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1 Introduction
Despite the recent advances of solar energy, wind and water power as well as other renew-
able energies, combustion is still the dominant process for power production in the world
and and accounts for about 90% of energy used for transportation, electrical power and
heating. The supply of energy historically played (and still plays) a crucial role in the
development of all industrialized countries.

In view of the limited availability of most fossil resources, energy research with focus
on studying combustion of potential biofuels has been going on for decades. Increasing the
efficiency of fuel utilization and reducing pollutant emissions are the major research ob-
jectives in combustion science and industrial research and development. To achieve these
goals, a sufficiently accurate description of the complex oxidation chemistry of C/H/O
fuels is inevitable and a requirement for the development of high-quality computational
fluid dynamics (CFD) models, that can describe all kinds of combustion processes.

Ethanol is not only known as a component of many beverages that contribute to human
relaxation and sociability, it is also widely used as an alternative fuel and gasoline additive.
It is a renewable fuel when produced from agricultural feedstock such as corn, sugarcane
or potato. In the past decade, a considerable growth in the worldwide production of fuel
ethanol was observed, with the United States being the most notable producer, followed
by Brazil, the European Union, and China. While 5–10% v/v ethanol addition to gasoline
is common in most industrialized countries today, E15 (a fuel blend of 15% v/v ethanol
and 85% v/v gasoline) is available only in some countries, and E85 or pure ethanol has
gained a high importance in countries such as Sweden or Brazil.

Methanol is used as an alternative automotive fuel, as a fuel additive boosting the
octane number of gasoline and as a feedstock for various chemical processes. It can
be considered a model fuel in chemical kinetic studies of C1 combustion, with ĊH2OH
and CH3Ȯ being important radicals in this system. Methanol produced from fossil feed-
stock, obtained by gasification of hydrocarbons forming syngas, followed by conventional
methanol synthesis, is still the dominant industrial process for methanol production to-
day. However, methanol can also be produced from renewable sources, e.g. if the syngas
originates from the gasification of organic matter. Power-to-Methanol is a promising
technology for the storage of excess electricity from renewable sources that offers several
advantages compared to chemical storage of energy in gases such as hydrogen or methane.
The Power-to-Methanol concept, in which CO2 reacts with H2 from water electrolysis, has
the potential to make a significant contribution towards the reduction of the greenhouse
gas CO2. The first commercial scale plant that converts CO2 into renewable methanol
was commissioned in 2011 and has an annual capacity of 5 million liter.

In spite of the widespread use of ethanol and methanol in automotive engines and
substantial efforts in recent years to elucidate the chemistry of their combustion that have
led to the development of several kinetic mechanisms, not all details are fully understood.
Describing the combustion kinetics of these alcohol fuels and the related aldehyde fuel
systems (formaldehyde and acetaldehyde) with higher accuracy has a high scientific and
practical significance and can contribute to the development of more efficient car engines
with lower pollutant emissions.

A hierarchical relationship between the combustion systems of large hydrocarbon
molecules and smaller fuel molecules exists. Chemical reactions that describe the com-
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bustion of hydrogen, carbon monoxide and formaldehyde also play a crucial role in the
high-temperature combustion of other fuel molecules. Key intermediates such as the
above mentioned ĊH2OH and CH3Ȯ radicals have a similarly high importance. It is com-
monly accepted that a solid understanding of the chemistry of small C/H/O molecules is
required to describe the combustion of larger molecules in a physically realistic manner.
Figure 1 presents a simplified depiction of the hierarchical relationships between different
combustion systems, highlighting those investigated in this dissertation in dark gray, and
those investigated in preliminary studies of Turányi and co-workers that are related to
this work (T. Varga et al. Proc Combust Inst, 35(1):589–596, 2015, T. Varga et al. Int J
Chem Kinet, 48(8):407–422, 2016) in light gray.

Figure 1: Hierarchical order of combustion mechanisms (adapted from C. K. Westbrook
and F. L. Dryer. Prog Energy Combust Sci, 10(1):1–57, 1984).

When investigating the ability of published combustion mechanisms to reproduce ex-
perimental data, large discrepancies in the reactivity predictions of these reaction mech-
anisms can be observed. The prevailing lack of agreement between experimental data
and many model simulations using detailed kinetic mechanisms was the main motivation
behind the present dissertation that describes the development of new, systematically
optimized detailed mechanisms for methanol, formaldehyde, ethanol and acetaldehyde
combustion.

Three case studies are presented in this dissertation: (1) The optimization of a de-
tailed methanol and formaldehyde combustion mechanism (24 species, 102 reactions); (2)
an ethanol and acetaldehyde combustion mechanism (49 species, 251 reactions); (3) a joint
C1/C2 alcohol and aldehyde combustion mechanism (49 species, 272 reactions). The opti-
mizations resulted in best-fit values and covariance matrices of the optimized parameters,
which provide a description of the temperature-dependent ranges of uncertainty for each
of the optimized rate coefficients. The obtained optimized rate parameters are consistent
with reference values found in the literature. These models and the corresponding covari-
ance matrices of the optimized parameters can be considered the best representation of
the kinetic information that can be extracted from the utilized data. They are regarded
as very suitable starting points for subsequent mechanism reductions and CFD modeling
applications.
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2 Thesis points
The new scientific results presented in this dissertation can be summarized as follows:

1. I developed a detailed reaction mechanism for the gas phase combustion of methanol
and formaldehyde. Starting from a modified version of the mechanism of Li et al.
(J. Li et al. Int J Chem Kinet, 39(3):109–136, 2007) and adopting the H2/CO base
chemistry from the joint optimized hydrogen and syngas combustion mechanism of
Varga et al. (T. Varga et al. Int J Chem Kinet, 48(8):407–422, 2016), I performed
an optimization of 57 Arrhenius parameters of 17 important elementary reactions,
using several thousand indirect measurement data points, direct measurements and
theoretical rate coefficient determinations as optimization targets. The final opti-
mized mechanism is capable of describing ignition, flame propagation and species
concentration profiles with high accuracy and was compared to 19 reaction mech-
anisms published in recent years. It proved to be the most accurate on average in
reproducing the available indirect experimental data (in total 24,900 data points in
265 datasets). In addition to new best-fit values for all rate parameters, I provided
a quantitative description of the temperature-dependent ranges of uncertainty for
the optimized rate coefficients. These posterior uncertainty limits are narrower than
the respective prior limits in the range of temperature for which experimental data
are available. The uncertainties of several important radical reactions and branch-
ing ratios were discussed in detail. The optimization study was published (C. Olm
et al. Combust Flame, 186:45–64, 2017), and the newly optimized methanol and
formaldehyde combustion mechanism as well as the data collection are available
online (http://www.respecth.hu).

2. I developed a detailed reaction mechanism for the gas phase combustion of ethanol
and acetaldehyde by means of optimization. The new mechanism describes a variety
of combustion processes such as ignition, flame propagation, and measured species
concentration profiles with high accuracy. Prior to the optimization, I defined an ini-
tial mechanism based on the ethanol combustion mechanism of Saxena and Williams
(P. Saxena and F. A. Williams. Proc Combust Inst, 31:1149–1156, 2007) and using
the H2/CO base chemistry from the joint optimized hydrogen and syngas combus-
tion mechanism of Varga et al. (T. Varga et al. Int J Chem Kinet, 48(8):407–422,
2016). I selected 54 Arrhenius parameters of 16 important elementary C1/C2 re-
actions for optimization against several thousand direct and indirect measurement
data points as well as the results of theoretical determinations of reaction rate coef-
ficients. I compared the optimized mechanism to 21 reaction mechanisms that are
used to model ethanol and acetaldehyde combustion with respect to the accuracy
in reproducing the available indirect experimental data (in total 16,004 data points
in 224 datasets), including measurements of ignition delay times in shock tubes and
rapid compression machines, laminar burning velocity measurements, and species
profiles measured using flow reactors, jet-stirred reactors and shock tubes. I provided
new best-fit values for 54 Arrhenius parameters and the covariance matrix of the
optimized parameters, which provides a description of the temperature-dependent
ranges of uncertainty for each of the optimized rate coefficients. The optimization
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study was published (C. Olm et al. Int J Chem Kinet, 48(8):423–441, 2016), and
the newly optimized ethanol and acetaldehyde combustion mechanism as well as the
data collection are available online (http://www.respecth.hu).

3. In an attempt to consolidate the findings during the development of optimized mech-
anisms for the combustion of C1/C2 alcohols and aldehydes, I created a joint mecha-
nism merging the two optimized mechanisms and validating the performance of this
mechanism against all available data. A study of ability of this joint mechanism to
reproduce experimental data, combined with the results of local sensitivity analysis
provided insight to its mechanistic behavior. By using optimized rate coefficient ex-
pressions outside their original context, I provided evidence of their reliability and
trustworthiness.

4. I elaborated a methodology for the comparison of detailed combustion mechanisms
and the comparative investigation of their performance in various regions of tem-
perature, pressure and initial concentrations. For each reaction mechanism, I in-
vestigated and compared the reproducibility of measurement data (ignition delay
times, laminar burning velocities, species concentrations) obtained with different
experimental techniques. This methodology was used first for the analysis of hydro-
gen (C. Olm et al. Combust Flame, 161(9):2219–2234, 2014) and syngas (C. Olm
et al. Combust Flame, 162 (5):1793–1812, 2015) combustion mechanisms, and was
also applied during the investigation of the C1/C2 alcohol and aldehyde combustion
systems (C. Olm et al. Combust Flame, 186:45–64, 2017 and C. Olm et al. Int J
Chem Kinet, 48(8):423–441, 2016).

5. I programmed outgen, a computer code for the comparison of reaction mechanisms.
The necessity to develop this code arose from the large amount of experimental data
that was collected and process. With outgen, I was able to demonstrate the behavior
of combustion mechanisms not just in general, but for a manifold of applications and
conditions in detail. The code can post-process the results of sensitivity analyses
and can correlate mechanisms based on similarities in their behavior. I believe
that outgen is an effective tool for mechanism developers to identify strengths and
weaknesses of the kinetic schemes they develop. The Fortran-based code is available
for several operating systems and can be downloaded from the ReSpecTh webpage
(http://www.respecth.hu).

6. I suggested several additions and improvements to the optimization method of
Turányi et al. (T. Turányi et al. Int J Chem Kinet, 44(5):284–302, 2012). I calcu-
lated the temperature-dependent uncertainty of branching ratios from the posterior
covariance matrix of the fitted rate parameters. I carried out the propagation of
rate coefficient uncertainties onto simulation results with the aim of providing fur-
ther insights to the behavior of an optimized model. I suggested the use theoretical
rate determinations as optimization targets and not just for the purpose of defin-
ing the prior uncertainty domains of the rate coefficients. If available, I took into
account reported experimental errors during the assignment of estimated standard
deviations. These standard deviations are a necessary input for optimizations. The
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two case studies (see also thesis points 1 and 2) are the first applications of these
methodological improvements.

7. I contributed to the further development of the ReSpecTh Kinetics Data format
(RKD format). I implemented the majority of the changes that have led to the re-
lease of v2.0 of the format specification, which is available on the ReSpecTh webpage
(http://www.respecth.hu). This new v2.0 supports the specification of unique file
DOIs, features an improved representation of bibliographical sources, the possibil-
ity to store data uncertainty information, plotting and modeling information as well
as an unambiguous definition of chemical species via CAS, InChI and/or SMILES
identifiers.
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3 List of scientific publications

3.1 Journal articles related to this dissertation
This dissertation is based on the following publications:

1. C. Olm, T. Varga, É. Valkó, H. J. Curran, and T. Turányi. Uncertainty quantifi-
cation of a newly optimized methanol and formaldehyde combustion mechanism.
Combust Flame, 186:45–64, 2017. doi: 10.1016/j.combustflame.2017.07.029.
Impact Factor: 4.494, SJR: 2.427 (Q1), MTMT classification: Q1/D1.

2. C. Olm, T. Varga, É. Valkó, S. Hartl, C. Hasse, and T. Turányi. Development of
an ethanol combustion mechanism based on a hierarchical optimization approach.
Int J Chem Kinet, 48(8):423–441, 2016. doi: 10.1002/kin.20998.
Impact Factor: 1.416, SJR: 0.543 (Q2), MTMT classification: Q3.

3. C. Olm, I. Gy. Zsély, R. Pálvölgyi, T. Varga, T. Nagy, H. J. Curran, and T. Turányi.
Comparison of the performance of several recent hydrogen combustion mechanisms.
Combust Flame, 161(9):2219–2234, 2014. doi: 10.1016/j.combustflame.2014.03.006.
Impact Factor: 4.494, SJR: 2.427 (Q1), MTMT classification: Q1/D1.

4. C. Olm, I. Gy. Zsély, T. Varga, H. J. Curran, and T. Turányi. Comparison of the
performance of several recent syngas combustion mechanisms. Combust Flame, 162
(5):1793–1812, 2015. doi: 10.1016/j.combustflame.2014.12.001.
Impact Factor: 4.494, SJR: 2.427 (Q1), MTMT classification: Q1/D1.

3.2 Other journal articles
1. T. Varga, T. Nagy, C. Olm, I. Gy. Zsély, R. Pálvölgyi, É. Valkó, G. Vincze, M.

Cserháti, H. J. Curran, and T. Turányi. Optimization of a hydrogen combus-
tion mechanism using both direct and indirect measurements. Proc Combust Inst,
35(1):589–596, 2015. doi: 10.1016/j.proci.2014.06.071.
Impact Factor: 5.336, SJR: 2.588 (Q1), MTMT classification: Q1/D1.

2. T. Varga, C. Olm, T. Nagy, I. Gy. Zsély, É. Valkó, R. Pálvölgyi, H. J. Curran, and
T. Turányi. Development of a joint hydrogen and syngas combustion mechanism
based on an optimization approach. Int J Chem Kinet, 48(8):407–422, 2016. doi:
10.1002/kin.21006.
Impact Factor: 1.416, SJR: 0.543 (Q2), MTMT classification: Q3.

3. N. Hinton, R. Stone, R. Cracknell, and C. Olm. Aqueous ethanol laminar burning
velocity measurements using constant volume bomb methods. Fuel, 214:127–134,
2018. doi: 10.1016/j.fuel.2017.10.113.
Impact Factor: 4.908, SJR: 1.891 (Q1), MTMT classification: Q1/D1.
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3.3 Conference papers
1. C. Olm, T. Varga, É. Valkó, S. Hartl, C. Hasse, and T. Turányi. Development of

an optimized ethanol combustion mechanism based on a hierarchical optimization
approach. Proc 7th Europ Combust Meeting, P1-35, 2015. ISBN 978-963-12-1257-0

2. C. Olm, I. Gy. Zsély, T. Varga, T. Nagy, and T. Turányi. Comparison of the
performance of several recent wet CO combustion mechanisms. Proc 6th Europ
Combust Meeting, P5-2, 2013. ISBN 978-91-637-2151-9.

3. T. Nagy, C. Olm, I. Gy. Zsély, T. Varga, R. Pálvölgyi, É. Valkó, G. Vincze, and
T. Turányi. Optimisation of a hydrogen combustion mechanism. Proc 6th Europ
Combust Meeting, P4-14, 2013. ISBN 978-91-637-2151-9.

4. I. Gy. Zsély, C. Olm, T. Varga, T. Nagy, and T. Turányi. Comparison of the perfor-
mance of several recent syngas combustion mechanisms. Proc 6th Europ Combust
Meeting, P4-13, 2013. ISBN 978-91-637-2151-9.

4 List of conference lectures and posters
The presenting author is highlighted in bold. Only those lectures or posters are listed
where the PhD candidate was either first and/or presenting author.

4.1 International conference lectures related to this dissertation
1. C. Olm, T. Varga, I. Gy. Zsély, É. Valkó, T. Nagy, and T. Turányi. Uncertainty of

the rate parameters in the wet CO combustion system. VIIIth Congress of the In-
ternational Society of Theoretical Chemical Physics, Budapest, August 25–31, 2013.

2. C. Olm, I. Gy. Zsély, T. Varga, H. J. Curran, and T. Turányi. A comprehensive
comparison of the performance of several recent syngas combustion mechanisms.
8th International Seminar on Flame Structure, Berlin, September 21–24, 2014.

3. C. Olm, T. Varga, É. Valkó, S. Hartl, C. Hasse, and T. Turányi. Development of
an ethanol combustion mechanism based on a hierarchical optimization approach.
9th International Conference on Chemical Kinetics, Ghent, June 28 – July, 2, 2015.

4. T. Varga, C. Olm, T. Nagy, É. Valkó, R. Pálvölgyi, H. J. Curran, and T. Turányi.
Development of a joint hydrogen and syngas combustion mechanism based on a hier-
archical optimization approach. 9th International Conference on Chemical Kinetics,
Ghent, June 28 – July, 2, 2015.

5. C. Olm. Mechanism validation and optimization with Optima++: Introduction
and general workflow, post-processing. COST Training School on the Analysis of
Combustion Mechanisms, Budapest, July 4–7, 2016.
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4.2 International conference posters related to this dissertation
1. C. Olm, I. Gy. Zsély, R. Pálvölgyi, T. Varga, T. Nagy, and T. Turányi. Investiga-

tion of the performance of wet CO combustion mechanisms. COST Action CM0901
3rd annual meeting, Sofia, September 5–7, 2012.

2. C. Olm, I. Gy. Zsély, T. Varga, T. Nagy, and T. Turányi. Comparison of the perfor-
mance of several recent wet CO combustion mechanisms. 6th European Combustion
Meeting, Lund, June 26–28, 2013,

3. C. Olm, I. Gy. Zsély, T. Varga, É. Valkó, T. Nagy, and T. Turányi. Optimization
and uncertainty quantification of a wet CO combustion mechanism. COST Action
CM0901 4th annual meeting, Perugia, September 16–19, 2013.

4. C. Olm, J. D. Nauclér, A. A. Konnov, S. Hartl, F. Rau, C. Hasse, and T. Turányi.
Laminar burning velocities of C2H5OH+O2 in different bath gases and an investi-
gation of the general performance of several ethanol combustion mechanisms. 23rd

International Symposium on Gas Kinetics, Szeged, July 20–25, 2014.

5. C. Olm, R. Pálvölgyi, T. Varga, H. J. Curran, and T. Turányi. Investigation of
the performance of several methanol combustion mechanisms. 23rd International
Symposium on Gas Kinetics, Szeged, July 20–25, 2014.

6. C. Olm, J. D. Nauclér, A. A. Konnov, S. Hartl, F. Rau, C. Hasse, and T. Turányi.
Laminar burning velocities of C2H5OH+O2 in different bath gases and an investi-
gation of the general performance of several ethanol combustion mechanisms. 35th

International Symposium on Combustion, San Francisco, August 3–8, 2014. WiP
Poster W3P040.

7. C. Olm, R. Pálvölgyi, T. Varga, H. J. Curran, and T. Turányi. Investigation
of the performance of several methanol combustion mechanisms. 35th International
Symposium on Combustion, San Francisco, August 3–8, 2014. WiP Poster W3P039.

8. C. Olm, T. Varga, É. Valkó, S. Hartl, C. Hasse, andT. Turányi. Optimization of an
ethanol combustion mechanism against laminar burning velocity data, ignition delay
time and species concentration data. 15th International Conference on Numerical
Combustion, Avignon, April 19–22, 2015.

9. C. Olm, I. Gy. Zsély, R. Pálvölgyi, T. Varga, T. Nagy, H. J. Curran, and T. Turányi.
Comparison of the performance of several recent hydrogen and syngas combustion
mechanisms. Laminar Burning Velocity Workshop, Rouen, March 23–24, 2015.

10. C. Olm, T. Varga, É. Valkó, S. Hartl, C. Hasse, and T. Turányi. Optimization of
detailed combustion mechanisms for C1/C2 oxygenate fuels. Adria-Danube Com-
bustion Meeting, Wiener Neustadt, April 7–8, 2016.

11. C. Olm, T. Varga, É. Valkó, S. Hartl, C. Hasse, and T. Turányi. Development of
an optimized ethanol combustion mechanism based on a hierarchical optimization
approach. 7th Europ Combust Meeting, Budapest, March 30 – April 2, 2015

8



12. C. Olm, T. Varga, É. Valkó, and T. Turányi. Development of an ethanol combus-
tion mechanism based on a hierarchical optimization approach. 36th International
Symposium on Combustion, Seoul, July 31 – August 5, 2016. WiP Poster 1P014.

13. C. Olm, T. Varga, É. Valkó, S. Hartl, C. Hasse, and T. Turányi. Optimization
of detailed combustion mechanisms for C1/C2 alcohol and aldehyde fuels. 36th

International Symposium on Combustion, Seoul, July 31 – August 5, 2016. WiP
Poster 1P015.

4.3 Hungarian conference lectures related to this dissertation
1. C. Olm, I. Gy. Zsély, R. Pálvölgyi, T. Varga, T. Nagy, and T. Turányi. Compar-

ative testing of hydrogen and wet CO combustion mechanisms against a large set
of experimental data. MTA Reakciókinetikai és Fotokémiai Munkabizottság ülése,
Gyöngyöstarján, October 25–26, 2012.

2. C. Olm. A comparative analysis of syngas combustion mechanisms. Meeting of the
Hungarian Section of the Combustion Institute, Budapest, November 26, 2013.

3. C. Olm, I. Gy. Zsély, T. Varga, and T. Turányi. Comparative investigation of
recently published syngas combustion mechanisms. 1. MÉB Égéstudományi Kon-
ferencia, Budapest, October 28, 2014.

4. C. Olm, I. Gy. Zsély, T. Varga, and T. Turányi. Comparative investigation of
recently published syngas combustion mechanisms. MTA Reakciókinetikai és Fo-
tokémiai Munkabizottság ülése, Mátrafüred, November 6–7, 2014.

5. C. Olm, T. Varga, É. Valkó and T. Turányi. Development of an optimized ethanol
combustion mechanism based on a hierarchical optimization approach. MTA Reak-
ciókinetikai és Fotokémiai Munkabizottság ülése, Mátrafüred, November 5–6, 2015.

6. C. Olm, T. Varga, É. Valkó, and T. Turányi. Optimization of a methanol com-
bustion mechanism. 2. MÉB Égéstudományi Konferencia, Budapest, October 21,
2016.

4.4 Further conference lectures and papers
1. H. Böttler, C. Olm, T. Varga, S. Hartl, M. Pollack, C. Hasse, and T. Turányi.

Assessment of reaction mechanisms for a large set of butanol combustion data. MTA
Reakciókinetikai és Fotokémiai Munkabizottság ülése, Balatonalmádi, May 29–30,
2017.

2. H. Böttler, C. Olm, T. Varga, S. Hartl, M. Pollack, C. Hasse, and T. Turányi.
Assessment of reaction mechanisms for a large set of butanol combustion data.
Proc 8th Europ Combust Meeting, Paper 598, 2017.
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