for the
modern engines used in this work. In all cases the
measured SMNs showed different absolute values,
as expected, but the same tendencies as the
calculated MNs.
It was found that the quality of the correlation
between calculation and measurement is different
with the individual calculation methods. The NPL-,
DGC- and MWM-methods, which are based on the
AVL-data, show a relatively high overall coefficient
of determination. The PKI- and the Wärtsilämethod achieve similar results. The latter perform
better in the low MN range. The results achieved
with the Cummins- and the GRI-method are
slightly worse.

100 110

Fig. 8. pch-SMN vs. Cummins-MN, engine 1, MFB50
= 10°C

The
NPL-algorithm
shows
good
overall
performance but slightly larger deviations in the
low-MN-area.
The coefficient of determination achieved with the
reaction kinetics based PKI-method is similar as
with the NPL and the other AVL-based methods.
The Wärtsilä-method performs even better in the
example shown here. Interestingly for these two
the deviations in the low-MN-area are smaller than
with the AVL-based methods.
The GRI-linear- and the Cummins-algorithm show
lower coefficients of determination for this set of
measurements. They give relatively large
deviations from the trendline not only in the low but
also in the high MN area.
Summary
SMNs were measured by varying three knock
limiting parameters (charge air pressure, mean
indicated pressure and MFB50) with two SI single
cylinder stoichometrically operated test engines of
200 and 600 ccm swept volume for 11 test gases.
The results were compared to 7 calculation
methods for the MN.
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Ignition delay time of Nonane (C9) structural isomers have been investigated. Using a shock tube facility
and Chemkin 0-D homogeneous reactor model with KUCRS, the ignition delay times of normal-nonan
(nC9) and 2,2,4,4-tetramethylpentane (2244mC5) were obtained experimentally and numerically. Results
showed that the experimental ignition delay time of 2244mC5 is considerably longer than that of nC9 in
NTC region. The numerical results are agreed well with the experimental results not only for pure nC9
and 2244mC5 mixture but also for mixed fuels of nC9 and 2244mC5.
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Introduction
In recent years, the reaction mechanisms of HC
fuels in numerical simulations of combustion have
been proposed by numerous researchers.
Considering hundreds or thousands of elemental
reactions, reaction mechanisms for even higher C
number fuels such as heptane (C7) and Octane
(C8), including their isomers, have been
successfully developed [1-3]. Those mechanisms
contribute to the precise predictions of important
combustion characteristics, that is, the chemical
ignition delay time or burning velocity of the
mixture.
However, mechanisms of some HC species have
hardly
been
investigated.
One
of
its
representatives is Nonane (C9). The number of
reports on the reaction characteristics of C9 is
quite
limited.
Therefore,
the
reaction
characteristics of C9 (including its isomers) are
unclear.
The reaction mechanisms of Nonane are
interesting from the fundamental view point
because of its isomers. There are 35 structural
isomers on C9 with 18 isomers for C8 and 9
isomers for C7. The reaction characteristics of the
variety of structural isomers are interesting from
fundamental aspects. Furthermore, knowledge of
the reaction characteristics of isomers will be
considerably important in “Next Generation Biofuels” (NGBF). In NGBF, hydrogenation or
isomerization will be performed on new materials,
such as algae [4-5]. Due to those processes, it is
said that NGBFs may consist of a saturated, large
number of isomers of various HC species.
So, in this study, reaction characteristics of C9
isomers have been investigated experimentally
and numerically. The chemical ignition delay time
of normal C9 and 2,2,4,4-tetramethlpentane has
been measured with a shock tube facility.
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Experimental
Fig. 1 shows a schematic of the shock tube used in
this study, which consists of a “driver, buffer and
test section”. The driver section is composed of a
10 m long cylindrical tube 57.3 mm in diameter and
a rectangular vessel as shown in Fig.1.

Fig. 1 Experimental apparatus

In the vessel, a movable piston is installed at the
boundary of the driver and buffer section, the
movement of the piston initiates shock wave
propagation into the buffer section. It is worth
noting that the total system length is reduced to
less than 11m due to the right-angle connection of
the buffer and driver sections (rectangular vessel).
The buffer and test sections are connected by way
of a heat-resistant ball valve (TOYO KOATSU Co.,
Ltd.) to realize the CRV strategy [6-7]. The test
section including the ball valve is heated
electrically up to 150degC to avoid fuel
condensation.
In this study, a C9H20/O2/Ar mixture was examined.
The test gas composition was decided first, and
then, to suppress the effect of the boundary
between the test and buffer sections, the gas
composition in the buffer section was determined
so that its shock impedance matched that with the
test section [8-9]. Then, the driver gas composition
was decided to satisfy the tailored conditions.
Here, the “mixing pumps” were used to form the
homogeneous mixture.
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In this study, ignition delay time was determined by
the variations of OH emission and pressure. OH
emission was observed through the quartz plate
installed at the end of the test section. The
emissions were detected by a photo detector
through a 306.0 nm centered band pass filter,
(THORLABS, PDA#&A-EC). Then, pressure was
measured by piezo pressure sensors (PCB,
102B06, response time 1.0 μs) installed at 50 mm
and 150 mm from the closed end of the test
section.
Table 1 shows the experimental conditions. In this
study, the effects of isomer, ignition delay time of
2,2,4,4-tetra-methyl-pentane (2244mC5) as well as
normal
Nonan
(nC9)
were
examined
experimentally and numerically. Pressure was
fixed at 10 atm, and the temperature was varied
from 600 K to1250 K.

maximum difference is about 15ms at 1000/T =
1.3.
The ignition delay times are also obtained by
numerical simulation. In Fig. 3, the numerically
obtained ignition delay times are shown by dashed
and solid lines. Currently, the reaction mechanism
for C9 isomers is not available, so, the automatic
mechanism generation program by Miyoshi
(KUCRS) was used in this study [12-13]. The
reaction mechanism by KUCRS for nC9 consists of
663 species and 1742 elemental reactions with
416 species and 1132 reactions for 2244mC5.
Using those mechanisms, the ignition delay time
was calculated by a Chemkin-Pro 0-D
homogeneous reactor model [11]. As can be seen
in Fig. 3, the experimental results are well
reproduced by the numerical simulation.
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Table 1 Experimental conditions
normal-Nonane

Fuel

2,2,4,4-tetramethylpentane

Diluent

O2 : Ar = 21 : 79

Equivalent ratio

1.0

Pressure

10atm

Temperature

600-1250K

Results
Fig. 2 shows the time variations of the pressure
and OH emission obtained for 10 atm, 630 K for
normal Nonane/O2/Ar mixture. The ignition delay
time was determined as shown in Fig. 2, that is,
the period of time from the arrival of the reflected
shockwave to the onset of ignition [10]. This result
confirms that 10atm can be maintained for about
35 ms with our facility, which indicates that the
ignition delay time can be investigated in wide
range of temperatures.
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Fig. 2 Pressure and OH signal history

In Fig. 3, experimentally obtained ignition delay
times are shown for nC9 and 2244mC5. It can be
seen that the ignition delay time of 2244mC5 is
quite longer than nC9 in the so-called NTC region,
that is, in the range of 1.2 < 1000/T < 1.4. The
60
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Fig. 3 Ignition delay time of C9H20 (Nonane)
isomers

In practical situations, C9 isomers could be mixed.
Then, the mixed fuel of nC9 and 2244mC5 was
also examined for various mixing ratios. Fig. 4
shows the experimental and numerical results for
the varied mixing ratios. Here, note that the vertical
axis is in logarithmic scale. The ignition delay time
for nC9/2244mC5 = 50/50 is of 7ms at 1000/T =
1.3, which is shorter than that of 2244mC5 (20ms
at 1000/T = 1.3). It is closer to nC9 (4ms at 1000/T
= 1.3). This result indicates that the ignition delay
time of mixed fuels does not show the linear
dependency on the mixing ratio.
Even the ignition delay time shows non-linear
dependency on the mixing ratio, the numerical
results shown by the lines in Fig. 4 trace the
experimental results. That is, the mixed fuel
ignition delay time can also be predicted by the
KUCRS.
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Fig. 4 Ignition delay time of mixed fuel (nC9 /
2244mC5)

Discussion
To discuss the mechanism of the long ignition
delay time of 2244mC5, the time variations of
gaseous temperature and chemical species are
shown in Fig. 5 for nC9 / 2244mC5 = 100/ 0 (a), 50
/ 50 (b) and 0 / 100 (c). In Fig. 5(a), it can be seen

that the temperature (showed in upper Fig.) first
increases at 1.5ms from 750K to 950K, and then,
drastically increase at 2.3 ms. Additionally,
chemical species reach their peak value at 1.5ms.
This tendency indicates that a cool flame is
generated at 1.5ms for nC9. Comparing the results
shown in Fig.5 (a) to (c), it is clear that the ignition
delay time after the cool flame generation is quite
long for 2244mC5 compared to nC9 and mixed
fuel.
According to the time variations and gas
temperature for all cases, the temperature
increase of 2244mC5 at the timing of cool flame
generation (5ms) is about 60K with 170K for nC9.
The heat release of 2244mC5 at the cool flame
generation seems much lower than the nC9, which
may attribute to the long ignition delay time of
2244mC5.

Fig. 5: Temperature (upper) and molecular fractions of intermediate species (lower)
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The potential biofuel diethoxymethane (DEM) combines increased energy density compared to polyoxymethylene ethers with an improved soot-NOx tradeoff compared to conventional fuels. We present a
joint experimental and theoretical effort to elucidate the so far largely unknown combustion chemistry of
DEM by providing ignition delay times over a large temperature and pressure range, laminar burning
velocities, strain rates and ab-initio rate constants. Based on this data we develop an improved detailed
chemical model that already reproduces well temperature- and pressure-dependent ignition in the hightemperature regime.
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Introduction
Diethoxymethane (DEM) is a promising biofuel that
can already be produced with gas-to-liquid
technology. Its favorable combustion properties
result from its hybrid character: Methylenedioxy
groups (O–CH2–O) known from poly-oxymethylene
ethers (POMEs) lead to improvement in the sootNOx tradeoff while the more alkane-like ends
increase its energy density, cf. Fig. 1.

Fig. 1: Structure of DEM

The Combustion Kinetics thematic working group
of the TMFB Cluster of Excellence therefore
conducts a wide experimental and theoretical
campaign to elucidate DEM combustion chemistry.
Results
Laminar burning velocities were measured in the
combustion vessel of the Institute for Combustion
Technology. From the radial growth of the
spherical flame fronts extrapolation to zero
curvature, i.e. to a flat flame, was performed and
yields the flame speed values in Fig. 2. Flame
speeds at 1 bar are very similar to those measured
by Gillespie et al. for diethoxyethane (DEE) [1]. A
pressure increase to 2.5 bar reduces the flame
speeds by about 11 cm/s. Similar to DEE,
maximum burning velocities are found in the
vicinity of an equivalence ratio of 1.1.

Despite these desirable features, the detailed
combustion chemistry of DEM (and of fuels
containing methylenedioxy groups in general) is
largely unknown. In addition, C–C bonds present in
DEM may further complicate the mechanism
especially under fuel-rich conditions.

Fig. 3: Extinction strain rates for YO2 = 0.232

Fig. 2: Laminar burning velocities of DEM in air at
398 K. DEE values from [1]
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Extinction strain rates were measured for constant
oxygen mass fraction YO2 on the one hand (Fig. 3)
and for constant fuel mass fraction YF on the other
hand (Fig. 4). The experiments were performed in
the laminar counterflow burner of the Institute for
Combustion Technology as described by Cai et al.
[2] and thereby extend our campaign for non-
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premixed conditions. Since two opposed nozzles
issue fuel respectively air into the counterflow, both
YO2 and YDEM can be varied. Fuel-dependent
extinction strain rates as a measure for the
residence time scale are a valuable validation
target for modeling.

Fig. 4: Extinction strain rates for YDEM = 0.28
Ignition delay times (IDT) were measured in three
different facilities, thereby covering a temperature
range from 483 K to 1087 K. IDTs lower than 10
ms at high and intermediate temperatures were
measured in a shock tube (ST) while IDTs
between 2 and 200 ms at intermediate to low
temperatures were measured in a rapid
compression machine (RCM); both are facilities of
the
Physico-Chemical
Fundamentals
of
Combustion (PCFC) laboratory. The influence of
low-temperature chemistry leads to an interesting
plateau region at intermediate temperatures, cf.
Fig. 5. One also sees the strong bath gas effects of
CO2, N2 or Ar at high dilution in the RCM.
For temperatures below 550 K the laminar flow
reactor (LFR) of the Institute for Technical
Combustion was used. Along its 4.8 m long quartz
tube placed in an oven, thermocouples are used to
determine the peak temperature. This value is
converted by the ratio of ignition location
normalized by inlet velocity to 0-D IDTs.
st
The 1 stage IDTs for DEM in Fig. 6 at 1 bar yield
a straight line in the Arrhenius plot corresponding
to an effective activation energy of -21 kcal/mol.
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Fig. 5: Chemical ignition delay times measured in a
shock tube (ST, open squares) and in a rapid
compression machine (RCM). The longer times (orange,
closed symbols) are obtained in high dilution
(diluent/O2=12); the shorter times (green, open symbols)
at a dilution ratio of 3.76

st

Fig. 6: 1 stage ignition delay times (IDTs) measured in
a laminar flow reactor at 1 bar in a stoichiometric mixture
with synthetic air containing 15% O2

Key reactions like H-abstraction and β-scission
were treated in former mechanisms using
analogies. We have calculated rate constants for
β-scission and for H-abstraction by H, CH3 and
C2H5. The two DEM mechanisms published to date
(Zhang et al. [3] and Dias et al. [4]) do not include
abstraction by C2H5 at all. However, since C2H5
belongs to the DEM β-scission product spectrum,
this radical could play a non-negligible role.
We employed transition state theory (TST) to
compute the rate constant from ab-initio data on
energies, geometries and frequencies of the
structures involved. We employed methods that we
tested earlier for dimethoxymethane (DMM) [5]:
For geometries and frequencies the double-hybrid
density functional B2PLYP-D3BJ/6-311++(d,p)
was used while energies were obtained at
CCSD(T)/aug-cc-pV(D+T)Z level. For the largest
structures, we employed the DLPNO-CCSD(T)

6th TMFB Conference Tailor-Made Fuels
Day 1: June 19th, 2018
approximation as implemented in the ORCA
software [6]. Torsional modes were modeled by
solving the one-dimensional Schrödinger Equation
and tunneling was modeled with the zero-curvature
Eckart approach.
Reactions of the fuel radicals were modeled in a
Master Equation (ME) which leads to temperatureand pressure-dependent rate constants for
isomerization and β-scission.
The results of the rate constant computations show
that estimated rate constants in former
mechanisms are too fast by about one order of
magnitude, cf. Fig 7. The branching ratios are
similar to previous estimations: Abstraction from
the terminal position is slowest while abstraction

from the 2- and the 4-position (cf. Fig. 1) takes
place at similar rates.
β-Scission is fastest for the 4-radical and generally
very pressure-sensitive. Even at 100 bar, the rate
constants stay a factor of 2 below the highpressure
limit, depending on temperature. Isomerization is
of minor importance, except for the 1-radical that
isomerizes to the 4-radical at high pressure and
low temperature. The results support the
assumption that C2H5 radicals are a favored
product in DEM key reactions at fuel-rich
conditions.

Fig. 7: Ab-initio rate constants (solid) for H-abstraction from the three sites of DEM (RH) by three radicals compared
to estimations (dotted) based on analogies from Zhang et al. [3

]

10
IDT / ms

These ab-initio rates together with analogies to
dimethylether (DME), DEE, DMM and n-pentane
have been used to develop a high-temperature
mechanism. We used as a basis the
AramcoMech2.0 mechanism, including a new
DMM submechanism. Reaction classes as defined
by Curran and Bugler were used. The model
captures pressure-dependent effects in the hightemperature regime as can be seen in Fig. 8. IDTs
from Zhang et al. [3] at high dilutions with Argon at
2, 4 and 10 bar compare well to the IDTs predicted
by the new mechanism.

p_bar = 2.0
p_bar = 4.0
p_bar = 10.0

1

0,1
0,01
0,75

0,8
0,85
1000K / T

0,9

Fig. 8: IDTs at 2, 4 and 10 bar for the stoichiometric
mixture of DEM/O2 diluted in Ar. The symbols are STdata from [3] (▲ 2 bar, ■ 4 bar and ● 10 bar). The lines
are constant volume simuations based on the present
model
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Summary
The experimental and ab-initio data from this study
provide a broad basis for a detailed understanding
of DEM combustion chemistry. Our future work
aims at the development of the first detailed
chemical kinetic model that includes high- and lowtemperature
oxidation
pathways
for
a
comprehensive description of DEM combustion at
engine-relevant conditions.

[3]

[4]

[5]
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So far, biomass is the predominant feedstock for renewable fuel production. However, conversion of
renewable electricity and CO2 to so-called e-fuels might be a viable option of simultaneously securing
stable grid operation and supplying renewable fuels. To evaluate the bottlenecks of both bio- and e-fuel
production, this work conducts a systematic screening using Reaction Network Flux Analysis (RNFA) [1]
and Process Network Flux Analysis (PNFA) [2]. RNFA shows that e-fuel production is more costly but
gives low carbon losses. PNFA further reveals that some e-fuels (e.g. methane) lead to global warming
potentials as low as 4.5 gCO2/MJfuel since stoichiometric by-products (e.g. water) can be easily separated
from the gaseous phase. Bio-based production, however, typically involves more energy-intensive solvent
separation or gas cleaning steps.
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Introduction
Road transportation is responsible for ca. 50 % of
the worldwide oil demand [3] and hence
constitutes a major contributor to global CO 2
emissions. In addition to electric and fuel cell
powertrains, (advanced) internal combustion
engines are expected to keep a major share in
light- and heavy-duty transportation [4]. Hence, to
reduce the emissions associated with fuel
combustion, sustainable fuel production processes
based on renewable feedstocks need to be
developed.
When considering raw materials for renewable fuel
production, the focus is typically on biomass.
However, in the wake of integrating the energy and
transportation sector, so-called e-fuels produced
from renewable electricity and CO2 provide an
opportunity to further substitute fossil fuels and
simultaneously store excess power.
E-fuel production pathways are inherently different
to e.g. biochemical conversion of biomass. They
involve conversion of highly-expensive H2
produced via electrolysis of water and CO2 via gasphase reactions that are sometimes subject to
equilibrium limitations [5]. Biochemical biomass
conversion, on the other hand, converts
inexpensive biomass feedstocks via liquid-phase
reactions at moderate conditions [6].
In order to benchmark the performance of bio- and
e-based pathways against each other, and to
identify the structural bottlenecks of each process
type, these fuel pathways have to be analyzed
using a systematic and fair methodology.
Regarding
bio-fuels,
optimization-based
methodologies are established tools to identify
promising pathways [1,2,7,8]. However, so far,
none of these methodologies have been used for a
comprehensive, distinct comparison of e-fuel and
bio-fuel pathway performance. To fill this gap, this
work gives a broad screening of bio- and e-based
production routes including possible feedstock
combinations using Reaction Network Flux
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Analysis (RNFA) [1] and Process Network Flux
Analysis (PNFA) [2], two optimization-based
screening tools for early-stage process evaluation.
Methodology and Case Study
RNFA is a screening method that purely relies on
mass balances [1], while PNFA also accounts for
separation and energy requirements [2]. This work
proposes a complementary use of both methods
where RNFA is used for a broad screening
whereas PNFA is applied in a more detailed
analysis for a smaller range of fuels.
The methodologies are adapted to enable a fair
comparison of both feedstock types. Changes
include recycling of unreacted components and
selectivity-limited yield constraints. In PNFA,
suitable gas separation models [9,10] are added
and separation of products and unconverted
reactants is now considered for low per-pass
conversions,
X ≤ 75%.

Fig. 1: Scope of the study

The case study includes two kinds of biomass,
wood (i.e., forest residues) and waste vegetable
oil, as well as H2 from wind power and CO2
captured from steel plants (cf. Fig. 1). Fig. 2 shows
the conversion routes and fuels considered in this
case study. Various fuels are included that can be
produced via biochemical conversion of wood,
transesterification of vegetable oil, or conversion of
CO2 and e-based H2. By adding thermochemical
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Fig. 2: Overview of case study; grey boxes: feedstock; grey arrows: RNFA analysis only; bold type: fuel products;
only main products and main reactants are shown. FT: Fischer Tropsch

gasification of wood to the network, alternative
production pathways for CO2 and H2 arise. Thus,
the reaction network gains an interconnected,
complex nature with many different feedstock and
pathway options.
To determine which pathway combination is most
favorable multi-objective optimization is applied.
RNFA optimizes the network based on cost and
carbon loss whereas PNFA focusses on cost and
global warming potential (GWP) as objectives. In
RNFA, the cost criterion consists of raw material,
waste disposal, and investment cost whereas in
PNFA, it also includes utility costs. Carbon loss,
which is used as a measure for resource
efficiency, is defined as the amount of carbon lost
to components other than the target fuel divided by
the amount of carbon provided in the feedstock. It
is particularly important when aiming to replace all
fossil fuels since it limits the production rate of
alternative fuels from a given carbon resource.
Regarding GWP, energy demands of separations
and reactions as well as previous feedstock
processing (i.e. electrolyzer, H2 storage, carbon
capture unit, waste oil purification) are considered.
Results
RNFA analysis shows a clear trend. When cost is
considered as the primary objective, wood-based
conversion routes are preferred to e-based
processing steps because forest residues are
much cheaper than e-based H2 which is supplied
at an average price of 5.8 $/kgH2 [11]. However, to
minimize carbon loss e-based routes are selected
due to the advantage of adjusting the ratio of H2
and CO2 to fit the exact requirements of the
pathways. In contrast, thermochemical and
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biochemical wood conversion incur significant
carbon losses due to tar formation and limited
ways to convert the lignin fraction. Pathway
designs which are based on vegetable oil show
higher cost than purely wood-based processes due
to the higher price of feedstocks. As
transesterification steps have high yields and only
small amounts of carbon are lost to the by-product
glycerol, these designs show only small overall
carbon losses.
Fig. 3 shows an extract of the Pareto fronts
obtained by RNFA for each fuel. Favorable fuels
are located close to the origin where cost and
carbon loss are both small. A trade-off between
cost and carbon loss is typically observed. Over
the course of the Pareto front, pathway fluxes
typically shift smoothly from bio-based to e-based
feedstocks. Hence, the Pareto fronts have a mostly
linear shape with few visible synergies created by
feedstock and pathway changes.

Fig. 3: Extract of the Pareto fronts of RNFA allowing for
bio- and/or e-based production routes; uFAME:
upgraded FAME, FT: Fischer-Tropsch

In PNFA, a more detailed analysis is conducted for
a smaller range of fuels. Fig. 4 shows an extract of
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the Pareto fronts generated with PNFA. Again,
promising fuels appear close to the origin. In
general, a similar trend as in RNFA is observed. At
the point of minimal cost, wood is converted either
thermochemically (e.g., methane) or biochemically
(e.g., ethanol). At minimal GWP, however,
thermochemical conversion of wood is substituted
by CO2 and e-based H2 to avoid the high energy
requirements associated to the endothermic
gasification step and subsequent gas cleaning. In
case of ethanol, the biochemical wood-based route
is optimal regarding both cost and GWP. This is
because in contrast to the alternative syngas
fermentation pathway, the wood-based route
avoids gas treating steps such as reverse watergas shift.

Fig. 4: Extract of the Pareto fronts of PNFA allowing for
bio- and/or e-based production routes

Biochemical routes do not always lead to a low
GWP as the production of 2-butanone shows.
Here, the high-boiling intermediate 2,3-butanediol
is formed in fermentation. As the more volatile
solvent, water, needs to be fully evaporated in
distillation high energy demands arise. When
hybrid separation processes are considered,
however, the energy requirements can be
decreased [12].
When considering e-based routes, some fuels, e.g.
methane, obtain GWP values as low as
4.5 gCO2/MJfuel as no solvents or inerts are needed
and the stoichiometric by-product water can be
easily separated from the gaseous phase in a
flash.
Transesterification
processes,
e.g.
FAME
production, achieve a relatively low GWP as well,
as the products form a miscibility gap which can in
part be exploited during downstream processing.
Summary
In this study, a systematic performance evaluation
of bio- and e-fuels is given. The two optimizationbased screening methodologies, RNFA [1] and
PNFA [2], are amended to accommodate a fair
comparison of the inherently different processes.
Changes include recycle streams, gas separation
models, and consideration of pre-processing steps
in GWP calculations of PNFA.
Several structural performance differences were
identified between bio- and e-based processes. It
was found that e-based pathway designs yield
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higher costs than bio-based designs due to the
high cost of H2. However, carbon loss is very low
since the feedstocks can be supplied in exactly the
right ratios. Wood-based designs are less costly
but show significant carbon losses due to e.g.
insufficient use of all biomass fractions. Fuels,
which are (partly) based on waste vegetable oil,
are more expensive than purely wood-based
processes but achieve low carbon losses.
Feedstock combinations typically do not lead to
significant synergies in this case study. Thus, the
Pareto fronts have a mostly linear form.
The same trends can be seen in PNFA results.
However, more detailed insights can be gained.
Thermochemical and biochemical conversion of
wood leads to lower costs. In terms of GWP,
thermochemical gasification is not preferable to ebased routes as the endothermic reaction and
subsequent gas cleaning entail high energy
requirements. Depending on the product mixture,
fermentation products of biochemical conversion
pathways can lead to high energy demand,
especially when the solvent is the more volatile
component. In contrast, transesterification of waste
vegetable oil yields a low GWP as separation is
simplified by a miscibility gap.
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(Poly-)Oxymethylene dimethyl ethers (OMEx) are promising alternative fuels. However, established
production concepts are complex and energy intensive, such that novel concepts are required. Due to
very different stages of development of such concepts, a hierarchical approach for comparison is applied.
Bottlenecks of the established process routes are identified and two recently proposed routes for OME 1
synthesis are found to be promising at an early stage of analysis.
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Introduction
(Poly-)Oxymethylene dimethyl ethers (OMEx) are
oligomers that have very attractive combustion
properties for diesel engines. Due to their
miscibility with fossil diesel they can be used as a
drop-in fuel, while reducing soot and potentially
nitrogen oxide formation significantly [1]. Todays
commercially available OMEx is based on fossil
energy sources and its production highly energy
intensive and, thus, has an unfavorable carbon
footprint. The possibility of producing OMEx from
H2 generated by renewable energy and CO2 from
biomass, flue gas, or directly captured from air can
keep its global warming impact low [2]. However,
such a production pathway is currently energy
intensive. In order to overcome this and benefit
from the advantegous properties of OMEx, novel
production processes are required.
OMEx of different chain lengths exhibit different
fuel properties and require different production
pathways. For OME3-5, little if any modifications to
the injection system are necessary, but established
production processes are complex and energy
intensive. OME1, on the other hand, is only suitable
as an additive rather than a pure-component fuel
[1], but its production is significantly simpler and it
can serve as a building block for higher OME x.
Recently, several novel chemical routes for OME1
synthesis have been proposed in literature. Thus, it
is essential to consider such routes for the
development of an economic and ecological
beneficial OMEx production process.
Routes for OME Production
We consider the following four synthesis routes for
OME1: a) the established, b) the oxidative, c) the
reductive, and d) the dehydrogenative route. Each
is based on H2 and CO2 as their raw materials for
the direct conversion to methanol, but differ in their
further reaction pathway. Route a) consists of two
subsequent steps, i.e. the (partial) oxidation of
methanol for formaldehyde (FA) and a reactive
distillation for OME1 production [3]:
𝐶H3 OH + 0.5O2 → CH2 O + H2 O

(1)
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2CH3 OH + CH2 O → OME1 + H2 O.

(2)

Within b), direct oxidation of methanol to OME1
takes place in the gas phase, thus avoiding FA
production [4]:
3CH3 OH + 0.5O2 → OME1 + 2H2 O.

(3)

Route c) uses the homogenously catalyzed liquid
phase reaction [5]
2CH3 OH + CO2 + 2H2 → OME1 + 2H2 O.

(4)

The dehydrogenation of methanol to H 2 and FA
and a subsequent condensation of methanol with
FA to OME1 is realized in the one-pot reaction [6]
3CH3 OH → OME1 + H2 + H2 O.

(5)

Hierarchical Route Comparison
As the detail of process knowledge varies
significantly
between
these
routes,
a
comprehensive
comparison
is
challenging.
Therefore, a hierarchical methodology with four
different levels incorporating process models of
different level of detail is applied. The methodology
is illustrated in Fig. 1.

Fig. 1: Hierarchical comparison methodology
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On Level 1, the raw material consumption for each
process is evaluated using stoichiometric mass
balances only (i.e., assuming no byproducts and
complete recycling of unreacted educts or
intermediates). As the equation of each desired
reaction is always given, Level 1 is applied to all
four routes.
Including experimental data regarding reaction
conditions and product composition on Level 2
enables a preliminary process design including
reaction and separation, as well as an estimation
of minimum energy demand using shortcut
methods [7]. As no quantitative statements about
reaction conditions for route d) are available in the
open literature, Level 2 herein is applied to routes
a), b), and c).
In order to gain more insight into each route,
rigorous process models are embedded in Level 3,
which allows for a rigorous process optimization
and a more detailed analysis. Due to limited
information about the novel routes at this early
stage, only route a) is considered herein on Level
3.
Level 4 includes costing models (both operating
and investment cost), which are applied to the
rigorous process models from the previous level,
herein for the established route.
Results
The hierarchical comparison methodology was
applied as indicated in the previous section. The
diagram in Fig. 2 shows the consumption of H2 and
CO2 for all four synthesis routes at level 1.

At this level, routes a) and b) are equivalent as
they give the same net stoichiometry:
(6)

Similarly, routes c) and d) give
8H2 + 3CO2 → OME1 + 4H2 O.

Fig. 3: Sankey-diagram of exergy flows of the
established OME1 production process

In order to highlight the key advantages of OME1
compared to OME3-5 production, the same
investigations have been performed for an
established concept for OME3-5 production,
resulting in an overall exergy efficiency of 53%.
Summary and Outlook
A hierarchical comparison methodology enables a
fair comparison of processes at different stages of
development. It shows a potentially high resource
efficiency for the reductive and dehydrogenative
route. With increasing knowledge about the novel
synthesis routes, they can be analyzed on higher
levels, which finally makes a detailed comparison
of all route alternatives possible. Revealed
bottlenecks
guide
the
way
for
further
improvements for both OME1 and OME3-5
production and, thus, to an economic and
ecological beneficial production process.

Fig. 2: Consumption of H2 and CO2 per mole OME1
compared at level 1 for routes a), b), c), and d)

9H2 + 3CO2 + 0.5O2 → OME1 + 5H2 O.

In d), the produced H2 is recycled, such that one
mole H2 is saved within methanol production. As
H2 provision via electrolysis is the most energy
intensive process within the routes, such savings
can reduce overall energy consumption by a factor
of 1/9. These results show great potential of routes
c) and d), however, a further comparison on higher
levels is necessary for a comprehensive process
evaluation and bottleneck identification.
Exemplary results for such a more detailed
investigation are shown for Level 3 applied to the
established OME1 synthesis route in the Sankeydiagram in Fig. 3. It shows the exergy flows
between each process step as well as their losses,
which are distributed roughly equally to all process
steps. The overall exergy efficiency is 72 %, which
is still below the efficiency of other alternative fuels
[8].

(7)

Due to the direct consumption of CO2 and H2
within c) (cf. Equation (4)), only two moles of
methanol are required and, thus, one mole H2 less.
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Reducing emissions and Greenhouse gas emissions have become the major challenge for developing
sustainable powertrain concepts. In addition to electrification strategies up to full battery electric vehicles,
the conventional internal combustion engine can fulfil the CO 2 and emission requirements if the fuel of the
engine is carefully selected. The selection process of suitable fuel candidates based on sensible
requirements will be discussed resulting in the selection of Methyl ethers such as DME as promising
Diesel fuel replacements. Results of experimental and numerical investigations (spray-chamber and
single cylinder engine) will be presented which have demonstrated an excellent mixing preparation
fuel/air mixture resulting in soot less combustion at low CO 2 emission levels.
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Introduction
In recent years, Greenhouse gas (GHG) reduction
has become the major driver for new technological
developments in the transportation sector since
CO2 emissions emitted by vehicles represent a
significant part. In Europe for example,
Greenhouse
gases
produced
by
Road
Transportation
comprise
about
20 %
of
anthropogenic CO2, which is only 5 % less than
the biggest contribution coming from Heat and
Electricity production. Although GHG emissions in
Europe tend to go down, further efforts have to be
undertaken
in
order
to
reduce
the
CO2(+CH4/N2O)-concentration in the atmosphere
even more in order to limit global warming. For
2030, the European Commission has targeted a
CO2-reduction of 40 % compared to 1990 levels
which also implies a stepwise reduction in fleetaveraged CO2 levels for newly registered
passenger car vehicles. In 2021, therefore a fleet
average of 95 g/km was fixed which would
correspond to 4.1 liter gasoline or 3.6 liter Diesel
per 100 kilometers. Due to thermodynamical
limitations, those numbers will not be achievable
with conventional Diesel and Gasoline-based
powertrain technology alone, which implies the
necessity for OEMs to develop and apply new
technology in order to provide sustainable,
profitable and attractive vehicle solutions. Beside
disruptive powertrain solutions such as battery
electric vehicles, which require high investments in
production and infrastructure development, there
are also new more evolutionary powertrain
concepts based on Low-Carbon-fuels, which do
have a lot of promising features. If those new fuels
are carefully selected, existing powertrain
technology could be preserved with small
modifications in fuel and tank system, which of
course
would
strongly
reduce
required
manufacturing investments. Even vehicles, which
are already on the market could contribute to a
sustainable mobility if the chosen fuels are
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compatible
technology.

with

conventional

powertrain

Requirements for Alternative Fuel Selection
As alternative fuels have become an important
subject to powertrain research in recent years, the
selection of the most promising candidates for
future serial applications requires selection criteria
in order to focus research and development
resources. Those criteria shall be discussed in the
following.
1. Tank-to-Wheel CO2-reduction
Due to the need to avoid GHG-emissions in the
vehicle-fleet brought to the market, CO2 reduction
capability is one of the most important parameters
for alternative fuel selection.

Fig. 1: TtW CO2 reduction for various fuels

In Fig. 1, the CO2-reduction capability of various
prominent fuels relative to a conventional gasoline
powertrain based on heating value and
stoichiometry for mono-fuel (no blending)
application is shown. The picture shows two
framed regions meeting at Diesel fuel as a
reference with a CO2 emission reduction of about
7 %, which is the benchmark the alternative fuel
candidates ideally should exceed. As we can see,
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only fuel candidates such as methane, methanol,
DME and Octanol would give TtW-CO2-reduction
benefits higher than the Diesel baseline whereas
other fuels like for example longer chain OMEmolecules (oxymethylen-ethers) would produce
more CO2 than the reference. The fuels framed in
green therefore would help reducing CO2 under
current TtW-GHG-based certification already,
whereas the fuels framed in yellow would require a
significant change towards a well-to-wheel based
CO2-regulation for GHG-improvement.
2. Multi-tasking: Solve different problems at the
same time
In order to address and solve several internal
combustion engine related challenges at the same
time, fuel candidates, which provide benefits not
only with regard to CO2 reduction but also to other
issues like emissions or thermodynamic efficiency,
should be preferred. In addition to that also the
effort in fuel production and expected fuel price
should be considered in the selection process.
3. Time pressure
As CO2-avoidance is a topic, which needs to be
addressed as quickly as possible, the timing factor
also plays a significant role. Suitable fuel
standards as a pre-condition for type-approval
development needs a lot of time and efforts, before
serial introductions of fuel related production can
even be thought of.
2.4 Global availability and cost
Since most of the OEMs are global players and
sell vehicles into all parts of the world, the fuel
availability in different markets is a serious hurdle
for developing new dedicated powertrain-products.
The fuel itself should therefore be available in
various markets at a reasonable price and so that
the vehicle solutions are affordable to anybody
DME-alternative fuel for CI-engines
Based on the requirements discussion in the
previous section, DME (Dimethyl-ether = CH3-OCH3) and OME1 had been selected for the
investigations as a promising candidates. Due to
the Diesel-like Cetane-number and the bigger
potential in terms of TtW-CO2 reduction, DME
seems to be the more promising candidate. DME
is produced already in large amounts due its usage
in other industrial applications such as propellant
for spray bottles or in dye-industry and it is not
toxic. Due to its excellent emission and combustion
properties (CN = 55, smokeless combustion), it
has been studied in various publications [1].
Compared to Diesel fuel the density of DME is
lower which leads to increased injection velocities
according
to
Bernoulli’s
principle
for
incompressible flows and therefore higher
Reynolds numbers and better spray atomization
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[2]. This effect is further amplified by the lower
kinematic viscosity of DME.
Spray-chamber Measurement and nozzle layout
However a drawback of DME is the lower calorific
value and density compared to Diesel which leads
to a reduction of the volumetric heating value by
almost 50 %. Therefore, the injection system has
to be modified in order to cope with higher fuel flow
rates. Additionally, due to the lower bulk modulus
of DME the maximum possible injection pressure
is limited to 100 Mpa for the injection system used
in the investigations, which implies a further
increase of the injectors’ hydraulic flow rate. The
effect of nozzle hole diameter on mixture
preparation was investigated in spray-chamber
measurements, which were also used in order to
validate numerical models. Based on the calibrated
CFD models, a nozzle selection for upcoming
experimental investigations has been done at fullload conditions, which will be tested in the next
phase of the project.
Single cylinder results for part- and full-load
Due to the high oxygen content and superior
mixture formation properties, as shown previously,
DME should exhibit very low soot emissions. In
fact investigations at the single cylinder engine
have shown that no soot emissions could be found
using the filter paper method as shown in Fig. 2.
Even at highest EGR rates (28 %) in combination
with the largest nozzle no soot emissions could be
detected while already at moderate EGR rates
(16 %) with Diesel and the smallest nozzle high
filter smoke numbers were measured. DME is not
showing any soot emissions due to its high oxygen
content, absence of C-C bonds and high volatility
as described previously.

-1

Fig. 2: EGR sweep at part load (1750 min ;
IMEP = 8.6 bar) with Diesel (108 µm nozzle) and DME
(171 µm) nozzle

These beneficial properties enable an engine
operation with high EGR-rates in order to abate
engine-out NOX emissions and therefore reduce
the requirements on the DeNOX system. However
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the omission of a particulate filter will probably not
be possible since it is not expected that the particle
number will be below the regulatory limit. Detailed
investigations about the particle number and
distribution will be part of the planned
investigations.
The soot free combustion of DME was not only
observed under part load conditions, but also
under full load as depicted in Fig. 3.

Fig. 3: Soot and NOX emissions of DME and Diesel at
-1
rated power (3500 min ; IMEP = 22 bar)

Additionally, the indicated specific NOX emissions
of DME are slightly reduced compared to Diesel
which can be attributed to the higher enthalpy of
vaporization in combination with the higher injected
fuel mass. This leads to a larger cooling effect
within the combustion chamber compared to
Diesel and therefore lower peak cylinder
temperatures. Furthermore, due to the moderate
specific power output of the engine sufficient air is
available under full load conditions which enables
the utilization of EGR even at full load. Therefore,
the NOX emissions of DME could be further
decreased due to the high EGR compatibility due
to the high oxygen content and volatility.
Summary
Sustainable fuels for internal combustion engines
will play a major role in future CO2-neutral mobility.
A meaningful selection of the ideal fuel candidate
though is crucial but can be done if several
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requirements
such
as
TtW-CO2-emission
reduction, technology readiness, fuel standard
readiness or fuel production availability are being
looked at. DME therefore could be a promising
candidate for compression ignition engines as it
fulfils most of those requirements. As part of a
public project funded by the German ministry of
economy and energy (BMWi), experimental and
numerical investigations of Diesel and DME
injection and combustion have been carried out in
spray-chamber and single-cylinder in order to
demonstrate DME’s capability of maintaining
Diesel engine performance while reducing CO 2
and emissions simultaneously. In particular, the
effect of the geometrical injector nozzleparameters has been investigated, which is crucial
due to the difference in density and heating value
of the different fuels. An optimized nozzle diameter
has been selected in order to support upcoming
multi-cylinder and vehicle investigations with DME
on a 1.5 l 4-cylinder compression ignition engine.
Single-cylinder investigations confirm the emission
reduction capability at part-load and full-load
investigations.
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What Electricity Price Would Make Electrofuels Cost-competitive?
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Electrofuels are fuels produced from water and carbon dioxide, using electricity as the major source of
energy. The aim of this study is to calculate the production cost of electro-hydrogen and electro-methanol
and find what electricity price would make these fuels cost-competitive to fossil alternatives. Assuming
input data of today, we find that electro-hydrogen may be competitive if electricity prices are between 1020 €/MWh whereas no electricity price would lead to competitive electro-methanol. Both electrofuels,
could under a combination of beneficial circumstances, be competitive to fossil alternatives.
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Introduction
One way that could contribute to fossil-free
transportation is to utilize renewable electricity for
electrolysing water into hydrogen and oxygen. The
electro-hydrogen can be used to bind carbon
dioxide emissions and via a synthesis process
(power-to-fuel) tailor-make methane, methanol,
gasoline or other electrofuels, see e.g. refs [1-3].
This study focus on electro-hydrogen and electromethanol.
Electrofuels are generally far from broad
commercial penetration. However, factors such as
falling electricity prices and price reduction on
electrolyzers, have initiated a number of initiatives
in this area. One example is a test facility in
Germany showing that it is possible to produce
electro-diesel [4]. On Iceland, where electricity
prices are relatively low, a commercial facility is
producing 4000 metric tons of electro-methanol per
year [5].
In Sweden, the fuel producer Preem have
3
announced that they will produce 3 Mm biofuels
per year, by 2030 utilizing electro-hydrogen, and
the fuel producer Perstorp have indicated that they
are interested in producing electro-methanol in
order to substitute current fossil methanol used in
their biofuel (fatty acid methyl ester, FAME)
production.
The aim of this study is to calculate the production
cost of electro-hydrogen and electro-methanol and
find what electricity price would make these fuels
cost-competitive to the fossil alternatives.
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Approach
Main components needed to produce electrofuels
are illustrated in Fig. 1.

Fig. 1: Main components and the cost elements (in blue)
building up the total production cost of electrofuels

The production cost of electrofuels Cfuel [€/MWh], is
calculated in the following way:
𝐶𝑓𝑢𝑒𝑙
= 𝐼𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑒𝑟 + 𝑂&𝑀𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑒𝑟 + 𝐶𝑠𝑡𝑎𝑐𝑘 + 𝐶𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦
+ 𝐶𝑤𝑎𝑡𝑒𝑟 +𝐼𝑓𝑢𝑒𝑙𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 +𝑂&𝑀𝑓𝑢𝑒𝑙𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 +𝐶𝐶𝑂2𝑐𝑎𝑝𝑡𝑢𝑟𝑒
+ 𝐼𝑖𝑛𝑑𝑖𝑟𝑒𝑐𝑡 − 𝑅ℎ𝑒𝑎𝑡 −𝑅𝑜𝑥𝑦𝑔𝑒𝑛
where Ielectrolyser is the annualised direct investment
cost of the electrolyser, O&Melectrolyser is the
operation and maintenance cost for the
electrolyser, Cstack is the annualised cost of stack
replacements if the electrolyser’s assumed system
life time exceeds the stack life time, Celectricity is the
cost of electricity, Cwater is the cost of water needed
for the electrolysis, Ifuelsynthesis is the annualised
direct investment cost of the methanol synthesis,
O&Mfuelsyntheis is the operation and maintenance
cost for the methanol synthesis, CCO2capture is the
cost to capture CO2, Iindirect represents the
annualised indirect investment costs for the facility
including
for
example
engineering
and
construction, equipment and installation costs,
fees, and unexpected costs, Rheat is the revenue
from selling excess heat, and Roxygen is the revenue
from selling excess oxygen.
Analyses are made for a base case representing
small sale (5MW) production at current costs as
well as for a future more optimistic scenario
(50MW) and cost reductions based (1) on a
continuation of current trend in price reductions on
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alkaline electrolysers, (2) that research present
scenarios on reduced electricity prices [6], (3) that
larger synthesis reactors by scale effects reduces
the investment cost per MWhfuel (4) that the
uncertainty factor can be expected to decline along
with that the technology become more used, and
(5) CO2 from high concentrated sources can be
captured for a lower cost per ton.
Assumptions and data
Data is collected from interviews with Swedish
industry and from the literature [1,7]. Assumptions
made in this study are presented in Table 1.
Table 1: Input data for the base case and assumptions
made for the future more optimistic case [1,7]
Base
Future
case
case
Data connected to the electrolysis
Investment
cost
electrolyser
500
300
(alkaline) [€/kWel]
O&M factor [share of investment
0.04
cost]
Stack replacement factor [share of
0.5
investment cost]
Conversion
efficiency
65%
[H2,LHV/electricity input]
Electrolyser’s stack life time [h]
75,000
Demand for water (assuming 2X
0.54
stoichiometric
demand)
[ton/MWhH2]
Cost for water [€/tonwater]
1
Excess heat produced in the
0.46
electrolyser [MWhth/MWhH2]
Oxygen
produced
in
the
0.24
electrolyser [tonO2/MWhH2]
Heat revenue [€/MWhheat]
0
30
Oxygen revenue [€/tonO2]
0
50
Data connected to the synthesis
Investment
cost
methanol
1000
500
synthesis reactor (base: 5 MW,
future: 50 MW)[€/kWmeoh]
O&M factor [share of investment
0.04
cost]
Conversion efficiency methanol
0.79
synthesis [MethanolLHV/H2 input]
Demand H2 [MWhH2(LHV)/MWhmeoh]
1.27
Demand CO2 [tonCO2/MWhmeoh]
0.28
Excess
heat
(electrolyser+
0.73
synthesis) [MWhth/MWhmeoh]
Cost for CO2 capture (10–50%
30
5
concentration) [€/tonCO2]
Other data
Electricity price [€/MWhel]
30
20
Interest rate
0.08
System life time [yr]
25
Capacity factor [share of max
0.95
capacity over a year]
Experience factor for indirect
3.14
2
investment costs
Market price natural gas based
50
hydogen, excl taxes [€/MWh]
Market price natural gas based 63 (400
methanol, excl taxes [€/MWh]
$/ton)

81

Results production cost
Results for the production cost of electro-hydrogen
and
electro-methanol,
using
assumptions
presented in Table 1, can be found in Fig.s 2–3,
where also market prices for the natural gas based
alternatives
(50 €/MWh
and
63 €/MWh,
respectively), i.e. the cost that the industries would
have to pay if not investing in the electrofuel
option. Note that the revenue from selling excess
heat and oxygen need to be withdrawn from the
bars in Fig 3, where the total production costs are
marked with circles.
In Fig 2, the dominating posts are the cost for
electricity, the three posts that build up the cost for
the electrolyser and the experience factor
representing installation and unexpected costs.
The costs for water, CO2 capture and methanol
synthesis are minor (compared to the larger posts).
The production costs for electro-hydrogen and
electro-methanol are roughly 1.7 and 2.5 times
higher than the fossil alternatives, respectively. It is
difficult to see any business opportunities for
electrofuels unless the fossil alternatives become
more expensive, or the production cost for
electrofuels are reduced. The latter scenario is
represented in our more optimistic scenario, see
Fig. 3. The most dominating positive effect comes
from introducing the possibility of selling excess
heat and oxygen. Both electro-hydrogen (23
€/MWh) and electro-methanol (40 €/MWh) may in
future have the potential of being produced at
lower production costs than current market prices
of fossil alternatives.

Fig. 2: Base case production cost for electro-hydrogen
(86 €/MWh) and electro-methanol (158 €/MWh),
compared to market prices for fossil alternatives
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Fig. 3: Production cost in the future more optimistic
scenario, for electro-hydrogen (23 €/MWh) and electromethanol (40 €/MWh), compared to market prices for
fossil natural gas-based alternatives

Impact from different electricity prices
Since two large posts when producing electrofuels
are electricity price and investment cost of
electrolysers, and both posts show potential for
price reductions, it is of interest to explore the
effect of reducing these costs.
When assuming a lower electricity price, it is
important to understand at what capacity factor
(the share of max capacity over a year) the facility
can be run on assumed electricity price. The
European energy systems model ELIN/EPOD,
generates future electricity price-scenarios for all
different price areas in Europe. Results for the
Swedish SE2-area, in 2030, presents almost zero
electricity prices up to 10 % of the year, an
average electricity price of 10 €/MWh for the 40 %
cheapest hours and an average electricity price of
20 €/MWh for the entire year [11]. This scenario
has been used to adjust the capacity factor when
systematically calculating the production cost
assuming
various
electricity
prices
and
electrolyser’s investment cost Results are
presented in Fig. 4
.

Fig. 4: Production cost of electro-methanol, for different
electricity prices and different electrolyser investment
cost, in the (a) base case and in a (b) future optimistic
scenario, where green-marked results indicate a
production cost that is equal or below current price on
fossil methanol, yellow-marked results indicate a
production cost that is equal or below double the fossil
price (indicate possible business opportunities), and redmarked results indicate a production cost that is higher
than double the market price, i.e. difficult to see business
opportunities

In the future case electro-methanol is shown to
have a lower production cost, compared to fossil
methanol, if the electricity price is around
20 €/MWh. Also if electricity prices are between
10-30 €/MWh and the cost for electrolyzers around
or lower than 300 €/kW el. Further, for electricity
prices 10-50 €/MWh, electro-methanol may be
produced at a cost lower than double that of fossil
methanol (indicated from the industry that they are
willing to pay for renewable methanol) (Fig 4b).
Base
case
results
show,
however,
no
combinations where electro-methanol can be
produced at lower cost than current price of fossil
methanol (Fig 4a).
For electro-hydrogen, base case assumptions,
results indicate a lower production cost, compared
to fossil hydrogen, if electricity prices are between
10-20 €/MWh and the cost for electrolyzers is
around, or lower than, 200 €/kW el. In the future
more optimistic scenario, electro-hydrogen show
possible business opportunities (below double the
fossil price) for all analyzed combinations except
for zero electricity price combined with an
electrolyzers cost of 400 €/kW el or more.
Main insights
Main insights from this study is that electrofuels,
under a combination of beneficial circumstances,
can be cost-competitive to natural gas based
alternatives, however not in the base case.
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Electrocatalytic Cross-Coupling of Biogenic Di-acids for the Sustainable
Production of Fuels
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In our presentation the electrochemical decarboxylation and cross-coupling of ethyl hydrogen succinate,
methyl hydrogen methylsuccinate and methylhexanoic acid with isovaleric acid will be introduced as
model reactions for the electrogeneration of biofuels. All reactions were performed in aqueous solutions
or methanol at ambient temperatures, following the principles of green chemistry. High conversions of the
starting materials have been obtained with maximum yields between 42 and 61 % towards the desired
branched alkane products.
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Introduction
Climate
change
due
to
anthrophogenic
greenhouse gas emissions is one of the main
challenges in this century. One promising
approach to confine the impact of global warming
is the production of petrochemicals such as liquid
fuels and industrial monomers from renewable
feedstocks. Here, adaptive technologies, to
integrate
fluctuating
and
geographically
decentralized electricity generation are crucial
In this regard, the direct electrocatalytic conversion
of bio-derivable compounds into fuels offers great
potential (Fig. 1). First examples were reported by
Li, Schröder and Harnisch et al.[1-5] These groups
among others could show that the reduction or
oxidation of biogenic acids such as valeric acid,
levulinic acid, formic acid and fatty acids can yield
many different highly promising hydrocarbons. In
addition, the rules of green chemistry were obeyed
as the reactions took place in organic or aqueous
media and did not require hazardous reagents.

hydrogen succinate (HESA), methyl hydrogen
methylsuccinate (MMSA) and methylhexanoic acid
(MHO) with isovaleric acid (IVA). All these
reactions can be considered as model reactions for
the electrochemical generation of biofuels.
Results
The main products of the cross-coupling reactions
are esters and alkanes. In a second part the main
products have been investigated for their
characteristic octane ratings and cetane numbers.
In the first step the HESA, MHO and MMSA were
coupled with IVA to yield different esters and
hydrocarbons. A number of parameters have been
variated to find feasible conditions. For example,
the solvent ratio, different electrodes, electrolytes
and the optimal ratio of the co-substrates have
been evaluated e.g. different HESA-IVA ratios as
compared in Fig. 2.

Fig. 2: Variation of different ratios of HESA with IVA.
Cross-coupling to 2,5-dimethylhexane (DH), ethyl 5methylhexanoate (EMH), diethyl adipate (DEA)

Fig. 1: Proposed cycle of electro-fuels

Approach
Herein,
we
present
the
electrochemical
decarboxylation and cross-coupling of ethyl
85

The yield of the cross-coupled product EMH
decreases with lower HESA-IVA ratios. While the
yield of EMH reached 22 % at a 1:1 ratio of both
acids. A final yield of approximately 50 % was

6th TMFB Conference Tailor-Made Fuels
Day 2: June 20th, 2018
achieved when increasing the ratio to 1:8 or 1:16
of HESA to IVA. For DH an analogue behavior was
observed and for lower HESA-IVA ratios the yield
increased to approximately 30 %. As expected, the
yield of DEA decreases with lower concentrations
of HESA, as the coupling of or with IVA statistically
becomes more likely.
Generally, smooth Pt electrodes are used for
Kolbe electrolysis, as it is a highly active electrode
material for electrochemical oxidative coupling
reactions. The big drawback for Pt as industrial
relevant catalyst or electrode material is its
considerably high price. In this study we found a
comparable alternative consisting of only low
amounts of RuO2 and TiO2 using Ti as support.
The newly developed material even shows more
eligible current density for Kolbe electrolysis than
the standard Pt (Fig. 3).

tool for the development of completely new sets of
tailor made chemicals and fuels. The different bioderivable mono- and di-acids can be reassembled
like single bricks to a desired composition. A first
assessment of the yielded products according to
their properties in combustion engines has been
conducted.
Outlook
Consecutive research will deal with a broader
scope of substrates and products (e.g. less and
more branched alkanes) and include studies with
focus on process optimization. A future plan should
envision the one step synthesis of alkanes in order
to save both energy and costs.
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Fig. 3: Cyclic voltammetry using Pt and RuO2 electrodes
with HESA and 0.1 M KOH

The second part of this study discusses the
suitability of those produced hydrocarbons and
esters as storage form for electrical energy. The
branched esters and alkanes obtained from those
organic monoesters and acids in connection with
IVA may serve as renewable fuels in combustion
engines. On this account the cetane numbers and
the correlated octane numbers were predicted
using an application model based on an ASTM
D6890 Ignition Quality Tester.[6,7]
Summary
In a proof of concept study, it was shown that
cross-coupling via Kolbe electrolysis is a promising
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2,3-Butanediol Production with Bacillus licheniformis at Varied Maximum Oxygen
Transfer Capacities
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2,3-Butanediol is a high potential platform chemical and fuel intermediate that can be produced via
fermentation. A crucial cultivation parameter is the oxygen supply, as product formation occurs under
oxygen limited conditions. Upon substrate depletion, 2,3-butanediol is consumed by the organism.
Therefore, the maximum 2,3-butanediol concentration was determined based on a combination of the
online measured respiratory activity and offline sampling. Finally, the influence of varied oxygen supply on
2,3-butanediol production was investigated.
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Introduction
Due to increasing energy consumption and
decreasing fossil resources, there is a high
demand for chemicals and fuels derived from
renewable resources. An interesting target
molecule is 2,3-butanediol, which is a high
potential platform chemical and fuel intermediate
that can be produced via fermentation. In the
literature, high 2,3-butanediol concentrations are
most commonly reached using pathogenic
organisms like Klebsiella pneumonia or Klebsiella
oxytoca [1]. However, utilization of non-pathogenic
producer strains is desirable to decrease safety
issues and production cost. Therefore, nonpathogenic Bacillus licheniformis strains that
produce high amounts of 2,3-butanediol [2] are of
high interest for further research.
As 2,3-butanediol is an overflow metabolite of the
anaerobic metabolism, the amount of available

oxygen is one of the most influential factors for 2,3butanediol production. Microaerobic cultivation
conditions, where oxygen is limited, but not
completely absent, are best suited for the
production. Under these special process
conditions, metabolic activity can be shifted from
biomass formation to 2,3-butaendiol production.
The amount of the available oxygen depends on
the maximum oxygen transfer capacity of the
utilized
bioreactor
under
given
operation
conditions. In shake flask cultivations, an easily
adjustable parameter to regulate the oxygen
transfer is the filling volume. Therefore, variation of
the filling volume results in different maximum
oxygen transfer capacities. The aim of this work
was the development of a suitable methodology to
demonstrate the effect of different maximum
oxygen transfer capacities on the 2,3-butanediol
production with Bacillus licheniformis by variations

Fig 1: Schematic illustration of the experimental setup used in this work. Parallel cultivations in multiple
individual shake flasks are performed. Different experimental conditions are investigated in one
experiment as indicated by different colors. A Respiration Activity Monitoring System (RAMOS) was
used for online measurement of the respiratory activity (A). Oxygen transfer rate (OTR), carbon dioxide
transfer rate (CTR) and the respiratory quotient (RQ) are determined in duplicates. Offline samples are
taken from individual shake flasks (B). For sampling flasks are removed from the shaker, analyzed and
are not returned to the shaker again.
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of the filling volume in shake flask cultivations.
Approach / Test set-up
The Respiration Activity Monitoring System
(RAMOS) [3] was used for online monitoring of
oxygen transfer rate, carbon dioxide transfer rate
and the respiratory quotient. As illustrated in Fig. 1,
online monitoring was combined with offline
sampling. All, cultivations were performed in
parallel shake flasks. For each condition, two
online monitored shake flask and seven additional
ordinary shake flasks for sampling were used.
The process was performed in two stages. At the
beginning of the cultivation, a high shaking
frequency (350 rpm) was chosen to have a short
phase of oxygen unlimited growth. In the second
phase, the shaking frequency of all cultures was
reduced to 100 rpm. Thereby, oxygen limited
conditions were induced at the same time for all
cultures. Due to this profile, cultivations at different
filling volumes can be compared solely based on
their maximum oxygen transfer capacity and are
not affected by a variable length of the oxygen
unlimited growth phase.

earlier than at low maximum oxygen transfer
capacities (high filling volumes).
The courses of 2,3-butanediol concentrations are
shown in Fig. 2C. 2,3-Butanediol is produced as
long as the respiratory quotient is at values around
4 and is consumed upon decreasing respiratory
quotients. To assess different cultivation conditions
based on frequently used evaluation criteria like
product or space time yield, the maximum 2,3butanediol concentration has to be known.
However, as 2,3-butanediol is metabolized by the
organism
upon
substrate
depletion,
the
determination of the maximum concentration would
require sampling at exactly this time point. Based
on the online monitored respiratory quotient and a
product formation rate derived from offline
samples,
the
maximum
2,3-butanediol

Results
Cultivations of Bacillus licheniformis with varied
filling volumes are shown in Fig. 2. At the
beginning of the experiment, the oxygen transfer
rate (Fig. 2A) increases rapidly during the oxygen
unlimited growth phase. After 3 h the shaking
frequency was reduced, resulting in an
immediately decreasing oxygen transfer rate. The
resulting
plateaus
indicate
oxygen-limited
conditions, where the height of the plateau reflects
the
maximum
oxygen
transfer
capacity.
Consequently, the maximum oxygen transfer
capacity is reduced with increasing filling volume.
Information of the metabolic activity of the cultures
can be derived from the respiratory quotient (RQ),
which is the quotient of carbon dioxide transfer rate
(CTR) and oxygen transfer rate (OTR):
𝑅𝑄 =

𝐶𝑇𝑅
𝑂𝑇𝑅

As shown in Fig. 2B, a similar course of the
respiratory quotient is visible for all filling volumes
resulting in plateaus at values around 4. Under
these conditions, CO2 formation is higher than
oxygen consumption. This indicates the formation
of a chemically reduced product like 2,3-butanediol
from glucose. Depending on the filling volume, the
respiratory quotient drops in all cultivations to
values below 1 at different time points. Now
oxygen consumption is higher than CO2 release,
indicating glucose depletion and the consumption
of the previously produced 2,3-butanediol. At high
maximum oxygen transfer capacities (low filling
volumes), the respiratory quotient decreases
88

Fig 2: Cultivation of Bacillus licheniformis at different
maximum oxygen transfer capacities adjusted by
different filling volumes. The shaking frequency was
reduced from 350 to 100 rpm after 3 h, as indicated by
a vertical dotted line. Thereby, all cultivations enter
oxygen limited conditions at the same time. Data on
oxygen transfer rate (A), respiratory quotient (B) and
2,3-butanediol concentration (C) are shown. Offline
samples (closed symbols), and the calculated
maximum 2,3-butanediol concentration (open
symbols) are depicted. Cultivation conditions: 250 mL
unbaffled shake flasks, temperature: 37°C, shaking
frequency: 350/100 rpm, shaking diameter: 50 mm.

concentration can be calculated. Consequently,
exact sampling time points are no longer needed
for product quantification. Furthermore, the time
point to stop the fermentation at the highest
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product concentration can be derived from the
respiratory quotient.
With increasing maximum oxygen transfer
capacities, faster 2,3-butanediol production is
observed. However, the maximum 2,3-butanediol
concentration decreases from 80 to 70 g/L under
these conditions.
Summary
The combination of online monitoring of the
respiratory activity and offline sampling allows for
the determination of maximum 2,3-butandediol
concentration. Consequently, an experimental
setup is available that allows for the investigation
of suitable maximum oxygen transfer capacities for
2,3-butanediol production. Variation of the
available oxygen reveals a trade-off between fast
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product formation at high oxygen supply versus
high product concentration at low oxygen supply.
References
[1] X.J. Ji, H. Huang, P.K. Ouyang, Microbial 2,3butanediol production: a state-of-the-art review,
Biotechnology Advances 29, 351-364 (2011).
[2] I.M. Jurchescu, J. Hamann, X. Zhou, T. Ortmann, A.
Kuenz, U. Prüße, S. Lang, Enhanced 2,3-butanediol
production in fed-batch cultures of free and
immobilized Bacillus licheniformis DSM 8785,
Applied Microbiology and Biotechnology 97, 67156723 (2013).
[3] T. Anderlei, J. Büchs, Device for sterie online
measurement of the oxygen transfer rate in shaking
flasks, Biochemical Engineering Journal 7, 157-162
(2001).

6th TMFB Conference Tailor-Made Fuels
Day 2: June 20th, 2018
Recent Advances in Bioproduction of 2,5-Furandicarboxylic Acid (FDCA)
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2,5-Furandicarboxylic acid (FDCA) is a bio-based building block that can replace terephthalate in the
manufacture of polyester performance plastics and resins. FDCA can be obtained from hexose sugars
through a variety of approaches that are either fully catalytic or partly biocatalytic. In addition to
biotransformation processes that exploit isolated enzymes, whole-cell biotransformation approaches have
been developed. These may be particularly attractive since typically a cascade of different enzymes
(dehydrogenases and / or oxidases) is involved as well as redox cofactors that need to be regenerated.
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Introduction
2,5-Furandicarboxylic acid (FDCA) is a bio-based
building block that can replace terephthalate in the
manufacture of performance plastics and resins
[1].
When
terephthalate
in
polyethylene
terephthalate (PET) is replaced with FDCA, the
resulting polyester (polyethylene furanoate, or
PEF) was actually shown to have improved barrier
properties for O2 and CO2 [2].
Production of FDCA
The production of FDCA from a hexose sugar
(glucose or fructose) involves three dehydration
steps and three oxidation steps (Fig. 1). In
principle, the order in which the oxidation and
dehydration steps take place is not fixed. The first
described synthesis routes for FDCA involve the
dehydration of the oxidized hexose derivative
mucic acid [e.g, 3, 4] but also other aldaric acid
can serve as dehydration substrate [5]. Also
oxidation and dehydration steps may be applied
alternately as reported by Synthetic Genomics [6,
7]. Most commonly the hexose is first dehydrated
to form 5-hydroxymethylfurfural (HMF) that is
subsequently oxidized to FDCA [e.g., 8, 9]. Since
HMF is a rather reactive molecule, FDCA may also
be produced via more stable intermediates such as
5-chloromethylfurfural (CMF) [10].

have been isolated and used in FDCA production,
the dehydration reactions required to obtain FDCA
from hexose always involve at least one chemocatalytic step [5, 6, 7].
Oxidative enzymes for the production of FDCA
Numerous redox enzymes have been reported to
catalyse oxidation reactions involved in FDCA
formation from either hexose sugar or HMF. One
of the first enzymes applied to oxidize HMF to
FDCA is the chloroperoxidase from the fungus
Caldariomyces fumago [11]. This enzyme oxidizes
HMF to a mixture of FDCA (up to 74 %) and 5hydroymethylfuroic acid (HMFCA; 25-40 %).
Krystof et al. employed CalB lipase to produce
FDCA from HMF, via its corresponding di-aldehyde
(2,5-diformylfuran, DFF; Fig. 2) using TEMPO as a
mediator, resulting in an overall transformation
yield of 48-83 % [12].

Fig. 2: Biocatalytic oxidation of HMF to FDCA

Fig. 1: Oxidation / dehydration of fructose to FDCA

Biocatalytic production of FDCA
Most routes for the production of FDCA rely on
chemo-catalytic
processes
[9].
Biocatalytic
processes are less common and, in fact, no fully
biocatalytic route from hexose to FDCA has been
reported to date. Although dehydrating enzymes
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Dijkman et al. [13] expressed and characterized an
alcohol oxidase from Methylovorus sp. MP688 that
oxidizes HMF to DFF and, subsequently, (partially)
to FDCA. Similar enzyme systems, but of fungal
origin, were patented by Novozymes which can be
used in combination with peroxygenases to
improve the (partial) conversion of HMF to FDCA
[14]. Carro et al. also used peroxygenase, in
combination with an aryl-alcohol oxidase to
achieve a 91-% conversion efficiency of HMF to
FDCA [15]. Karich et al. reported on a mixture
containing an oxidase, peroxygenase and aryl
alcohol oxidase which resulted in near complete
oxidation of HMF to FDCA [16].
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Koopman et al. [17] isolated an HMF degrading
bacterium, Cupriavidus basilensis HMF14, and
elucidated the HMF catabolic pathway. They
established that HMF was metabolized via FDCA
as an intermediate and a GMC-type oxidase was
identified as the key enzyme responsible for FDCA
formation. In contrast to the other oxidases
described above, the C. basilensis enzyme does
not oxidize HMF to DFF but rather to HMFCA.
Similar pathways were identified based on gene
homology, a.o., in Burkholderia phytofirmans PsJN
[18] the functionality of which pathway was
recently demonstrated [19].
Whole-cell biotransformation of HMF to FDCA
The use of metabolically active whole cells as
biocatalyst has several advantages over isolated
enzymes especially for multi-step reactions that
involve redox cofactors [20]. Koopman et al. [21]
were the first to construct a whole-cell biocatalyst
for the oxidation of HMF to FDCA. For this, they
introduced the oxidase from C. basilensis HMF14
into Pseudomonas putida S12 and demonstrated
the production of 30 g/L of FDCA from HMF in a
fed-batch process, at 97 % biotransformation yield.
Although the C. basilensis oxidase was essential
to complete the oxidation from HMF to FDCA,
endogenous aldehyde dehydrogenases from P.
putida contributed to the efficiency of the
biotransformation.
Recently, Hossain et al. [22] constructed an FDCA
producing strain based on the HMF degrading
bacterium
Raoultella ornithinolytica, through
eliminating the FDCA decarboxylating enzyme.
Upon introduction of the oxidase genes from C.
basilensis HMF14 and Methylovorus sp. MP688, a
biotransformation yield of 93.6 % was obtained
[23]. Yang et al. isolated Burkholderia cepacia and
Methylobacterium radiotolerans strains capable of
producing FDCA from HMF in algal biomass
hydrolysates [24].
A recent addition to the (whole-cell) biocatalytic
toolbox for FDCA production are alcohol
dehydogenases that can be used instead of
oxidases in the biotransformation of HMFCA to
FFCA [25]. Such enzymes have an inherent
advantage over oxidases in that H2O2 formation is
prevented (reducing potential oxidative damage to
enzymes and host cell) and that the energy from
all oxidation steps can be captured to a maximum
extent [25].
Outlook
FDCA is a promising new building block to replace
terephthalate in polymer applications that is not
only bio-based but also offers functional
advantages such as improved barrier properties.
Whole-cell biotransformation of HMF, which can be
obtained through chemical dehydration of hexose
sugars is considered a promising approach to
91

produce FDCA. At Corbion, we are developing a P.
putida based biotransformation process that is
currently evaluated at ton-scale pilot production
[26, 27].
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The Cluster of Excellence "Tailor-made fuels from biomass (TMFB)" aims to develop future advanced
fuels derived from biomass and optimized for internal combustion engines. Oeko-Institut e.V.
accompanies this research by analyses from an ecological point of view. To this end lifecycle
assessments were prepared for three production concepts which, based on a preliminary fractionation,
process woodchips into different fuels identified by the Cluster as promising candidates. Based on the
consistent assessment environmental challenges and potentials for further optimization are discussed.
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Introduction
In order to identify tailor-made fuel candidates the
TMFB-Cluster screens a wide variety of potential
bio-based organic molecules with promising
properties as fuel components. For selected
candidates (2- and 3- methyltetrahydrofuran, 2methylfuran and butanone) process routes were
proposed and analysed. For lifecycle assessment
these process routes were integrated into potential
biorefinery concepts using woodchips as feed.
Thus, all concepts are based on Organosolv
fractionation while the resulting carbohydrate
fractions are either processed into 2- and 3methyltetrahydrofuran
(MTHF concept),
2methylfuran
(MF concept)
or
butanone
(methylethylketone, MEK) and 2-methylfuran
(MEK concept). This contribution presents the
methods and results of the lifecycle assessment of
the three concepts.
Methods
The three production concepts are illustrated in
Fig. 1.

Fig. 1: Schematic of the three production concepts
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While for the MTHF concept the xylose-rich stream
(XRS) from Organosolv fractionation is processed
to fermentation of itaconic acid which is further
hydrogenated to 3-MTHF, for the other concepts a
conversion to 2-MF via furfural is assumed. The
cellulose-rich stream (CRS) is either converted to
2-MTHF via levulinic acid, or to 2-MF via 2methylfurfural, or to butanone (MEK) via 2,3butanediol fermentation. In all cases the lignin-rich
stream (LRS) is assumed to be combusted for onsite heat and power generation (CHP) alongside
with residual organics from processing.
Calculations are based on the composition of
beechwood. The data on process performance
(conversion yields, process energy and material
requirements) were obtained from RWTH
researchers based on conceptual process design
and simulations for Organosolv fractionation [1] &
[2], itaconic acid fermentation [3] & [4], 2-MF from
cellulose [5] and MEK from glucose [6]. It has to be
noted that the simulations by RWTH include all
relevant process components but are partially
based on idealised and optimistic assumptions. A
prove of concept under real conditions is therefore
mandatory. Levulinic acid production is based on a
simulation of the Biofine process according to [7]
which
probably
also
contains
optimistic
assumptions (cf. [3]). The impact of 2-MF synthesis
from xylose was roughly estimated based on
literature data on yield and steam requirement for
advanced furfural production [8]. For MF-synthesis
from furfural only stochiometric hydrogen
requirement is taken into account.
The lifecycle impact assessment focussed on the
global warming potential (GWP) and the nonrenewable and renewable cumulative energy
demand (CED n.r. and CED r.). The upstream
impact of wood chip supply is dependent on the
origin of the wood as well as availability issues. For
this reason it is discussed separately and not
included in the LCA in order to leave the focus of
the discussion on the process concepts. The
upstream impact of the other inputs is included in
the system boundaries. Where available, LCA
datasets were taken from ecoinvent 3.4 [9]. The
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impact of cellulase production is based on [10]. For
the base scenario external heat supply is assumed
to be provided by natural gas, and hydrogen to be
produced by steam reforming [11]. The external
electricity generation mix is extrapolated to 2030
(Germany) based on [12].
Results
In a first step the performance of the concepts with
respect to their efficiency of biomass use is
evaluated. Therefore the total fuel output is related
to the required biomass input with respect to
carbon and energy content, see Table 1.
Table 1: Efficiency of biomass use for the three concepts

Carbon
(kg-C-fuel/kg-C-biomass)
Energy,
LHV
(MJ-fuel/MJ-biomass)
Energy,
LHV
(MJ-fuel/MJ-IN*)

MTHF

2-MF

MEK

32%

38%

35%

40%

42%

40%

36%

40%

39%

For all concepts the main impact lies with process
energy requirement which can only partly be
covered by on-site generation of process energy.
The very large value for CRS-processing in the
MTHF concept is due to steam requirement for
levulinic acid synthesis. Moreover, hydrogen
demand and Organosolv fractionation are decisive.
For the MEK and MF concepts steam and
hydrogen demand of the XRS conversion as well
as energy demand of the fractionation play a role,
for the MEK concept also cellulase consumption. If
renewable hydrogen can be sourced, the GWP is
reduced by around 27 % (MTHF concept) to 10 %
(MEK concept).
With respect to net GWP the MF concept results in
the lowest value with a reduction of -75 %
compared to fossil gasoline in the base scenario.
However, depending on the biomass source,
upstream biomass impact has to be taken into
account for full comparison.
Fig. 3 shows the net cumulative energy demand
(CED) of the process.

MJ-IN* incl. biomass and hydrogen input

Global warming potential

GWP (g-CO2-eq/MJ_all-fuels)

140values: 74
Net
120

21

56

100
80
60
40
20
0
-20
-40
-60
-80

upstream impact of
biomass input not
included!
XRS-processing
CRS-processing
Organosolv
Onsite-energy (residuals)
Onsite-energy (LRS)

MTHF

MF

MEK

Fig. 2: Global warming potential of the three
concepts
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Cumulative energy demand (net values)
4,5

CED n.r. / r. (MJ/MJ_all-fuels)

Based on the Organosolv fractionation and further
modelling assumptions the concepts show similar
performances with a slight preference to the 2-MF
concept. The MTHF concept shows the lowest
overall performance of carbon efficiency as well as
for energy efficiency when also taking into account
the external hydrogen input. However, when
looking at the efficiency of CRS conversion only
MTHF performs best indicating a potential for the
2-MTHF pathway.
In all concepts some carbon is lost as carbon
dioxide during processing (from fermentation in
case of MTHF and MEK concepts, as well as a
pure stream from cellulose-based 2-MF synthesis).
A much larger share, however, is lost to
combustion for process energy generation.
In order to determine the lifecycle impact of the
fuels the process energy and material
requirements are assessed for each concept. The
resulting global warming potential is shown in Fig.
2.

4,0

energy content of
biomass included as
CED r., biomass

3,5
3,0
2,5

CED r., biomass

2,0

CED r., net

1,5

CED n.r., net

1,0
0,5
0,0
MTHF

MF

MEK 3.2

Fig. 3: Net cumulative energy demand of the three
concepts

The renewable CED r. is dominated by the energy
contained in the biomass which is comparable for
all concepts. The non-renewable CED n.r. shows
the same picture as the GWP with the highest
value for the MTHF concept (nearly the same
value as its fossil comparator diesel) and the
lowest value for the MF concept. However, while
the LCA shows a promising picture for 2-MF in the
categories of GWP and CED, investigation on
toxicity aspects of various biofuels within the TMFB
Cluster revealed a comparably high toxic potential
of this candidate indicating that 2-MF may not be
eligible as a non-hazardous biofuel [13], [15]. On
the contrary, MEK and 2- and 3-MTHF can be
considered non-toxic [13], [14], [15].
The direct upstream impact of wood chips, e.g.
from forest residues, is comparably low, in the
range of 3 g-CO2-eq/MJfuel for all concepts.
However, the Globiom study considers that indirect
effects may contribute an additional carbon debt of
17 g-CO2-eq/MJfuel due to loss in soil carbon
caused by the removal of forest residues [16]. On
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the other hand land use change emissions may
become negative when short rotation coppice is
cultivated on formerly arable/underused land. Then
however, indirect effects may additionally occur. In
general, limitations of biomass potentials have
been recognized in recent years so that short-term
likely scenarios for national transport limit biofuel
amounts to the current volume of around 120 PJ/a
in Germany [17]. In long-term sustainable
scenarios liquid fuels are rather allocated to
transport modes where the potential of direct
electrification is restricted (esp. shipping and
aviation).
Summary
Concerning carbon and energy output with respect
to biomass input the three analysed concepts
show a similar performance. In all cases between
2.4 and 2.5 MJbiomass/MJfuel are required. The global
warming potential and cumulative energy demand
differ considerably. In all cases energy demand of
the processing steps is the main driver. Thus, the
lifecycle assessment illustrates the challenges
related to the real implementation of tailor-made
fuel production in an integrated complex
biorefinery concept. Starting with Organosolv
fractionation various conversion and purification
steps are included with their concomittant material
and especially energy requirements. A relevant
fraction of the biomass is consumed on-site for the
generation of process energy.
Outlook
In order to increase the performance of the studied
production concepts the main issue is to find less
energy-intensive ways. Regarding 2-MF toxicity
concerns should be substantiated where
necessary in order to decide on its suitability as
non-hazardous biofuel. In this case the production
concept of 2-MF from C5-sugars should be revised
in order to find less energy consuming ways. For
MEK the combined fermentation of the sugars from
CRS and XRS might be interesting coupled with an
innovative solution for the separation of process
water and a reduction of the impact of cellulases.
For MTHF it might be investigated whether steam
demand for levulinic acid synthesis can be reduced
or better covered when omitting a previous
fractionation step. Finally, it might be seen whether
Organsolv fractionation can be simplified if no
material use of the lignin fraction is envisaged or
which conditions justify the effort of fractionation
(e.g. higher-value material use of products).
CO2 which is lost during processing might be
captured and converted with hydrogen in future
renewable energy scenarios. However, the primary
task is to reduce process energy requirements
thus opening a window to increase the material
use of the carbon which is currently assumed to be
burnt for energy.
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The mixture formation is in terms of momentum and mass distribution at all times independent of the
injected fuel. This is demonstrated on ethanol, RME, GtL and OME investigated in a high-pressure
combustion vessel at engine-like conditions. The utilization of different fuels leads to globally and locally
equal mass flow ratios of fuel and ambient gas in the spray. Changing the physical properties of the fuels
shows hardly any influence on the air entrainment, because fuel quantities are too small to have a
significant effect on the properties of the mixture present in the spray region. In contrast at reactive
ambient conditions, the fuel composition has relevant impact on ignition delays and heat releases
although starting from very similar mass distributions.
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Introduction
Continuously tightening emission legislations and
expensive exhaust after treatment systems require
the search for further emission reducing provisions
in IC engines. One way to counteract is the use of
sustainable CO2 neutral biomass or agricultural
crops to generate biogen fuels. However, the
consequences of inner-engine processes and the
complex behavior of injection events under today’s
high internal combustion engines pressures and
temperatures are not fully understood yet. To
improve engine processes and simultaneously
minimizing exhaust pollutions, fuel sprays have to
investigate in detail. In general, the injection
process can be separated in the stages break-up,
mixing, ignition and combustion. However, the
different stages executes not all sequentially rather
parallel. The break-up mechanism dominates the
first 1-2 mm of the spray propagation where the
fuel is atomized [1]. Further downstream, a fast airentrainment process occurs, while fuel is rapidly
mixing with the ambient atmospheric gas [2]. If the
entrained enthalpy overcomes the energy
necessary for ignition, the spray will start to ignite
at the spray envelope [3]. The flame burns toward
the spray front and within the spray center during
combustion duration. In this work, the spray
behavior is investigated for different e- and
alternative fuels to characterize the influences on
mixing and combustion.
Set-up and measurement techniques
All measurements are conducted at FAU’s high
pressure and high temperature combustion vessel
“OptiVeP”. For more details see Riess et al. [2].
The operation points are hold constant at 6 MPa
ambient pressure, 923 K ambient temperature,
120 MPa injection pressure and 363 K fuel
temperature. The injector is a three-hole research
injector
with
passenger
car
dimensions
(d = 115 µm). The mixing process is investigated in
nitrogen atmosphere using Mie-scattering imaging
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technique to visualize the liquid fuel behavior. To
detect the gaseous fuel phase, the Schlieren
imagine technique is applied. The combustion is
illustrated by the detection of the natural flame
luminosity and the OH-radical with the
chemolumenescenc technique. All used set-ups
and techniques are shown in [2]. The acquired
Mie, Schlieren and flame images where processed
with
a
self-developed
MATLAB®
code
SprayAnalysis. The following table summarizes the
used fuels:
Table 2: Fuel properties, TBP of OME from [4] others
from fuel specific analyzing report

GtL
RME
OME 3-4
Ethanol

Hu
[MJ/kg]
39,1
43,7
19,6
26,4

ρ
[kg/m³]
776
883
1046
789

TBP
[K]
584
634
429
351

Cetane
number
71
54
70-75
5-15

Results
To investigate the mixing process, the liquid
penetration depth is plotted over time after visible
start of injection (tavSoI). The fuel with the highest
boiling point TBP (compare Table 1) reaches the
highest liquid penetration.
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Fig. 3: Derived mass ratio of fuel and air from evaluated
volume balance containing all volume within the spray
plume
Fig.1: Liquid penetration depth over time

However, comparing the penetration depth of the
phase independent Schlieren curves with the liquid
penetrations shown in Fig. 2, there is no more fuel
dependency recognizable. The spray cone angle
does not increase during the injection event (is not
published here, compare [2]) which means an
equal spray development independent of the
injected fuel. As shown by [2, 5, 6] the fuel
injection is dominated by the initial fuel momentum.
During the injection event, the momentum is
transferred to the quasi resting ambient
atmosphere. It decelerates the fuel and
accelerates the atmosphere simultaneously. The
pressure drop generated by the fuel stream
creates an eddy resulting in an air-entrainment
process within the spray plume.

Already after 50 µs avSoI the air and fuel mass are
available in the same quantity within the spray
plume (corresponds to a penetration depth of
around 7 mm). With continuing injection duration,
the air amount increases. It results an airdominated spray with the behavior of a gas jet.
Due to equal spray penetrations for different fuels
(Fig. 2), the plume contains a globally equal mass
ratio of fuel and ambient gas. The fuel shows
hardly any influence on the air-entrainment,
because fuel quantities are too small that physical
properties show a significant effect on the spray.
Therefore, the mixture formation process is largely
independent of fuel properties.
Under reactive ambient conditions, the natural
flame luminosity and the OH-radical (OH*) during
combustion is investigated. There, the influence of
the fuel is far more significant. As shown in Fig. 4,
the intensities of the OH* are accumulated over
time. For RME, the signal occurs later than for GtL,
which means a longer ignition delay. Furthermore,
the maximum intensity of GtL is slightly higher than
for RME, which predicts a stronger heat release
despite a lower calorific value [7]. For ethanol, no
injection signal could be detected. The low cetane
number leads to a really long ignition delay time
and a very weak OH*-signal respectively.

Fig. 2: Liquid and gaseous spray penetration over time

The entrained air mass is evaluated comparing the
detected spray volume of Schlieren imaging with
the maximal possible engaging volume of the
injected fuel. The fuel mass is converted to the fuel
volume considering the responsible fuel density.
The difference between spray and maximal fuel
volume describes the air volume and thus the
entrained air mass. Fig. 3 illustrates the calculated
mass ratio of fuel and air according the described
volume balance.
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Fig. 4: Cumulative OH intensities over time

The natural luminosity of the flame describes the
self-illumination of soot particles. As shown in Fig.,
GtL produces more soot than RME. Ethanol don’t
show any flame signal at all. The dotted lines
around 500 µs avSoI illustrates the ignition delay
time. GtL starts to burn earlier than RME but the
natural luminosity of the flame appears earlier, too.
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of the fuel determines the combustion process.
Both phenomena – mixing and combustion – can
be influenced separately, where the fuel
determines the combustion behavior and the
nozzle design the mixing process.

Fig. 5: Natural luminosity of the flame over time

All in all, the kind of fuel and the chemical
properties are important to design a clean and
efficient combustion, whereas the mixing process
is highly dominated by the nozzle layout and initial
momentum flux. Therefore, both stages can be
adjusted independently, where the chemical
properties are more important than the physical in
the fuel designing process.
Summary
The fuels ethanol, RME, GtL and OME are
investigated in a high-pressure combustion vessel
at engine-like conditions according their mixing
and combustion behavior. For mixture formation,
the fuel shows in terms of momentum and mass
distribution at all times hardly any influence on the
air entrainment process. The mass ratio between
fuel and air quantity in the spray plume is mainly
gas dominated, where fuel properties cause no
significant effect on spray formation. The whole
mixing process is driven by the initial fuel
momentum flux leaving the nozzle and transferred
to the resting ambient gas. The occurring airentrainment within the spray plume is dictated by
the nozzle layout and the density ratio between air
and fuel.
In contrast at reactive ambient conditions, the fuel
composition has relevant impact on ignition delay
and heat release. Hence, the chemical properties
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The improvement of chemical kinetic mechanisms of combustion, especially, those for the surrogate
mixtures of practical fuels enabled us for semi-quantitative prediction of the behavior in the internal
combustion (IC) engines. In this study, knocking phenomena have been modeled with a zerodimensional model and some interesting implications have been suggested, which are closely related to
the negative-temperature coefficient (NTC) behaviors of fuels.
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Computational
The zero-dimensional chemical kinetic simulations
were performed with CHEMKIN-Pro software[1].
The "SI Engine Zonal Simulator" based on the
model developed by Noda et al.[2] was used to
simulate the SI knock. In this model, detailed
chemical kinetics is solved for the end-gas
condition calculated assuming the constant-speed
reciprocating engine cylinder with a 'burnt' zone in
which the combustion equilibrium is assumed and
its mass fraction varies with a given function of the
crank rotation angle. The end gas is assumed to
be adiabatic from the burnt zone but the pressure
equilibrium is established between two zones.
Time evolution of the mass fraction of the burnt
gas was approximated by the Wiebe function.[3]
Details of the calculation conditions have been
described elsewhere.[4] The detailed chemical
kinetic model [5] for five-component gasoline
surrogate mixture was used with composition
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corresponding to JIS 2nd grade gasoline with RON
= 91 and MON = 83.
Results
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Introduction
As it eventually limits the compression ratio and
thus the thermal efficiency of the SI (spark ignition)
engines, knocking is a critical challenge in the
development of IC (internal combustion) engines.
On the other hand, the expected change of the
energy sources in the near future will provide an
opportunity to re-optimize the liquid fuels for
transportation vehicles. For this purpose, one of
the key issues is the knowledge on how the
combustion properties depends on the chemical
structures of the fuels. Even though our
computational technology is still far behind the full
CFD (computer flued dynamics) calculation with
detailed chemistry, zero- of low dimensional
approaches with detailed chemical kinetics may be
successful for the qualitative to semi-quantitative
interpretation of the fuel dependency of IC engine
combustion.
In this work, zero-dimensional chemical kinetic
simulations for the knocking phenomena are
reported. It is shown that even the zerodimensional modeling can capture an important
behavior in the recent SI engine technology, and
the direction of the improvement of fuels will be
discussed.
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Fig. 1: Results of knock modeling showing advance
of knock-limiting ignition timing by the increase of
compression ratio, which is similar to the phenomena
reported during the development of SKYACTIV-G
technology

The simulated four-stroke torques are plotted in
Fig. 1 as a function of spark-ignition timing. The
knock limits are defined as the maximum advance
of ignition timing without autoignition of end gas
when more than 10 % of unburnt gas is remaining,
and are plotted by open circles in Fig. 1. For
compression ratio (CR) = 14.5 or smaller, no
autoignition was observed until minimum advance
for best torque (MBT) at around −6.0 degree. For
the case of CR = 15.0, the torque (38.84 N m) at
the knock limit ignition timing (−4 degree) is nearly
equal to the MBT torque (38.85) at CR = 14.5.
When CR was increased to 15.5, as described
above, knock limit ignition timing retards to
−2.5 degree and maximum torque decreased down
to 38.79. However, interestingly, when CR was
increased to 16.0, the knock limit advances to −3.5
degree and maximum torque increased to 38.906
which is larger than the case of CR = 14.5. At CR
= 16.5, knock limit retards again to −3.0 degree but
the maximum torque slightly increased to 38.912.
This is the maximum knock-limit torque at this
engine speed. Finally at CR = 17.0, the knock limit
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seems to be closely related to NTC. However, the
phenomenon cannot be simply connected to NTC
since the fuel used in this knock modeling actually
does not show NTC as shown in Fig. 4. Though
there is an inflection point in autoignition delay time
curve, no NTC is found for surrogate and PRF 80
to PRF100.
2 2 d m b u :S 5 R (1 :1 )

ig n itio n d e la y tim e [ s ]

retards significantly to −1.5 and torque also
decreases to 38.78. This interesting phenomenon
of advanced knock limit at increased CR may
suggest that the optimal operating condition exists
above the CR ratio usually considered to be the
upper limit, and the possible improvement of the
thermal efficiency of SI engine.
The possible cause of this phenomenon may be
seen in Fig. 2, which shows the temperature
profiles around top dead center (TDC) at fixed
ignition timing (−3.5 degree) with different
compression ratios. The appearance of the clear
cool flame at CR = 16 seems to inhibit the thermal
autoignition. The fact that the occurrence of cool
flame advances the knock limit at certain condition
is similar to the fact reported by Yamakawa et
al.[5] during the development of MAZDA's high
compression-ratio engines (Skyactive-G).
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Fig. 2: Temperature profiles around TDC suggesting
the inhibition of autoignition by the occurrence of cool
flame
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As has been discussed in the previous reports[68], the NTC behavior is closely related to the
octane sensitivity, S = RON − MON. It has been
shown that the larger sensitivity is preferable for
recent SI engines [7]. However, the present study
may suggest the potential of fuels with larger NTC,
thus, smaller of even negative sensitivity as shown
in Fig. 4.
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Fig. 4: Autoignition delay times of 2,2-dimethylbutane
and its mixture with surrogate gasoline
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Fig. 3: Autoignition delay times of gasoline surrogate
and PRFs

The increase of the autoignition delay times by
increasing temperature, that is, the negative
temperature coefficient (NTC), is well known
phenomena for alkane hydrocarbons. The advance
in knock limit by increasing compression ratio
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Biodiesel is suspected to be responsible for a lot of difficulties occurring in automotive engines. Injection
systems, exhaust gas aftertreatment systems and storage systems are the most sensitive components in
the automotive system. This work shows by means of the results of annual unannounced samplings at
biodiesel producers and traders that biodiesel quality improved continuously and that the high risk
parameters are far below the limits of the biodiesel standard EN 14214.
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Introduction
In the European Union there are two main
directives for the use of biofuels: The Renewable
Energy Directive (RED) and the Fuel Quality
Directive (FQD). According to these, there have to
be at least 10 % share of renewable energy (RE)
in the transport sector and a minimum greenhouse
gas (GHG) emission reduction of 6 % by 2020. In
addition the fuels also have to fulfill demanding
quality requirements.
In the past 20 years it has been shown that even
under more stringent emission regulations and
automotive requirements biodiesel is a good
alternative to fossil Diesel fuel. With the exhaust
gas emission scandal Diesel fuel and thus
biodiesel were criticized. To reach compliance with
the emission regulations, a thorough exhaust gas
aftertreatment system is required, the functionality
and stability of which must be ensured. In
particular the catalyst poisons alkali and earth
alkali metals, phosphorus and sulfur are to be kept
as low as possible. Although the biodiesel
standard EN 14214[1] contains relatively low limit
values for these elements, some stakeholders
thinks that they are far higher than aftertreatment
systems can tolerate.
Approach
Arbeitsgemeinschaft
Qualitätsmangement
Biodiesel e.V. (AGQM) was founded in 1999 by
leading biodiesel producers and traders to ensure
an excellent biodiesel quality on the German
market. Since then an AGQM quality management
system which includes regular unannounced
samplings at theirs members for quality control has
been developed. The samples are analyzed for the
parameters of EN 14214 in at least three
campaigns per year. Based on this independend
determination of the biodiesel quality AGQM
releases a yearly quality report. The collected data
show a steady quality improvement.
Results
There are three main components in the
automotive system that depend on an excellent
fuel quality. The first one is the fuel injection
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system. Due to the technical developments like
higher injection pressure and multiple injections
the requirements rise steadily. In two projects of
the University of Rostock it was shown that soaps
are the most critical deposits for the injector
system that form if there are acids and metal ions
present.[2],[3] In biodiesel mainly alkali and earth
alkali metals can be responsible for the formation
of soaps. The limit values from the biodiesel
standard EN 14214 request a maximum content of
sodium and potassium (Na+K) or calcium and
[1]
magnesium (Ca+Mg) content of 5 mg/kg. Via
unannounced samplings at their members AGQM
can show that from 2011-2017 the mean values for
Na+K always are below 1 mg/kg. For Ca+Mg the
mean values are even below 0.1 mg/kg.[4]
The second component in the automotive system
the fuel quality has an influence on is the exhaust
gas aftertreatment (EGA) system. Over the past
years the limits especially for NOx and particle
emissions decreased significantly.[5] This is why
the EGA systems became more sophisticated and
sensitive. Different elements have an influence on
the EGA system resulting in ash formation,
poisoning or sintering. Although the biodiesel
standard EN 14214 contains relatively low limit
values for these elements, some stakeholders
think they are far higher than aftertreatment
systems can tolerate. For phosphorus content the
limit is 4 mg/kg.[1] AGQM samplings show that the
mean values for phosphorus content over the past
7 years are always below 0.7 mg/kg.[4] The limit
for sulfur is maximum 10 mg/kg,[1] in AGQM
samplings mean values below 4 mg/kg were
[4]
found. With this biodiesel quality relative to fossil
Diesel fuel, there is no additional ash loading of the
Diesel particle filter (DPF) by P, Na, K, Ca and Mg
and no additional poisoning of the catalytic
reaction centers, only the selective catalytic
reduction (SCR) efficiency can be reduced
marginally compared to fossil fuel.
The tank system is the third main component in the
automotive system on which the fuel quality has an
influence. Important parameters are oxidation
stability, water content and cold properties like
Cold Filter Plugging Point (CFPP). In Table 1 the
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limits requiered in EN 14214 and the mean values
obtained in AGQM’s unannounced samplings are
shown. The analyzed biodiesel can perfectly fulfill
all requirements.
Table 1: Important parameters for storage systems
Parameter
Standard value /
Mean value
Measuring
2017
standard
Oxidation
8,0 h /
10,1 h
[1]
Stability
DIN EN 14112
Water
Content

500 mg/kg** /
DIN
EN
ISO
[1]
12937
[1]
-10 °C / EN 116

116 mg/kg**

CFPP
-14,9 °C
Winter
[1]
CFPP
-5 °C / EN 116
-13,4 °C
Intermediate
[1]
CFPP
0 °C / EN 116
-8,6 °C
Summer
**Special limit required by AGQM for FAME producers:
max. 220 mg/kg

The limit values for CFPP and Cloud Point (CP) in
the standards are not sufficient and valid enough
for many stakeholders. In addition to these
parameters three new methods have been
developed or are under development for the
parameters sterylglycosides (SG), filterblocking
tendency (FBT) and saturated monoglycerides
(SMG). They are discussed as a measure for the
cold properties of biodiesel. Especially saturated
monoglycerides are suspected to cause poor cold
[1]
properties. Standard EN 17057
describes a
method for the determination of saturated
monoglycerides and was published already.
Although currently no limit values for SMG exist,
AGQM
analysed
biodiesel
for
saturated
monoglycerides in one summer, one intermediate
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and one winter campaign. These results may give
a first insight into the actual contents of SMG in the
field. Moreover, the FBT values of the samples
were measured aswell. However, no evident
correlation between FBT and SMG values could be
found. Nevertheless, in Germany there are no
problems with winter operability due to the use of
biodiesel or filter blocking.
Summary
Biodiesel is a renewable fuel that is currently
available and has an effective GHG emission
reduction. The results of the unannounced
samplings show that the determined quality is
excellent with low values of all critical parameters
so that the high requirements of the injection
systems and exhaust gas aftertreatment systems
can be fulfilled. All in all, biodiesel is an excellent
alternative fuel which is able to keep up with new
challenges by constantly improving quality and at
the same time meeting the requirements for
greenhouse gas reduction.
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Combustion modeling has always had a goal of simulating fuel oxidation as it occurs in an operating
internal combustion engine. Unfortunately, the engine geometry is complex, the fuels are complex,
physical and chemical processes such as turbulent fluid mechanics, radiation transfer, multiphase spray
evolution in many cases, pollutant production and emissions, and others are all very complicated to
model separately, and combining them into a single simulation has always been too difficult to attempt.
The present work describes one way to address such problems, beginning with the engine cycles used to
measure Octane Numbers of practical automotive fuels.
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Introduction
Two specific engine cycles are particularly well
known and relevant to automotive fuels. These are
the cycles used to determine Research Octane
Number (RON) and Motor Octane Number (MON)
of a fuel to measure its tendency to knock under SI
engine conditions. Primary Reference Fuels (PRF)
calibrate these octane numbers, iso-octane
(iC8H18) with RON=MON=100 as the knockresistant fuel, and n-heptane (n-C7H16) with
RON=MON=0 as the fuel most likely to knock.
RON and MON tests compare knock tendency of
test fuels with knocking behavior of mixtures of
PRF fuels, and the RON or MON of a test fuel is
equal to the percentage iso-octane in a PRF
mixture that knocks at the same conditions as the
test fuel.
While some researchers question the value of
octane numbers, legal requirements and many
decades of usage have made these octane tests a
central part of engine and fuels research.
However, there are many situations where it would
be desirable to be able to predict accurate values
of RON or MON using a kinetic model without the
costs and time requirements of the conventional
laboratory test procedures. In the present paper,
we exploit the fact that the RON test cycle is
remarkably similar for virtually all test fuels, and
also similar for all MON test cycles, to provide
chemical reaction environments in which end gas
autoignition is calculated to occur at times directly
proportional to the computed ignition delay time of
the corresponding PRF fuel mixture.
This
presentation demonstrates this procedure for
predicting accurately RON and MON values for
neat fuels as well as for various mixtures of
gasolines and toluene or gasolines and ethanol.
The potential of using a similar approach to
simulate other, more complex engine cycles is
discussed.
Approach
Two engine tests were carried out at
Sandia/Livermore [1] with a 70/30 volume mixture
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of gasoline and ethanol with RON=104.9 and
MON=90.7.
Engine speeds, compression ratios, initial fuel/air
temperatures and other conditions were selected
to be as close to those of conventional RON/MON
tests as possible. Further details can be found in
[1]. Pressure/time values were collected for each
cycle, shown in Fig. 1.

Fig. 1: Pressure/time histories for RON (blue) and MON
(black) engine cycles

A composite chemical kinetic reaction mechanism
was used that includes submechanisms for both
PRF fuels, as well as toluene, ethanol, and as
many as 50 other hydrocarbon and oxygenated
hydrocarbon fuels [2]. The ChemkinPro software
was used with the option of specifying the problem
pressure vs. time tabulated from Fig. 1. Each
fuel/air mixture was followed until its eventual
ignition. The first set of fuels to be addressed was
the full range of PRF mixtures from n-heptane to
iso-octane, and the computed ignition delay times
are shown as the solid line in Fig. 2, showing that
the computed ignition delay time increases with
RON value along a somewhat curved line from
about 45 ms to about 52 ms. A corresponding
PRF curve was computed and is shown in Fig. 3.
Results
Ignition delay times were computed for a variety of
individual fuels for which values of RON and MON
were available from the literature, and their values
of ignition delay time and RON or MON were
plotted in Figs. 2 or 3. In Fig. 2, alcohol fuels are
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plotted in red, n-alkanes in black, olefins in gold,
aromatics in green, and furans and ketones in
blue.

pentane, and n-pentane with variable amounts of
ethanol as an additive, and the computed values of
RON and MON are summarized in Fig. 4, where
the solid lines are computed values for the PRF91
mixture and the dashed lines for the 6-component
gasoline surrogate, and the symbols were the
experimental measurements [3] for the PRF91
ethanol mixtures and the red lines

Fig. 2: Computed ignition delay times for fuels with
various RON values

Fig. 4: Computed and experimental values of RON and
MON for gasoline/ethanol mixtures

In Fig. 3, alcohols are shown in green, n-alkanes in
red, aromatics in purple, olefins as red X symbols,
cyclopentane in blue, furans as open triangles, and
methyl butanoate as an open diamond.

denote RON and the black lines are MON values.
These curves show that the kinetic model can
reproduce every nuance of the experiments,
including the synergistic mixing of PRF91 and
ethanol.
Interestingly, the kinetic model also
shows that the synergistic mixing disappears when
there is toluene in the gasoline surrogate, which
provide a warning about how much confidence one
can have when defining realistic surrogate
gasoline mixtures.
Similar excellent results are found when using the
present model to predict the kinetic behavior and
RON and MON values of TRF mixtures, mixtures
that use toluene to replace some or all of the isooctane in the reference fuels. The same approach
has been shown [1] to be able to predict accurate
values of RON and MON of fuels derived from
biomass, including furans, alcohols, methyl esters,
and mixed fuels such as anisole, all of which may
be identified as possible products for which
conventional octane numbers have never been
measured.

Fig. 3: Computed ignition delay times for fuels with
various MON values

Another indication of the capabilities of the
RON/MON simulations was provided by the need
to understand the influences that incorporation of
ethanol as a gasoline additive in many modern
gasolines. Computed ignition delay times were
converted into values of RON and MON using
Figs. 2 and 3 for mixtures of PRF91 and a 6component gasoline surrogate mixture [1] of nheptane, iso-octane, toluene, 1-hexene, cyclo-

106

Summary
The present approach shows that a reliable kinetic
reaction mechanism can predict accurate RON
and MON values for many interesting component
of gasoline that might be required, with minimal
costs and rapid response times. A next step is to
extend the concept of modeling engine cycle
simulations.
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