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Notation

Latin symbols

A

A
AE
ARE
ALR
AM
AS

BM

CE
CN

EC
EI
Em

IC
LDso
MB
MRE
MW

VIII

Atom Set

Stoichiometric Matrix
Atom Efficiency

Average Relative Error
Annual Loan Repayment
Adjacency Matrix
Adjacency Scheme
Substrate Matrix

Vector of Fluxes Leaving a Network
Bond Electron Matrix
Conversion

Carbon Efficiency
Cetane Number

Product Matrix

Edge Set

Energy Consumption
Environmental Impact
Emissions Indicator
Flux Matrix

Flux Vector

Enthalpy

Investment Cost

Median Lethal Dose
Molecular Body
Maximum Relative Error
Molecular Weight
Quantity
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tp
TAC
TAR
TP
TS
TT

v

VE

VSC

N M

Absolute Molar Flux Matrix

Normalized Molar Flux Matrix

Reaction Patterns Vector

Price

Formal Electric Charge (Molecule)
Formal Electric Charge (Atom)

Reaction

Resource Consumption
Resulting Patterns Vector
Selectivity

Substance

Temperature

Plant Lifetime

Triggering Patterns Vector
Total Annualized Costs
Total Annualized Revenues
Toxicity Potential

Total Selectivity
Transition Table
Stoichiometric Coefficient
Vertex Set

Valence Electrons

Valence Scheme

Valence Scheme Combinations

Fraction
Yield
Molar Fraction

Interest Rate

Greek symbols

[mole]
[mole/mole]
[

(3/kg] or [$/1]

[,
[

[,
[,
[

(%]

[
K]

Weighting Factor of an Elementary Mode

Scaling Factor of Normalized Fluxes

Efficiency

Permutation of Valence Scheme Bonds

Atomic Share
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Notation

Abbreviations
2-BF 2-Butylfuran
2-BTHF 2-Butyltetrahydrofuran
3-MTHF 3-Methyltetrahydrofuran
BrenaRo Brennstoffgewinnung aus nachwachsenden Rohstoffen
BtL Biomass to Liquid
C Carbon
CI Compression Ignition
CO, Carbon Dioxide
DB Double Bond
DHF Dihydrofuran
EM Elementary Mode
FAME Fatty Acid Methyl Esters
FIME Family of Isomeric Molecular Ensembles
FTS Fischer-Tropsch Synthesis
GAMS General Algebraic Modeling System
H Elementary Hydrogen
Hy Molecular Hydrogen
H,O Water
TA Itaconic Acid
LCA Life Cycle Assessment
LP Linear Programming
ME Molecular Ensemble
MIP Mixed-Integer Programming
MILP Mixed-Integer Linear Programming
NBP Normal Boiling Point
NLP Non-Linear Programming
(0] Oxygen
QSPR Quantitative Structure Property Relationship
RNFA Reaction Network Flux Analysis
SB Single Bond
SMILES Simplified Molecular Input Line Entry Specification
TB Triple Bond
THF Tetrahydrofuran
TMFB Tailor-Made Fuels from Biomass
WTW Well-to-Wheel (Analysis)
X
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Subscripts and superscripts

boil
C
com

form

VSsC
VT

At Boiling Point

Carbon Atom
Combustion

Formation

Feedstock

Hydrogen Atom

Flux Entering a Network
Iteration Variable

In Liquid State

At Melting Point

Target

Oxygen Atom

Flux Leaving a Network
Product

Pathways

Reaction
Refunctionalization
Substrate

Transposed Matrix

Total

Upper Triangular Matrix
Valence Scheme

Valence Scheme Combination
Valence Scheme Transition
Out(-degree of a Vertex)
In(-degree of a Vertex)

1P 216.73.216.36, am 18.01.2026, 18:41:31.

tersagt, m mit, fir oder In KI-

XI


https://doi.org/10.51202/9783186950031

Kurzfassung

Die stetige Verknappung fossiler Ressourcen sowie der steigende Energiebedarf erfordern
eine Neuausrichtung der chemischen Industrie beziiglich der verwendeten Rohstoffe. Da
die Menge des fossilen Kohlenstoffs begrenzt ist, ist es erforderlich, alternative Quellen zu
erschlieBen, deren Verfiigharkeit auf lange Zeit gesichert ist. Dieser Wandel wird eine zen-
trale Rolle in der Entwicklung der chemischen Wertschopfungsketten im Laufe der néchsten
Jahre und Jahrzehnte einnehmen.

In den letzten Jahren hat sich Biomasse als wahrscheinlichster alternativer Kohlenstoff-
lieferant herauskristallisiert. Die bisherigen Wertschopfungsketten der chemischen Indus-
trie sind aufgrund der Beschaffenheit der Biomasse jedoch nicht oder nur teilweise iibertrag-
bar. Daher geht mit der Anderung der Rohstoffquelle sowohl die Identifikation neuer
Chemikalien mit gewiinschten Eigenschaften als auch die Entwicklung neuer Prozesse ein-
her.

Da die Verschiebung zu erneuerbaren Rohstoffen auch den gréfiten Abnehmer fossiler
Energietrager, den Verkehrssektor, betrifft, steht die Herstellung von Biokraftstoffen als
essentielle Herausforderung der néchsten Jahre im Fokus wissenschaftlicher Aufmerk-
samkeit. Zum Zweck der systematischen Identifikation von Biokraftstoffen wurde an
der RWTH Aachen der Exzellenzcluster ” Tailor-Made Fuels From Biomass” (zu Deutsch
”MaBgeschneiderte Kraftstoffe aus Biomasse”) ins Leben gerufen. Dieser Forschungsver-
bund hat sich zum Ziel gesetzt, Kraftstoffe der néichsten Generation vorzuschlagen, die
sowohl auf der Anwendungs- als auch auf der Herstellungsseite optimale Eigenschaften
aufweisen. Diese optimalen Eigenschaften umfassen sowohl die wirtschaftliche und nach-
haltige Synthese von Kraftstoffen aus Biomasse als auch eine emissionsarme und effiziente
Verbrennung im Kolbenmotor.

In diesem Kontext fallen der computer-basierten Prozesstechnik zwei Aufgaben zu.
Sie umfassen zum einen die Identifikation von Kraftstoffen, die definierte Eigenschaften
erfilllen; zum anderen miissen dazugehorige Herstellungsprozesse vorgeschlagen und im
Rahmen eines konzeptionellen Prozessentwurfs systematisch ausgearbeitet werden. Die
Identifikation geeigneter Reaktionspfade ist der erste Schritt des konzeptionellen Prozess-
entwurfs. Die Auswahl von Reaktionspfaden erfolgte bisher meist auf der Basis experi-
menteller Untersuchungen und Heuristiken. Systematische Evaluierungkonzepte futen

auf manuell zusammengetragenen Reaktionsnetzwerken auf Basis von Literaturrecherchen.
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Diese Vorgehensweise ist jedoch nicht nur fehleranfillig, sondern auch zeitaufwandig und
begrenzt dadurch die Anzahl der untersuchbaren Félle. Ganzheitliche, modellbasierte
Ansétze zur Generierung, Identifikation und Evaluierung optimaler Synthesepfade im Rah-
men der Biokraftstoffsynthese sind bisher kaum verfiigbar.

Der Schwerpunkt dieser Arbeit liegt daher auf der computer-basierten Generierung
und Auswertung von Reaktionsnetzwerken. Die Basis bildet eine graphentheoretische
Formulierung von Molekiilen und Reaktionen, wodurch die Entwicklung von kompak-
ten und effizienten Algorithmen zur Modifikation der betrachteten Substanzen ermoglicht
wird. Dadurch kénnen, ausgehend von benutzerdefinierten Substraten, Reaktionspfade zu
gewiinschten Zielsubstanzen generiert werden. Die Formulierung erlaubt es auch, solche
Reaktionen zu erzeugen und als Teil des Syntheseprozesses vorzuschlagen, die bisher noch
nicht in der Literatur bekannt sind.

Zur Identifikation der einzelnen Reaktionspfade werden kombinatorische Methoden zur
Analyse biologischer Netzwerke adaptiert. Ein mehrstufiger Ansatz aus Kombinatorik
und Optimierung wird vorgeschlagen, der nicht nur eine 6konomische und Gkologische
Bewertung der Reaktionspfade ermdglicht, sondern auch die Topologie des Netzwerks er-
schliefit und Aussagen {iber die Robustheit einer Syntheseentscheidung erlaubt. Aus einer
Datenbank organischer Reaktionen werden experimentelle Daten abgerufen und in die
Evaluierung integriert. Eingebettet in ein modellbasiertes Produkt-Prozess-Design kénnen
so Synthesepfade zu mafigeschneiderten Kraftstoffkandidaten systematisch identifiziert und
fiir weiterfithrende Untersuchungen vorgeschlagen werden. In einem nachfolgenden Schritt
wird gepriift, bis zu welchem Grad die Ausnutzung des Ausgangsmaterials erhoht werden
kann, wenn auftretende Abfallstrome in den Produktstrom integriert werden. Vorrausset-
zung ist hierbei, dass die resultierende Mischung ebenfalls die gewtinschten Eigenschaften
besitzt.

Generierung und Evaluierung von Reaktionsnetzwerken werden abschlieffend fiir zwei
Fille exemplarisch durchgefithrt. Betrachtet wird dabei die Synthese von alternativen
biobasierten Dieselkraftstoffen. Der erste Fall analysiert die Synthese von 3-MTHF ausge-
hend von Itakonsaure. Dieser Prozess wurde im Exzellenzcluster TMFB bereits detailliert
untersucht. Es zeigt sich, dass das automatisch generierte Netzwerk eine Vielzahl bisher
nicht betrachteter Reaktionen beinhaltet. Die angewendete Losungsstrategie offenbart
eine Vielzahl an Synthesepfaden und weist die wichtigsten Reaktionen des Netzwerks aus.
Die Synthese von 3-MTHF leidet jedoch an den hohen Kosten des Substrats Itakonséure,
die auch durch die Integration der Abfallstrome nicht wettgemacht werden kénnen. Da-
her werden in einer zweiten Studie die strukturell dhnlichen Molekiile 2-BF und 2-BTHF
vorgeschlagen und untersucht, die ausgehend vom aktuell giinstigeren Furfural produziert
werden konnen. Die durchgefithrte Analyse zeigt, dass diese Substanzen effizient hergestellt

werden konnen. Insbesondere dann, wenn Abfallstrome in den Produktstrom integriert
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Kurzfassung

werden, erscheint eine Synthese von 2-BTHF zu gegenwirtigen Marktpreisen von Furfural
wirtschaftlich moglich.

Die présentierten Methoden sind in einem Softwarepaket vereint. Dieser rein compu-
terbasierte Ansatz beschleunigt und unterstiitzt den wissenschaftlichen Prozess der Iden-
tifikation neuer Kraftstoffe, indem detaillierte Netzwerke mit hohem Informationsgehalt
in kurzer Zeit bereitgestellt werden. Darauf aufbauende Experimente kénnen zielgerichtet
geplant und ausgefiihrt werden, da vielversprechende Reaktionspfade schon vor Beginn der

Versuche bekannt sind.
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Abstract

The combination of continuously depleting fossil resources and the steadily increasing
demand for energy pose upcoming challenges to the utilization of feedstock in chemical
industry. Since the availability of fossil resources is limited by quantity, exploitation of
alternative, long-term available sources is necessary. This transition will be a dominant
center piece in the design of value chains in chemical industry within in the next years and
decades.

More and more, biomass takes the stage as most promising alternative carbon source.
However, current value chains are not or only to a limited extend transferrable due to
the chemical and structural composition of biomass. Thus, a change in the carbon source
will come hand in hand with the identification of novel chemical compounds with desired
properties as well as with the development of corresponding production processes.

This shift towards biomass feedstock will affect all consumers of fossil energy carries, also
the transportation sector as single largest consumer. This development positions biofuel
production in the focus of academic research in the next years, both as challenge and also as
opportunity. At RWTH Aachen University, the Cluster of Excellence ”Tailor-Made Fuels
from Biomass” was established to systematically identify and propose biofuels. Its overall
objective is to propose next generation biofuels that exhibit optimal performance from
an overall perspective, considering the production process as well as the thermo-physical
properties. Thus, optimal performance takes into account the economic and sustainable
synthesis of fuels from biomass and their efficient combustion in internal combustion en-
gines at low emissions.

In this context, the task of computer-aided process systems engineering is twofold. It
comprises on the one hand the identification of fuels that exhibit defined properties and
on the other hand the identification and design of the corresponding production processes
in a systematic conceptual process design approach. The first task to address here is to
propose and evaluate suited reaction pathways from feedstock to desired product. Most
often, the choice of reaction pathways was made based on experimental investigations and
empirical knowledge. Systematic concepts for evaluating reaction pathway alternatives
founded on manually assembled reaction networks, derived from exhaustive literature re-
search. However, this approach is susceptible for incompleteness and time intense, thus

posing methodological limits to the number investigatable scenarios. Holistic, model-based
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Abstract

approaches for generating, identifying and evaluating optimal synthesis pathways in the
context of biofuel value chain design are only rarely available.

The contribution of this work is the computer-based generation and evaluation of reac-
tion networks. It founds on formalisms of graph theory to abstract molecules and reac-
tions, leading to compact and efficient algorithms for altering chemical substances. In this
manner, reaction pathways are established from a user-defined feedstock to defined target
substances, summing up to reaction networks. This way of abstracting the principles of
chemical synthesis also allows for generating and proposing such reactions as part of the
synthesis process that are not reported in literature so far.

Combinatorial methods from systems biology are employed to identify individual reaction
pathway alternatives in the generated networks. A multi-stage approach of combinatorial
and optimization-based methods is proposed to assess not only economic and ecological,
but also topological aspects of the reaction pathways to allow for statements on the ro-
bustness of a design task. Experimental data, if available, is retrieved from a data base
of organic reactions and included into the evaluation process. Embedded into a model-
based product-process design, synthesis pathways towards tailored biofuel candidates can
be systematically identified and proposed for further experimental investigations. In a
subsequent step, the potential of blending unconverted intermediates and desired product
while maintaining imposed property constraints is elucidated for the sake of increasing
feedstock utilization.

Concluding this contribution, generation and evaluation of reaction networks is demon-
strated by the example of two case studies, targeting the synthesis of bio-based diesel fuel
surrogates. The synthesis of 3-MTHF starting from itaconic acid is topic of the first case
study. This process was already investigated in detail in the Cluster of Excellence. It
is shown that the computer-generated reaction network comprises a plethora of reactions
that are so far not reported in literature. Likewise, the number of pathways identified by
applying the evaluation routine distinctly increases in comparison to the results derived
from manually assembled networks. Economic evaluation leads to the statement that this
combination of feedstock and product suffers applicability due to the currently high prices
of itaconic acid, which also cannot be compensated by integrating unconverted interme-
diates. Thus, the investigation of structurally similar compounds 2-BF and 2-BTHF is
proposed and performed. Despite structural similarity, these substances can be derived
from furfural, which is currently traded at lower market prices than itaconic acid. The
analysis reveals that these substances can be produced sustainable from the provided feed-
stock, especially by integrating unconverted intermediates and final product. Under the
presumed assumptions, the synthesis of 2-BTHF from furfural is economically viable under
today’s market conditions.

The presented methods are provided in a single software package. This computer-based
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approach accelerates and supports the scientific process of biofuel identification by pro-
viding detailed reaction networks with a high information density in a short time span.
With the information of promising reaction pathways at hand at already very early stage
of the assessment, experimental investigation campaigns can be supported or even guided

to achieve highest information gain with least effort.
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1 Introduction

The availability of carbon feedstock is crucial for mobile propulsion, power generation and
chemicals manufacturing and consequently the maintenance of nowadays standards of liv-
ing. Although fossil carbon resources are currently abundantly available, the increasing
demand will steadily deplete the residual amounts. Anticipating the future growth and
development of developing markets in India, China, South East Asia and South America,
it is obvious that the demand for fossil resources will rather increase than decrease (Sari
and Soytas, 2007), affecting not only the costs of chemicals manufacturing, power gener-
ation and domestic heating, but also mobile propulsion and global cargo distribution. In
addition, emissions stemming from the combustion of fossil carbon resources increase the
atmospheric CO5 concentration, acting as a key driver of global warming (Metz, 2007). Al-
though the need for alternative energy carriers is evident, establishing them in the market
is difficult since the requirements are high: long-term replacement of fossil fuels, reple-
nishment on a short time-scale and abundant availability are mandatory prerequisites. In
addition, emissions from production and combustion processes should be avoided or, if
inevitable, should not contribute to the accumulation of harmful substances in either soil,
water or air.

Fuels from biomass are one promising alternative to fossil fuels; biomass is available in
sufficient amounts and replenishes on a reasonable time scale. Liquid energy carriers from
biomass have attracted great interest in research and industry within the last decades (Naik
et al., 2010). Their high energy densities and similarity to fossil fuels in terms of ther-
mophysical properties, short and long term storage and distribution allow to maintain the
concept of internal combustion engines with only minor modifications. In contrast to the
combustion of fossil energy carriers, combustion of biobased energy carriers releases only
CO, that is already part of the global carbon cycle (Post et al., 1990).

There is a manifold of challenges to face in biorenewable fuel production.The biomass
feedstock has an oxygen to carbon ratio up to 1:1, leading to thermophysical feedstock
properties that vary significantly from those required to serve as gasoline or diesel fuel. At
the same time, the oxygen is present in various functional arrangements such as hydroxyl,
ether, carbonyl and carboxylic acid groups, where each of these groups requires different
processing steps for their refunctionalization or cleavage. Therefore, processing biomass

is significantly different to the processing of crude oil (Daoutidis et al., 2013). However,
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this feedstock shift must not be considered a threat, but rather an opportunity to criti-
cally review and eventually redesign existing processing paradigms. The challenge in the
context of biorenewable fuel production is to establish efficient processing steps and truly

sustainable value chains (Marquardt et al., 2010, Victoria Villeda et al., 2012).

1.1 The multi-dimensional context of sustainable biofuels

Sustainable production that considers economic, ecological and social aspects (Fiksel, 2002)
has to account for the complete biofuel life cycle consisting of biomass cultivation, biomass
processing to biofuels, biofuel combustion and the interactions of these processes with the
ecosystem (cf. Figure 1.1). COg serves as a major substrate for biomass growth through
photosynthesis (Post et al., 1990). Large-scale biomass cultivation may have a negative
impact on the ecosystem, e.g. based on land-use change (Kim et al., 2009) and additional
secondary effects due to water consumption and the use of fertilizer. Emissions from bio-
fuel combustion (e.g. COs, soot or NO,) and by-products of the manufacturing process
(e.g. CHy) constitute hazards to the ecosystem (Fearnside, 2000) while the ecosystem itself
influences biomass cultivation in terms of climate conditions, e.g., temperature and humid-
ity. Hence, a complex system has to be accounted for when discussing the sustainability
of biofuel value chains.

First generation biofuels such as fermentative bioethanol production from corn or sug-
arcane and catalytic production of fatty acid methyl esters (FAME) from plant oil already
exceed a global annual production of 120 billion liters (OECD/FAQ, 2011). However, these
biofuels only make use of the sugar-, starch- and oil-bearing parts of the plants and com-
pete with the food chain - either indirectly by using arable land for cultivation, or directly

by increasing the market price of crops (FOA, 2010). In contrast, lignocellulosic biomass
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Figure 1.1 — Abstraction of environmental system influencing biofuel value chains (adapted
from Victoria Villeda et al. (2012))
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1.1 The multi-dimensional context of sustainable biofuels

such as straw and bagasse is a material which is not competing with human nutrition and
can also be converted into bioethanol (Bjerre et al., 1996). Novel approaches also propose
to use algae as lignocellulosic feedstock for both, bioethanol (Li et al., 2014) and biodiesel
production (Viégas et al., 2015), since algae constitutes a feedstock whose cultivation is
independent of arable land.

Research in bioethanol production has focussed on improving the individual steps of
bioethanol from lignocellulose, leading to energy efficient pretreatment and highly selective
fermentation. However, the yield of lignocellulosic bioethanol production is lower than the
one starting from corn or sugar cane and it requires more efforts in the pretreatment of
the feedstock (Sarkar et al., 2012).

Biomass-to-Liquid (BtL) processes that rely on the Fischer-Tropsch-Synthesis can, the-
oretically, process biomass independently of its heritage and composition and require less
pretreatment effort. They furthermore allow for producing diesel fuel from lignocellulosic
feedstock (Anderson et al., 1984). To this end, the biomass is broken down to C; building
blocks (syngas) with subsequent catalytic recombination to form long chain hydrocarbons.
However, a targeted production of a certain compound is aggravated through the nature of
the used catalyst, which always yields a product spectrum rather than a defined substance
(Dry, 2002).

Besides their individual shortcomings, the mentioned processes have in common that the
molecular structure of the desired biofuel is predetermined. However, when considering the
molecular structure as a degree of freedom, the tailoring of novel, defined fuel structures
obtained from targeted refunctionalization of biomass monomers offers the opportunity of
tailoring molecules to specific applications (Janssen et al., 2011, Hoppe et al., 2016). Com-
bining a highly selective production process and a product that is in optimal accordance
with its use process presumably yields a fuel that outperforms existing biofuels. In order
to achieve a biofuel as sustainable and efficient as possible, not only the production process
has to be accounted for, but rather the complex interactions of influences from the specific
aspects of the value chain.

Consequently, 4 major tasks arise in the context of sustainable production of novel
fuels (Victoria Villeda et al., 2012):

(i) Biofuels with desired engine-relevant properties need to be identified,

(ii) novel optimized production processes have to be elaborated for viable and sustainable

market positioning,
(iii) product- and process-related impacts on the ecosystem have to be accounted for, and

(iv) optimal designs of biomass cultivation and distribution have to be worked out.
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An optimal biofuel hence is a compromise between engine performance, production, envi-
ronmental impact and sustainable feedstock cultivation, where optimality has to be defined

in terms of measurable quantities covering all relevant aspects of the life cycle.

1.2 Towards the integration of product and process design

A model-based description of the value chain offers the opportunity to design each step from
biomass cultivation to engine combustion. However, the multitude of interrelated depen-
dencies, the variety of possible feedstock-product-process combinations and the complexity
of the underlying phenomena render an entirely model-based description of the value chain
a desired, but at least distant goal. Nevertheless, elaborated methodologies already ex-
ist for 2 distinct sub-problems, i.e., model-based product and process design. To achieve
overall optimal solutions, product and process design need to be combined to form an
integrated approach to the design of value chains. Isolated consideration of product and
process performance might prevent the identification of an overall optimal biofuel because
trade-offs between product performance and production effort cannot be established in an
objective manner. While steps are already taken to extend the scope towards considering
the entire value chain, the modeling detail of each step varies significantly.

Life cycle assessment (LCA) is a tool that is frequently employed to assess the economic,
environmental and also social aspects of biofuels and their supply and production chains.
It origins from approaches in the late 1960s to analyse the efficiency and environmental
issues of resource use for the production of materials (see Hunt et al. (1996)). In biofuel
production, LCA is often referred to as Well-to-Wheel (WTW) analysis. WTW analysis is
used to evaluate biofuel value chains from the biomass feedstock to the energy at the wheel
with respect to selected product and process performance criteria (Wang, 1999, Edwards
et al., 2004, Yan et al., 2010).

Due to the high level perspective from which LCAs are carried out, they can be used to
consider aspects of raw material extraction, manufacturing, transport, use and disposal of
residues for a variety of biofuel value chains in a single approach. Almost every biofuel that
was or is currently discussed as fossil fuel surrogate was analysed by LCA tools considering
the influence of different aspects such as type of feedstock or pretreatment processes. Life
cycle assessments for first generation biofuels (fuels from crops) were, amongst others, per-
formed by Kim and Dale (2005) on bioethanol from corn and biodiesel from soybean and
by Halleux et al. (2008) on bioethanol from sugar beet and rapeseed methyl ester. The
topics of their investigations reached from evaluating environmental impact and economic
performance of the value chain to assessing the influence of cropping systems on ener-

getic efficiency. Considering second generation biofuels (fuels from cellulosic biomass), Xie
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1.2 Towards the integration of product and process design

et al. (2011) evaluated energy use and greenhouse gas emissions for the Fischer-Tropsch
synthesis and compared it to fuels from coal. Kumar and Murthy (2012) compared green-
house gas emissions and energy requirement of different pretreatment processes for ethanol
production from grass straws. Increases in production yields led to increasing interest in
microalgae as feedstock in biodiesel production (Lardon et al., 2009, Campbell et al., 2011,
Collet et al., 2013).

The variety of fuels considered and criteria assessed shows that LCA is a versatile tool
to evaluate key performance indicators (KPIs) of biofuel value chains. In order to achieve
the holistic assessment of the fuel’s overall life cycle, the assessed LCA tools rely on rather
simplified models to manage the complexity of the model. In addition, the identification of
novel biofuels and the design of corresponding value chains is not the goal of the analysis.
Thus, LCA is an analysis tool to assess the overall performance of identified and established
biofuel value chains with a high level of abstraction.

More detailed evaluations are required to better understand the relations that exist
between feedstock, product and process. Experimental campaigns were carried out to
identify the impact of varying feedstock composition on the properties of biodiesel and
biodiesel/diesel blends (Kinast, 2003, Canakci and Sanli, 2008, Gui et al., 2008). The
data from such experimental campaigns was then employed by Chang and Liu (2009) to
develop an integrated biodiesel processing model. It allows for simulating the process
performance of entire biodiesel manufacturing chains for different feedstock compositions.
Since biodiesel is a blend of multiple components, the relation between feedstock and
product is of high interest and product design principles can be employed. Similar inves-
tigations were carried out for the production of ethanol from different feedstock (Huang
et al., 2009) and different pretreatment processes (Aden and Foust, 2009). Contrasting
biodiesel, ethanol is a defined compound. Hence product design is not applicable and the
sole focus of experimental campaigns and process models is on improving the production
process performance and sustainability (Cardona and Sanchez, 2007).

Garcia and You (2015) presented an approach towards product and process design of
biofuels that is based on a process technology superstructure. They constructed a net-
work that consists of 129 substances and 193 technologies, from which optimal processing
pathways towards defined products are selected. Each processing step is described by a
set of key characteristics such as energy consumption, losses and yields. This network is
formulated as a mixed integer linear programming problem (MILP) and solved subject to
a two-dimensional objective function comprising total annualized cost and environmental
impact. Biomass feedstock is supplied from various sources, reaching from crops, sugar
cane and soybeans over soft- and hardwood to microalgae. The comprised set of processing
steps and feedstocks allows for constructing processes for first, second and third generation

biofuels. As such, this approach amalgamates the previous superstructure approaches on
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biomass to fuel (Kim et al., 2013), microalgae to fuel (Gong and You, 2014) and latest find-
ings that were published in bioprocessing literature (for the complete list of 64 considered
contributions we refer to Garcia and You (2015)).

While the aforementioned approach starts from a broad view of the biofuel processing
chain and then increases the model detail, a methodology incorporating very detailed
knowledge on product and process design methods was proposed by Gani and Pistikopoulos
(2002). In a two-staged framework, an inverse problem is solved to determine the optimal
set of properties of a not yet specified substance, leading to optimal process performance.
In a subsequent step, a molecular design problem is solved to determine suitable molecular
structures exhibiting the identified desired properties.

Although this framework integrates product and process design methods, it is still fo-
cussing on the processing part of the overall value chain. The product is only considered
from the perspective of its production process rather than of its use process.

The research in the Cluster of Excellence ” Tailor-Made Fuels from Biomass” (TMFB) at
RWTH Aachen University (Marquardt et al., 2010, Janssen et al., 2011) follows the impli-
cations provided in recent contributions towards sustainable utilization of biomass (Sanders
et al., 2007, Marquardt et al., 2010) by maintaining the rich molecular structure of biomass.
Instead of breaking biomass to C; building blocks and synthesize complex molecules out
of it, the synthesis power of nature shall be exploited to the maximum extent possible.
Previous product-process design approaches are extended by considering the fuel’s molec-
ular structure as a degree of freedom. Such a strategy requires the identification of biofuel
candidates as well as the proposition of novel reaction pathways towards their synthesis.
A major challenge is the unavailability of experimental data, concerning both, the ther-
mophysical properties of the biofuel candidates and the performance of their synthesis
pathways and combustion.

In this context, Hechinger et al. (2010) presented an integrated product and process de-
sign approach for identifying gasoline surrogate candidates. Quantitative structure prop-
erty relationships (Katritzky and Fara, 2005) were employed to predict the relevant ther-
mophysical properties (enthalpy of combustion, normal boiling point and liquid density) of
a set of proposed structures. Systematic process design identifies and evaluates pathways
for their synthesis, based on a network of reactions constructed from extensive literature
research. Optimal pathways are identified by solving an inverse problem (Voll and Mar-
quardt, 2012b,a) optimizing an economic or ecological objective function. The product
design part of this approach was later improved by Hechinger et al. (2012), who proposed
a stepwise identification campaign for fuels suitable for spark ignition engines. Mathe-
matically rigorous structure generators such as those presented by Gugisch et al. (2012)
or Dahmen et al. (2013) are employed to generate an extensive pool of substances. For the

substances in this pool, thermophysical properties are calculated with predictive property
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models. Biofuel candidates are identified by comparing the predicted values against desired
engine-relevant property data. Dahmen et al. (2012) extended this approach to diesel fuels
by deriving and applying a predictive model for cetane numbers.

Concerning improvements in process design, a manually constructed holistic network,
comprising the knowledge of synthetic chemistry, was compiled by Kowalik et al. (2012)
and serves as basis for identifying synthetic pathways towards desired substances. How-
ever, such approaches do not contribute to the identification of novel reactions outside
the known scope. Marvin et al. (2013) identified manually constructed reaction networks
as major drawback in the design of biofuel synthesis pathways and computationally de-
rived production routes to substances that perform optimal in biofuel-gasoline blends. An
automated reaction network generator (Rangarajan et al., 2010) was employed to pro-
duce reaction pathways towards these substances. Like Besler et al. (2009) and Voll and
Marquardt (2012a,b), they use a number of criteria to evaluate the networks and to find
promising production routes. In addition, Marvin et al. (2013) include kinetic data for
reaction schemes, thus enabling a detailed evaluation of the network. However the accu-
racy of the provided data is questionable since reaction kinetics are not only influenced
by the occurring scheme, but also by molecular constitution of the reacting substances,
catalysts, solvent and reaction conditions, which are not considered in their approach. In
a similar manner, Yim et al. (2011) presented the use of the reaction network generator of
Hatzimanikatis et al. (2004) to derive biochemical pathways towards 1,4-butanediol from
glucose using E. coli and investigate further potentials assuming metabolic improvements.
Both, Marvin et al. (2013) and Yim et al. (2011) employ reaction network generators that
are set up on an empirical basis, meaning that reaction networks are constructed from
generalized information that is already available in literature. Novel reaction mechanisms

can thus not be proposed with their approach.

1.3 Contribution of this thesis

By defining the fuel’s molecular structure as degree of freedom and employing molecular
structure generators to generate a pool of candidate substances, a major challenge arises:
the synthesis pathways towards promising compounds are likely to be unreported in lit-
erature. Manual assembly of reaction networks is not the best-suited means since only
substances and reactions are collocated that were known at the time of assembly. As such,
the final networks will either be small, incomplete or even void. This contribution provides
an extension of the process design approach as carried out by Hechinger et al. (2010) to
also assess synthesis pathways towards unreported substances. As presented by Marvin

et al. (2013), reaction network generators can be used to derive synthesis networks towards
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biofuel candidates. The advantage is twofold: on the one hand, reaction generators pro-
vides an initial set of reactions and intermediates for experimental campaigns; on the other
hand, an adequate formulation of the reaction network generation is a means to elucidate
unknown reaction schemes and provide alternatives to existing ones.

The approach of Marvin et al. (2013) relies to a certain degree on data from literature
since networks can only be constructed based on user-provided reaction schemes. In the
context of TMFB, where not only the molecular structure of a fuel is a degree of freedom,
but also the synthesis pathways for their production, this can turn out to be a major
drawback since novel reaction mechanisms cannot be identified in this manner. Therefore,
a reaction network generator is required that constructs reaction networks only based
on fundamentals of chemistry. Similar to molecular structure generators as for instance
presented by Gugisch et al. (2012), such a generator derives all feasible derivatives of
a provided set of molecules, but in addition elucidates the underlying reaction schemes,
iteratively processes the generated substances and links them through reactions to provide
a network reaching from substrate to target compounds. Such a formal reaction network
generator was presented by Fontain and Reitsam (1991), however they stated that the
complexity increases exponentially with the size of the investigated substances.

In this thesis, a reaction network generator is proposed that breaks down the combinato-
rial complexity of formal reaction network generation into smaller sub problems, without
losing the formal character. By considering only the non-hydrogen atoms of the provided
substrate(s), larger molecules can be processed. However, the formulation still offers the
opportunity to include various kinds of empirical knowledge on e.g. reaction patterns and
molecular constitution to target the network generation into a desired direction; however
it is not reliant on such input. Furthermore, an approach for rapidly estimating the selec-
tivity of individual reactions in the generated networks is proposed that is based on the
molecular constitution of the network substances.

The generated networks serve as a basis for identifying and evaluating synthesis path-
ways for the production of promising biofuel candidates. The process design as presented
by Hechinger et al. (2010), Voll and Marquardt (2012a,b) and Marvin et al. (2013) only
assesses the performance of the fuel synthesis pathways in the network. However, the
structure of the network bears valuable information. In systems biology and metabolic
engineering, methodologies are already employed to derive statements on the number of
available production routes and the importance of individual reaction steps in a metabolic
network (Gagneur and Klamt, 2004, Papin et al., 2004). These combinatorial assessments
are known as elementary mode analysis and yield non-decomposable pathways that link
feedstock and target in a network (Stelling et al., 2002). Any valid steady-state flux distri-
bution is representable by a non-negative linear combination of elementary modes (Papin
et al., 2004).
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The present contribution proposes an approach that joins combinatorial assessment of
elementary modes with optimization-based pathway analysis to evaluate biofuel synthe-
sis networks. It employs the concept of elementary mode analysis to first determine all
non-further decomposable reaction sequences from substrate to target compound and then
derives the optimal flux distribution as a linear combination of elementary modes in an
optimization problem. This approach extends the determination of the best performing
synthesis pathways by statements on the number of synthesis alternatives to derive the
desired target and on the frequency of occurrence of individual network reactions in the
elementary modes. This information is especially valuable in the lab-based verification of
the identified pathways; computer-generated reactions may not be performable, thus the
higher the number of alternatives, the more opportunities are available to synthesize a
desired target. The number of occurrence of reactions represents their importance in the
network; the more often they are employed in elementary modes, the more synthesis path-
ways rely on their real-life applicability. The proposed approach identifies such reactions
and thus can serve as guideline for experimental investigation campaigns.

Furthermore, the process design as presented by Hechinger et al. (2010) and Voll and
Marquardt (2012a,b) targets the production of pure substances. Marvin et al. (2013)
presented a product-process design approach to the model-based design of mixtures by
estimating the properties of biofuel-gasoline blends where gasoline is externally provided.
However, neither one approach considers unconverted intermediates as constituents of the
final mixture, although they occur in significant amounts. As combustion engines do not
require a single compound fuel and the fuel’s structure and composition is a degree of
freedom, a mixture of the desired target and the unconverted intermediates is likely to
increase the performance of the production process while maintaining the required proper-
ties. This thesis is the first scientific contribution to propose an approach to determine if
and to which amount a target compound can be mixed with unconverted intermediates to
form a biofuel blend. An inverse problem is formulated to evaluate the contribution of each
unconverted intermediate. Linear mixing rules are employed to determine the properties
of the resulting fuel blend.

This thesis is structured as follows: Chapter 2 gives an overview on the underlying graph-
theoretical formalisms that are implemented to describe molecules, reactions and networks.
These formalisms are required to abstract the chemistry and allow for automated reaction
network generation. Furthermore, it presents the principles of reaction network generation.
Chapter 3 presents how empirical knowledge allows for narrowing the network generation to
a desired molecular space. Chapter 4 presents an estimation of the selectivity of reactions
by identifying symmetric configurations of functional motifs in the network substances.
Furthermore it is shown how several networks can be combined and how the network is

reduced to only those reactions that participate in the synthesis of a desired substance.
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Chapter 5 presents the novel, multi-stage evaluation strategy for reaction networks.
Based on graph theory, the networks are decomposed into elementary, non-decomposable
linear sequences of reactions, called elementary modes, which represent the feasible net-
work pathways. An optimization-based formulation identifies the optimal combination
of elementary modes subject to an economically and/or ecologically motivated objective
function. The evaluation routine is complemented by an analysis to integrate unconverted
intermediates and the desired product. It provides a first glimpse towards the possibilities
of producing mixtures instead of pure substances.

Chapter 6 presents 2 case studies. The first focuses on comparing the presented method-
ology against manually assembled reaction networks to show the benefits of computational
a reaction network generation. The production of 3-MTHF from itaconic acid was chosen
as a reference. Automatic reaction network generation provides a network one order of
magnitude larger in terms of substances and reactions contained, compared to the manually
assembled one. Economic analysis of the reaction pathways showed, that the production of
3-MTHF lacks economic feasibility due to the currently high market prices of the feedstock
itaconic acid.

The second case study evaluates the production of 2-BF and 2-BTHF, which were identi-
fied in TMFB as highly relevant substances by qualifying as biofuel based on their thermo-
physical properties. Although structurally similar to 3-MTHF, they can be derived from
furfural, which is currently available at lower market prices than itaconic acid. Pathways
for the synthesis of these substances are then identified and evaluated, first targeting the
production of a pure substance, and secondly including unconverted intermediates into the
product stream.

The focus of this contribution is to provide means for identifying and ranking different
production alternatives and provide guidelines for further investigations. Consequently,
the evaluation results should not be expected to yield results comparable to the level of

detail and the accuracy of those derived from detailed flowsheets.
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2 Reaction network generation:

Introduction to the basic algorithm

Reaction network generators are computational tools that serve as a means to elucidate
reaction mechanisms and generate reaction networks. They have been subject of academic
research for the past 4 decades (Corey and Wipke, 1969). Their importance was underlined
by awarding the Nobel Prize in chemistry in 1990 to James E. Corey (James, 1993) for his
work in the field of theory and methodology of organic synthesis (Corey and Cheng, 1989).
With increasing computational power, the ability to solve more and more sophisticated
and detailed tasks emerged, such that reaction generators are now an essential tool in
various fields of chemistry and engineering. Reaction network generators are employed in
the design of drugs and chemicals (Fontain and Reitsam, 1991), combustion (Song, 2004)
and pyrolysis modeling (Broadbelt et al., 1994), petrochemical processing (Quann and
Jaffe, 1992) and metabolic engineering (Hatzimanikatis et al., 2005).

The task of a reaction network generator is to compute networks where one or multiple
substrates are modified in chemical reactions under the presence of reactants (chemical
substances that are consumed during the progress of a reaction) and to link them with
target compounds. A network is generated in stages, where the substances generated in
one stage serve as substrates of the subsequent one. The generation process can either
be constrained by including empirical restrictions such as reaction rules or constraints on
the molecular constitution or even be reliant on such knowledge to generate the reaction
networks. Common to all reaction network generators is the recursive character; every
alteration is applied to each substance in each stage of the network. Thus, reaction network
generators require a stopping criterion, which is chosen according to the formulation of the
generator. They either proceed until a certain substance is found or no more modifications
can be applied to the generated substances (Fontain and Reitsam, 1991). Reaction network
generators that include reaction kinetics further offer the opportunity to compare the
production rate of substances to a user-defined reference rate (Song, 2004). The generation
ends when the production rates of all substances fall below this threshold.

Reaction network generation can be applied in 2 directions: either by following the
progress of reactions and generating the derivatives of a substance (forward or total syn-

thesis), or by inverting the reactions to find predecessors or building blocks of the target
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compound (retro-synthesis).
According to Tomlin et al. (1997), reaction network generators need to satisfy five es-
sential requirements, that are, independent of the specific area of application, common to

all network generators:
(i) Unambiguous representation of molecules and reactions,
(ii) internal representation of molecules,

(ili) internal representation of reaction rules,

(iv) iterative application of alterations to the molecular structure of all provided and

generated molecules for systematic network generation, and
(v) employment of a systematic procedure to limit combinatorial explosion.

An unambiguous description of reactions and molecules is inevitable for unique labeling
of the generated substances. Thus, mathematical abstractions of molecules and reactions
have to be defined for internal representation. Several possibilities have been developed to
describe molecules and reactions such that they can be assessed and processed by compu-
tational algorithms. This thesis restricts its scope to the two-dimensional (2D) structure
of molecules, since considering the three-dimensional (3D) structure does not increase the
level of detail in the presented approach, but only the amount of data to be processed.

The fifth requirement of Tomlin et al. (1997) is most important for the computational
applicability of reaction network generators. With increasing size of the substrates, the
number of products increases exponentially. Chemical fundamentals and empirical infor-
mation on reactions and molecules need to be provided by the algorithm and or the user to
target the generation process, leading to different degrees of rigor of the reaction network
generation.

Ugi et al. (1979) postulate that reaction network generation can be categorized into 3

types of rigor, which are

(i) empirical methods, where the networks are generated upon reaction-specific data

derived from reaction libraries,

(i) semiformal methods, in which the generated reactions are derived from a set of generic

reaction rules, and

(iii) formal methods based on graph theory, performing reactions only based on the valence

rule of the atoms.
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Out of these, only formal methods allow for elucidating unresolved chemical reaction
mechanisms, but come at the cost of exponential growth of the number of generated sub-
stances and reactions. This restricts formal methods to the investigation of networks with
rather low molecular weight substances.

Synthesis applications often employ substances with a comparatively high number of
atoms. In reaction network generation, this asks for a guided generation process, which
is realized by introducing empirical knowledge into the network generation process. Such
restrictions need to be chosen carefully, since the benefit of targeting the network generation
comes at the cost of a reduced product spectrum and the danger of excluding interesting
reactions from further consideration.

The subsequent section gives an overview on different reaction network generators pre-
sented in literature. This overview is then used to differentiate the reaction network gen-

erator presented in the remainder of this chapter from the ones available in literature.

2.1 Reaction network generators - a literature review

The very first reaction network generators were developed to support the chemical synthesis
of organic compounds, formulated as empirical retro-synthetic problems. The first reaction
network generator was OCSS (Organical Chemical Simulation of Synthesis), proposed by
Corey and Wipke (1969). OCSS was the predecessor of the more commonly known software
package LHASA (Logic and Heuristics Applied to Synthetic Analysis) (Corey et al., 1972),
which is under continuous development concerning the incorporated database of retro-
synthetic reactions. Since then, various retro-synthetic software tools were presented,
such as SECS (Wipke et al., 1977), SYNCHEM (Gelernter et al., 1977), EROS (Gasteiger
and Jochum, 1978), SYNGEN (Hendrickson, 1990) and HOLOWIN (Barberis et al., 1996).
They differ in the internal representation of reactions and molecules and in the construction
and pruning of the reaction network. While retro-synthetic tools support the design of
organic syntheses, forward reaction network generators are commonly employed to a wider
set of applications. Very early formulations were used to describe conversion processes in
petrochemical refineries (Liguras and Allen, 1989a,b, McDermott et al., 1990, Quann and
Jaffe, 1992). Due to the complex character of crude oil, the description was not targeted
at tracing one certain substance, but rather describing the composition, the occurring
reactions and the properties of the resulting mixture. Quann and Jaffe (1992) described
individual hydrocarbons as a vector of structural increments; several of these vectors are
combined with individual weights to form the vector of a hydrocarbon mixture. Reactions
are introduced as modifications of the composition of the mixture vector.

The graph-theoretical Bond Electron Matriz-notation of molecules (Ugi et al., 1979) led
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to formal reaction network generation. Fontain and Reitsam (1991) introduced the first
formal reaction network generator RAIN (Reaction And Intermediate Networks) with the
aim of deducing reaction pathways between substrates and target compounds, while the
generation is only guided by a small set of constraints.

Besides the graph-based representation of reactions and molecules, linguistic description
is an alternative frequently used in reaction network generation. Prickett and Mavrovouni-
otis (1997a,b,c) introduced the Reaction Description Language (RDL) that incorporates
language-like formalisms. The syntax consists of a sequence of individual commands that
sum up to a stepwise description of the performed reaction. Molecules are described as
simple text strings and reactions take place according to defined, sequential modifications.
This formalism is then provided to a network generation routine that modifies the specified
substrates based on the user-defined rules. RDL was extended by Hsu et al. (2008) to the
representation of catalytic reactions.

KING (Kinetic Network Generator) by Di Maio and Lignola (1992) is the first appli-
cation of network generation to the field of combustion chemistry. It was introduced for
the representation of complex networks occuring in combustion processes. It uses graph-
theoretical description of molecules and reactions. Reaction kinetics were included by using
a library of elementary reactions that contains the reactions of the combustion mechanisms.
Broadbelt et al. (1994) applied this formalism to the description of pyrolysis degradation
systems, Wong et al. (2004) extended it to the production of nano-particles, Hatzimanikatis
et al. (2004) to biochemical transformations, Kruse et al. (2002) to polymerization and de-
polymerization and Khan et al. (2009) to the formation of tropospheric ozone. Other
graph-based descriptions of combustion reactions were introduced by Warth et al. (2000)
through EXGAS and by Ratkiewicz and Truong (2003) in the form of COMGEN. EXGAS
is a tool that generates detailed kinetic models of the gas phase oxidation of alkanes and
ethers. The reactions are generated relying on a database which contains information on
particular species and also on generic elementary reactions from the chemistry of hydrocar-
bon oxidation. EXGAS is linked to additional software packages providing the generated
reaction networks with information on thermophysical properties and kinetic data. The
derived models are directly usable for the simulation of the reaction mechanisms. COM-
GEN identifies uni- and bimolecular sub-patterns in the substances and applies generic
reaction patterns for their modification. The most common reaction generator in com-
bustion engineering is the RMG (Reaction Mechanism Generator) package (Song, 2004)
developed at Massachusetts Institute of Technology (MIT), which provides a larger set of
elementary reactions and also incorporates pressure- and temperature-dependence of the
developed mechanisms.

Increasing interest emerged in the computational derivation of metabolic networks. The

complexity of metabolic networks demands for a computational approach to systemati-
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cally identify the metabolisms that can be performed by the organism under consideration.
Hatzimanikatis et al. (2005) extended the network generator of Broadbelt et al. (1994) to
explore the diversity of metabolic networks. The results were astonishing as a multitude
of novel biochemical routes to the synthesis of the investigated substrate-product com-
binations were unraveled. The network generation was coupled with a thermodynamic
assessment of the production pathways to identify the thermodynamically most favorable
ones. Faeder et al. (2005) and Blinov et al. (2006) introduced a package for dynamic
rule-based generation of reaction networks for protein-protein interactions, which are par-
ticularly prominent in signal transduction. Mayeno et al. (2005) presented the reaction
network generator BioTRANS that predicts the metabolites resulting from the exposure of
organisms to 4 common drinking water pollutants and generates the emerging substances of
enzymatic processing within the organism. SynBioSS (Synthetic Biology Software Suite)
developed by Hill et al. (2008) is one of the first implementations made available online. It
allows for dynamic modeling and simulation of metabolisms of synthetic biological systems;
kinetic parameters are derived from a compiled database of metabolic reactions.

Within the last years, the generated networks became a basis for early stage evaluation of
large scale production processes. Moity et al. (2014) recently described the in-silico design
of pathways towards biobased solvents starting from itaconic acid as substrate. Yim et al.
(2011) generated pathways using the reaction network generator of Hatzimanikatis et al.
(2005) to derive pathways for the direct enzymatic synthesis of 1,4-butanediol from com-
mon metabolic intermediates. The generated model was used for optimizing the anaerobic
operation of E. coli. Recently, Marvin et al. (2013) proposed to use the language-based
software RING (Rule Input Network Generator) (Rangarajan et al., 2012a,b) for simulta-
neous generation and evaluation of biomass upgrading routes for the synthesis of biobased
components to be used in biofuel-gasoline blends.

An overview of intensively discussed reaction network generators in literature is presented
in Table 2.1. Along with their naming comes a short description of the field of application,
the underlying formalism and its degree of rigor, corresponding to the classification of Ugi

et al. (1979). The ordering is chronologically by their first appearance in literature.
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Table 2.1 — Reaction network generators, their applications and formulations

Year/Name/Publications Application and formal basis Type!
General formal system for the generation of reaction
networks

1991 RAIN (i) Molecules are provided in matrix notation and con-

(Fontain and Reitsam, verted into combinations of valence schemes f

1991 .. . . [P .

991) (i) Alteration of molecules through modification of va-
lence schemes, reactions are not user-defined but in-
ternally generated with respect to mathematical and
chemical constraints

Networks of combustion chemistry of hydrocarbons and
related compounds

1992 KING

(Di Maio and Lignola, (i) Matrix notation of molecules sf

1992)

(if) Alteration of molecules through reaction matrices,
reactions schemes are user-defined
Generation of synthesis networks by retro-synthesis in
organic chemistry

1992 LHASA

(Johnson et al., 1992,

Johnson and Marshall (i) Identification of strategic bonds that can be split €

1992a,b) (if) Database of retro-synthetic reactions, reactions are

applied to strategic bonds
Description of composition, reactions and properties of
complex hydrocarbon mixtures

1992 SOL

(Quann and Jaffe, (i) Molecules are described as a vector of structural in- sf

1992)

crements, mixtures are linear combinations thereof

(ii) Reactions modify the composition of structural in-
crement vectors

Continued on next page

Le = empirical, sf = semiformal, f = formal
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Table 2.1 — continued from previous page

Year /Name/Publications Application and formal basis Type

Modeling of gas phase pyrolysis, biochemical reactions
and nano-particle synthesis

Matrix notation of molecules

(i

=

1994 NETGEN

sf
(Broadbelt et al., 1994) (if) Alteration of molecules through reaction matrices

(iii) Elementary reactions are lumped into reaction fa-
milies, parameters for Arrhenius equation are esti-
mated by means of linear free energy relationships

Modeling of complex reaction systems by applying se-
quences of elementary steps for general applications
1997 RDL
(Prickett and
Mavrovouniotis, (i) Linguistical representation of molecules sf
1997a,b.c) (ii) Linguistical representation of reaction steps, intro-
duction of reaction description language
Gas phase oxidation networks of gasoline-related com-
pounds (alkanes and ethers)
2000 EXGAS (i) Tree-like description of molecules and radicals of
(Warth et al., 2000)

(ii) Incorporation of generic elementary hydrocarbon
oxidation reactions and database reactions for par-
ticular species

Network of elementary reactions of hydrocarbon gas phase
chemistry, kinetic simulations

(i) Molecular species are internally stored as connecti-

2003 COMGEN vity tables and externally as linguistic constructs
(Ratkiewicz and B ) . ) st
Truong, 2003, 2006) (if) Reactions are externally provided as 1D-string and

internally as connectivity tables, identifying patterns
and modifying the connectivity of the molecules

(iii) Generic rate estimates for reaction classes are used
for kinetic simulations

Continued on next page
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Table 2.1 — continued from previous page

Year /Name/Publications Application and formal basis Type
Construction of biological reaction network, subsequent
2004 BNICE thermodynamic evaluation
(Hatzimanikatis et al., of
2004, Hatzimanikatis (i) Matrix notation of molecules
et al., 2005)
(if) Alteration of molecules through reaction matrices
Rate-based combustion network generation of alkanes and
similar compounds
(i) Molecules are encoded as chemgraphs containing 3
attributes: chemical elements, free electrons and
2004 RMG chemical bonds .
S
Song, 2004
(Song, ) (if) Reactions are clustered in reaction templates which
consist of a set of generic, elementary reaction steps
that modify the attributes of the chemgraphs
(iii) Reaction family kinetics are retrieved from a rate
library
Reaction network generation for organic chemical mix-
tures, assessment of kinetic properties
2005 Bio-TRANS
(Mayeno et al., 2005) (i) Linguistic description of molecules or molecular mix- sf

tures

(i) Linguistic set of reactions rules

Biological reaction network generation, dynamic network
simulation

(i) Graph-theoretical description of molecular entities,
vertices are functional units of the molecule, edges
represent inter- or intramolecular bonds, molecules sf
can have a set of additional variables (e.g. a status)
and fixed attributes (e.g. molecular weight)

2006 Bio-NETGEN
(Blinov et al., 2006)

(ii) Reaction rules alter the variable attributes, re-
move/add edges and replace molecular entities with
one or multiple molecular entities

Continued on next page

18

/e 1P 216.73.216.36, am 18.01.2026, 18:41:31. Inhait.
tersagt, m mit, flir oder in Ki-Syster



https://doi.org/10.51202/9783186950031

2.1 Reaction network generators - a literature review

Table 2.1 — continued from previous page

Year /Name/Publications Application and formal basis Type

Generation and analysis of complex reaction networks of
various chemistries

2010 RING

(Rangarajan et al.,

2010, 2012b, Marvin (i) SMILES notation of molecules

et al., 2013)

st

(ii) Reaction schemes are provided a priori and compiled
into RDL

Since TMFB is considering the fuel’s molecular structure as a degree of freedom (Mar-
quardt et al., 2010), the reaction pathways and mechanisms leading to identified biofuel
candidates will likely be unreported in literature. The ability to propose reactions based
only on fundamentals of chemistry without any empirical knowledge included is therefore a
prerequisite for the employed generator; otherwise, the generation process would be limited
to the known space of chemistry. Only through a formal formulation of reaction network
generation, novel reaction pathways towards identified, high potential biofuel candidates
can be proposed without being reliant on prior experimental investigations or experimen-
tal data in the first place. In fact, the reaction network generator serves as a means to
target experimental investigation by providing detailed information on intermediates and
available synthesis pathways.

So far, RAIN proposed by Fontain and Reitsam (1991) is the only formal generator pre-
sented in literature. However, this generator lacks the ability to process larger molecules
due to computational limitations stemming from the exponentially increasing complex-
ity of formal network generation. Therefore a novel reaction network generator (named
ReNeGen, Reaction Network Generator) is introduced that is capable of performing for-
mal reaction network generation, sharing RAIN’s perception of atoms as an assembly of
so-called valence schemes, but processes them in a way that breaks down the genera-
tion process into subproblems of smaller complexity. While RAIN considers all atoms
of a molecule (including hydrogen) and thereof generates the derivatives, ReNeGen only
considers non-hydrogen atoms in the combinatorial part of the calculation to drive down
complexity. Therefore the procedure is split into 2 sub-routines: One to compute the
covalent bonds each atom establishes, and one to determine the adjacency of the atoms.
The results from these 2 sub-problems are then superposed to form the products of given
substrates. This approach is expected to be computationally beneficial since the sizes
of the individual problems are considerably reduced compared to the algorithm proposed
by Fontain and Reitsam (1991). As such, larger molecules, as frequently encountered in
the processing of biorenewables (Werpy et al., 2004), can be processed. In addition, the

proposed implementation offers the ability to include empirical knowledge to a user-defined
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degree to target the network generation process.

The following sections will introduce the underlying formalisms of ReNeGen. Basic
concepts of cheminformatics, such as representation of molecules, reactions and networks
are presented in detail, since they form the basis of the subsequently presented formalisms
of ReNeGen. The reaction network generation for the substrates formic acid and hydrogen

is used as an accompanying example to visualize the algorithmic procedures.

2.2 Computational representation of molecules

Molecules are computationally either represented through character strings or mathemati-
cal graphs. Both descriptions will be used in the context of this thesis, therefore they are
introduced in this section. Formalisms and expressions of graph theory are explained in
more detail in the mathematical preliminaries that can be found in Appendix A.

When discussing reaction network generation, the definition of the terms molecular en-
semble (ME) and family of isomeric molecular ensembles (FIME) is necessary. A ME
is an arrangement of one or multiple chemical substances. Multiple MEs are isomeric if
they share an equal sum formula, no matter of their molecular constitution. The set of all
perceivable isomeric MEs to a given sum formula is called the family of isomeric molecular
ensembles (FIME).

2.2.1 Molecules described by character strings

Character strings store the information of the 2D or 3D molecular constitution in a compact
sequence of characters. Several established formalisms exist, of which SMILES (Weininger,
1988), SMARTS (Jeliazkova and Kochev, 2011) and InChi (Heller and McNaught, 2009)
are most frequently applied. In this thesis, only SMILES (Simplified Molecular Input Line
Entry Specification) is used.

SMILES is a language with a simple vocabulary for the description of atoms and bonds.
The atoms are represented using their atomic symbols (C, H, O, N, S, etc.). Aliphatic atoms
are written in uppercase and aromatic atoms in lowercase letters. Usually, hydrogen atoms
are not explicitly included in the SMILES notation, as they do not add new information to
the representation but only increase the length of the SMILES notation. A small grammar
set is included to represent atomic arrangements. Branching is denoted by parenthesis
notation, rings are represented by integer values. The number of rings is represented by
the highest integer in the notation of a molecule.

SMILES notation is not restricted to the description of single compounds; it can also
represent MEs as a single character sequence. Disconnected compounds are separated by

a dot 7.”. SMILES notation can furthermore represent reactions, indicating the direction
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Table 2.2 — Examples of SMILES notation of different structural motifs

Structure SMILES notation
<N cce
Propane
0=C=0 0=C—0

Carbon dioxide

HC=CH
Ethyne

M CC(C)CC(C)C(C)

Iso-octane

o
w/ Olc(ceel)C

2-Methylfuran

cleec2cecececc2el

Naphthalene

C#C

o
H)kOH + H, an”® + w % [HH.OC=0 >>0=C.0

Formic acid hydrogenation

of the reaction by ”>>". Examples of the previously described notations are presented in
Table 2.2.

One molecule can be expressed by a multitude of SMILES notations (see Table 2.3).
Introducing a canonical SMILES representation avoids ambiguous notations by labeling a
molecule with a unique SMILES notation (Weininger et al., 1989). Unfortunately, there are
several, but distinct canonizations available. Hence, in order to avoid ambiguous SMILES
notation, the same routine/software always has to be employed to convert a SMILES
notation into a canonical one. One such routine is provided in the Open Babel software
package (OBoyle et al., 2011) that is used in this thesis for the generation of canonical
SMILES. Example 1 presents the ambiguity of SMILES notation.

Example 1. The SMILES codes denoted in Table 2.3 illustrate the ambiguity of SMILES
notation of an ME comprising formic acid and hydrogen. The SMILES notation in the
last column is the canonical one generated by Open Babel (OBoyle et al., 2011).
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Table 2.3 — Ambiguity of SMILES notation of formic acid and hydrogen

Structure Possible SMILES representations Canonical

0 0=CO.[HH] OC=0.[HH] C(0)=0.[HH] C(=0)0.[HH]
0=CO.[HH]

HOOH M . 0=CO [HH].OC=0 [HH].C(0)=0 [HH].C(=0)0O

2.2.2 Molecules described by graphs

Graph-based approaches represent the structure of an atom, consisting of a core (which
is the nucleus and electrons of all non-valence shells) and the valence electrons (electrons
in the valence shell), as a graph. In a molecule, the individual atom cores are bound by
sharing valence electrons in covalent bonds. In the mathematical description of a ME, the
cores are considered as vertices V' and the covalent bonds as edges E of graph G(V, E).
G is undirected, which is consistent with the undirected character of covalent bonding in
molecules.

The number of atoms is Ny = |V(G)[; vertices are labeled from 1 to Ny, thus V(G) =
{v1,v2,...,un,}. The number of bonds is Ny = |E(G)|; edges are labeled from 1 to N,
thus E(G) = {e1, e, ...,en, }. An edge e is an ordered pair of 2 vertices v; and v; and can
also be denoted as e = {v;,v;}. The atom set A(G) = {a1,as, ...ay,} denotes the types
of all atoms in V(G) in corresponding order; thus it is its atomic labeling. Example 2

presents the graph-based representation of the ME of formic acid and hydrogen.

Example 2. Table shows the graph representation of formic acid and hydrogen, depicting
the graph G(V,E), the vertex set V(G), the atom set A(G) and the edge set E(G).

Table 2.4 — Graph representation G(V, E) of formic acid and hydrogen, described by the
vertex set V(G), the atomic vector A(G) and the edge set E(G)

Structure G(V.E) V(G) A(G) E(G)
U1 C
0 vy U2 0 {Uh Uz}
I e es U3 0 {v1,v3}
C ] Vg — U7 V4 H {v1,vs}
H™ ~O0-H H—H PR . I {3, 05}
Uy €3 €9 U3 — Us 79 V3, Us
€4 Ve H {U67 U7}
(% H

The arrangement of atoms in a ME can be represented through matrix notation. 2

formats are commonly employed, namely the adjacency matrix AM and the bond electron
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Table 2.5 -~ AM and BM notation of formic acid and hydrogen

A(G) AM BM

C 0111000 0211000
o 1000000 2000000
0 1000100 1000100
H 1000000 1000000
H 0010100 0010100
H 0000001 0000001
H 01000710 01000°10

matrix BM. AM denotes the adjacency of vertices in a molecular graph. It is defined as

AM = (am; ;) € {0, 1}NaxNa (2.1)

1if {v;,v;} € F
am;; = { J} (22)
0 if {’U,‘/,’U]'} g E

Since an atom ¢ cannot establish a bond with itself, the diagonal entries am;; = 0.
The BM notation, defined as

BM = (bm, ;) € {0,1,2,3}¥axNa (2.3)

by Ugi et al. (1979), maintains the properties of the AM notation and further includes
the bond order. An entry bm,; = 1 represents a single, bm; ; = 2 a double and bm; ; = 3 a
triple bond between atoms v; and v;. Both, AM and BM notation, are employed in this
thesis. The BM notation of MEs forms the basis of reaction generation while the AM
notation is used for determining the uniqueness of generated MEs. Example 3 illustrates
the difference of AM and BM notation.

Example 3. Table 2.5 presents AM and BM notation of formic acid and hydrogen.
The matrices are arranged in accordance to the ordering of the atom set A(G). Note the
main difference between these notations, which is the representation of bond orders in BM

notation (e.g. in bmy ).

Constitutional information of a ME is contained in its BM notation. The vector ve,
defined by

ve € {0,1,2,3}1*Na, (2.4)
contains the number of valence electrons ve; that are bound in covalent bonds of every
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atom 7. This value is calculated by the of row ¢ in the BM notation according to

Ny
ve; = bm; ;. 2.5
¥
j=1

Ny g represents the total number of valence electrons of the ME by the sum of the valence

electrons per atom via

Ny
NVE = Z'U(ii. (26)
i=1

The electric charge ¢ of atom 7 is retrieved by subtracting the number of bound valence

electrons from the core charge c¢;, such that
G = ¢; — ve;. (2.7)

The core charge of each atom is provided in the periodic table, see e.g. Furniss et al.
(1989). The electric charge @ of a ME is calculated by

Na
Q=3 u (28)
i=1

The number of single bonds (SB), double bonds (DB) and triple bonds (TB) of atom i is

calculated via
Na
Nspi = Z bm;; Yi:bmg;=1 (2.9)
j=1

Na

Npp,; = Z bm; /2 Yi:bm,; =2 (2.10)
j=1
Na

NTB,i = mew/?) Vi : bmi,j =3. (211)

j=1

As only C, O, and H are considered here, the number of occurrences of an carbon (N¢),
oxygen (Np) and hydrogen (Ng) in a ME is also contained in VE, since every atom type
has its own characteristic number of valence electrons,. N is received from accounting for
the number of entries ve where ve; = 4. Equivalently, No is received from accounting for
the number of entries where (ve; = 2) and Ny where (ve; = 1). This framework can be
extended to other atoms by accounting for their respective number of valence electrons. In

case two atom types share the same amount of valence electrons, the information stored
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in the atomic labeling A(G) can be used to distinguish.

2.3 Computational representation of reactions

A chemical reaction is the conversion of a ME of substrates into an isomeric ME of products.
The conversion is achieved by redistributing valence electrons by breaking existing and
forming new covalent bonds. A comprehensive formalism for the computational description
of chemical reactions was introduced by Dugundji and Ugi (1973). The MEs of substrates

B and products E are denoted in BM notation. A reaction is denoted as a reaction matrix
R = (r; ) € {=3,..., 3} Vx4, (2.12)

The values in r; ; represent the redistribution of valence electrons in b; ; which are caused
by the reaction. Triple bonds are the highest chemically feasible bond order; therefore

ri; € {—3,...,3}. Since B and E are isomeric ensembles, R has to be of the size Ny X Ny.

In accordance to chemical knowledge, the number of valence electrons Ny g remains
constant during a reaction; no valence electrons are allowed to be added to or removed
from the ME. Therefore, it is imposed that

Na Na

S5 n o (2.13)

i=1 j=1

Likewise to B and E, R is symmetric, since the alteration of the bond between atoms
i and j is equivalent to the alteration of the bond between j and ¢. This requirement is

expressed through
Tij = Tji- (2.14)
For entries 7;; < 0, the bond order of b; ; is reduced by |r; ;|, while for entries r; ; > 0 the
bond order of b; ; is increased by 7; ;. Bonds can only be reduced to a minimum value of
zero and increased to a maximum value of 3. Every other bond modification is not feasible.
These constraints are expressed by
|7”i‘]'| S bi.j V?”i’]‘ <0 (215)
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and
rij+bi; <3 Vri;>0. (2.16)

The reaction is performed by the addition of substrate matrix B and reaction matrix R:

B+R=E. (2.17)

Example 4 presents matrix based notation of chemical reactions for the hydrogenation

of formic acid to formaldehyde and water.

Example 4. Table 2.6 presents substrate matriz B, reaction matriz R and product matriz
E for the hydrogenation of formic acid. Matriz R fulfills the imposed constraints on electron
neutrality, cf. Equation (2.13), on symmetry, cf. Equation (2.14) and positive bond orders,
cf. Equations (2.15) and (2.16).

Table 2.6 — Computational notation of formic acid hydrogenation

B R E

0121000 0-1000 1 0 0021010
1000100 -1 0000 0 1 0000101
2000000 0 0000 0 0 2000000
1000000| + 0 0000 0 0f = |1000000
0100000 0 0000 0 0 0100000
0000001 1 0000 0 -1 1000000
0000010 0 1000 -1 0 0100000

1 i

C c o
H” “OH + H—H — H SH+H  TH

During the reaction, the covalent bonds between the carbon atom and the hydroxy group
ri2 = ro1 = —1 and the hydrogen atoms r¢7 = r76 = —1 are dissected. New bonds are
formed between the dissected hydrozy group and one of the 2 hydrogen atoms ro7 =170 =1

as well as between the carbon atom and the residual hydrogen atom rig = re; = 1.

2.4 Formalisms of the reaction generator

The task of a formal reaction generator is to generate the family of isomeric molecular
ensembles (FIME) to a provided substrate ME. To this end, ReNeGen perceives molecules
is the same manner as RAIN (Fontain and Reitsam, 1991), i.e. by abstracting their co-

valent bonding by means of valence schemes (VS) and reactions based on wvalence scheme
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2.4 Formalisms of the reaction generator

transitions (VT) that convert valence schemes into one another. However, the underly-
ing procedures of computing reaction products differ significantly. Fontain and Reitsam
(1991) use the information of valence scheme transitions to compute reaction matrices R
by introducing the information on valence scheme transitions in every feasible permuta-
tion, considering all atoms present in B. This leads to the construction of matrices of size
N4 X N4. The reaction matrices are then one by one applied to the substrate ME stated
in B. The complexity grows exponentially with every additional atom in B, a common

characteristic to formal reaction network generators (Fontain, 1995, Tomlin et al., 1997).

ReNeGen aims at reducing this combinatorial complexity. It considers only the non-
hydrogen atoms in the combinatorial part of the generation. This modification builds
on the fact that hydrogen atoms are always bound by single bonds and thus only add
complexity (in terms of problem size), but not variation (in terms of bond orders) to the
generation process. This approach leads to an entirely novel formulation of the formal net-
work generation. The complexity is broken down from a single problem that exponentially
grows with the number of atoms N4 to 2 smaller problems that grow exponentially only
with the number of non-hydrogen atoms N,. The first problem is the generation of valence
scheme combinations. The second problem is the computation of adjacency schemes of the
non-hydrogen atoms and their superposition with information on covalent bonding from
the valence scheme combinations. This leads to the formation of molecular bodies, which
denote adjacency and covalent bonding of the non-hydrogen atoms. The hydrogen atoms
of the ME are afterwards used to equilibrate eventually existing formal electric charges in
these molecular bodies. Excess hydrogen forms molecular hydrogen (Hy). For each sub-
problem, generic constraints from fundamental understandings of chemistry are derived
to confirm the feasibility of the output of each sub-problem. As such, the structure of
the products is solely determined from modifications in the covalent bonding of the non-
hydrogen atoms. This way, the complexity is kept to a minimum by constantly excluding
non-feasible valence scheme combinations, atomic adjacency schemes and molecular bodies

from further consideration.

In a postprocessing step, multiple instances of product MEs are identified and removed
and the main substance of each ME is determined. The identification of the main sub-
stance is necessary since only the main product of a generated ME serves as substrate to
subsequent reactions. The generated substances are included into a network of substances

and reactions that is constructed based on the generator’s output.

The following sections present the aforementioned aspects in more detail.
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2.4.1 Valence schemes and valence scheme transitions

The atoms of a ME are bound in valence schemes. These schemes are defined individually
for each of the implemented atom type (C, O, H) and describe how atoms distribute
their valence electrons to covalent bonding. Each valence scheme is characterized by a
specific combination of single bonds (SB), double bonds (DB) and triple bonds (TB). This
framework can easily be extended to consider atoms outside the current scope by conveying
their ways of establishing bonds to neighboring atoms into valence scheme notation. In
events where 2 distinct types of atoms have the same number of valence electrons, they
can be distinguished by additionally taking their atomic labeling into account.

The valence schemes of the implemented atom types are presented in Table 2.7. Equa-
tions (2.9)-(2.11) are employed to determine order and the number of each bond type for

each atom and, on this basis, to assign a valence scheme.

Table 2.7 — Valence schemes (VS) of carbon, oxygen
and hydrogen with number of valence elec-
trons (ve), single bonds (Ngg), double
bonds (Npp) and triple bonds (Nrp)

i VS ve Ngg Npp Npp
1 7:0 440 0
2 - 4 2 1 0
3 _C= 4 1 0 1
4 o 4 0 2 0
5 —0- 2 2 0 0
6 - 2 0 1 0
7 “H 1 1 0 0

The transition of valence schemes is the governing formalism of the reaction generation.
A transition table TT € {0,1}7*7 states in an entry #t; ;, whether a transition of valence
scheme i to valence scheme j is allowed (1) or not (0). It is never allowed to perform
transitions that change the type of an atom. An exemplary transition table is presented
in Table 2.8. Enabled transitions are concatenated for every atom i in its set of valence

scheme transitions V'T;, which contains the indices of the non-zero entries of row 7 in TT.
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2.4 Formalisms of the reaction generator

Table 2.8 — Exemplary T'T, every chem-
ically feasible transition is

enabled

*#* =c/ -c==C= -0- =0 -H
7¢7 1 1 1 1 0 0 0
<1 1 1 1 0 0 0
ecl1 11 1 0 o0 o
o1 1 1 1 0 0o o
o]0 0 0 0o 1 1 o0
ol0 0 0o 0o 1 1 o0
wlo o o o o 0o 1

Example 5 presents valence schemes (VS) and valence scheme transitions (VT) of formic
acid and hydrogen according to the valence schemes denoted in Table 2.7 and the transition
table in Table 2.8.

Example 5. Table 2.9 presents how the atoms of formic acid and hydrogen distribute their
valence electrons to single, double and triple bonds. Aligning this information with Table 2.7
gives the valence scheme of each atom. Using the information provided in Table 2.8 leads
to the valence scheme transitions. The valence schemes for hydrogen are only listed for the

sake of completeness, they are not required in the further conduct of the reaction generator.

Table 2.9 — Constitutional features, valence schemes (VS) and valence
scheme transitions (VT) of the atoms in the exemplary ME

A(G) BM Ngs Npg Npg VS VT
c 0121000 2 1 0 2 {1,2,3,4}
0 1000100 2 0 0 5 {5,6}
0 2000000 0 1 0 6 {5,6}
H 1000000 1 0 0 7 {1
H 0100000 1 0 0 7 {n
H 0000001 1 0 0 7 {n
H 0000010 1 0 0 7 {n

2.4.2 Combination of valence schemes

The generation of the FIME has to consider every combination of valence schemes for

each atom. Such a combination denotes how the atoms distribute their valence electrons
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to covalent bonds in an molecular ensemble. These combinations are formed from the
Cartesian product of the valence scheme transition sets VT;. The set of valence scheme

combinations V. SC' results to
VSC=VTi x ... xVTg,. (2.18)

The number of valence scheme combinations, Ny g, is

Na
Nysc =[] IVTil. (2.19)
i=1
A valence scheme combination is addressed by the index &k with k& € {1,..., Nysc}, while
the individual valence schemes of V.SCj, are addressed by V.SCy;.

It is necessary to ensure that a valence scheme combination V.SC} is feasible. A feasible
valence scheme combination requires (i) that single, double and triple bonds Ngg(V .SCy),
Npp(VSCy) and Npp(VSCy), each appear in even numbers since each occurrence of a
bond type needs exactly one corresponding counterpart, and (ii) if bond types appear only
twice in a V. SCy, they have to stem from 2 distinct valence schemes. Example 6 presents

the set of valence scheme combinations of the non-hydrogen atoms of the exemplary ME.

Example 6. 16 unique valence scheme combinations V.SCy can be constructed for the
exemplary ME, which are listed in Table 2.10.

The analysis of the number of bond types reveals that the following combinations are not
feasible:

o Combinations 2 and 3 fail since the number of double bonds is odd (no atom can

connect to the double bond at the oxygen atom).

e Combination 5 fails since the number of double bonds is odd (no atom can connect
to the double bond at the carbon atom).

o Combination 8 fails since the number of double bonds is odd (at least one double bond

cannot be bound).

e Combinations 9-12 fail since the number of triple bonds is odd (no atom can connect

to the triple bond at the carbon atom).

o Combination 13 fails although the amount of double bonds is even, but they belong to

the same valence scheme.

o Combinations 14 and 15 fail since the number of double bonds is odd (at least one

double bond at the carbon atom cannot be bound).
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Table 2.10 — The set of valence scheme combinations of the non-hydrogen
atoms of formic acid and hydrogen

VSCy C O (0] Nsp Npp Nrp
|
1 7‘C7 -0- -0- 8 0 0
2 -C- —0- _ 6 1 0
\
3 -C- _ —0- 6 1 0
\
4 -C- -0 _ 4 2 0
[
5 = : ~0- -0- 6 1 0
6 =’ —0- -0 4 2 0
7 = : _ -0- 4 2 0
8 =c’ - -0 2 3 0
9 -c= -0-  -O- 5 0 !
10 _Cc= —0- -0 3 1 1
11 C= - o 3 1 1
12 P _ -0 1 2 1
13 —C= -0- -0- 4 2 0
14 —C= “0- -0 2 3 0
15 —C= _ _0- 2 3 0
16 =C= _ -0 0 4 0

This assessment already reduces the amount of feasible valence scheme combinations to
only 5 out of 16.

2.4.3 Computing the adjacency of the non-hydrogen atoms

The previously derived valence scheme combinations V SC}, define which valence schemes
of non-hydrogen atoms can occur simultaneously in a molecular ensemble. However, they
only provide statements on the covalent bonds orders, not on the atomic adjacency in the
ME. A single valence scheme combination can be feasible for different atomic adjacency
arrangements. Vice versa, different valence scheme combinations may be applicable to one
atomic adjacency. These adjacency arrangements are addressed by adjacency schemes,
denoted as AS.

An adjacency scheme AS is defined similar to an adjacency matrix AM, but represents
only the non-hydrogen atoms. An entry as;; denotes whether atom 7 is connected to atom

J (as;; = 1). Hence, an adjacency scheme is defined as
AS = (as; ;) € {0, 1}VaxNa, (2.20)
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Since AS are symmetric matrices and bonds between atoms are undirected, it is sufficient
to compute the upper triangular matrices ASY to describe the adjacency of the non-
hydrogen atoms. Atom ¢ can establish bonds up to wve; connections to every atom but
itself (asi; < 0). Since only the upper triangular matrix is considered, the number of
atoms that can be adjacent to atom i is N4 — 4. The maximum number of bonds N, of

atom i@ is

Ny = min(ve;, Na — i). (2.21)
The minimum number of bonds is always

Nb";"‘ =0. (2.22)
The actual value of established bonds towards other non-hydrogen atoms (NN,;) can be
less than N since atom ¢ does not have to establish bonds to non-hydrogen atoms
only. It can also establish bonds to hydrogen atoms. In case that Ngﬁj” = 0, atom 7 does
not establish any bond towards a non-hydrogen atom, but only towards hydrogen atoms.
Also, an established bond can involve more than one valence electron, meaning that an
adjacency as;; = 1 can contain up to 3 valence electrons in the final molecule.

The adjacency of an atom 4 can take various arrangements, which are determined by
generating the unique permutations of a set a € {0, I}IXNA’i, with N, elements equaling
1, the residual Ny—i-— N,; elements equaling 0. The permutations of the set a are
determined for every N, € {Ny%", ..., Nju*} of atom ¢ and are concatenated in a set A;.

The Cartesian product
AC = Ay x .. x Ag, (2.23)

generates combined sets of atom-wise adjacency arrangements for all non-hydrogen atoms.
The number of possible combinations of adjacency arrangements, N ¢, is the product of
the cardinalities of the sets A;, stated as

Na

Nac =[] 14l (2.24)

=1
A combination of adjacency arrangements is addressed by AC;, wherel € {1,..., Nac}. The
individual adjacency arrangements in AC) are addressed by AC);. Each AC; is introduced
into a zero matrix AS = (as;;) € ONaxNa starting at as;;;1, resulting in the adjacency
schemes AS.

Example 7 presents the computation of the adjacency schemes for the exemplary ME.
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Example 7. The example of formic acid and hydrogen contains Ny = 7 atoms with Ny = 3
non-hydrogen atoms. Table 2.11 denotes the individual row configurations A; for each

atom i. Atom i = 1 can be encountered in 4 and atom i = 2 in 2 different adjacency

Table 2.11 — Determination of the atom-wise row configura-

tions

i wve; Ny—i N Npe Ny, A
0 {0,0}

1 4 2 0 2 1 {1,0},{0,1}
2 {1,1}
0 {0}

2 2 1 0 1 1 (1)

3 2 0 0 0 0 0

arrangements. The adjacency of atom i = 3 can only be an empty set since the set As is
of zero size. 8 combinations of adjacency arrangements emerge that are denoted in Table
2.12.

Table 2.12 — The set of combinations of atom-wise adjacency arrangements
for the exemplary ME

AC;

1 {00} {00} {01} {01} {10} {10} {11} {11}

2 {op {1y oy {1} {0y {1} {op {1}

From these combinations of adjacency arrangements result upper triangular matrices of
the adjacency schemes ASY, which are denoted in Table 2.13. They are presented together
with a graphical depiction of the adjacency scheme that visualizes the connectivity between

the non-hydrogen atoms.
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Table 2.13 — Upper triangular matrices ASY and corresponding depictions of
atomic adjacency

1 ASY Graph 1 ASY Graph
000 C 000 C
1 000 2 001
000/ O 0 000/ O — 0
001 C 001 c
3 00 0 \ 4 00 1 \
000 O, 0, 000 0, — O,
010 C 01 C
5 000 / 6 001 /
000 O, 0O, 00 01 — O,
01 1 C 011 C
7 000 / N\ 8 001 / N\
000/ 0 0 000/ O — 0

2.4.4 Combining valence schemes and adjacency schemes

Subsequently, valence scheme combinations and adjacency schemes are brought together
to introduce bond orders into the atomic adjacency. The resulting matrices are called
molecular bodies (MB). They are defined similar to BM-matrices, but represent only the
non-hydrogen atoms N4, such that they are of size Ny X Ny.

The bonds of the valence scheme combination specified in V' SCj; are introduced into
the non-zero elements of row 7 of an adjacency scheme AS,;. The bonds of V.SCj; can be
arranged in m different ways. oy ;,, denotes the m-th arrangement of valence scheme ¢ in
valence scheme combination k. The arrangements of all valence schemes are presented in
Table 2.14.

Table 2.14 — Arrangements o of the bonds in the valence
schemes

m VSl VS2 VSg VS4 VS5 VS(,

{1111 {112} {13} {22} {11} {2}
2 {121} {31}
3 {2,1,1}

For a combination of valence schemes V' SCj, the arrangements oy, are determined.
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Several arrangements per valence scheme can occur, such that all combinations of arrange-

ments Coy, for V.SC) have to be generated by forming the Cartesian product
Cgk = Ok1m X ... X Uk,NA,m' (225)

The number of combinations of arrangements in C'oy, N¢ok, is determined by

Na
Neoy = H onil- (2.26)

i=1
An individual combination of arrangements in Coy, is addressed by Coy,, where o €
{1, ..., Noox}. A combination of arrangements Coy, is introduced into the upper triangular
matrix of an adjacency scheme, ASY, by assigning the elements of o ; 1 n=1,..n, of Cog,
to the non-zero elements of ASY, which gives the upper triangular matrix of a molecular
body, MBY. The final molecular body MB is calculated from the addition of MBY and

its transposed matrix by

MB = MBY + (MBY)". (2.27)

A generated MB has to be checked for feasibility, which is determined considering bond
orders and electrical charge. A row i of MB has to contain all bonds oy, ,, > 1. Since the
number of bonds Ny; can be less than the number of bonds in oy, not every bond has
to be transferred to the adjacency scheme. It has to be kept in mind that the adjacency
schemes only represent the connection of the non-hydrogen atoms. Therefore, the bonds
that are not assigned to an adjacency scheme are those that are established towards the
hydrogen atoms. However, hydrogen atoms can only form single bonds. Hence, every
bond 0y ,m > 1 has to be established between non-hydrogen atoms and thus needs to be
included in MB. The charge of row i in a generated MB has to be

>0 (2.28)

to be chemically viable. Positive charges (¢; > 0) can be equilibrated by establishing bonds
towards hydrogen atoms. If the electrical charge @ of the molecular body (determined by
Equation (2.8)) is

Q < N, (2.29)

sufficient hydrogen is available to equilibrate the molecular body. Only then, a generated

MB is feasible. Example 8 presents step by step the construction of molecular bodies of
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Table 2.15 — Arrangements of the valence schemes of VSC7 (left) and com-
binations of arrangements Co7 (right)

m 07.1.m O72m 073m i 1 2 3
1 {112} {11} {2} _, Con {112} {11} {2}
2 {121} Corp {121} {11} {2}
3 {2,1,1} Cozs {2,1,1} {11} {2}

Table 2.16 — Introduction Co7 into ASy 4 and applying feasibility criteria on bond order and
electric charge of the generated molecular bodies MB

Bonds

Nr. ASY Cor MBY MB o i Q< Ngy
feasible

011 {1,1,2} 011 011 2

1 000 {2} 000 100 no 1 yes
000 (1,1} 000 100 1
011 {1,2,1} 01 2 01 2 1

2 000 {2} 000 100 no 1 yes
00 0 1,1 00 0 2.0 0 0
011\ {211} [0 21 021 1

3 000 {2} 000 200 yes 0 yes
000 1,1 00 0 100 1

the exemplary ME.

Example 8. Valence scheme combination 7 and adjacency scheme 4 are used to explain
the combination of adjacency schemes and valence scheme combinations. VSC; contains
the valence schemes VS2, VS5 and VS6. Their possible arrangements (in agreement to
Table 2.14) are denoted left in Table 2.15. Thereof result 3 combinations of arrangements,
denoted right in Table 2.15. The combinations of arrangements are then introduced into
the adjacency scheme, presented in Table 2.16. The bonds in the molecular bodies 1 and 2
turn out to be infeasible. A bond of order 2 was not conveyed to the first row of molecular
body 1. Molecular body 2 misses a double bond in row 2 and has a double bond in row 3,
where only single bonds are allowed to be established. Only molecular body 3 contains all
required bonds of order > 1 in the corresponding rows. The formal electric charge @Q of
molecular body 3 equals 2, hence it is also feasible from the point of charge equilibration in
terms of Equation (2.29), since Ny = 4.

Introducing the Co of all valence scheme combinations into the generated adjacency

schemes yields 10 feasible molecular bodies, which are presented in Table 2.17.
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Table 2.17 — Molecular bodies of exemplary ME

Nr. of
MB Structure  underlying Q
AS
000 .
00 2 C 2 4
020 0=0
00 2 ‘
000 N\ 3 4
2 0 0/ O~ 0O
00 1 .-
001 'C\ 4 4
110 0—0
020 .
2.0 0 //C' 5 4
000 o -
010 .
101 /C- 6 4
010/ O—0O
02 2 c
200 I\ 7 0
2.0 0 0O O
011 .
100 /C\ 7 4
100 ‘0O O
012 "
100 /\ 7 2
2 00/ O O
021 ¢
2 00 7\ 7 2
100 o O
01 1 .-
101 /C\ 7 2
110 0—0
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2.4.5 Equilibrating the formal electric charge of the molecular bodies

The molecular bodies can contain a formal electric charge (@ > 0) which is equilibrated
by establishing covalent bonds between charged non-hydrogen atoms and hydrogen atoms.
To this end, a MB is transferred to a matrix E € {0,1,2,3}¥4*N4 (a product matrix in

the sense of section 2.3), with
€ij = mb” (230)

The atoms in E are denoted in the order of the atomic vector A(G). Bonds are formed
between a charged non-hydrogen atom 7 (¢; > 1) and a charged hydrogen atom j (¢; = 1)
by setting the corresponding entries e; ; = e;; = 1. If the number of hydrogen atoms is
higher than the number of free valence electrons in a molecular body (Ny > @), molecular
hydrogen (H,) is formed. Since the substances in every substrate MEs invariably consist of
equilibrated, non-charged molecules, excess hydrogen always is present in even amounts, if
any occurs. The set of equilibrated molecular bodies forms the family of isomeric molecular
ensembles. Example 9 presents the resulting FIME for the exemplary ME of formic acid

and hydrogen.

Example 9. Table 2.18 lists the complete set of equilibrated molecular bodies, i.e. the

products, which can be obtained from the substrates formic acid and hydrogen.

Table 2.18 — The set of generated product MEs

ME

=

Structure

oS O O O N O

e i = = N e
o O O O N O O
O O O O O O =

o
S O O O O O =
O O O O O O =

I

(@]

T

+

o

o

Continued on next page
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Table 2.18 — continued from previous page

Structure

ME

H

C=0 + H

AN

0021100
0000O0OT1T1

0000

0
1000000
1000000

0

100000
01 00O0O0O

0

0101110

1010000

1
1000000
1000000

000
1000

10

0

0

00

00100O0O

0201100
2000000
0000O0T1T1

10

000O0O0

1000000

00100

00

00100O0O0

101110

0

1010000
01 00O0O0T1

100

0

000

1000000
1000000

0010

000

Continued on next page
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Table 2.18 — continued from previous page

ME E Structure
0220000
2000000
2000000
6 0000100 S T HTH + H—H
0001000 o 0
0000001
0000010
0111100
1000010
1000001 H H
7 1000000 N
VAR
1000000 OH~ “OH
0100000
0010000
0121000
1000100
2000000 H
8 1000000 (‘; + H—H
0100000 on” Yo
0000001
0000010
0211000
2000000
1000100 H
9 1000000 é + H—H
0010000 o’ “oH
0000001
0000010
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2.5 Postprocessing of the generated MEs

Table 2.18 — continued from previous page

ME E Structure

011 100

1010000

1100000 H o H

10 1000000 C\ + H—H

1000000 0—0
000O0O0OO0OT1

000O0O0OT1O0

2.5 Postprocessing of the generated MEs

Visual investigation of Table 2.18 shows that some MEs are generated twice. This re-
dundancy is not desired and only one instance of each unique ME shall be maintained.
Furthermore, if the formulation of the reaction network targets at production of a pure
substance, a molecule within a ME has to be chosen as the main product to serve as

substrate to the subsequent reactions in the network.

2.5.1 Check for uniqueness

In order to identify redundant structures, a unique encoding for each ME is required.
In Cheminformatics, Morgan’s algorithm (Morgan, 1965, Figueras, 1993) is commonly
employed to identify unique molecules in a set comprising redundancy.

Consider a ME composed of N4 atoms and represented by its adjacency matrix AM.
Morgan’s algorithm iteratively computes so-called connectivity values v for each atom i.
A value vF represents the number of unique paths of a certain length & in a molecular
graph that start at molecule i. The connectivity values v} equal the number of neighbors
of atom 4, which is equivalent to the number of paths of length 1 (refer to Appendix A
for the definition of neighborhood in a graph and the length of paths). The connectivity

values for k>1 are computed from
vt = AM - " (2.31)

This procedure is carried out repeatedly until k = N4.

In this form, Morgan’s algorithm is not sufficient to identify redundancy. 2 identical
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2 Reaction network generation: Introduction to the basic algorithm

MEs can still lead to different vectors v*

since atoms can still be arranged differently. A
canonization is achieved by sorting the atoms by decreasing number of valence electrons
and connectivity values. This canonization leads to a unified representation of the Morgan
vectors and avoids the problems arising from different computational encodings of iden-
tical MEs. In order to identify the FIME, the Morgan vectors of all MEs are computed,
canonized and compared against each other.

Example 10 shows the application of Morgan’s algorithm to 2 structurally identical, but

differently encoded MEs.

Example 10. Visual investigation of Table 2.18 reveals that the MEs 2 € 4, 3 €4 5 and 8 €
9 are structurally equivalent. Since only one instance of each ME needs to be maintained,
Morgan’s algorithm is employed to detect redundancy.

Table 2.19 presents the computed Morgan vectors for the MEs 8 & 9. Since the individ-
ual atoms are arranged differently, the comparison of the Morgan vectors implies that 2

different MEs are present.

Table 2.19 — Morgan’s Algorithm applied to different representations of ME 7

<
<
w

ME Structure Adjacency A(G) !

Cy

H, O
Hy, — H, O;

8 G+ H—H e} H
on” o 7N Hy

O, Oy — Hy Hs

Hy

Cy
H, [0
Hy — H, 0;

9 /C\ + H—H Cy H,
0" “oH /N Hy

O, O — H, Hs

Hy

=
(=]

e S 2 IS

— N W o e [T b o o
[
o

o = =N W o =N =W

e S =)

Resorting the entries vF by decreasing valence electrons and connectivity values leads to
the canonized representation of the Morgan vectors presented in Table 2.20.

Applying this canonized version of Morgan’s algorithm to all MEs in Table 2.18 leads to
the FIME, presented in Table 2.21.
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2.5 Postprocessing of the generated MEs

Table 2.20 - Sorting the connectivity values vf‘" in decreasing order reveals
that MEs 8 & 9 are structurally identical since the entries of

7)f are identical in every case
A(G) ME 8 ME 9
vl V2 3 ! V2 3
C 3 4 10 3 4 10
(0] 2 4 6 2 4 6
(0] 1 3 4 1 3 4
| H | (1| [3] [4 1| (3] [4
H 1 2 4 1 2 4
H 1 1 1 1 1 1
H 1 1 1 1 1 1

Table 2.21 - Graphical representation of FIME of the exemplary ME

ME Structure ME Structure
i H,
1 H—C—H + 0=0 2 ,6=0 + Oy
[ H H H
H
H 0 H H
3 e 4 !
7/ VAR
H 0 HO OH
? |
5 /C\ + H—H 6 H*(‘:*O*O*H
H OH
7 ,C

N
O O + H-H + H—H
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2 Reaction network generation: Introduction to the basic algorithm

2.5.2 ldentification of the main reaction product

The generated MEs often comprise more than one substance. However, in some applica-
tions, only the main product of a generated ME shall be represented in the network and
provided as substrate to the subsequent network reactions. The main product needs to
be determined by a chosen, adequate criterion. To address this task, it is inevitable to
identify type and quantity of the substances in a ME.

Consider the graph representation G(V, E) of an arbitrary ME. The individual substances
in the ME are subgraphs G;(V;, E;) of G. They are determined by investigating the con-
nectivity of the vertices V(G) in terms of their neighborhood. Neighboring vertices are
members of the same subgraph G; and represent a distinct substance in the ME.

An iterative routine (with iteration count k) is employed to identity the subgraphs of
G. The set V* contains the vertices of G that are so far not assigned to any set V;.
Consequently, at the beginning of the first iteration, V* equals V. The subgraphs G; of G

are determined following the steps listed subsequently:
1. Take the element v; € V* and form the vertex set V;*31.
2. Determine the neighborhood vertices Ng(Vi¥).
3. Set VM = VFU Ng(VF).

4. If |VF = |VF|, the connected component is complete and V; = V. Else, set

k =k + 1 and return to step 2.
5. Update V* to V* = V*\ V; which excludes vertices that are member of V; from V*.
6. If [V*] >0, set i = ¢+ 1 and k = 1 and return to step 1. Else, exit.

Example 11 presented the algorithmic procedure of identifying the constituents of ME 7
from Table 2.21.

Example 11. Table 2.22 presents the algorithm, starting at vertex vy. 8 subgraphs are
present in ME 7 of Table 2.21, each requiring 3 iterations to be determined.
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2.5 Postprocessing of the generated MEs

Table 2.22 — Determining the molecular composition of

ME 7
ik Graph vk [V BM
V* = {1, va, 3,04, 05, Vg, U7 }
1 V1 {v1} 1

1 2 voa—vi—vs {v,ve,v3} 3
3 va—vi—v3 {U17vz7v3} 3

NN O
S O N
o O N

V= {'U47'U5~,U6;'U7}

1 Va {U4} 1 01
2 2 Vg4 —Vs5 {’U/l7 /U;)} 2 ( )

3 V4— Vs {vg, v5} 2 Lo
V= {’1)6,’[)7}
1 Ve {ve} 1 01
3 2 Vg —V7 {vg, v7} 2 (1 O)
3 Ve —V7 {vg,v7} 2
V=10

The main product can be determined using different criteria such as thermophysical
properties like molecular weight (MW) or enthalpy of combustion (AH,.,), which are
estimated using QSPR models (see Appendix D). Information based on graph theory can
also be used as criterion to account for the redistribution of the substrates atoms amongst
the reaction products, deriving the atomic share x; of a formed molecule i. y; sets in
relation the number of atoms that are conveyed from the substrates to a molecule ¢ and
the total number of atoms of the substrates. This is expressed as the ratio of the size of
the subset V(G;) to the superset V(G) as

V(G

Xi = e (2.32)

The applied criterion has to be chosen in correspondence to the goals of the network
generation. In terms of biofuel synthesis, it is most viable to pursue those substances in
the network that contain the highest enthalpy of combustion. Otherwise, if the targeted
application requires a maximum in material use, criteria focussing on the amount of con-
served material (highest molecular weight, atomic share) are better suited. Depending on
the chosen criterion, different reaction products be will identified as main product. The
generated instances of the main product equal its stoichiometric coefficient in the reaction.

The impact of using different criteria is illustrated in Example 12.

Example 12. Consider the ME of formic acid and hydrogen from previous examples as
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2 Reaction network generation: Introduction to the basic algorithm

substrate (denoted in substrate matriz B in Table 2.23) and ME 7 in Table 2.21 as product
(denoted as product matriz E in Table 2.23). The individual molecules in B and E are

separated by dashed lines and labeled by sB and s¥, respectively. B contains 2 substances

i
sB (i=1,2) where s¥ refers to the main substrate (MS) in B (formic acid). E contains 3
substances s® (i=1,2,8) with no main product labeled so far.

The substances in E are evaluated regarding aforementioned criteria. s& contains 8
atoms, thus the atomic share of s¥ is x1=3/7. The atomic shares of s& and s& are 2/7
each. In terms of atomic share, s© is the main product. The same statement holds true
when considering the molecular weight (MW) of the products. However, it changes when
assessing the enthalpy of combustion. In this case, substances s& and s¥ are determined
as main reaction products. This illustrates how strongly the decision criterion to identify

the main reaction product influences the synthesis design task.

Table 2.23 — Application of atomic share (), molecular weight (MW) and enthalpy of combus-
tion (AHcom) to determine the main reaction product

B G? E SF Xi AH_om MW
- - - - - MJ/kmol kg/kmol
01 210,00 P, (/022700 0 0 T
10 0 0 110 O [ 12 0 010 0 0 O \1\3/7 0 44.01
2.0 000,00 Ry '2.0 0/0. 000 Lo
10 00 0100 .1 | 000,010 0 Lo
0100 0/00 o 00001 000 0 L212/7 241.86 2.016
0000 0,0 1, ool oo o0 00,0 1 .
00000010 LQJ 00000010 13, 2/T 24186 2.016

2.6 Reaction network formulation

Graph-based representation of reaction networks is an established formalism in metabolic
engineering (Stephanopoulos, 1999). It is also suited for representing reaction networks
in chemical synthesis. A reaction network is formulated as a graph G(S, R) where the
vertices in S represent substances and the edges in R refer to the reactions. Substances
are addressed by s;, where i € {1,..., Ng} with Ng being the number of substances in the
network. Reactions are addressed by r;, where j € {1, ..., Ng} with N being the number
of reactions in the network. A reaction r always connects 2 substances, thus it can also
be denoted as r = {s;, s;}. The reaction heads from s; to s; and represents the progress
of the denoted reaction. It has to be stressed that r; is not related to the entries of the
reaction matrix R (cf. to Section 2.3).

Accumulation of substances in the network is not allowed; source and sink reactions

transport pure substrate into and pure product out of the network, respectively. Unlike
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2.6 Reaction network formulation

every other reaction in the network, they do not represent chemical reactions, hence they
will be addressed as pseudo-reactions. The vertex from which the substrate is supplied is
called the source, the vertex where the desired product is removed is called the sink. Every
other vertex in the network is called an intermediate.

Reaction r; may require reactants to be performed; therefore a supply reaction r”‘ is
added to provide those substances. Unconverted substances are removed via reactions T_;?“t.
Example 13 depicts such a reaction network and explains the meaning of the individual

reactions.

Example 13. An ezemplary network is visualized in Figure 2.1. ry,...,rg are the network
reactions. r1 is the source reaction of the network, while rg is the sink reaction. si is the
source and sy is the sink vertex of the network. Substances that are required to perform r;

out -~ Since reactions r1 and

are supplied via rj»". Unconverted substances are removed via 15
rg do not represent chemical transformations, no reactants are added and they are always
performed at full conversion. Hence, the values for ri", r{®, rit and rg* in this example

are 0.

in -in in in

. l V“ l“‘

81
out ,rouf out out
T2 5 3,5

—_— S3—> S5 <_
ri out = pout
15 er 7 l

Figure 2.1 — Representation of an exemplary reaction network

A reaction network is constructed iteratively by processing a set of substrates to generate
a set of products. The processing of all substrates (cf. Section 2.4) including the subsequent
postprocessing of the product matrices E (cf. Section 2.5) constitutes a network stage. The
first network stage contains only the main substrate syg, such that S = {sprs}. The main
products of one stage serve as substrates to the subsequent one.

A single substrate can lead to several products; vice versa, several substrates can lead
to the same main product. This leads to a thorough interconnection of the substances
in the network. However, each substance shall only be represented once in the reaction
network. The set of vertices S is a steadily growing set which contains all unique network
substances. It is initialized with the substrates that are provided via the source reactions.

The main reaction products that are generated in each stage are added to S as long as
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they are not already a member. A product sp is added to S according to

Su if S
g sp ifsp ¢ (2.33)
S else.

Likewise to the introduction of new substances, further reactions are also included in the
network at each stage to connect substrates and their products. A new reaction is then

included into the set of reactions R according to

RUr; ifr; € R
R r; ifr; & (2.34)
R if else.

Concerning the addition of reactions, it is not sufficient to only compare main product and
reaction substrate. If this were the case, only one reaction could be established despite
different reaction mechanisms emerging from the presence of different reactants. As such,
a new reaction r; = {sg,sp} is added to the set of reactions R, if there is no reaction
present that links the substrate ME (where sg is main substrate) to the product sp.
Multiple reactions can thus emerge from sg towards sp reflecting the influence of differing
reactants.

Example 14 schematically presents the construction 2 consecutive stages of a reaction

network.

Example 14. Consider the construction of a reaction network that starts at substance si.
The set of vertices S comprises only this very substance such that S = {s1}, while the set
of reactions R consequently is empty (see Figure 2.2). It is assumed that the substances
Sa,...,85 are the main products of s1. It is further assumed that s3 and s, are identical.
The generated substances so - s5 are one by one screened whether they are already mem-
bers of the network by employing FEquation (2.33), adding new elements to S and R ac-
cordingly. Since the substances s3 and sy are identical, s4 is not included in the network.
At network stage 2, the set of substances is S = {s1, s2, S3, 85} and the set of reactions is
R = {{s1,52},{s1,83},{s1,85}}. The substances sa, s3 and s5 serve as substrates in the

subsequent network stage.
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2.7 Workflow of reaction network generation

8] ——> 83

S5
S =S5SUs;s
R=RU{s1,s5}

Post-

Stage 1 Network con- Network Stage 2
| processed | X | |
substrates . | struction | stages 1&2 . substrates
' main products | . .
| LS —— s |
| . S=Sus;, |
! ! R=RU{s1,82} ! !
| | A | |
: S9 : S1 — : :

: : T 53 : 52 : S2
! 53 ! S =S8Us;s ! - !

S1 | . R=RU{s1,s3} §] = S3 | S3
| | N
\ \ So \ S5 \ S5
| e |
| | S3 | |
: : 84 =83 : :
1 1 s3 1

Figure 2.2 — Schematic illustration of the construction of a reaction network

2.7 Workflow of reaction network generation

ReNeGen is based on 2 routines; one generates the reactions to a given product, the other
one constructs the network based on these results.

Figure 2.3 shows the programming flowchart of the reaction generator. Starting from
a provided molecular ensemble (ME), the first step is to identify valence schemes (VS)
and thereof the valence scheme transitions (VT), cf. Section 2.4.1. The VT sets are then
used to compute the sets of valence scheme combinations (VSC) that are feasible for the
considered ME, cf. Section 2.4.2. These VSC determine which covalent bonds occur
simultaneously in the products. Subsequently the adjacency schemes of the non-hydrogen
atoms are determined, cf. Section 2.4.3.

For each adjacency scheme AS, it is checked whether a VSC can be introduced in ac-
cordance to the formalisms stated in Section 2.4.4. Since a single VSC can fit into an
AS in various arrangements, all arrangements of the bonds in VSC have to be determined
(Co) and applied to the considered AS. Resulting molecular bodies may carry a formal
electric charge and have to be equilibrated with hydrogen that is available in the ME, cf.
Section 2.4.5.
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2 Reaction network generation: Introduction to the basic algorithm

This procedure is performed for [ = {1, ..., Nag} (adjacency schemes), k = {1, ..., Nysc}
(valence scheme combinations) and o = {1, ..., N, } (combinations of arrangements). The
procedure ends when no more AS are available.

The network generation is summarized in the programming flowchart shown in Figure 2.4.

It starts with providing the parameters
e substrate,

e reactants (substances that are added to perform certain reactions, e.g. hydrogen and

acetone, chosen from an implemented list of substances),

e stages (the maximum number of network stages that are generated)

e main product identification criterion, and the
e target compound.

The substrate is externally provided and forms the root of the reaction network; every
substance in the network is a derivative of the substrate. Reactants are required to perform
certain reactions. For instance, hydrogenations can only take place in the presence of
hydrogen. The substances are usually consumed during the process of a reaction, either by
covalent bonding with the main substance or by becoming part of a reaction by-product,
which is then removed. Multiple reactants can be provided to the network generation,
the total number of reactants is denoted as Npgeq.. It is also possible to investigate and
perform reactions without the presence of reactants. The maximum number of network
stages has to allow for sufficient rearrangements of the substrate and its derivatives to form
the desired product. The maximum number of stages is not necessarily the real number of
stages that are required; it is rather an upper bound that serves as stopping criterion for
the network generation. The true number of stages might be less, but is always dependent
on the defined generation task. The criterion for main product identification can be chosen
from the criteria presented in Section 2.5.2. The main product is the substance which will
be linked to the substrate by the network reactions.

Reaction network generation is an iterative process. For the computational implemen-
tation, the introduction of a list and a stack is required, cf. Figure 2.4. The list stores the
substances that serve as substrates to a network stage. These substances are pushed to
the stack at the beginning of a stage (push) and the list is cleared. The substances are
one by one retrieved (popped) from the top of the stack to be processed in the reaction
network generator. At the very beginning of the network generation, the substrate is the
only substance that is written to the list of unprocessed substances.

The generation process starts by verifying that the maximum number of stages is not

exceeded. If so, the substances denoted on the list of unprocessed substances are pushed
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{Substrate ME from network geuerator}

v

‘ Identify VS and VT ‘

v

Generate valence
scheme com-
binations VSC

Generate adja-
cency schemes AS

v

—

Product MEs to network generator}

I=1+1 ‘ ‘ Take 1-th AS ‘

A +

‘ Take k-th VSC ‘

v

‘ Generate Coy, ‘

Introduce Coy, in AS; ‘ ‘ k=k+1

¥ A
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with hydrogen

v

—>

‘ Store ME to list
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Figure 2.3 — Programming flowchart of reaction generation
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to the stack. Since the stack is continuously emptied, it is checked whether unprocessed
substances are still in the stack. If so, a substance is popped from the stack and combined
with the i-th reactant (where ¢ € {1,..., Ngea}) that was specified by the user to form a
molecular ensemble (ME). This ME is then passed to the reaction generator, described in
Section 2.4 and depicted in Figure 2.3. The generated MEs are first screened for uniqueness
(cf. Section 2.5.1) to avoid redundant results. Afterwards, the main product of each
generated ME is determined (cf. Section 2.5.2). The main product of each ME is added
to the list of unprocessed substances.

In a single network stage, the algorithm processes every combination of unprocessed
molecules and reactants. When no more unprocessed substances are available in one stage,
the algorithm proceeds to the next one, as long as the maximum number of network stages
is not exceeded. Otherwise, the algorithm exits and the network generation is completed.

The runtime for the presented example of the hydrogenation of formic acid is 2.3 seconds
on a PC equipped with an Intel Core i5 Quadcore CPU @ 3.2 GHz and 8 GB RAM. The
routine contains approximately 1500 lines of MATLAB code.
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2.7 Workflow of reaction network generation
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Figure 2.4 — Programming flowchart of reaction network generation
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2.8 Conclusions

In this chapter, the reaction network generator ReNeGen was introduced to generate the
Family of Isomeric Molecular Ensembles (FIME) of a specified Molecular Ensemble (ME).
The reaction generator is based on the formalisms introduced by Fontain and Reitsam
(1991) in their generator RAIN, which abstracts a ME into valence schemes and perform
modifications through valence scheme transitions. The formulation of ReNeGen builds on
fundamental laws of chemistry and does not require any empirical knowledge to operate. It
is therefore suited for elucidating the entire scope of isomeric products to a molecular en-
semble under investigation and simultaneously yields corresponding reaction mechanisms.
This contrasts to empirical and semiformal implementations of reaction network generators
such as RING which has most recently been reported in the context of biofuel synthesis
networks or those generators which are commonly employed in biotechnology. These gener-
ators can only generate substances and reactions in a pre-defined scope based on externally
provided reaction mechanisms.

In contrast to RAIN, where every atom in a molecular ensemble is considered, the pre-
sented methodology reduces the combinatorial complexity of reaction network generation.
Instead of directly computing R-matrices from the information on valence scheme tran-
sitions and generate products thereof (as done by RAIN), the procedure is decomposed
into sub-problems of smaller complexity. Valence scheme combinations are only computed
for non-hydrogen atoms, which are then superposed with their atomic adjacency. Formal
electric charges of these molecular bodies are equilibrated by establishing bonds towards
previously excluded hydrogen atoms. A computational comparison of the algorithms in
terms of runtime and maximum size of processed molecules was not possible since RAIN
was not available. However, the presented approach is expected to determine the products
with less computational effort, especially in terms of processing substances with a high
H/C and H/O ratio, where Ny >> Nj.
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3 Reaction network generation:

Including empirical knowledge

The complete generation of all derivatives of a given substrate is the value proposition of
formal methods for reaction network generation, especially in case there is no knowledge
available on the synthesis task under investigation. However, formal network generation
also have to offer the functionality to account for empirical knowledge and user-defined
constraints within the generation process. Contrasting other formulations, empirical know-
ledge is incorporated in a top-down framework into formal reaction network generation.
This means that a holistic generation task, which relies on fundamentals of chemistry, is
focussed to a certain molecular space, rather than constructing the network solely based
on empirical knowledge (bottom-up framework of semi-formal and empirical generators).
The following sections present means that are available in ReNeGen to focus the output
by constraining either bond dissection and formation or the constitution and thermophysi-
cal properties of the substances. The principles of using restrictions on the valence scheme
transitions, the molecular constitution and reaction rules was first introduced by Fontain
and Reitsam (1991) in their contribution on formal reaction network generation. The
QSPR models presented in Dahmen et al. (2012) are employed to calculate thermophysi-
cal properties of network substances and exclude or maintain them based on their predicted

values.

3.1 Restrictions on the transition of valence schemes

The transition table is the backbone of the reaction generation, as it determines the allowed
transitions of the valence schemes in the molecular ensembles (see Section 2.4.1). Due to
their importance to the entire generation process, valence scheme transitions should only
be disabled if they

(i) do not contribute or even hinder reaching the target of the synthesis,
(ii) are unrealistic and unlikely to be achieved (based on empirical knowledge), or

(iii) lead to the inversion of an already generated reaction.

t
ot
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Example 15 presents the impact of a restricted transition table on the valence scheme

combinations.

Example 15. The transition table in Table 3.1 allows only transitions where bond orders
are maintained or reduced. Such a setup guides network generation from substrates with
high degree of unsaturation to target compounds with lower degrees of unsaturation. As
shown in the case studies in Chapter 6, such a design task is commonly encountered in
the synthesis of biofuels. From this configuration results the reduced set of valence scheme
combinations presented in Table 3.2. According to the constraints on valence scheme com-

binations stated in Section 2.4.2, only the combinations 1 and 4 are feasible.

Table 3.1 — Transition table restricted to transitions that main-
tain or reduce the bond order, values for holistic
generation denoted in parenthesis

*#* =C.  -c= =c= -0- =0  -H
7¢7 1 0() 0(1) 0(1) o0 0 0
- 1 1 0() o0() o0 0 0
= 1 1 1 0 o0 0 0
—c= 1 1 0@ 1 0 0 0
o- 0 0 0 0 1 0@ o0
-0 0 0 0 0 1 1 0
ey 0 0 0 0 0 0 1

Table 3.2 — Set of valence scheme combinations
based the restricted transition table,
non-hydrogen atoms only

VSC, C O O Ngg Npg Npp

1 ¢ o- 0. & 0 0

2 *C‘* _ —o- 6 1 0
— : -0- -0- 6 1 0
4 -c =0 -o- 4 2 0

\
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3.2 Reaction rules

3.2 Reaction rules

Reaction rules restrict the generation process of ReNeGen even tighter than modifications
of the transition table. They demand to only perform alterations of those covalent bonds
in a molecular ensemble that are declared modifiable by the rule specifications. Rules are
iteratively applied to all (generated and provided) substances in the network. Thus it is of
most importance that these rules are generally applicable to a manifold of different sub-
stances. In this contribution, reaction rules are retrieved from a chemical textbook (Furniss
et al., 1989) and a literature report (Alonso et al., 2010). The collocated set includes only
such reactions that are commonly applied in the processing of biorenewable feedstock.

A comprehensive set of generic reaction rules was compiled in collaboration by the author
and his colleague Manuel Dahmen to serve as a generation guideline in a computational
molecular structure generator (Dahmen et al., 2013). This very set of reactions rules is
incorporated in the present contribution (presented in Table B.1). The collected reaction

rules target at
(i) altering and cleaving the (oxygenated) functionality,
(ii) decreasing the number of unsaturated bonds, and
(iil) increasing the molecular weight of the molecules.

The molecular weight increase can either be achieved through carbon-carbon couplings
(i.e. ketonization) or carbon-oxygen-carbon couplings (i.e. etherification). An expert check
was performed by chemists within the TMFB Cluster of Excellence to ensure the applica-

bility of this set of reactions to diverse substances.

Table 3.3 — The set of reaction rules in ReNeGen

Nr. Name Example reaction

Ketone/Aldehyd o R ow

etone/Aldehyde
1 : : )J\ )\

hydrogenation

OH H2 H0 OH
2 Alcohol hydrogenation ~ HO ~4 \Ar
Hy

3 Alkene hydrogenation -~ SN

Continued on next page 57
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Table 3.3 — continued from previous page

Nr. Name Example reaction

4 Heterocycle o_ H HZOJHV\
hydrogenation L~ OH

o HO0 OH
5  Heterocycle hydrolysis \‘\/J e )\A/OH

Carboxylic acid o H, H,0

‘ yhe ac N g S

0 (0]
\)J\OH

hydrogenation

. . 0 0 H,0 0 o}
. Formation of acid an- \)k . \)k 412 \)k b
hydrides OH OH 0

H,0
8  Etherification S Nop + oy —2 SN

H,0 0]

0
-4
9  Esterification \)J\OH + S o \/\o)b
o] )\ H.0 o
i " 4: /“\)\
10 Aldol condensation )J\ o

j Aleobol P~
dehydration )v

0 0 H.0  CO. o
12 Ketonization \)J\ + \)J\ \)Jv
OH OH

The reactions allow only certain bonds to be split and maintain major parts of the
covalent bonding stated in B. A reaction rule is only applicable to a molecular ensemble
B, if it contains certain structural arrangements (called patterns) in sufficient amounts.

A pattern is defined by a specific arrangement of covalent bonds, their bond order and
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3.2 Reaction rules

the type of atoms they connect. The atoms and their covalent bonding that form these
patterns are the only motifs that are allowed to be modified; every other motif of the ME
is maintained. Thus, the number of possible valence scheme combinations and adjacency
schemes drastically decreases. In total, 10 different molecular patterns are distinguished
(Table 3.4).

The patterns and their frequency of occurrence are identified using algorithms from
group contribution methods (Joback and Reid, 1987, Constantinou and Gani, 1994) that
investigate the type, the covalent bonding and the neighborhood of an atom to determine

the pattern it is bound in. The patterns that occur in B are concatenated in the vector
pB c NIXIO" (31)

where each entry pP accounts for the number of occurrences of pattern 4 in B.
The applicability of a reaction rule demands for the occurrence of specific patterns in

certain minimal amounts. For each reaction, a vector
1x1
p" e NP0, (3.2)

is defined that denotes the quantity of required patterns in the entries p. A reaction rule

is applicable to a molecular ensemble B; if
PP > PRV (3.3)

The vectors p® of all reaction rules are presented in Appendix B.

The indices of the modifiable bonds b; ; have to be determined and the sets of valence
scheme transitions, valence scheme combinations and adjacency schemes are derived ac-
cordingly. In terms of valence scheme transitions, it has to be considered which covalent
bonds at which atom are allowed to be modified. Concerning the adjacency schemes, the
sets of atom-wise adjacency, A; (see Section 2.4.3), have to account for atomic adjacency
which is not allowed to be modified. The restrictions of the reaction rules render only
small sets of valence scheme combinations and adjacency schemes feasible. The procedure
of reaction network generation (Section 2.4) is then executed on these sets.

Example 16 presents the influence of a carboxylic acid hydrogenation reaction rule on

the alterations of the ME of formic acid and hydrogen.
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Table 3.4 — Distinguished patterns to determine applicability of reaction rules

Di Name Structure Annotation
1 Hydrogen pattern H—H
0
2 Water pattern H™ H
0]
)J\ Ry is a carbon atom, Rj is
either a carbon atoms (forms
3 Carbonyl pattern Ra Ro a ketone) or a hydrogen atom
(forms an aldehyde)
4 Hydroxy pattern R—OH R is a carbon atom
R .
P 2 : . O
5 Olefinic pattern R, \/ R; and Ry can be any kind of
atom
0
Heterocyclic / \ R; and R, are members of the
6 R,----R same carbon cycle or hetero
pattern 2 1
cycle
0]
7 Carboxylic acid )J\ R is a carbon or hydrogen
attern atom
P R” TOH
0]
3 Aldol condensation R H Ry and Ry are carbon or
pattern ! H hydrogen atoms
Ro
OH
Hydroxy . Ra R; and Ry can be any kind of
9 condensation Ry ?
atom
pattern
H
. . O
10 Ketonization )k R is a carbon atom
pattern
R OH
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Example 16. The hydrogenation of formic acid to formaldehyde is schematically presented
in Figure 3.1. Hydrogen is used as reactant to alter carboxylic group to a carbonyl group

under the formation of water.

1 ]
C C
H™ "OH + H—=H —— H~ "H + H~ H

Figure 3.1 — Reaction scheme of carboxylic acid hydrogenation of formic acid

The carboxylic acid hydrogenation demands for the presence of one instance of a car-
boxylic acid pattern (pE = 1) and one hydrogen pattern (p¥ = 1) in B. Thus, p® results

n
p® =(1,0,0,0,0,0,1,0,0,0). (3.4)
Analysis of the patterns present in molecular ensemble B gives
p® =(1,0,0,0,0,0,1,0,0,0). (3.5)
Since pB > p® for all patterns i, the reaction rule is applicable.

The BM-notation of formic acid and hydrogen is stated in Table 2.9. The patterns
are encountered at the atoms 1, 3, 6 and 7 in the bonds by 3 = bis = 1 (-OH group of
carbozylic acid) and bg7 = by = 1 (molecular hydrogen). Out of these atoms, only atoms
1 and 8 are considered in constructing valence scheme combinations and adjacency schemes
since they are non-hydrogen atoms. The single bond of the carbon atom (i=1) towards the
ozygen atom (i=3) is allowed to be altered, while one single and one double bond have to be
maintained. Thus, the bonds of the carbon atom can only be arranged as in valence scheme
2. At the ozygen atom (i=3), one single bond is allowed to be altered while one single
bond has to be maintained. Thus, the bonds of the oxygen atom can only be arranged as in
valence scheme 5. The valence scheme of every other atom in the ME is maintained. This

results in only one feasible valence scheme combination, which is depicted in Table 3.5.

Table 3.5 — Restricted valence scheme combinations of the non-hydrogen
atoms of formic acid and hydrogen

VSCi C 0 0 Nss Nps Nrs
1 -c’ —o- _ 4 2 0
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The bond and hence the adjacency between atoms 1 and 2 is not allowed to be altered.

The upper triangular matrices of the feasible adjacency schemes are depicted in Table 3.6.

Table 3.6 — Upper triangular matrices ASY and corresponding depictions of
atomic adjacency

AS; ASV Graph AS; ASV Graph

010 C 011 ¢
1 000 / 2 000 / \
000/ o0 0 00 0

The valence scheme combination is then assigned in every permutation to the non-zero
elements of the adjacency schemes, as shown in Table 3.7. Only the molecular bodies 3
and 6 fulfill the requirements on bond orders and formal electric charge.

Table 3.7 — Introduction the valence scheme combination into the available adjacency schemes

and applying feasibility criteria on bond order and electric charge on the generated
molecular bodies

Bonds

Nr. ASY Coy MBY MB o ¢ Q< Ng
feasible

010\ {112} /010y /010 3

1 000 {2} 000 100 no 1 no
000 (1,1} 000/ \ooo 2
010 {1,2,1} 010 010 3

2 000 {2} 000 100 no 1 no
000 (1,1} 000/ \ooo 2
010 {2,1,1} 020 020 2

3 000 {2} 000 200 yes 0 yes
000 1,1} 000/ \0o0oO 2
011 {1,1,2} 011 011 2

4 000 {2} 000 100 no 1 yes
000 1.1} 00 0 100 1
011 {1,2,1} 01 2 01 2 1

5 000 {2} 000 100 no 1 yes
000 (1,1} 00 0 2 0 0 0
011 {2,1,1} 021 021 1

6 (o000 2} 000 200 yes 0 yes
000 (1,1} 00 0 100 1

After equilibrating the electric charge of the molecular bodies 3 and 6, the molecular

ensembles presented in Table 3.8 result.
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Table 3.8 — Output of reaction network generation

ME E Structure
0201100
2000000
0000011 H

1 1000000 >c:o+H/H
1000000 H
0010000
0010000
0211000
2000000
1000100 H

2 1000000 é © H—H
0010000 o” “oH
0000001
0000010

ME 1 in Table 3.8 is the provided substrate ME and will be discarded by the subsequent
network generation step. ME 2 is the desired product ME.

3.3 Constraints on the molecular constitution and

thermophysical properties

The previous sections presented ways to restrict the product scope during the generation
process. Additional means can be taken at the end of generating a network stage to
further target the network. This includes constraining the molecular constitution and
the thermophysical properties of all identified main substrates in the network. These
constraints are used to avoid that substances with undesirable motifs or properties serve
as substrates to the subsequent network stage. Computed substances are screened for their
molecular motifs and thermophysical properties directly after their identification as main
reaction product to minimize the computational effort spent on their processing in case

they will be discarded from further consideration.
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3.3.1 Constraining the molecular constitution

Molecular motifs are identified again using algorithms from group contribution meth-
ods (Joback and Reid, 1987, Constantinou and Gani, 1994). Constitutional features that

are constrainable in ReNeGen with a lower and upper bound are

(i) atoms per type,
(ii) ring size,
(iii) number of rings, and
(iv) number of certain functional groups.

Minimum and maximum number of each atom type are the most important constitu-
tional aspects of the substances in E. Setting a reasonable upper bound for the number of
carbon, oxygen and hydrogen atoms avoids polymerization of the substrates, while setting
reasonable lower bounds avoids their decomposition to small size molecules. These bounds
always have to be defined in accordance to the considered case. The ring size plays an
important role in terms of stability of a cyclic compound, as rings with less than 4 or
more than 7 atoms are usually expected to be unstable (Furniss et al., 1989). Also the
occurrence of multiple rings within one molecule can be undesirable. Certain functional
groups (e.g. peroxides) are also undesired in many synthesis applications as they pose

major concerns to safety issues.

3.3.2 Restrictions on thermophysical properties

In the same manner, predicted thermophysical properties of generated substances serve as
disqualifying criterion for further consideration. Following Hechinger et al. (2012) and Dah-
men et al. (2013), predictive property models (see Appendix D) are employed to estimate
a set of thermophysical property data for each substance. The computed values are com-
pared against user-defined upper and lower limits on the specific property. Substances
that exceed the specified limits are not considered as substrates to the subsequent network
stage. It needs to be stressed that the employed property models incorporate a prediction
error, which are reported in Appendix D. The applied property constraints should be set

such that the inaccuracies in model prediction are accounted for.

3.4 Conclusions

ReNeGen provides the opportunity to include empirical knowledge to target the formal
generation process into a specific direction. Empirical knowledge is included in a top-

down approach, focussing the formal generation task into a desired chemical space. The
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3.4 Conclusions

restrictions only reduce the number of valence scheme combinations, adjacency schemes and
substrates per network stage without affecting the formal generation routine or ReNeGen.
Hence, intermediates and products are still generated based on formalized understandings
of chemistry on atomic adjacency and covalent bonding. This contrasts to bottom-up
frameworks of semiformal and empirical reaction networks generators, where the provided
empirical knowledge is the single basis to network generation. Thus, the effect of empirical
knowledge on formal and empirical network generation are opposed: In the case of formal
generation, less empirical knowledge will result in more comprehensive networks, while the
size of networks derived by empirical generators will shrink. Especially in design tasks,
where only little is known about the reaction mechanisms and the generated intermediates,
semiformal network generators have to rely on additional assumptions to have a sufficiently
large set of information to generate a network of meaningful size. Formal reaction network
generators are not relying on such assumptions; they generate reaction networks based on
fundamentals of chemistry and allow for including only that amount of empirical knowledge
that is known about the design task. Furthermore, the effect of introducing an empirical

assumption on the resulting network can be assessed one by one for plausibility.
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Network manipulation

Up to this point, there are several aspects of the generated reactions and networks that
narrow the scope of the assessment, contradict behavior observed in practice or lead to
substances that do not have any connection to the target compounds.

The assessment scope is narrowed down since a generated reaction network only links one
substrate and one target. However, it is sometimes favorable to combine several distinct
networks into a larger one that comprises multiple substrates and targets, allowing for
comparing synthesis pathways of multiple substrate-target combinations.

The reactions in the networks are, so far, assumed to exhibit full selectivity towards
their products, which is rarely achieved in practice. Molecular functionality in symmetric
arrangements avoids selective modifications of the molecules, thus leading to significant
yield reductions. This aspect has to be considered to allow for more realistic statements
on the performance of investigated pathways.

Since the resulting networks can be quite complex in terms of the number of substances
and reactions, the networks should be reduced to only those substances that participate in
the formation of a target compound. Every other substance is not of interest and should
hence be deleted from the network to reduce computational complexity.

In detail, this chapter focusses on how to
1. merge several distinct networks into a single one,

2. estimate the selectivity of reactions in a novel approach that is based on molecular

motifs in the reacting substances, and

3. perform a reduction of the reaction network to only those substances and reactions

that participate in the formation of a target compound.

4.1 Merging multiple networks

A reaction network generated by ReNeGen represents the synthesis alternatives of a single

target compound from a single substrate, where substrate and target are linked through
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4.1 Merging multiple networks

Table 4.1 — Four types of substrate-target configurations and their implications to the
synthesis design. The term "best” in the column ”Implications” refers to
the calculated minimum/maximum value of a not further specified objective

function.
Type Configuration Implications
S
Single  substrate, lee.s the best pathway of the
. ] specified substrate-target com-
single target .
bination
T
S .
Allows for comparing the per-
Single  substrate, formance towards different tar-
multiple targets gets that can be derived from
T T T the provided substrate
S S S
Multiple substrates, Allows for identifying the best
single target substrate for a certain target
T
S S S
Multiple substrates, Identifies best substrate-target
multiple targets combination
T T T

one or multiple pathways, representing the actual sequence of reactions for target synthesis.
If several networks of distinct substrate-target combinations share common intermediates,
they can be merged into a single one. This way, a more profound investigation of the design
task is possible by analyzing and comparing different substrate-target combinations. Four
types of configurations of substrate-target combinations can be encountered (see Table 4.1).

Networks are merged by forming the union of their graph representations. Consider an
arbitrary, but finite number of n graphs Gi,...,G,,, each containing a vertex sets V3,...,V},

and an edge set Fy,...,E,. The union of these graphs, G(V, E), is represented as
n
G=|JGi=GiU..UG, = (ViU..UV,, BiU..UE,). (4.1)
i=1
Example 17 schematically presents the merger of two networks.

Example 17. In the left part of Figure 4.1, two networks Gy and Go are presented. Both
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networks start from the provided substrates Sy and Sz, respectively, and are directed towards
the targets Th and Ty, respectively. The grey box highlights the reactions and substances
that are common to Gy and Gz. The union of both networks, G = G1UGs, is presented in
the right part of Figure 4.1. The sets of vertices and edges of the merged network G(V,E)
G1(V1,Er)
G(V,E):Gl(VhEl)U GQ(VQ,Ez)
A—» C—>»E

AR A 4 Si—»A—>C—>»E—>T

Sy B—»D T, Gi U Go A a
Identity — > B—» D

S5 B—D T, VR X

NN NN S, —» F—»G—» H—> T,

F—» G—»H
Ga(V2,E2)
Figure 4.1 — Example of merging two networks
are

V= {Sl,Sz,A,B,O,D,E,F,G,H,Tth}
E= {{SlvA}v{S%F}v{A?B}? {A7 C}v{BvC}v{BvD}v{Bvc}v
{C.EYAD,EYAD, H},{F, B} {F.G},{G, H},{E,T1}, {H,T>}}.

The resulting network contains two substrates and two targets. The initial formulation
comprised two separate combinations of substrates and targets, namely S1 6T, and Sy ET,.
In the merged network, novel combinations of substrates and targets occur (namely Sy €Ty

and S, 6T ), that were not represented in the separate networks.

4.2 Estimation of the selectivity of reactions

Multi-step synthesis pathways should include reactions that are highly selective towards
the desired reaction products to minimize the losses at each stage. An exact determina-
tion of the selectivity requires, besides the knowledge of the reacting substances, at least
information on reaction conditions as well as solvents and molecular configuration of the
catalyst. So far, the selectivity of only very specific reactions can be estimated (e.g. the hy-
drodesulfurization of dibenzothiophene and 4,6-dimethyldibenzothiophene (Farag, 2010)).
These estimations require detailed kinetic models of the underlying reaction mechanism.

However, it has to be assumed that most of the generated reactions may not have been
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4.2 Estimation of the selectivity of reactions

investigated experimentally or analyzed theoretically.

The selectivity of reactions is, amongst other causes, highly dependant on the molecular
structure of the involved molecules, especially considering the functional groups contained
and their arrangement. In a facilitating approach, symmetric arrangement of molecular
functionality, i.e. the occurrence of two or more instances of the same functionality at
different positions in a molecule, is considered here as single cause for non-selectiveness.
Non-selective reaction will yield multiple substances in equal amounts as one or multiple
instances of the symmetric functionality are cleaved simultaneously. This assumption
coincides with experimental experience, for instance the selective hydrogenation of Glycerol
(Oh et al., 2011). Highly selective cleavages of the secondary hydroxy group, which occur
only once in the molecule, were achieved. However, selective hydrogenation of one of
the two primary hydroxy groups could not be performed and always led to a mixture of
1,2-propanediol and 2-propanol.

A novel computational approach for rapidly estimating the selectivity of reactions is pre-
sented in this contribution. It aims at identifying reactions where symmetric arrangements
affect the selectivity and assigning an approximated selectivity value based on molecular
functionality. It has to be stressed that this approach does not intend to provide an ac-
curate calculation of the actual selective behavior of a reaction; the intention is to have
a means at hand that supports the identification of synthesis bottlenecks solely based on
the molecular structure of the intermediates. At the same time, a reasonably estimated
selectivity value shall be incorporated into the analysis that is (i) on the same level of
accuracy and (ii) on a comparable time horizon as the overall assessment presented in this
thesis.

The selectivity of reactions is triggered by a set of 150 manually identified arrangements
(called triggering patterns), distinguishing between different types of molecular function-
ality and their first degree neighborhood (for the definition of neighborhood, cf. Appendix
A). A triggering pattern thus is not only classified by its incorporated functional group
type, but also whether it is bound to a primary, secondary or tertiary carbon atom, a
chain, a ring, an aromatic or a heterocyclic arrangement. If such triggering patterns occur
in symmetric arrangements, they induce non-selective reactions. To assess the selectivity

of reactions, a substrate i is represented by a vector
tp, c N150><1 (42)

where each tp,; accounts for the quantitative occurrence of a certain triggering pattern y.
Besides the substance that carries symmetric arrangements of triggering patterns, the
corresponding products of the non-selective reactions have to be identified. Hence, resulting

patterns are introduced, each representing a triggering pattern after refunctionalization.

69

1P 216.73.216.36, am 18.01.2026, 18:41:31. Inhait.
tersagt, m mit, flir oder in Ki-Syster



https://doi.org/10.51202/9783186950031

4 Reaction network generation: Network manipulation

Triggering patterns Resulting patterns
H H
R— é —OH — R— é —H
: ;
I /0
S on — R—C ]

Figure 4.2 — A representative set of triggering patterns and their corresponding resulting
patterns

Thus, each substance i is additionally represented by a vector
rp; € N'50x! (4.3)

where each 7p,; accounts for the quantitative occurrence of a certain resulting pattern
y in substance i. The patterns and their frequency of occurrence are identified using
algorithms from group contribution methods (Joback and Reid, 1987, Constantinou and
Gani, 1994). Figure 4.2 presents several combinations of triggering and resulting patterns
as an illustrating example. The complete set of triggering and resulting patterns is provided
in Appendix C.

In case,
tpy: > 2, (4.4)

a symmetric arrangement of the triggering pattern ¢p, is present in substance 7 and renders
a selective refunctionalization of one instance of ¢p, impossible. Such a triggering pattern
will be referred to by using the index y*.

Substances j that are produced by refunctionalizing ¢p,-; are identified by the following

criteria:

1. It has to be ensured that only tp,- ; is refunctionalized. Every other triggering pattern

has to be unprocessed, such that
tpyg =tpyi YV y\y" (4.5)
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2. A refunctionalization of one instance of tp,-; always gives one instance of rpy- ;.
Therefore, rp,~ ; has to increase proportionally to the number of refunctionalizations
of tpy- ;. Consequently, the sum of triggering and resulting patterns in j has to equal

the sum of triggering and resulting patterns in i, stated as

TPyej + tDyej = Dy i + ty i (4.6)

3. The number of refunctionalizations, Ngy, is calculated from
NRf = tpy*,i — tpy*‘]" (47)

Since every refunctionalization requires one reaction, the network distance d(i, ) (see

Appendix A for its definition) between substances i and j has to be

d(i.j) = Nay. (48)

Those substances j that satisfy these criteria are concatenated in a subset V* € V. If so
far there is no reaction between substance 7 and any substance in V*, novel reactions are
added to the set of network reactions.

It is assumed that each of the substances in V* is produced in equal amounts. This
is a pragmatic assumption aiming to have a means at hand to rapidly assign a value
to the selectiveness of reactions and deepen the understanding of the design task under
investigation. However, this approach is not deterministic since it does not consider all
aspects that determine selectivity. The calculated selectivity values need to be verified by

experimental investigations. The selectivity S; of reaction r; results in this approach from

1
Sj=—. 4.9
= (1.9
This implies that the higher the number of #p,;, the lower is the selectivity towards a
substance j € V*. Example 18 presents the proposed selectivity estimation for the hy-
drogenation of 3-(hydroxymethyl)-1,6-hexanediol. It illustrates how the substances in the
network are assessed and the network is modified to account for symmetric functionality

and its impact on the selectivity of the network reactions.

Example 18. Figure 4.3 presents the network for 3-(hydrozymethyl)-1,6-hezanediol hy-
drogenation as it is generated by ReNeGen. 3-(hydrozymethyl)-1,6-hexanediol, labeled as

substance 1, contains three instances of a primary hydrozy group bound to a carbon chain
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Stage 1

Substance 3

Substancc 2 ‘)< Subbtancc 4
Stage 3 A\ A\ A\/

Substance 5 Substance 7

Stage 4

Substance 8

Figure 4.3 — Reaction network for 3-(Hydroxymethyl)-1,6-hexanediol deoxygenation under
the presence of hydrogen and performing only hydroxy condensation reactions.
The symmetric arrangement of hydroxy groups in substance 1 are highlighted
in the gray circles

(tps), highlighted by the gray circles. The corresponding entry in vector tp is
tps1 = 3. (4.10)

Table 4.2 denotes for each substance i the number of occurrences of triggering pattern
tps and the number of resulting patterns rps. Since tpsy > 2, the condition stated in
Equation (4.4) is fulfilled and a selective refunctionalization of tps; cannot be performed.
tp, and rp; cannot be presented here due to their size. However, tps; is the only trigger-
ing pattern present in substance 1. Therefore, the condition stated in Equation (4.5) is
fulfilled for every network substance. The sum tpszi1 + rps1 results to 3 for each network

substance, which states that also the condition in (Equation (4.6)) is fulfilled. Furthermore,
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Table 4.2 — Occurrence of triggering and re-
sulting pattern 3 in the example

S; tps; TP3i

tps; + D3

]VRf dl,j

1

0O~ O Ut = W N
O === NN N
W NN N = =

3

W W W www

1

W N NN =

1

W NN~

the distance d(1, j) of every substance j equals the number of refunctionalization Ngy, ful-

filling the third condition (Equation (4.8)). Hence, substances 2-8 result from non-selective

refunctionalization of tps1. Additional reactions are introduced between substance 1 and

substances 5,6,7 and 8. Dashed arrows show these reactions in Figure 4.4.

According to Equation (4.9), the selectivity of reactions r1-rs, m13-r15 and 19 is 1/7.

---»  Novel reaction
— Existing reaction

3 \\\\RM\\RI; N Stage 3
: \4 \\A OH\ T A
3 Fas O"A\ A\ A\/O“
v

Stage 4

Figure 4.4 — Introduction of novel reaction into the network to account for cleaving multiple
instances of a functionality in symmetric arrangements
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4 Reaction network generation: Network manipulation

4.3 Network reduction

The generated networks often contain reactions and substances that are not involved in
the production of the desired target (called dead ends). They negatively influence the
computational efficiency of subsequent evaluation algorithms. If only those substances
and reactions that contribute to the synthesis of a product are maintained in the net-
work, information is provided more obvious and processing of the network requires less
computational effort.

This contribution is first to propose an approach for the reduction of synthesis reaction
networks that is based on graph theory and the analysis of the in- and outdegrees of the
network vertices (see Appendix A for the definition of in- and outdegree).

Ouly vertices that are head vertices of sink reactions (pseudo-reactions where product is
removed from the network, see Section 2.6) are allowed to have an outdegree d~(s;) = 0.
Every other vertex in the network with an outdegree d~(s;) = 0 is an illegitimate sink of
the network. These vertices and their adjacent edges can be removed without impairing the
synthesis of the target compounds. Since preceding vertices may also have no connection
to the target compounds, the routine is applied iteratively until all illegitimate sinks are
removed.

The algorithm consists of four distinct steps:
1. Determine the outdegree d~(s;) of each substance in the network.

2. Identify illegitimate sinks of the network with d~(s;) =0V s; ¢ target compounds.

If there are none, exit. Otherwise, continue with step 3.
3. Remove dead ends from V.
4. Remove those edges from E that led to the dead ends and return to step 1.
Example 19 presents the application of this algorithm to an exemplary network.

Example 19. The substance represented by vertex Sy is the legitimate sink of the network
that is presented in Figure 4.3. It is the only vertex allowed to have d~(s;) = 0. Screening
the vertex degrees (step 1) reveals that d~(s7) = 0 although s7 is not declared to be a sink
of the network (step 2). Thus sy is a dead end and is removed (step 3), as well as the
reactions {s4, s7} and {ss, s7} (step 4). The second iteration reveals that vertices sy and ss
are dead ends. Consequently, they are removed, along with the reactions {ss,s4}, {S3, 54}
and {s3,ss}. In the neat iteration step, no more dead ends are detected, such that the

algorithm exits.
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4.3 Network reduction

Table 4.3 — Example of the network reduction algorithm

Tteration Network graph E(G) V(G) d=(s;)
Sin {Sin; Sl}
l {51, 52} s; 1
frssh [ ] )
S1 {527 53} 5 4
/ \ {52, 84} s 2
0 S§g ———> 83 {s2, 55} : 1
/ \ / l {52,586} (94 1
S4 35 {53, 55} 55 1
NS % {53,586} q: 0
St l {841 87} s 0
{857 57} out
Sout {56: Sout}
Sin
l {Siru 51}
{817 5‘2} Sin 1
5 {51, 83} 51 2
/ \ {527 53} S2 4
1 Sg ———> S3 {52, 84} $3 2
XN l {s2,85} 54 0
S4 S5 {52, 6} S5 0
56 {s3,85} S6 1
l {537 56} Sout 0
{567 Suut}
Sout
Sin
S1 {sin-, Sl} Sin 1
/ \ {817 52}
; soss) || :
9 S2 S3 {%l’ 8,3} S 2
52,83 s3 1
{52«, 56}
S6 1
S6 {53,586} Sout 0
l {56: Sout} o
Sout
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4 Reaction network generation: Network manipulation

4.4 Conclusions

Combining individual reaction networks allows for a comparison of multiple substrate-
target combinations. The individual pathways can be compared such that not only superior
pathways, but also superior substrate-target combinations can be detected.

The newly introduced estimation of selectivity allows for a more realistic representation
of the computed reactions. The selectiveness of a reaction strongly influences the produc-
tion performance of a desired product. Only by assessing the selectivity, the true potential
of target substances can be detected and misleading statements can be avoided. This con-
tribution is first to propose such an approach for a rapid estimation of reaction selectivity.
The quality of the network representation benefits from selectivity estimation in two ways:
(i) it unravels reaction sequences that incorporate the same refunctionalization and could
possibly be performed in one reaction step and (ii) it shows which substances in the net-
work can only be produced at low selectivity. The presented methodology enables insights
into the influence of the substrates’s molecular structure on the selectivity of a reaction.

A new approach to the reduction of chemical synthesis networks based on the analysis of
the network topology was presented. It reduces the network to only those substances and
reactions that participate in the synthesis of a desired product. The network reduction is

required to improve the performance of subsequent evaluation steps by reducing its size.
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5 Network evaluation strategy

It was mentioned in Section 1.2 that an optimization-based evaluation strategy for biofuel
synthesis, named Reaction Network Flux Analysis (RNFA) (Voll and Marquardt, 2012b),
is currently employed in TMFB to identify attractive pathways towards biofuels candidates
with respect to a provided objective function. However, this technique does not take the
structure of the network into account, although the assessment of its topology allows for
statements about the so-called robustness of a synthesis network in terms of number of
available pathways and the importance of certain reactions. A robust network provides
multiple alternative pathways to produce the target compound, which is desirable, since the
practical feasibility of computationally generated reactions and hence of certain pathways
is not guaranteed. Information on the robustness of a reaction network can be retrieved
from its decomposition into unique reaction sequences, called elementary modes (Papin
et al., 2004). The final flux distribution in the network is either a single elementary mode

or a linear combination of several.

This chapter presents a multi-stage evaluation scheme that not only aims at determining
an optimal flux distribution, but also identifies important reactions in the network and
allows for statements about the robustness of the design task. Besides evaluating the
design task of single-component biofuels, an additional evaluation step is proposed that
incorporates streams of unconverted intermediates into the final product. In previous
evaluation strategies (Voll and Marquardt, 2012a, Marvin et al., 2013), the potential of
these streams was not further elucidated, only their loss was accounted for. However,
when combined with the final product, these streams inherently bear the potential to
increase the feedstock utilization when blended with the target compound, of course under
consideration of the initially imposed property constraints, which are not allowed to be
violated. As such, this approach constitutes a more integrated use of the processed biomass
feedstock.

The following sections will first describe the previously employed optimization-based
evaluation technique and subsequently the novel approach that also assesses the network

topology and the integration of waste streams.
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5 Network evaluation strategy

5.1 Optimization-based network evaluation

The mathematical representation of the steady-state flux distribution in reaction networks

is
A-f=0. (5.1)

A represents the stoichiometric matrix, defined as A € Q°*". The elements a;; are the
stoichiometric coefficients of the network reactions, which are negative if a substance ¢ is
consumed in reaction j, and positive if a substance is formed. The rows of A refer to the
substances in the reaction network i € {1,...,s} and the columns refer to the reactions
Jj€{1,...,r}. A also includes the substrate supply to the network and the removal of the
final product, in order to close the overall material balance. Vector f in Equation (5.1) is of
size 7 x 1 and summarizes the fluxes of the reactions (Varma and Palsson, 1994). The molar
flux of a substance 4 in reaction j in the network can thus be retrieved by multiplying f;
with the corresponding stoichiometric coefficient a; ;. In systems biology, these models are
used to describe the metabolism of an organism. They are employed to support the design
of experiments (Wittmann and Heinzle, 2001) and to elucidate the potential improvements

by metabolic re-engineering of an organism of interest (Stephanopoulos, 1999).

RNFA was developed on the basis of related concepts that were originally introduced in
the metabolic engineering community, to evaluate reaction networks for biofuel synthesis
applications (Voll and Marquardt, 2012b,a). The steady-state flux model presented in
Equation (5.1) was modified by introducing a vector b to account for non-ideal network
behavior due to incomplete conversion and non-selective reactions. The novel formulation

is as follows:
A-f=b (5.2)

b € R**! in Equation (5.2) summarizes all fluxes that leave the network.

The system of linear equations stated in Equations (5.1) and (5.2) is in most cases
under-determined. It contains more reactions than substances and one substance can be
derived by multiple sequences of reactions. RNFA provides an optimal solution by solving
an inverse problem which incorporates an objective function motivated by sustainability

arguments. Criteria that can serve as objective functions are summarized in Appendix E.
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5.2 Multi-stage network evaluation

The formulation of the optimization problem is

b1
min Q
f.b
(o
st. A-f=b
feR",beR’.

¢n in Equation (5.3) represents different objective functions. The formulation allows for
multi-objective evaluation of the optimization problem. RNFA is implemented in the
General Algebraic Modeling System GAMS (Brooke et al., 1998).

5.2 Multi-stage network evaluation

Optimization-based evaluation of reaction networks, as presented by Voll and Marquardt
(2012b), Yim et al. (2011) and Marvin et al. (2013), gives the optimal solution to a certain
objective function. Such techniques usually do not assess the structural properties of
the network (topology). The topology contains information on the number of alternative
pathways available to derive the target compound. Substrate-target combinations with a
high number of synthesis pathways are favorable since multiple alternatives are available
to achieve the desired target. Furthermore, crucial reactions to a chosen synthesis can be
identified by accounting for their number of occurrences in the pathways.

Combinatorial approaches, which are commonly referred to as elementary mode analy-
ses, are employed in metabolic engineering to determine all synthesis pathways in a net-
work (Stelling et al., 2002). The results from elementary mode analysis not only give the
available pathways but are also useful to determine key aspects of the network topology
such as the network structure (pathway length, reaction participation) (Papin et al., 2004),
network robustness (functionality of pathways under perturbation) (Stelling et al., 2002)
and network fragility (Gagneur and Klamt, 2004). Evaluation criteria as a function of the
network fluxes are employed to assess key performance indicators of each pathway, with
the final flux distribution towards a desired target compound consisting of only one or of
linear combinations of these pathways. To this end, an LP-problem is formulated to deter-
mine the contribution of each synthesis pathway to the final flux distribution to optimize
an imposed objective function. In this thesis, elementary mode analysis is adapted for the
evaluation of biofuel synthesis networks. The performance criteria collocated by Hechinger

et al. (2010) and Voll and Marquardt (2012a,b) are employed to serve as objective functions
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to set up the LP problem. They rely on molar- or mass-related thermophysical properties
of the network fluxes and compounds and allow for assessing also more elaborated criteria
such as investment cost and environmental impact. The collocated evaluation criteria are
presented in Appendix E.

In previous publications on biofuel synthesis design (Voll and Marquardt, 2012a,b, Mar-
vin et al., 2013), no attention was paid to unconverted intermediates; they were removed
from the network without further consideration. However, the composition of the desired
product is defined as a degree of freedom; it is only limited in terms of exhibiting required
thermophysical properties. Hence, the unconverted intermediates can be used in conjunc-
tion with the initially defined target compound to form a fuel blend that fulfills the imposed
property constraints. An optimization-based methodology will be presented as additional
step to the multi-stage network evaluation to assess the potential of this approach towards
increasing feedstock utilization.

The following sections will discuss each stage of the solution strategy in more detail.

5.2.1 Decomposition of the network into individual pathways

Combinatorial decomposition of reaction networks into individual pathways is an estab-
lished methodology in metabolic engineering and systems biology, known as elementary
mode analysis (Stelling et al., 2002, Gagneur and Klamt, 2004, Terzer and Stelling, 2008).
An elementary mode (EM) denotes a unique sequence of reactions to produce a desired
target compound from a specified substrate. The terminus elementary relates to the fact
that an EM cannot be decomposed into two or more other modes.

The EMs of a network can be deduced without knowing any flux rate, providing an
external parameter or relying on an objective function. Each EM represents a solution
vector f to the initial problem formulation presented in Equation (5.1). The EMs define
the boundaries of the flux distribution in the network; an optimal flux distribution is then
described by a single EM or linear combination of several.

Elementary mode analysis is commonly carried out by determining the null space of
the stoichiometric matrix, which leads to repeated calculation of individual EMs (Stelling
et al., 2002). A novel approach is presented here that gives inherently computes the EMs
without redundancy, which otherwise is the case in null space calculations, such that only
distinet pathways are constructed. Its computational efficiency was so far not compared
against established methodologies.

The identification of EMs suggested in this work relies on forming prolonging reaction
paths from ordered pairs of reactions. Ordered pairs of reactions are 2-tuples of network
reactions, where the first member of the tuple is a reaction entering a vertex s;, and the

second member is a reaction leaving the same vertex. To identify those tuples, the entering
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5.2 Multi-stage network evaluation

Table 5.1 — Entering and leaving reactions at a sub-
stance vertex s; and the formation of or-
dered pairs of reactions

G(S,R) link”  link; op

roor3 (rrs)
\”_/v (rm} {rsrad ?«1,7«%
L {ra i)

and leaving reactions at each vertex i of the network are identified and denoted in the sets
link; and link;, respectively. This concept is adapted from Fenves (1967) and is based on
the work of Ford and Fulkerson (1962). The ordered pairs at a vertex s; are constructed

by forming the Cartesian product (see Table 5.1 for an illustrating example)
op; = link;" x link; . (5.4)

The set of ordered pairs OP of the entire network is the union of the individual sets of

ordered pairs op;, expressed by

N
OP = Uopi. (5.5)

i=1

An element in OP is addressed by op, with ¢ € {1, ..., Nop}. Nop is the number of ordered

pairs. op,; is the first (entering) and op, 2 the second (leaving) member of an ordered pair.

EMs are described as sequences of reactions, forming reaction network paths. A path
j of length k is addressed by p;- The individual reactions in a path are addressed by p7;

with ¢ € {1,...,k}. All m paths of length k are concatenated in the set

PP = {pf, ..o} (5.6)
Three requirements are imposed on a path to qualify as an EM:
1. A path begins at source reaction rsy,ce-
2. A path ends at sink reaction .
3. A path does not contain a reaction twice, otherwise a loop would be formed.

The EMs are constructed by stepwise increasing the pathway length k by adding ordered

pairs that are incident to p};k The initial set of paths P? is the set of ordered pairs, such
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that
pP?= OoP Vv OPq * OPgq,1 = Tsource- (57)

Equation 5.7 requires that the elementary mode analysis starts at the network’s source
reaction 7uree; hence, only such ordered pairs are considered in P? that contain 7y in
op;. New path members are always added to that end of the path that is averted to the

source. New path members are identified by

Pk = opga (5.8)

stating that these ordered pairs are incident to p’}“ - Several ordered pairs can be incident
to pﬁ &, resulting in multiple paths p**! from p*. Only such ordered pairs are allowed to

be considered where

opg2 ¢ Pl (5.9)

This ensures that reaction opg is so far not contained in pf , such that no loops are formed.

Assume that TOP denotes the ordered pairs that fulfill Equations (5.8) and (5.9). NOP
is the number of elements in JOP. The new paths of length k + 1 are then formed by

p’f“ = pf U [OPLQ
pg“ = P? U ]OP‘z,z

vat)lp = pf UIOPyop2

The paths j with p;?:l = Tsource and p;‘k = Tgink denote completed EMs and are stored as
a vector £, where the entries f. denote whether reaction r is active in this particular
path (f, = 1) or not (f, = 0). By starting from the source of the network and following
the progress of the network reactions while avoiding circular flows, only unique pathways
are generated and concatenated in the f-vectors; extraction of distinct pathways is not

required.

All vectors fy, ..., f,,, are concatenated in the flux matrix F € (0,1)"*“™. The rows of F
refer to the network reactions j € {1, ..., r}, the columns represent the EMs m € {1, ..., em}.
The number of elementary modes em is an important information to derive from the
network’s topology. The more EMs leading to the target compound, the more alternatives

are still available in case that a chosen pathway fails. A high number of alternatives
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is desirable, since the feasibility of the computationally generated reactions cannot be
guaranteed. The column sum of F gives the number of reactions per EM. The row sum of
F gives the number of occurrences of a reaction j in all EMs. Since EMs are not further
decomposable, they fail if any one reaction of the mode cannot be performed. Frequently
encountered reactions determine the feasibility of many production pathways and hence
should be in the center of attention when transferring the results from the computational
model to the experimental research.

Example 20 illustrates the application of the proposed elementary mode analysis to a

small representative network.

Example 20. Consider the network depicted left in Figure 5.1, which is composed of 6
vertices and 8 reactions. The elementary mode analysis aims at identifying all existing
pathways between the vertices Ssource AN Sgink-

The first step is to derive the sets link;" and link; by denoting the entering and leaving
reactions at each vertex. These sets for the exemplary network are presented right in

Figure 5.1.

S link; link;

Sc
T7 \:6 Ssource 0 {TSOUTCE}
Seource Tsource sa T3 sp T sink Saink SA {Tsom*cc} {Tl s 7‘2,) 7’3}
- 5B {r} {ra, 5}
0
rl\‘ /:4 sc {ra,rs} {re}
SB

SD {737T4,7’6} {Tsmk}
Ssink {Tsink}

Figure 5.1 — Exemplary network (left) and corresponding sets link;r and link; (right)

The sets link; and link; provide the basis to form the ordered pairs of reactions. Every
ordered pair of entering and leaving reactions at each compound is formed to result in the

set

OP = {{7'souTce7 7’1}7 {74.source7 7'2}-, {TSz)urcev 7‘3}7 {7417 7’4}7 {”’17 7’5}7

{7"2, 7‘6}7 {7“57 7”6}, {7”37 Tsink:}: {7‘47 Tsink}7 {7'67 Tsmk}}

In total, 10 ordered pairs of reactions exist in the network. They are used to construct the
pathways that connect source and sink. The ordered pairs that contain rseurce aS entering
reaction serve as the initial pathways P%. Stepwise, incident ordered pairs are identified
to prolong each path until it reaches rsyi,. Table 5.2 presents the stepwise increase of the
length of the pathways by denoting the length of the pathways k and the comprised reactions.
The last column denotes whether the current path denotes a sequence from source to sink

or not.
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Table 5.2 — stepwise construction of the network paths by increasing
the length k and combining paths and ordered pairs

L Pk IOP Tsource:Tsink € PF
2 {"source, 71} {ri,ra},{r1,rs} no
2 {Tsource 5 TQ} {7‘2 5 7‘6} no
2 {rsource; T3} {rs: Tsink } no
3 {7'sourcey 1, 7'/1} {7'47 7’sink} no
3 {Tsoumm 1, T5} {7"5, 7’6} no
3 {TSO‘U,TCES T2, 7A()'} {7‘65 Tsink} no
3 {Tsourcm T3, Tsinlc} @ yes
4 {rsouruey T1, T4, rsink’} @ yes
4 {"'saurc& T1,Ts5, "'6} {7467 T'Sin,k} no
4 {rsourcm T2, 76, rsink} @ yes
5 {7..9011,1'(:67 T1,75,76, Tsink} @ yes

The indices of the reactions in the individual paths are transferred to the flur matriz F. 4
EMs exist in this example. Besides the pseudo-reactions (Tsource and Tsink), that appear in
every reaction, 1 and rg participate in 2 EMs each and are the most frequently encountered
reactions in F. From this theoretical example results the implication that validating the

feasibility of r5 should be of highest interest.

F={fi,ff6}=

o O O = O O =
= O O = O O = =
= = O © © = O
=R H O O O

The network reactions 7; span a r-dimensional Cartesian coordinate system where each
reaction represents a unit vector b; with jeq .. Each column of F is a specific combi-
nation of the network reactions. It represents an edge of a convex polyhedral cone, the
so-called fluz cone (Wagner and Urbanczik, 2005). Each point within the flux cone is
a valid state of the network. Several EMs can be linearly combined and scaled with a

non-negative factor o = ayy, € [0, 1™ to result in a flux distribution

em

V= Z Qi fm7 O > 0. (510)
m=1
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Ay,

Us

Figure 5.2 — Flux cone for a network with 3 reactions and 4 resulting EMs

Each «,, represents the share of elementary mode m in the final flux distribution. The

individual contributions «,, sum up to

em

> am =1 (5.11)

A qualitative representation of a flux cone is presented in Figure 5.2. The EMs are scaled
with «,, to give the final flux distribution v. This is an idealizing scenario since v does
not consider incomplete conversion or non-selective reaction pathways. The next section

presents how such non-ideal network reactions are accounted for.

5.2.2 Flux balancing in elementary modes

The fluxes in each EM are calculated by balancing the incoming and leaving streams of
the vertices. Yield constraints on reactions from incomplete conversion and non-selective
behavior of the network reactions are considered. A cutout of a reaction sequence is
presented in Figure 5.3 to explain the calculation of the molar fluxes. Assume that the
reactions 7source, 7 and 74 are active in an elementary mode m. 75ource Provides the main

substrate to the network. Reaction r; is of the form
A+ B — C + D. (5.12)

The main substrate is denoted by A, the provided reactant by B, the desired product by
C' and the formed by-product by D.

A molar flux n; j,, denotes the flux of substance 7 in reaction j of elementary mode m.
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in in
i,5,m ni,j+1,7n

T'source fj~7n Tj+1 f]’+1,m

N source,m Mg 5,m Nij+1,m
out
i,Jym

Figure 5.3 — Analogy between network and process representation of reaction pathways

It is normalized with respect to 1 mole of substrate. r,yu.cc provides the stream of pure
main substrate 7.4 source,m t0 the network. The required reactant B is provided via stream
”%l,j,m' Reactants are always provided in stoichiometric amounts such that they are not
limiting the reaction. The stoichiometric coefficient v; ; of reaction r; defines the amount

of each produced compound to be
Nijom = (N A source,m + ”gl,j,m> Ui+ (5.13)
This formulation implies a reaction yield of 100%. However, reaction yields are usually

less than 100% due to non-ideal conversion and/or selectivity. The yield Y; of a reaction

7; is the product of conversion C; and selectivity .5}, such that

Considering incomplete conversion, the composition of n; j,,, is then

_ n s n E1E
Nijm = Y- ("A,sourcem + nBﬁjﬁm) Vit (1- Y]) : ("A,sourcem + nB,jﬂn) . (5.15)
produced substances C and D unconverted substances A and B

The right hand side of Equation (5.15) consists of two terms. The first term refers to
the produced substances, the second to unconverted substrate and reactant. From this
mixture, the desired product C'is separated, assuming sharps splits. The molar flux of the

desired product, n¢ jm,, results in
nejm = Y/ * N A,source;m * VA—C,j- (516)
Unconverted amounts of A, unconverted reactant B and the generated by-product D are
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concatenated in the flux ng% . The composition of ng%, is calculated to be
out __ in in
ngm = Y5+ (Ragm + 05 0) - vizog + (L= Y5) - (najm + ng ) (5.17)
nZ?jf,,L thus includes every substance except the desired product C, which is expressed by

considering only those stoichiometric coefficients where i # C'.

The normalized fluxes rates are summarized in matrix notation, such that

n, = (ni,j,m) S R¥>" (518)
ny = (nf%,,) € R (5.19)
ngt = (nff,,) € R™. (5.20)

Each matrix in Equations (5.18) - (5.20) concatenates the fluxes of the substances i (rows)
in the reactions j (columns) for each elementary mode m. Multiplication of the normalized
fluxes with a scaling factor v, which represents the molar amount of substrate provided to

the network, gives the absolute molar fluxes, as presented in Equations (5.21) - (5.23).

Ny, = Yy, (521)
Ny =v-ny (5.22)
No¥ = . o (5.23)

5.2.3 Determination of the optimal flux distribution

An optimal network flux distribution, which is optimal subject to a specified objective func-
tion, is a linear combination of the elementary modes in the network. The flux distribution
is determined by setting up and solving an optimization problem, in which the contribu-
tions a € [0, 1]7*°™ of each elementary mode m to the flux distribution are determined. In
order to maintain the scaling of the network, the sum of all individual contributions «,, is

1. Multiplication of the contributions «;, with the molar fluxes N,,,, N;,’} and fol” yields
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the absolute fluxes in the network. The formulation of the optimization problem is

max 10}
«
em

subject to ¢ = Z Ay * Oy

m=1

Om = f(NTm NZ:?N‘?:t)v

N = iam - N,

m=1
o . (5.24)
N™ = E Q- N,
m=1
em
out __ out
N = E o, - N
m=1
em
E Qo =1,

n=1

am € 10, 1],

¢ is the objective function, which is linearly composed of the individual contributions
ém from each EM. ¢, is a function of either the entering (N™), leaving (N2“) or reaction
fluxes (N,,), or ratios/combinations thereof. Objective functions that are meaningful in

the context of biofuel synthesis planning are presented in Appendix E.

5.2.4 Integration of intermediate waste streams

The workflow presented in the previous chapter is designed to evaluate the synthesis path-
ways towards a pure substance, in the sense of the formulation of Hechinger et al. (2010).
However, incomplete reaction yields lead to streams of unconverted substances that are
concatenated in N°“*. The evaluation strategies introduced so far (Yim et al., 2011, Voll
and Marquardt, 2012a,b, Marvin et al., 2013) do not consider the potential inherently con-
tained in these substances, but rather consider them as waste or do not consider them at
all. However, if the real-life use case is not restricted to using a pure substance, the target
compound can be blended with unconverted intermediates, as long as imposed product
specifications on thermophysical properties are not violated.

The use case of a fuel, as considered in TMFB, imposes constraints on the thermophysical
properties, but not on the chemical composition of the product. These property constraints
can also be satisfied by a mixture, which is produced from integrating the streams of uncon-

verted intermediates and the target compound. This integration increases the quantitative
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fuel output while maintaining the feedstock consumption, which in return increases the

degree of feedstock utilization and therefore the economic efficiency.

The properties of the mixture are calculated based on linear mixing of the properties
calculated by the QSPR models denoted in Appendix D. Linear mixing rules impose neg-
ligible intermolecular interactions of the mixture partners, such that it gets less accurate
with the presence of polar constituents in the mixture (Kontogeorgis and Folas, 2009).
Since the network intermediates often contain oxygen in functional arrangements (which
is one cause to polarity (Furniss et al., 1989)), linear mixing rules can be inadequate for a
accurate description of the considered mixtures. Therefore, the framework for calculating
mixture properties is flexible in a way that linear mixing rules can be easily exchanged
by more sophisticated methods, e.g. a combination of equation of state and linear and
quadratic mixing rules (Kontogeorgis and Folas, 2009). In the case of using only linear
mixing rules, a property of the mixture, P,,;,, results from the contributions P; of each

substance ¢ multiplied with its molar fraction y;, such that
S
i=1

The mixture has to fulfill the property constraints that are imposed on the target, which
is expressed by
Pmin < Pmiw < Pmuw' (526)

Since this mixture formation task is under-determined and leads to an infinite number of
solutions, it is formulated as an optimization problem. The target function is to maximize

the feedstock utilization that is defined as the molar ratio of output to feedstock.

The available amounts of unconverted intermediates and target compound are concate-
nated in N°*. The ratio of integration of each stream in N°* is denoted by x € [0,1]°.
The values z; represent the fraction of the stream of substance i that is included in the
final mixture. z; takes values between 0 (stream completely neglected) and 1 (stream com-
pletely integrated). y; represents the molar fraction of component ¢ in the final mixture.
i can take values between 0 (substance not included) and 1 (output consists only of com-

pound 7). The sum of the individual contributions y; has to sum up to 1. The formulation
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of the optimization problem results in

2221 €T - (Z;:l Nlﬂjﬂ)

max i
z FS,source
- Ny
sty =

n out
i v N7
s
Pmiz = E Yi - Pz
i=1

Pmin S Pmiz < Pm(w

Zi’/i =1
i=1
Yi € [0, 1]

(5.27)

The formulation is a non-linear, constrained optimization problem, which is then solved
using the optimization environment TOMLAB (Holmstrom, 1999), available in MATLAB
(2010).

5.3 Discussion of the evaluation strategies

Optimization-based (Varma and Palsson, 1994, Schilling et al., 2000) and combinato-
rial evaluation (Papin et al., 2004) strategies are both frequently applied in the study
of metabolic networks. Despite their original heritage, they can both be employed in other
fields such as the flux analysis of chemical reaction networks. In the following sections,
optimization-based network evaluation strategies, as employed by Voll and Marquardt
(2012b), Yim et al. (2011), Marvin et al. (2013), are compared against the newly intro-

duced multi-stage evaluation procedure.

5.3.1 Optimization based evaluation strategy

Optimization-based techniques are used for determining the stationary flux distribution
in metabolic networks (Varma and Palsson, 1994, Schilling et al., 2000). In their basic
application, they yield the flux distribution of the pathway which is optimal with respect
to a meaningful objective function. Lee et al. (2000) presents a workflow to derive all
available pathways in a network. It relies on binary variables u; which represent the

activity of one reaction in a pathway. This statement is incorporated into the optimization
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problem via

fi <Umu; Vje{l,..,N.}, (5.28)
ue {01} (5.29)

Uj is a sufficiently large parameter that has to be chosen according to the expected fluxes.
A variable u; is set to one if a flux f; occurs. Essentially, every u; is identical to a row in
F. These flux variables are then integrated into the optimization problem to yield a mixed-
integer problem (MIP) formulation. Additional constraints are included that change the
composition of u for each run, until every feasible reaction sequence in the network is
elucidated. The optimization is performed for each identified reaction sequence. Thus
each U; has to be chosen such that in every run, it suffices to the requirements of the
current run. If the parameter is not adequately chosen, then the calculated results will
either be incomplete or truncated, since false or incomplete reaction sequences will be
calculated.

Voll and Marquardt (2012b) presented the only contribution in the context of biofuel
synthesis to include an MIP strategy as introduced by Lee et al. (2000) to enumerate all
available pathways in their synthesis. The evaluation is carried out under the objective
of maximizing product yield. A change of the objective function requires performing the
complete optimization process again. In order to get all flux distributions optimal to all
criteria, the procedure has to be carried for every evaluation criterion (cf. Figure 5.4).
Furthermore, neither Voll and Marquardt (2012b) nor Yim et al. (2011) and Marvin et al.
(2013) assess the topology of the synthesis network to derive statements on network ro-

bustness and importance of individual reactions.
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Reaction Network

‘ Set objective function }:

v

‘ Set up optimization F—‘

Flux calculation Block current
and evaluation pathway
A

Other
pathway
available?

Choose next criterion
A

Other
criteria
available?

End evaluation

Figure 5.4 — Depiction of an optimization-based evaluation strategy to identify and evaluate
all pathways in a reaction network

5.3.2 Multi-stage evaluation strategy

A conceptual representation of the proposed multi-stage evaluation strategy is presented
in Figure 5.5. Starting from the network representation, the network is first decomposed
into its EMs. These EMs determine the boundaries of the network flux distribution.
The entering, leaving and internal molar fluxes NZ:7 Nf#t and N,, of each EM are then
calculated. The optimal flux distribution is a linear combination of the individual linear
elementary modes. A LP problem is formulated in Equation (5.24) to determine the
individual contributions «,, of each elementary mode m to the final flux distribution. The
potential of waste stream integration can then be determined by forming a mixture of
desired product and non-converted intermediates.

Elementary mode analysis neither requires an objective function nor any externally pro-
vided parameter. The determined EMs allow for statements on the robustness of a design
task and the importance of each network reaction. In contrast to optimization-based ap-
proaches; a variation of the objective function does not require the recalculation of the

network fluxes, since they are already known and stated in N,,,, Ni* and N°*. Only a new
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Figure 5.5 — Multi-stage evaluation of reaction networks

linear combination of EMs needs to be derived for a differing objective function according
to Equation (5.24).

It has to be stressed that if a reaction network contains more than say 105 EMs, elemen-
tary mode analysis gets time-consuming and requires large computational power (Papin
et al., 2004). The networks should then not be decomposed into EMs to avoid compu-
tational difficulties. However, the threshold of 10° will certainly raise with increasing

computational power in the future.

5.4 Conclusions

This chapter introduces a novel strategy for the evaluation of biofuel reaction pathways,
that is based on a combination of elementary mode analysis (Gagneur and Klamt, 2004,
Terzer and Stelling, 2008) and optimization-based determination of optimal flux distri-
butions. The integration of streams of unconverted intermediates into the final product
allows for increasing the degree of utilization of the processed feedstock and widens the
scope of the assessment towards biofuel blends and their potentials.

Elementary mode analysis decomposes the network into unique pathways that connect
sink and source of a network. These modes allow for statements on the importance of
distinct reactions, the robustness of a solution to the design task and the boundaries for

the flux distribution in the network (Stelling et al., 2002). The determination of the
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EMs does not require the provision of external parameters or an objective function. The
additional information was so far not retrieved in any previous evaluation strategy for
biofuel reaction networks.

In contrast to purely optimization-based evaluation strategies as performed previously
(Yim et al., 2011, Voll and Marquardt, 2012a,b, Marvin et al., 2013), the multi-stage
approach relies on a completely evaluated network in terms of occurring network flux
distributions and reaction fluxes. Optimal flux distributions are determined from the
evaluated EMs, objective functions are functions of the calculated fluxes. Calculations
with a novel objective function do not require a repeated evaluation of the network fluxes,
but only a new combination of the EMs, rendering the evaluation strategy more time-
efficient than previous approaches.

The integration of waste streams has never been considered in literature and is enabled
by the fuel design approach of TMFB, which defines the biofuel’s molecular structure
as additional degree of freedom. The biofuel is only constrained by a set of required
properties, not by its molecular composition. Thus, mixtures can be created that give the
desired properties without restrictions on the molecular constitution. The effectiveness of
this approach can most certainly be increased if the composition of the mixture is designed
from the very beginning. Also, the use of linear mixing rules often strongly simplifies the
real behavior of the mixture. However, by exchanging Equation (5.25) with a more rigorous
model, the mixture behavior can be described with more accuracy.

The values of the evaluation criteria should be taken with caution, as many assump-
tions and simplifications have been made in order to allow for an early estimation of pro-
cess performance. However, with a reflective interpretation of the performance indicators,
the evaluation gives helpful information that supports determining the most promising
combinations of substrates and targets and also the best performing associated synthesis

pathways.
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This chapter presents the application of the previously described methodologies to two syn-
thesis tasks. The first task describes the synthesis of 3-methyltetrahydrofuran (3-MTHF)
from itaconic acid (IA). This combination of substrate and target was identified in the
Cluster of Excellence ”Tailor-Made Fuels from Biomass” (TMFB) as a high performing
biofuel synthesis process (Voll and Marquardt, 2012b). 3-MTHF qualifies as a biofuel
for compression ignition (CI) engines by fulfilling property constraints that were defined
within TMFB.

The second case study evaluates the synthesis processes of two novel biofuels that were
identified by TMFB researchers as both, biofuel candidates and intermediates to the syn-
thesis of 1-octanol (Julis and Leitner, 2012). The targeted substances, 2-butylfuran (2-BF)
and 2-butyltetrahydrofuran (2-BTHF), are predicted to exhibit the required thermophysi-
cal properties which qualify them as highly promising biofuels for CI engines. The economic
and ecological performance of their production processes is assessed for the first time in

this study.

6.1 Defining a reference process

The calculated performance indicators of the proposed synthesis routes need to be set into
relation to existing biofuel synthesis processes to evaluate their performance compared to
established processes. Only such routes that are comparable to or even outperform such
references can be considered as competitive alternatives. To ensure comparability of the
proposed and the reference synthesis process, the performance indicators of both processes
are determined using the same metrics.

3-MTHF is a fuel that is supposed to be used in CI engines. Currently, the production
of fatty acid methyl esters (FAME) is the most frequently employed production process for
Cl-suited biofuels. FAME fuel is produced via trans-esterification of a triglyceride under
the presence of methanol, giving three instances of FAME and the side product glycerol
by a base-catalyzed reaction (Knothe et al., 2005). The conversion of this processes is
approximately 100% with a selectivity of 98% (Ma and Hanna, 1999). FAME production

leads to a multi-component mixture, containing fatty acid methyl esters of different length
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Figure 6.1 — Schematic description of FAME production

and degree of unsaturation along with the side product glycerol.

The synthesis of FAME fuels is schematically presented in Figure 6.1. The vegetable oil
is a triglyceride with three alkyl residues, R; - Rs, which each usually contain between
14-18 partially unsaturated carbon atoms. Each feedstock has a certain ratio between the
different combinations of chain length and degree of unsaturation. Even vegetable oils
stemming from one plant carry alkyl residues of varying length and saturation. One ratio
that is often encountered in nature is 18:2 carbon atoms to double bonds (Ma and Hanna,
1999). To simplify the definition of a reference process, it is imposed that one representative
from the (18:2)-fraction, linoleic acid, serves as general alkyl residue in the triglyceride. In
this way, the synthesis does not yield a mixture of different fatty acid methyl esters but a
defined substance, such that the reference process and the novel process can be evaluated
on equal terms.

The annual reference amount of production is 190 million liters, which corresponds to
the size of bioethanol production facilities currently under construction (Ethanol Producer
Magazine, 2014). FAME is assumed to be produced from rapeseed oil, which is currently
traded at 1,000 $/t (Index mundi, 2014). Methanol, which serves as a reactant, is currently
traded at approximately 600 $/t (Methanex, 2014). A plant lifetime of 10 years and an
interest rate of 8% are attributed to FAME production.

6.2 Lignin gasification for hydrogen production

Biomass is composed of the three main constituents cellulose, hemicellulose and lignin.
In the envisioned concept of fuel production in TMFB, the biofuel will be produced in a
biorefinery (Kamm et al., 2008), an integrated facility for the simultaneous production of
various products from biomass. The biomass is transported to the site and disintegrated
afterwards. The disintegration can for instance be performed by means of Organosolv (Mc-
Donough, 1992) or the newly developed OrganoCat process (vom Stein et al., 2011). The
disintegration separates the biomass constituents from each other. Platform chemicals

such as those presented by Werpy et al. (2004) are then synthesized from cellulose and
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hemicellulose. Several approaches propose to make material use of lignin by producing
lignin-based carbon fibers (Kadla et al., 2002) or fuels and bulk chemicals (Zakzeski et al.,
2010). However, these approaches are not yet commercially viable.

In the presented case studies, lignin is considered as an optional hydrogen source. In
a gasification process, that is installed parallel to the biofuel production process (cf. Fi-
gure 6.2), hydrogen is produced from lignin. This process bears energetic losses AE and

emits C'Oy, which has to be accounted for in the evaluation.

AL, Nco,

Platform chem- R .
Biomass fractionation F . . H‘ Biofuel synthesis
icals production

Figure 6.2 — Schematic process for lignin gasification

The conversion of lignin into hydrogen and carbon dioxide is quantified using the findings
of Baumlin et al. (2006), who estimated the maximum hydrogen yield from Kraft-lignin

gasification to be
CeHg3029 + 9.8 HyO — 1295 Hy +6 COs. (61)

Hydrogen is produced from lignin via a fast pyrolysis of the biomass with subsequent
cracking of residual vapors, steam reforming, water-gas-shift reaction and steam gasifica-
tion of the residual pyrolysis char. These steps are concatenated in one reaction step and

evaluated with the same metrics as presented in Appendix E.

6.3 Synthesis of 3-MTHF from itaconic acid

IA was identified as platform chemical by Werpy et al. (2004) based upon the rich amount
of contained functionality. It is derived from glucose by aerobic fungal fermentation under
the presence of Aspergillus terreus (Okabe et al., 2009). TMFB research is focussing on
the production of TA through fermentation from green biomass using the corn smut fungus
Ustilago maydis (Klement et al., 2012).

3-MTHF was identified in TMFB as a potential biofuel candidate (Wimmer et al., 2010)
for use in CI engines. It combines a high energy density (Heom) with a boiling point (Tp:)
sufficiently low to avoid oil dilution (which occurs if the boiling temperature of the un-

burnt fuel is higher than that of the engine oil). The melting point (T},e;) is sufficiently
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Table 6.1 — Fuel-relevant properties of 3-MTHF and fuel property con-
straints relevant to CI engines, predicted by using the QSPR
models presented in Appendix E

Structure Thoir pr AHeonm Trneit CN
- - K kgl Ml/kg K -

0 Prediction 373.1 0.87 -33.2 162.0 40
Q Constraint <623.15 >0.7 <-32 < 253.15 >30

low to enable appropriate cold flow behavior. Besides these properties, combustion rele-

vant properties such as auto-ignition behavior under compression are crucial for property
functionality of CI engines. Just recently Dahmen et al. (2012) proposed a QSPR model
for the prediction of cetane numbers (CN) and thermophysical properties of diesel fuel can-
didates. These models are used in this thesis to calculate the CN and the thermophysical
properties of the network substances. The estimated properties of 3-MTHF are presented

in Table 6.1, along with the imposed fuel property constraints.

6.3.1 Manually constructed reaction network

Previous approaches to the evaluation of 3-MTHF production from itaconic were based
on a manually assembled network. Voll and Marquardt (2012a) used the reaction network
presented in Figure 6.3 to identify promising synthesis pathways. It is based on data
retrieved from exhaustive literature research using the web-based chemicals and reactions
library SciFinder (American Chemical Society, 2014). The reactions were chosen such that
the gravimetric heating value of TA is successively increased.

It turned out that only a rather small amount of reactions are known that lead from IA to
3-MTHF. Some of them are quantified experimentally regarding conversion and selectivity
or have just been proposed and still need to be demonstrated in practice. In total, the
manually assembled network comprises 8 substances, 8 reactions, and 2 elementary modes.
It is stated in the literature that reactions Ry and R4 have to occur simultaneously (Geilen
et al., 2010). This implies that the two arising elementary modes will occur together in
the resulting flux distribution.

Voll and Marquardt (2012a) report total annualized costs (TAC) ranging from 50 to
approximately 80 M$/a for a production capacity equivalent to the energetic content of
100,000 tons of ethanol per year. Different scenarios were investigated that represent 3-
MTHF production with and without gasification of lignin to replace external hydrogen.
The prices for feedstock and hydrogen were set to 50 $/t and 2,700 $/t, respectively.

Voll and Marquardt (2012a) also evaluated the environmental impact of the production
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Figure 6.3 — Manually assembled reaction network for the synthesis of 3-MTHEF from ita-
conic acid (Voll and Marquardt, 2012b)

OH

pathways. It was stated that the environmental impact of the processes increases when
including lignin gasification for hydrogen production. This effect is caused by the additional
CO4 emissions from the lignin gasification. However, the calculated values of the individual
contributions were not related to a reference process such as bioethanol or FAME, but to
the ecologically worst performing pathway in the network. To elucidate how the proposed
synthesis pathways compare against an established biofuel production process and not

amongst each other, FAME production was chosen as a reference entity in this thesis.

6.3.2 Automated reaction network generation for 3-MTHF synthesis

The computational generation of the reaction network for 3-MTHF synthesis from A was
performed according to the settings listed in Table 6.2. These settings were chosen to
reflect the design paradigms of the network constructed by Voll and Marquardt (2012a)
and restrict ReNeGen to a comparable molecular space.

The number of stages is set high to ensure the generation of every relevant reaction.
The only reactant that is added is hydrogen (as only oxygenated functionality shall be
removed). In addition, the system is allowed to isomerize (perform a reaction without the
presence of any reactant). Several reaction rules are further included in order to target
the generation. They focus on alteration and cleavage of the oxygenated and unsaturated
functionality. The main product of a generated molecular ensemble (ME) is determined

by the highest value of AH,,,, to ensure that the substances with the highest gravimet-
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Table 6.2 — Scenario definition for 3-MTHF synthesis of TA

Setting Value

Substrate Itaconic acid

Target 3-Methyltetrahydrofuran
Number of stages 15

Reactant H,

Reaction rules 1-7, 11

Main product criterion AH.,

Biomass composition 0.6:0.2:0.2

ric energy content are forwarded to the next network stage. The biomass composition
(cellulose:hemi-cellulose:lignin) is required to quantify hydrogen production from lignin. It
is chosen to represent an average, but not further determined biomass. For simplicity, the
individual values describe the molar fractions of the elementary compositions of cellulose,

hemicellulose and lignin, i.e. C¢H19O35, CsH19O5 and CgHg304.5.

Table 6.3 — Structural constraints on reaction network inter-
mediates for 3-MTHF synthesis from IA

Structural feature Setting
Elementary composition CsHo_1000_5
Number of rings 0-1

Ring size 4-6

The generated substances have to satisfy the requirements on their molecular constitution
that are stated in Table 6.3. The elementary composition defines the molecular space in
which the molecules can be refunctionalized, but inhibits polymerization and atomization.
Each molecule is allowed to carry up to one ring; multiple, also fused rings and ring
systems are not allowed. The ring size is restricted to only such arrangements that are

stable according to expert knowledge.

Topological operations on the generated network

The generated network contains 52 intermediates and 131 reactions. Network reduction
is carried out requiring 5 iterations, excluding 16 substances and 31 reactions from the
network that do not participate in any synthesis pathway of 3-MTHF. A representative
set of excluded substances is provided in Table 6.4. The substances are excluded since
they carry less oxygen than 3-MTHF or lack the molecular motifs to be refunctionalized
to reach 3-MTHF.
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Table 6.4 — Representative set of substances excluded through net-
work reduction

A Jo e J
MOH )\)LOH How)b How)v

8 molecules carry a symmetric occurrence of molecular functionality. Table 6.5 presents
these substances and the corresponding set of products.

8 additional reactions are included into the network, that represent reactions where
multiple instances of a symmetric functionality are processed. The number of symmetric
functionalities is two in every case, leading to non-selective formation of 3 products. There-
fore the selectivity of each of these reactions is % Every other reaction in the network is
estimated to achieve full selectivity.

The resulting network is presented in Figure 6.4, in which substrate (IA) and product (3-
MTHF) are highlighted. The graphical depiction of the molecules was generated by using
the Open Source software Package Indigo Depict (Services, 2013), the graphical network
representation was generated by using the Open Source software package Graphviz (Ellson
et al., 2002).

The comparison of the manually assembled network (Figure 6.3) to the computation-
ally generated one (Figure 6.4 and also attached in larger format to the back cover of
this document) shows that a multitude of novel reactions towards a manifold of additional
intermediates outside the literature scope are unraveled, bound into a complex interconnec-
tion of the network intermediates. Both, the number of substances and reactions is about
one order of magnitude higher compared to the manually assembled network, leading to a

variety of pathways to synthesize 3-MTHF from IA.
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Table 6.5 — Visualization of non-selective reactions in the 3-MTHF synthesis network
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6.3.3 Evaluation of the reaction network

Subsequently, the generated network is evaluated using the proposed multi-stage evaluation
strategy. The computed results are compared against FAME production as reference pro-
cess. Unlike to previous assessments, it is further elucidated whether the produced amount
of 3-MTHF can be blended with streams of unconverted intermediates and whether effi-
ciency gains arise thereof. Throughout the evaluation, process configurations with and
without lignin gasification are considered.

The elementary mode analysis of the generated network leads to 388 available pathways
to synthesize 3-MTHF from IA. The lengths of the pathways vary between 4 and 8 sequen-
tial reactions as presented left in Figure 6.5. Most elementary modes contain 7 sequential
reactions.

Conferring to diagram on the right side of Figure 6.5, 60 elementary modes are sequences
of fully selective reactions. More frequently encountered are elementary modes that contain
1 or 2 reactions which cannot be performed at full selectivity. Those elementary modes
as stand-alone pathways only exhibit low feedstock conversion. An example of such a low

performing reaction sequence is presented in Figure 6.6. Two reactions, each equipped
1
3
of this elementary mode is only %

with a selectivity S; = 3, occur within the sequence. To this end, the estimated selectivity

The reactions that occur most frequently in the elementary modes are shown in Table
6.6, where also their absolute and relative number of occurrences is presented. Frequently
encountered reactions are positioned at the very beginning (r; and r3) and at the very
end of the network (rgg and rgg). If either r; or rgp turn out to be infeasible, more than
60% of the elementary modes would not be performable. However, the importance of
these reactions was already identified in literature, which is underlined by the fact, that
experimental data on the reactions ry, 19, and ro is already available.

Conversion data was gathered through an extensive literature research, using the web-
based reaction library SciFinder (American Chemical Society, 2014). Experimentally de-
termined conversion data was only available for 6 out of 98 reactions (cf. to Appendix F).
Reactions without reported data were assumed to exhibit a conversion of 97%. Based on
these values, the normalized flow rates of each elementary mode are determined.

Molecular weight (MW), normal boiling point (Tpy), enthalpy of combustion (AHom)

liquid density (pz), melting point (Tper), cetane number (CN) and median lethal dose
(LDsp) are calculated for each substance, using the QSPR models reported by Dahmen
et al. (2012). The estimated property data of the network substances is provided in Ap-
pendix F.

The normalized flow rates of each elementary mode are scaled by a user-defined value

v (representing the annual amount of produced fuel in mole/a), to receive absolute molar
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Figure 6.5 — Histograms of (left) length distribution of elementary modes and (right) num-
ber of non-selective reactions per elementary mode for 3-MTHF synthesis
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Figure 6.6 — Example of low performing elementary mode due to low selectivity in two
reactions for 3-MTHF synthesis
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Table 6.6 — Most frequent reactions in 3-MTHF synthesis, measured in ab-
solute and relative amounts

Nr. Reaction Abs. occ.  Rel. occ.
0 H00_ 0 o
1 245 63.1%
OH)HWOH —4 y
0
H0 0O
90 PP 5_7 U5 63.1%
HO
[0} Ho o]

2 OH)HWOH N O”MOH 60 15.5%
[e) (0]
89 ;"] “12 517 60 15.5%

flows. However, production capacities are usually not provided in mole/a but rather in 1/a.

Also in this case study, the annual production capacity is stated in 1/a, denoted as 7,
This scaling has to be converted into the molar scaling v. With knowledge of the liquid
density py, 1 and the molecular weight MWy of the target, the molar amount of feedstock

provided to the network ~ is calculated from

PLT
MWy

Y = Yool * (62)

Assessment of economic evaluation criteria requires information on the costs of feedstock
and reactants. These costs are listed in Table 6.7, together with the assumed biofuel sales
price.

Table 6.7 — Prices for feedstock, biofuel, reactant and auxil-
iary requirements

TIA Fuel Hydrogen.,; Hydrogen;,;
$/kg $/1 $/kg $/kg
0.5 1.2 2.7 0

assumption assumption (Ruth, 2011) assumption

The prices for TA and hydrogen are projected to an established fuel market in the future.
Assuming a reaction that produces IA from glucose at full yield, current glucose market
prices of about 350 - 400 $/t (Alibaba.com, 2014a) will lead to IA prices of about 500 $/t
(without considering further processing costs as energy demand or auxiliary materials).
However, it has to be stressed that current TA prices are about 2,000-3,000 $/kg (Al-
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ibaba.com, 2014b). Their inclusion into the evaluation would render the entire production
pathways economically unfeasible.

TAC are set as objective function, such that the optimization problem results in

min {TAC}
st. N=a-N,,

Nm = Ymole *
388

Z Oy =1

m=1

am, € [0,1].

(6.3)

A plant lifetime of 10 years and an interest rate of 8% are assumed. The TAC are then
calculated as presented in Appendix E. Solving this optimization problem results in a
linear combination of 9 equally contributing elementary modes that make up the optimal

flux distribution.

6.3.4 Discussion of the evaluation results

The optimal flux distribution contains several non-selective reactions, depicted in Fig-
ure 6.7. The non-selective behavior is due to the symmetric occurrence of two carbonyl
groups bound to a THF ring. These groups are first refunctionalized into hydroxy groups
and subsequently completely removed. Each of the 9 elementary modes that are contained
in the network achieves a selectivity of 1/9 regarding the conversion of IA into 3-MHTF,
while the linear combination of these EM achieves full selectivity.

This particular flux distribution performs optimal for both process scenarios with and
without lignin gasification. It includes 3 reactions with experimentally determined conver-
sions that are higher than the default value of 97%. The flux distribution achieves a yield
of 88% from ITA to 3-MTHF. The energetic losses AE sum up to 6.44 MJ per kg 3-MTHF
which equals an energetic efficiency (in terms of heat of combustion) of 83.7%. From these
values, investment cost (IC) and total annualized cost (TAC) can be calculated according
to Equations (E.8) and (E.9). The individual contributions to the financial structure are
denoted in Table 6.8, distinguishing the process configurations with and without lignin
gasification. The major contribution to the TAC is the cost of feedstock in both process
configurations.

The identified flux distribution for the production of 3-MTHF from IA is hydrogen-
intensive with a consumption of 4.56 mole Hy per mole 3-MTHF, leading to high cost

burdens for external hydrogen supply. In the configuration without lignin gasification,
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Figure 6.7 — Highest performing combination of pathways with TAC as objective function

the cost of hydrogen is the second largest contribution. However, in case of a process with
lignin gasification, the annual loan repayment (ALR) is the second largest contribution and
the cost of hydrogen is significantly decreased. The gasification of lignin produces enough
hydrogen to reduce the requirement for external hydrogen to 0.99 mole Hy per mole 3-
MTHEF. The required process for lignin gasification increases the overall investment cost
and thereby also the annual loan repayment. However, the tradeoff between savings from
internal hydrogen production and increasing ALR is in favor of the process configuration
with lignin gasification, stated by the higher annual revenues. (cf. Table 6.8).

The economic viability of production processes strongly depends upon the market price
of the feedstock. Table 6.9 presents the maximum allowable feedstock price pjpg® for IA,
calculated from Equation (E.11) presented in Appendix E. The process alternative with

lignin gasification can cope with higher feedstock costs and is economically viable for TA
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Table 6.8 — Cost structure and revenues for 3-MTHF
production, with and without lignin gasifi-
cation for hydrogen production

Synthesis of 3-MTHF

Lignin gasification no yes
M$ M$

Investment cost 63.7 150.6
Total annual costs 197.7 171.0
Loan repayment 8.3 19.5
Feedstock 142.0 142.0
Reactants 47.5 9.5
Ext. hydrogen 47.5 9.5
Revenues 228.0 228.0
Total annual revenues 30.3 57.0

market prices up to 700 $/t. Although this is a significant higher value than the assumed

value of 500 $/t, it is still far below current market prices of TA.

Table 6.9 — Maximum allowable feedstock (FS) price for 3-MTHF production process, with
and without lignin gasification for hydrogen production

Lignin Cash flow  Required maz
Target asif. ALR Reactants Revenue for 'S FS
- - M$/a  M$/a M$/a M$/a kt/a $/t
} no 8.3 47.5 228.0 172.2 283.9 606.3
SMTHE 19.5 9.5 228.0 199.1 2839 7012

The findings on the pathway performance without lignin gasification compare well to the
values reported by Voll and Marquardt (2012a) on the synthesis of 3-MTHF from IA. They
state a yield of 91.27% for their best performing pathway at a hydrogen demand of 4.79
mole/mole TA. Their energetic efficiency sums up to 86.5%, which is slightly higher than
the value stated here, which results from higher reported yields of the reactions stated in
their network. The optimal pathway requires three steps to reach 3-MTHF from IA with-
out any branching of synthesis pathway. In contrast, the optimal synthesis proposed here
comprises 6 steps and branching occurs twice due to non-selective reactions. It is obvious
that some of the reactions stated by Voll and Marquardt (2012a) lump several reactions
into a single one, which in contrast are resolved by ReNeGen as individual reaction steps.
Hence it can be assumed that several individual reaction steps generated by ReNeGen can
be merged into a single reaction step. Currently there is no general modeling framework

available for model-based identification of such reaction compartments. Also, ReNeGen is
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not capable of determining whether several reactions can be lumped; this information has
to provided through experimental research and can then be included network generation
and evaluation process (e.g. by evenly distributing the non-ideality of the lumped reac-
tion on the individual reactions provided by ReNeGen). Investment cost are not directly
comparable since Voll and Marquardt (2012a) calculated IC for the year 1993, while the
present contribution used updated values for the year 2013. However, since IC is a function

of energetic loss, similar values will result from both contributions.

6.3.5 Comparison against the reference process

Figure 6.8 graphically depicts the comparison of the financial structures of four scenarios
of 3-MTHF production against the reference process. The scenarios represent process con-
figurations with and without lignin gasification and incorporate real and ideal conversions
(C; =1 for any reaction). The scenarios with ideal conversion are depicted to show the
emerging potential from improving the performance of the reactions. The constituents of

the TAC of a production scenario are

(i) the annual loan repayments (ALR),

(ii) the costs of feedstock supply (Feed) and
(iii) the costs of reactants (Rea.).

They are compared against the total annualized revenues (TAR) that result from selling
the annually produced amount of fuel (190 Ml/a) at the specified sales price of 1.2 $/1. Tt
needs to be stressed that results are calculated using the metrics in Appendix E, which
are by their empirical character inaccurate in their prediction.

All scenarios for 3-MTHF production from TA are economically viable, since the TAC are
lower than the TAR. The scenarios that assume ideal conversion show that, based on the
employed evaluation metrics, the TAC can still be decreased by 15% by a more efficient
conversion of the feedstock (cf. Figure 6.8). Similar to the real cases, the ideal process
configuration with lignin gasification is economically more promising than the process
configuration without.

The scenarios for 3-MTHF production economically outperform the reference process
through lower expenses on feedstock supply. However, the assumed price for rapeseed oil
is twice as high as for TA. Taking the current market price of TA, the prices for feedstock
would be 4-6 times higher in the 3-MTHF production scenarios, ending in cost structures
that are far off from being competitive.

Costs for reactants are higher for processes without lignin gasification compared to FAME

110

1P 216.73.216.36, am 18.01.2026, 18:41:31. Inhait.
tersagt, m mit, flir oder in Ki-Syster



https://doi.org/10.51202/9783186950031

6.3 Synthesis of 3-MTHF from itaconic acid

108 $/a -
3.0

2.5
2.0
1.5
1.0

0.5

real real + gas. FAME

. ALR . Feed D Rea.

Figure 6.8 — Financial structure of FAME production and of real and ideal process config-
urations for the synthesis of 3-MTHF from IA, considering processes with and
without lignin gasification

Table 6.10 — Environmental aspects of 3-MTHF produc-
tion

Main product Gas. RC EC Em TP EI

no 0.77 226 1.00 1.00 5.03
077 226 - 1.00 -

3-MTHF

production. They can be reduced by providing hydrogen from lignin gasification, in which
case they are less than for FAME production.

Annual loan repayments for the investment cost (IC) are rather low for both, the pro-
duction scenarios for 3-MTHF and FAME. The IC are calculated based on the energetic
losses of the processes (cf. Appendix E). Based on the employed evaluation criteria, IC
are calculated to be smaller for FAME production than for 3-MTHF production. However,
ALR only plays a minor role in the economic performance of any process configuration.

Table 6.10 denotes the values for resource consumption (RC), energy consumption (EC),
emissions indicator (Em) and toxicity potential (TP) of 3-MTHF production related to
the values of the reference process. They sum up to the environmental impact (EI) of the
process, as described in (Appendix E).

Both production scenarios exhibit worse environmental impacts than the reference pro-
cess due to higher energy consumption (EC) resulting from lower yields. The resource
consumption (RC) of the 3-MTHF processes are lower, since the FAME process leads to
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the formation of glycerol as a side product. The emissions potential (Em) of the process
configuration without lignin gasification is equal to the reference case, since both pro-
cesses do not lead to the formation of substances containing a global warming potential.
However, for the production scenario with lignin gasification, The Em value cannot be
calculated as the corresponding value of FAME-production is 0 and goes as denominator
into the equation. The amount of CO, that is produced per unit of 3-MTHF results to
2.45 kg CO, per kg 3-MTHF. The toxicity potentials (TP) of both process configurations
are equal to the TP of FAME production, since both fuels, 3-MTHF and FAME, exhibit
similar LDj5g values. Although the emission potential of 3-MTHF production with lignin
gasification cannot be put in relation to FAME production, it can be stated that all pro-
posed scenarios exhibit a higher environmental impact than the reference process, leading
to the conclusion, that the production of 3-MTHF is less environmentally benign than that
of FAME.

6.3.6 Integration of intermediate waste streams

Due to the high sensitivity of the process economics on the feedstock, the supplied feedstock
should be exploited to the highest extent possible. To this end, the integration of waste
streams, as presented in Section 5.2.4, is employed to elucidate the potential of blending
3-MTHF with unconverted intermediates. The final mixture still has to meet the property
constraints that are stated in Table 6.1.

The mixture resulting from waste stream integration increases the feedstock utilization
to 97% (compared to 88% in the non-integrated scenario). It is composed of 4 substances,
whose properties are listed in Table 6.11 along with the properties of the mixture. The
molar fraction of each substance is denoted by y,. The major part of the mixture (approx.
90%) still consists of 3-MTHF. AH,,, sets the tightest constraint to the formation of the
mixture; it is the property that reaches its upper bound. The other property constraints
still would allow for further integration, although CN is already very close to its lower
bound.

It has to be stressed that the predicted values, especially those for CN, have to be assessed
critically. The CN data set for model development is by far the smallest and contains
substances that are commonly perceived as fuels. The integrated substances have never
been measured concerning their CN, thus they differ significantly from the molecules in the
training data. However, the calculated negative values do not contradict with the meaning
of cetane numbers. The CN is a relative value related to the auto-ignition behavior of two
reference substances, such that negative CN values represent an auto-ignition behavior
below the lower reference value.

The overall volumetric output (cf. Table 6.12) of the integrated process results to almost
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Table 6.11 — Properties of individual waste streams and of fuel mixture

Structure y; MW AHm  Thou 12 CN Tonert
- - kg/kmol MJ/kg K kg/1 - K

j__\// 0.08 116.13  -20.71 503.12 1.26 -63.35 377.91

5_7/ 0.01 102.15 -25.67 436.72 1.03 -11.96 263.50

o o
0 OH
0”717 0.01 102.15 -25.49 44524 1.01 -17.10 258.92
o

o

0.90  86.15 -33.16  373.09 0.87 40.09 161.97

mixture 1 88.89 -32.00 38497 0.90 30.62 181.45

Table 6.12 — Comparison of the revenues of 3-MTHF pro-
duction process with and without integra-
tion of waste streams

Pure product Mixture Gain

Vfue, Revenues Vfuel Revenues
Ml/a M$/a Ml/a M$/a %
190.0 228.0 209.7 251.6 104

210 Ml/a, which equals a relative gain of more than 10%. The revenues from fuel sales
increase proportionally to the increase in volumetric output. Therefore, integrated process
configurations significantly increase the annualized revenues compared to the production
of pure 3-MTHF.

The higher revenues from fuel sale allow for economic operation even if the prices for
feedstock are higher. The maximum allowable feedstock costs for the integrated process
configurations with and without lignin gasification are presented in Table 6.13. In the case
of an integrated production process with lignin gasification, the highest allowable feedstock
price is 784 $/t. Although this leads to a further increase of more than 10% compared to
the non-integrated scenario, the value is still far below current market prices of IA.

The presented case study was executed in 101.3 CPU sec. Reaction network generation
including the selective estimation required 72.1 CPU sec. and the multi-stage evaluation
from elementary mode analysis to integration of intermediate waste streams 29.2 CPU sec.
on a PC equipped with an Intel Core i5 Quadcore CPU @ 3.2 GHz and 8 GB RAM.
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Table 6.13 — Maximum allowable feedstock (FS) prices for integrated 2-MTHEF production
processes, with and without lignin gasification for hydrogen production

Target I;f:gn ALR Reactants Revenue C?;h I*fi é)w Re%usired pPre”
- - M$/a  M$/a M$/a MS$/a kt/a $/t

no 8.3 47.5 251.6 195.8 283.9 690

S-MTHE yes 19.5 9.5 251.6 222.6 283.9 784

6.4 Synthesis of 2-BF and 2-BTHF from furfural

Although 3-MTHEF is a suitable fuel for use in CI engines, economic drawbacks result from
the high price of its feedstock IA. Therefore, a second case study is presented to synthesize
substances that are structurally similar to 3-MTHF, but can be produced from a feedstock
that is available at lower market price.

Julis and Leitner (2012) presented several substances that can be derived from furfural,
which either could serve as intermediates in biofuel synthesis pathways (e.g. towards 1-
octanol) or qualify as biofuels themselves. Furfural is available at a market price of about
1,000-1,200 $/t (Alibaba.com, 2014c), which is significantly below that of IA. It has been
highlighted as a key building block of a bioeconomy, expecting tremendous potential in
its use as platform chemical (Lange et al., 2012, Cai et al., 2014). De Jong and Marco-
tullio (2010) performed a conservative estimation of furfural production in a biorefinery
and estimated a market price of approximately 1,000 $/t. They assume an acidic biomass
hydrolysis with subsequent dehydration of the derived Cs sugars. The annual produc-
tion of furfural is approximately 10,000 t. The process economics strongly rely upon
the biomass market price. However, is is expected that significant improvements can be
achieved through further investigation of the reaction paths and by integrating reaction
and product separation.

2-BF and 2-BTHF, which are two of the substances presented by Julis and Leitner (2012),
can be derived from furfural, contain a heterocyclic motif and fulfill the imposed property
constraints. They are presented in Table 6.14, along with their property values estimated
by using the QSPR models presented in Appendix D.

Visual investigation reveals that the two substances are structurally very similar to 3-
MTHF, they only differ in length and positioning of the alkyl side chain and the degree
of unsaturation of the heterocycle in the case of 2-BF. 2-BF and 2-BTHF themselves are
structurally akin; while 2-BF contains a furan ring, 2-BTHF contains the fully hydro-
genated derivative of this heterocycle. In both cases, the butyl side chains are located at
the same position. The predicted property values well exceed the imposed requirements

which allows for integrating larger amounts of unconverted intermediates into the final
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Table 6.14 — Property data of 2-BF and 2-BTHF, predicted by using the
QSPR models presented in Appendix D

Structure Troit pL AHom T CN
- K kg/l  MJ/kg K -
0
@M 4212 0.9 358 1762 358

¢}

QM 436.2  0.85 -37.2 170.2  86.8

product without violating the property constraints.

6.4.1 Reaction network generation for 2-BF and 2-BTHF synthesis

The computational generation of the reaction network was performed according to the
settings in Table 6.15.

Table 6.15 — Scenario definition for 2-BF
and 2-BTHF synthesis from

furfural
Setting Value
Substrate Furfural
Targets 2-BF, 2-BTHF
Number of stages 15
Reactants Hj, Acetone
Reaction rules 1-7, 11-12

Main product criterion AH .,
Biomass composition 0.6:0.2:0.2

Furfural contains less carbon atoms than 2-BF and 2-BTHF. To increase the carbon
content, acetone is provided as a reactant which can serve as means to increase the length
of the alkyl side chain. Acetone was manually chosen; it is the reactant required for
a aldol condensation, a reaction capable of establishing novel carbon-carbon bonds to
prolong for instance carbon side chains, which is required in this case. Constraints on
structure and composition of the network substances are presented in Table 6.16. The
major difference to the settings of 3-MTHE synthesis is the extended carbon range in
the elementary composition of the intermediates. It has to be extended to represent the

synthesis of a Cg fuel from a Cjy feedstock.
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Table 6.16 — Structural constraints on reac-
tion network intermediates in 2-
BF and 2-BTHF synthesis from

furfural
Structural feature Setting
Elementary composition Cs_gHg_1600-3
Number of rings 0-1
Ring size 4-6

The network generation is performed individually for the combinations of furfural as
feedstock and 2-BF and 2-BTHF as targets respectively, resulting in two distinct networks.
These networks are merged according to the operations presented in Section 4.1, to give
a combined network of both substrate-target combinations. This combined network is
presented in Figure 6.9 (and also attached in larger format to the back cover of this
document), highlighting the feedstock furfural and the products 2-BF and 2-BTHF. It can
be seen that the synthesis pathways towards 2-BF and 2-BTHF share several intermediates,
due to the structural similarity of both substances. This combined network contains 60

reactions and 28 intermediates.

In total, 93 elementary modes link furfural with the targets (cf. Figure 6.10, left). 90
elementary modes lead to the production of 2-BTHF, while only 3 lead towards 2-BF.
The pathways towards 2-BTHF all comprise 6 sequential steps, while those towards 2-
BF comprise 4 sequential steps, rendering 2-BF synthesis slightly favorable due to less
processing steps. None of the intermediates contains any of the distinguished functional
groups in a symmetric arrangement. Therefore, all 93 elementary modes are estimated to

contain only reactions that perform at full selectivity (cf. Figure 6.10, right).

Elementary mode analysis indicates that the production of 2-BTHF is more robust since
more pathways are available. The most frequent reactions in these elementary modes
for both products are presented in Table 6.17. Reaction 73 is a key reaction in both
synthesis tasks. In case that r3 cannot be performed, two thirds of the synthesis pathways
for 2-BTHF production will not be performable. Even more severe is the effect on the
synthesis of 2-BF. Every pathway for the production of 2-BF incorporates r3, meaning
that 2-BF cannot be produced if r3 cannot be performed. Fortunately, experimental data
are available in literature that demonstrate the feasibility of 3 (Alvarez-Ibarra et al., 1992)
at a conversion of 95%. However, subsequent experimental investigations should be carried

out to improve the performance and confirm the applicability in processes beyond lab scale.
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Figure 6.9 — Merged reaction network for the synthesis of 2-BF and 2-BTHF from furfural
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Figure 6.10 — Histograms of length distribution of elementary modes (left) and number of
non-selective reactions per elementary mode (right) for the synthesis path-
ways from furfural to 2-BF and 2-BTHF

Table 6.17 — Most frequent reactions in 2-BF (r3 and 719) and 2-BTHF syn-
thesis (r3 and rs7), measured in absolute and relative amounts

T Scheme Abs. occ.  Rel. occ.
O C3Hs0 0
s © — W 3 100%
\_/ \_/
Ha OH

o
o o° \)K ~ W\ 2 66.67%

3

C3HgO 0

Y 0 S~ W 60 66.67%

el

=
=

Ha H,0

o
Q/w 40 44.44%

=
o
3
o
o
I

C3HgO: Acetone
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Figure 6.11 — Best performing pathway for the synthesis of 2-BF from furfural

6.4.2 Evaluation of the reaction network

Experimentally determined conversion data were available for 6 reactions. Every other
reaction was assumed to achieve a conversion of 97%. As in the previous case study,
the optimization problem was set up to minimize the TAC. Identical costs for feedstock,
reactant and biofuel were assumed to evaluate the two case studies on common basis and
allow for a direct comparison. The price of acetone is set to 1,000 $/t, in accordance to the
value reported by Beale et al. (2008). The production of each substance is considered with
and without lignin gasification and each combination of substrate and target is considered

individually.

6.4.3 Discussion of the evaluation results

The optimal flux distribution for the production of 2-BF is a single elementary mode,
depicted in Figure 6.11. 2-BF is produced by a series of 4 sequential reactions, where each
reaction achieves full selectivity.

The optimal pathway for the production of 2-BTHF also consists of a single elementary
mode, comprising 6 sequential reactions that perform at full selectivity. It is depicted in
Figure 6.12.

The cost structures of the identified pathways towards 2-BF and 2-BTHF are shown in
Table 6.18, both considering scenarios with and without lignin gasification. The values
indicate that the process configurations without lignin gasification suffer from high costs
for reactants, while the costs for feedstock are reduced compared to 3-MTHF production.
The inclusion of lignin gasification does not significantly reduce the costs of the reactants,
although the demand for external hydrogen vanishes for the production of 2-BF. The high
costs for reactants result from the additional demand for acetone. However, the difference

between process configurations with and without lignin gasification is lower, especially for
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Figure 6.12 — Best performing pathway for the synthesis of 2-BTHF from furfural
the production of 2-BTHF, where the additional ALR equals the generated savings from
internal hydrogen provision.

Table 6.18 — Financial structure of the optimal pathway for 2-BF and 2-
BTHF production from furfural

Synthesis of 2-BF  Synthesis of 2-BTHF

Lignin gasification no yes no yes
MS$ M$ M$ M$

Investment cost 74.7 136.4 92.3 148.9
Total annual costs 181.0 174.8 180.1 180.1
Loan repayment 9.7 177 120 19.3
Feedstock 74.4 74.4  70.0 70.0
Reactants 94.2 82.8 98.2 90.8
Ext. hydrogen 11.4 0.0 17.8 10.4
Acetone 82.8 82.8 80.4 80.4
Revenues 228.0 228.0 228.0 228.0
Total annual revenues 47.0 53.1 479 47.9

The maximum allowable costs for feedstock for both, 2-BF and 2-BTHF synthesis, are
presented in Table 6.19. Every process configuration allows for maximum feedstock prices
that are higher than those of process configuration in case of 3-MTHF production. How-

max

ever, the highest allowable feedstock prices pjpg® are still below the market price of furfural.
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6.4 Synthesis of 2-BF and 2-BTHF from furfural

Table 6.19 — Maximum allowable feedstock (F'S) prices for 2-BF and 2-BTHF production
processes, with and without lignin gasification for hydrogen production

Target I:;S:EH ALR Reactants Revenue C?sf Ifj g W Re(%uéred pPEe”
- - M$/a  MS$/a M$/a MS$/a kt/a $/t

9 BF no 9.7 96.9 228.0 1214 148.8 816
yes 17.7 85.4 228.0 124.9 148.8 839

no 12.0 98.2 228.0 117.8 140.0 841

2-BTHF yes 19.3 90.1 228.0 118.6 140.0 847

6.4.4 Comparison against the reference process

A graphical comparison of the cost structure of four process configurations (with and
without lignin gasification, real and ideal conversions) against the reference process is
depicted in Figure 6.13 for 2-BF and in Figure 6.14 for 2-BTHF, respectively.

The two production alternatives exhibit very similar economic behavior. The costs of
feedstock are significantly lower for 2-BF and 2-BTHF production than for FAME produc-
tion. High costs for reactants have a major impact on the TAC and are multiple times
higher than for FAME production. The ideal scenarios show that further improvement
of the reaction conversion can reduce the TAC by an additional 10%. It is interesting
to notice, that the production process of 2-BTHF without lignin gasification under the
assumption of ideal conversion performs better than the process with lignin gasification.
This shows, that it is not always beneficial to replace external hydrogen by hydrogen from
lignin gasification.

The environmental impacts (cf. Table 6.20) of 2-BF and 2-BTHF production without
lignin gasification are, in total, below those of FAME production. Both production alterna-
tives without lignin gasification exhibit significantly lower values of energy consumption.
In contrast to 2-BTHF production, 2-BF production shows a more efficient use of the
provided resources (RC). The amount of emissions of the process configurations without
lignin gasification are equal to the value of FAME production. Due to the same reason
as in the 3-MTHF case study, a quantitative value for the emissions indicator cannot be
established for the processes with lignin gasification. However, it can be stated that the
emissions of CO, per kg of product are 1.41 kg/kg for 2-BF production and 2.01 kg/kg
for 2-BTHF production, which is less than for 3-MTHF. All 4 process configurations have
the same toxicity potential as FAME. In total, the production of 2-BF in a process with-
out lignin gasification is estimated to be most environmentally favorable. Although not
achieving the same low value as 2-BF, 2-BTHF production without lignin gasification is

also environmentally more benign than the FAME process.
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Figure 6.13 — Financial structure of the four scenarios of 2-BF production
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Figure 6.14 — Financial structure of the four scenarios of 2-BTHF production
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6.4 Synthesis of 2-BF and 2-BTHF from furfural

Table 6.20 — Environmental aspects of 2-BF and 2-
BTHF production

Target ;ﬁﬁm RC EC Em TP EI

no 091 0.62 1.00 100 3.53
2-BF yes 091 062 -~ 1.00 —
oprgp 0 124 059 100 100 3.83

yes 124 0.59 1.00

6.4.5 Integration of intermediate waste streams

The identified production routes for 2-BF and 2-BTHF can be improved by integrating the
streams of unconverted intermediates. Since the property data of 2-BF and 2-BTHF shows
a significant gap between estimated and specified property data, it can be expected that
the product streams of both substances have a high potential for integrating unconverted
intermediates.

Both production alternatives can include all occurring streams of unconverted interme-
diates and exhibit a feedstock utilization of 100%. Every occurring flux of unconverted
intermediates is integrated into the final product. Tables 6.21 and 6.22 present the com-
position and properties of the resulting mixtures.

Integration of waste streams results in a five and six component mixture in the case of
2-BF and 2-BTHF, respectively. The constrained thermophysical properties are within the
allowed range, rendering both mixtures feasible for use in CI engines. Also interesting to
look at is the economic performance of the processes. Since the processes themselves are
not changed, they exhibit the same TAC as presented earlier. However, the revenues from
fuel sales increase, since the integration of waste streams leads to a significant increase
in volumetric fuel output. The revenues of the integrated production processes are listed
and compared to the non-integrated processes in Table 6.23. The numbers reveal that the
increase in volumetric fuel output leads to a significant increase in the revenues generated
from fuel sale.

These increases in revenues lead to the maximum feedstock prices ppg® for the integrated
scenarios presented in Table 6.24. It turns out, that the scenario of 2-BTHF production
with lignin gasification allows for the highest feedstock price, which is 1,246 $/t. Also, the
process configuration without lignin gasification could operate at the current market prices
of furfural. The integrated production processes of 2-BF can also cope with furfural prices
higher than 1,000 $/t, but they do not reach the high values of the integrated production

of 2-BTHF, due to the lower increase in volumetric fuel output.

The presented case study was executed in 87.6 CPU sec., where 59.1 CPU sec. were
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Table 6.21 — Properties and components of the mixture of 2-BF and uncon-
verted intermediates

Structure Vi MW AH.om Tiou n CN T

- ~  kg/kmol MJ/kg K kgl - K

g\o 0.05 961  -323 4136 1.13 -129 2225
(0]

\0/ 001 1362  -284 4731 104 -1.7 2272
OH

\0/ 003 1382  -294 4888 1.05 -214 2192

0.02 122.2 -35.3 4219 091 222 168.7

0.89 1242 -35.8  421.7 090 358 175.8

mixture 1 123.2 -34.9 423.6 091 31 179.6

Table 6.22 — Properties and components of the mixture of 2-BTHF and un-
converted intermediates

Structure Vi MW AHeom  Thou Pl CN Ty
~  kg/kmol MJ/kg K  kg/m® - K

@/\o 0.03 96.1 -23.3 4136 114 -129 2225
0N, 0.03 98.1 -25.0  429.2  1.09 315 2385

o
@/\0 0.03  100.1 -25.5 4339 1.06 554 198.9

0.03  140.2 -30.0 4889 098 381 205.6

0.85 128.2 -37.2 4359 0.84 86.8 170.0

0
Y~

OH
W 0.03 142.2 -31.1 500.6 0.99 16.5 195.3
Oy

mixture 1 126.3 -35.8 4382 0.87 781 176.0
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6.5 Conclusions

Table 6.23 — Comparison of the economic performance of
2-BF and 2-BTHF production processes, with
and without waste stream integration

Target Pure product Mixture Gain

- Vfuel Revenues Vfuel Revenues
- Ml/a M$/a Ml/a M$/a %

2-BF 190.0 228.0 217.0 260.4 14.2
2-BTHF 190.0 228.0 224.5 269.4 18.2

Table 6.24 — Maximum allowable feedstock prices for integrated 2-BF and 2-BTHF produc-
tion processes, with and without lignin gasification for hydrogen production

Target Igf:i;n ALR Reactants Revenue C?;h ;l é)w Re(llrusired PFs”
- - M$/a  M$/a M$/a M$/a kt/a $/t

9 BF no 9.7 96.9 260.4 153.8 148.8 1,034

yes 17.7 85.4 260.4 157.3 148.8 1,057

no 12.0 86.7 269.4 170.7 140.0 1,219

Z-BTHE yes 19.3 75.6 269.4 174.5 140.0 1,246

required for the generation of the reaction network and 28.5 CPU sec. for the multi-stage

evaluation from elementary mode analysis to integration of intermediate waste streams.

6.5 Conclusions

Two case studies were presented in this chapter. The first case study targeted the produc-
tion of 3-MTHF from IA. This process was already investigated in the Cluster of Excellence
TMEFB and serves as a reference to demonstrate the benefits of automated reaction network
generation and the novel network evaluation strategy.

Automatic reaction network generation revealed a multitude of reactions and intermedi-
ates that were so far not considered by the previous studies (Voll and Marquardt, 2012a.b).
Elementary mode analysis showed that a large number of production alternatives is avail-
able, although many of them suffer from low estimated selectivity values. The most im-
portant reactions in the network were identified based on elementary mode analysis; these
findings have to be taken into consideration in any further investigations on the production
of 3-MTHF. The production of 3-MTHF is economically viable if feedstock prices of an
established market are assumed. However, this assumption is highly questionable, since

current prices for IA are multiple times higher. Furthermore, the identified 3-MTHF pro-
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duction pathway is estimated to be environmentally less benign than the reference process.

These two aspects led to the decision to perform a second case study, targeting sub-
stances that are structurally similar to 3-MTHF, but start from a different feedstock.
Furfural was chosen as feedstock based on the current interest in literature, its suitability
as platform chemical and the lower market prices compared to IA. Reaction networks were
automatically generated towards both substances, starting from furfural.

The production of 2-BTHF is the more robust alternative, since more pathways are
available. Besides, the most crucial reactions for both synthesis tasks are already known
and quantified experimentally. The evaluation revealed that economically viable produc-
tion processes can be established towards the synthesis of both substances. In contrast
to 3-MTHF synthesis, the main cost factor is no longer the feedstock, but the required
reactants. However, feedstock prices still act as significant cost factor. Lignin gasification
has only a smaller effect on the economics of the process than it is the case in 3-MTHF
production. The environmental impacts of the identified processes are lower than for the
reference process, due to a higher efficiency in the utilization of the provided resources.

It turned out that the feedstock utilization for both, 2-BF and 2-BTHF production,
can be increased to 100% by incorporating the occurring flows of unconverted intermedi-
ates. Due to the increased volumetric output, the production of 2-BTHF can cope with
feedstock prices of more than 1,200 $/t, which is already above current market prices of
furfural. Although the results are promising, three aspects have to be stressed: (i) not all
cost aspects are considered in the presented assessment, (ii) the impact of the increased
demand for furfural on its market price is not accounted for and (iii) the employed models
comprise uncertainties that impede the accuracy of the analysis, thus the results demand
for experimental and real life verification. However, candidate production scenarios can
be proposed, assessed and evaluated only based on very early knowledge of the reaction
pathways. The derived results should be used to guide further research and serve as basis
of subsequent decisions.

Based on the presented findings, 2-BF and 2-BTHF are highly interesting biofuel candi-
dates that should be the topic of more detailed investigations. According to the modeling
results they both exhibit desired thermophysical properties and can be produced in an
economically promising and ecologically benign way. The generated networks and the
identification of the most important reactions serve as a sound basis to guide experimental
research. The integration of waste streams in particular has to be checked for feasibil-
ity, since the economic potentials of the processes considerably increases by producing a
mixture instead of a pure substance as a biofuel.

The case studies showed that the required time to construct and evaluate networks is
reduced considerably by using automated reaction network generation. While manual

assembly of the reaction network takes hours to days, the automatic reaction network
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6.5 Conclusions

generation only required several seconds.

The second case study specifically demonstrated that ReNeGen and the novel multi-stage
evaluation strategy in conjunction with a product design approach is a very effective tool for
identifying, evaluating and proposing application-tailored biofuels and their corresponding

production processes.
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This contribution presents a computational, model-based approach for generating and
evaluating synthesis networks towards novel biofuels. A reaction network generator was
developed that is capable of generating synthesis networks solely based on fundamen-
tals of chemistry. In comparison to the only previous approach towards formal reaction
network generation by Fontain and Reitsam (1991), the complexity is broken down into
sub-problems, expected to be computationally less complex than the initial formulation
of formal network generation, implemented in RAIN. Hydrogen atoms are neglected in
the combinatorial part of the generation process which significantly reduces the size of
the reaction network generation task. This approach requires an entire novel formulation
of the generation process that builds on introducing information on the covalent bonding
of single atoms into atomic adjacency schemes. Formerly excluded hydrogen atoms are
then either used to equilibrate formal electric charges or form molecular hydrogen. Post-
processing routines ensure the uniqueness of the generated reaction products and identify
those substances that will be processed in subsequent network stages. This comprehensive
and efficient approach to formal network generation can be accompanied by user-provided
empirical knowledge, which, in a top-down manner, targets the formal network generation
process into a desired direction, but is neither a prerequisite nor mandatory for the reaction
network generation itself.

The formal formulation was chosen to meet the needs of the Cluster of Excellence ” Tailor-
Made Fuels from Biomass” (TMFB). In TMFB, novel fuel candidates and their correspond-
ing synthesis pathways shall be proposed. Inevitably, this leads to situations where only
little or no information is available in literature about an envisioned design task. So far,
this posed a major challenge to the previous TMFB approach of constructing reaction net-
works based on literature data. Marvin et al. (2013) showed how to automatically generate
reaction networks towards biofuel candidates. However, their generator has to rely on a
manifold of assumptions to generate a network of meaningful size. To be not reliant on
assumptions and to use the available information to the maximum extent possible without
diluting it amongst assumptions, the formal formulation of ReNeGen with its capability
to include empirical knowledge to a user-defined degree constitutes the best alternative to
cope with TMFB requirements.

The molecular constitution of the substances in the network is investigated to provide
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7.1 Increasing property model detail and accuracy

an estimate of the selectiveness of the network reactions. Up to now, this approach has
not been reported in literature, neither in computational chemistry nor in computational
reaction network generation.

Elementary mode analysis forms the basis of a novel, multi-stage evaluation methodology
for reaction networks, that extends recent approaches to retrieving information on the
robustness of synthesis decision and importance of individual reaction from the network’s
topology. The derived elementary modes are the basis for determining an optimal flux
distribution. Furthermore, they allow for statements about the robustness of synthesis
networks and the importance of individual reactions. As a concluding step, the integration
of waste streams into the final product is proposed as a means to increase the efficiency of
the derived process configurations.

The thesis is concluded by the application of the presented methodologies to two distinct
case studies. The first case study, the synthesis of 3-MTHF from itaconic acid, serves as
a reference to compare manual and automated reaction network generation. It turned out
that automated reaction network generation provides reaction networks that are one order
of magnitude larger than manual assembled ones. The economic assessment revealed that
the process suffers from the high market prices of itaconic acid.

The second case targets the identification of biofuels that are structurally similar to
3-MTHF, but can be derived from a less expensive feedstock. 2-BF and 2-BTHF were
proposed as suitable CI engine fuel candidates by TMFB researchers (Julis and Leitner,
2012). These substances can be derived from furfural, which is available at lower market
prices than itaconic acid. Assessment of the topology of the network revealed that a mani-
fold of reaction pathways are available, especially for the synthesis of 2-BTHF. The most
important reactions in the network were identified based on their frequency of occurrence
in the elementary modes. Economic evaluation of the optimal flux distribution allows
for the assumption that the production of 2-BTHF in process configurations with waste
stream integration is viable at current furfural market prices.

Three main implications arise on the further course of conduct concerning the use and
current state of implementation of the presented methodology, which will be presented in

the following sections.

7.1 Increasing property model detail and accuracy

Up to now, only sharp splits are assumed that ideally separate the main product from the
residual components in the stream. This assumption cannot be transferred to the final ap-
plication. Non-sharp splits will occur that decrease the amount of generated main product

which by implication leads to the processing of mixtures. At this point, linear mixing rules
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are no longer sufficient; rather, more detailed thermodynamic models (see Kontogeorgis

and Folas (2009)) need to be employed in order to adequately describe the mixture.

Such more detailed modeling of thermodynamic behavior facilitate (i) an assessment
of energy requirement of separation tasks and (ii) a more rigorous description of biofuel
mixture properties. The first aspect was already addressed by Voll (2013), who proposed
a close integration of network evaluation and process design. Separation steps introduced
after each network reaction are evaluated by means of simple performance indicators to
assess the potential of the separation task (such as proposed in Jaksland et al. (1995) who
incorporate quotients of pure compound properties to assess the separation potential).

The second aspect targets a more rigorous model-based foundation for the design and
production of biofuel mixtures. A first step towards the production of biofuel blends
was taken by considering the waste streams as part of the final product. However, the
integration is performed in addition to the optimal production of a pure substance. It
can be assumed that by targeting a mixture from the very beginning, even more efficient

processes can be identified.

7.2 Design of sustainable value chains

A thorough integration of the presented methodologies into a wider context, considering
the multi-dimensionality of sustainability in terms of economical, ecological and social
effects (Scott-Cato, 2009) will allow for assessing the performance of a product-process
combination as a whole. This requires an integrated consideration of biomass cultivation,
production of the biobased product, the effects of product use and production process
on the environment and the impact of the environment on biomass cultivation. Think-
ing beyond a pure metric of measuring effects, an integrated consideration will allow for
decision-making on the type of utilized biomass based upon market prices or even the
design of an optimal biomass composition.

Most challenging to achieve is a detailed description of the ecosystem. First approaches
could incorporate already established models that globally abstract the environment by
means of energy and material flows (Bakshi and Fiksel, 2003). However, more detailed
models are required to assess additional local factors such as land-use change, biomass
harvest and water consumption, but also global factors such as the increase of greenhouse

gas accumulation in the atmosphere and average surface temperature of the planet.

Extending this approach to consider an integrated biorefinery (Fernando et al., 2006)
allows for flexible shifts of the product spectrum to actively react on shifts in market

prices and availability of biomass feedstock.
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7.3 Synthesis design outside the biofuel scope

7.3 Synthesis design outside the biofuel scope

In this thesis, ReNeGen was solely applied to biofuel synthesis tasks. The overview on
reaction network generators in Section 2.1 shows that various other fields of application
exist. By including a wider set of atom types with their corresponding valence schemes,
various other synthesis tasks outside the scope of biofuel production can be addressed.
Likewise, a wider set of empirical knowledge can be included in ReNeGen. As such,

ReNeGen will be suitable for a variety of synthesis design tasks in organic chemistry.
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A - Mathematical preliminaries

Appendix A provides a short introduction to the mathematical terms of graph and set the-
ory used in this thesis. The collocation of fundamentals in graph theory was compiled from
Diestel (2006), while the work of Deiser (2004) was used for compiling the mathematical

preliminaries of set theory.

A.1 Graph theory

A simple graph G(V, E) is an ordered pair of a non-empty vertex set V(G) and a non-
empty edge set F(G). Each element of e € E(G) is said to be an edge joining two vertices
v; € V(G) and v; € V(G), thus e = {v;,v;}. In an undirected graph, the edge {v;,v;} is
identical to the edge {v;,v;}. This is not the case in a directed graph where each edge e
has a determined direction. In directed graphs, the position of a vertex on an edge leads
to a distinction of its labeling. v; is called the tail of the edge and v; is the head. v; is the
a successor of v;, and v; is a predecessor of v;.

|[V(@)] is the number of vertices and |E(G)| is the number of edges in G. Two vertices v;
and v; are called adjacent if {v;,v;} € E(G). An edge e and a vertex v are called incident,

if v € e, meaning that v is a vertex on e.
Subgraph
Assume two graphs, G and G’ with
GUG = VUV EUE) (A1)
and
GNG ={VnV ,ENE). (A.2)

If GNG' =0, then G and G’ are disjunct. If V' C V and E’' C F, then G’ is a subgraph
to G (and G a supergraph to G'), stated as G' C G.
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Distance and neighborhood

The distance between two vertices ¢ and j, d(4,j), is the number of edges in the shortest
path connecting them. Consider the network in Figure A.1 as an example. The distances
between vertex A and the other vertices in the network are denoted by d(A,j). A vertex
can have multiple neighboring vertices, called neighborhood, which are denoted N(v). For
instance, N(A) = {B,C, D, E} in Figure A.1. The consideration of neighborhood can
be extended to account for vertices that are in a neighborhood distance i to vertex wv.

This neighborhood is then referred to as Ni(v). Again referring to Figure A.1, N%(A) =
{F,G,H}.
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Figure A.1 — The distance in networks

Degree of a vertex

The degree of a vertex d(v) is the number of edges that are incident to v. In undirected
graphs, the degree of a vertex v is equal to |[N1(v)]. In directed graphs, in- and outdegree
of a vertex v are distinguished. The number of head endpoints adjacent to a vertex v is
called outdegree d~ (v), representing the number of successors; the number of tail endpoints

adjacent to v is called indegree d* (v), representing the number of predecessors. v is a source

of a graph if d*(v) = 0 and a sink if d~(v) = 0.

Paths in a graph

A path P(V,E) is a nonempty graph in the form of

P = {vg,v1, ..., 0},
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Graph theory

which denotes a vertex path, or
P = {{vo,v1}, {v1, v}, - {v—1, v} }, (A.4)

which denotes an edge path. vy and v, are the terminal vertices of P. The number of
elements in a path is called the length. A path of length k, where k denotes the number of

elements in P, is referred to as P¥.

Connectivity

A nonempty graph G is considered connected, if any two vertices are connected by paths.
If G is not completely connected, G is supergraph to a set of subgraphs G, called connected
components. A connected component G’ is a subgraph, if it contains all edges {v;,v;} € E,

where v;,v; € V.
Union of two graphs
Consider two graphs G;(Vy,E;) and G2(V2,Ez). The union of these two graphs is:
G1 @] GQ = (‘/1 @] ‘/2, E] @] EQ) (A5)

Likewise, the definition can be extended to be applicable to an arbitrary, but finite, number

of graphs Gy,...,G,, through:

UGi=GiU..UG,:=(ViU..UV,, E1U..UE,). (A.6)

i=1

Both definitions are equally applicable to undirected as well as directed graphs. Consider

the following figure as an example to the union of three undirected graphs.
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A - Mathematical preliminaries

Gi(Vi,Er)  Ga(Va, Bn) — Gs(Vs, E3)

U1 V2 V2 U1
U3 Uy U3 Uy
G1UG2UG3
U1 U2
V3 (o

Figure A.2 — Example of merging three individual networks

A.2 Set theory

Cardinality

The cardinality of a set is the measure of the number of the elements in the set. The

cardinality of a set A is usually denoted |A|.
Cartesian product
The Cartesian product of two sets A and B is defined as
Ax B:={(a,b)la € A,b € B}. (A7)
The Cartesian product for a finite number of sets, Ay, ..., A,, is defined by
Ay x o x Ay = {(a1, an)|a; € A; for {i=1,...,n}}. (A.8)
The number of n-tuples from the Cartesian product of n sets is

|A1 X o % A = Ay - oo | A (A.9)
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B - Reactions rules

The following table lists the pattern vectors of the implemented reaction rule.

Table B.1 — The set of reaction rules in ReNeGen

Nr. Name Pattern vector
Ketone/Aldehyde

1 /Aldehy p? = (1,0,1,0,0,0,0,0,0,0)
hydrogenation

2 Alcohol hydrogenation p® = (1,0,0,1,0,0,0,0,0,0)

3 Alkene hydrogenation p® = (1,0,0,0,1,0,0,0,0,0)
Heterocycle

4 . p® = (1,0,0,0,0,1,0,0,0,0)
hydrogenation

5  Heterocycle hydrolysis p® = (0,1,0,0,0,1,0,0,0,0)
Carboxylic acid

6 . p® = (1,0,0,0,0,0,1,0,0,0)
hydrogenation
Formation of acid an-

7 . p® = (0,0,0,0,0,0,2,0,0,0)
hydrides

8  Etherification p® = (0,0,0,2,0,0,0,0,0,0)

9  Esterification p® = (0,0,1,0,0,0,0,1,0,0)

10 Aldol condensation p® = (0,0,1,0,0,0,0,1,0,0)
Alcohol

11 ) p® = (0,0,0,0,0,0,0,0,1,0)
dehydration

12 Ketonization p? = (0,0,0,0,0,0,0,0,0,2)
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C - Triggering and resulting patterns for

determining non-selective reactions

Table C.1 lists the molecular motifs that lead to non-selective reactions if occurring at least
twice in one molecule (triggering patterns). They are dissected into hydroxyl, carbonyl,
carboxylic acid and olefin group as well as hydroxy condensation pattern. Distinctions are
made between carbon chains, carbon rings and 5- and 6-membered heterocyclic compounds.
The heterocyclic compounds are further distinguished into furan and pyran, respectively,
as well as partially (dihydrofuran (DHF), dihydropyran (DHP)) and fully hydrogenated
derivatives (tetrahydrofuran (THF), tetrahydropyran (THP)). Table C.2 lists the molecular
motifs that result from refunctionalizing the corresponding motif in Table C.1 (resulting
patterns).

In accordance with the Erlenmeyer rule, only arrangements with no more than two
oxygen atoms attached to a single carbon atom are considered. Arrangements with a
higher number of oxygen atoms adjacent to a single carbon atom are not stable, but rather
will undergo a condensation of one hydroxy group (Furniss et al., 1989). Only one of these
oxygen atoms is allowed to be in a hydroxy formation, the other one has to be an ether,
an ester or part of a carboxylic acid. The presented patterns cover molecular motifs that

are commonly encountered in biomass respectively its derivatives.
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Table C.1 — Distinguished triggering patterns for selectivity assessment and estimation, or-

dered by functionality. The residual R represents a carbon atom that is part
of an arbitrary molecule. R, represents an a pure carbon ring of arbitrary size.

Hydroxy Group

| | I )
H— ‘ —OH R—‘C—OH Ro—c‘—OH H—‘C—OH
=}
g H R
=
o R H
AN
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5 \ \ \ g7
S OR R R
R R
N\
“C—OH “c—oH R=C—OH
Va /
R RO
5 o < _OH R oH §__OH A
2 c’ c’ c’ \c—oH
S /"H /R, /" OR /
O R. R: R. ! Re
= 0
C—OH C—OH
|
F-E / =
0 0
\ N \ 0\
C—OH | c—oH | C—OH \\/C*OH
g i
&
N\ 0\
C—OH QC\—OH
- °
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Continued on next page
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C - Triggering and resulting patterns for determining non-selective reactions

Table C.1 — continued from previous page
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Table C.1 - continued from previous page
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C - Triggering and resulting patterns for determining non-selective reactions

Table C.1 — continued from previous page
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Table C.1 - continued from previous page
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C - Triggering and resulting patterns for determining non-selective reactions

Table C.1 — continued from previous page
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Table C.2 — Distinguished resulting patterns in the context of selectivity estimation, ordered
by functionality. The residuals R always start with a carbon atom. R, is a rest
that consists of a pure carbon ring (no hetero atoms).

Hydroxy Group

H H H R
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C - Triggering and resulting patterns for determining non-selective reactions

Table C.2 — continued from previous page
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Table C.2 - continued from previous page
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C - Triggering and resulting patterns for determining non-selective reactions

Table C.2 — continued from previous page
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Table C.2 - continued from previous page
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C - Triggering and resulting patterns for determining non-selective reactions

Table C.2 — continued from previous page
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D - Property models

The evaluation of de-novo synthesis pathways requires knowledge on the thermophysi-
cal properties of unmeasured substances. Quantitative structure property relationships
(QSPRs) are employed to calculate a defined set of properties to each substance. Since the
number of substances in the network is often large, the property models have to embody
a compromise between accuracy and calculation effort.

The QSPR models that were derived by Dahmen et al. (2012) are used in this thesis.
QSPR models employ molecular descriptors (Todeschini and Consonni, 2008), calculated
from the molecule’s two- or three-dimensional structure, to correlate a property of interest
with a molecule’s structural features. A property P is described as a linear combination

of the descriptor variables D; of the following form:
P:al-D1+a2-D2+a3-D3+.... (Dl)

D; is a subset of descriptors and a; are weights derived by an adequate regression method.
QSPR models are commonly employed for the prediction of thermophysical properties.
For detailed information on the model building workflow that is used to derive the QSPR
models employed in this thesis, refer to the work of Dahmen et al. (2012). A general
overview on the historical development of QSPR models has been provided by Katritzky
and Fara (2005).

Table D.1 lists the split between training and external validation data along with the
average relative error (ARE) and the maximum relative error (MRE) of each model. The
last column provides the data source for the model building molecules and their property

values.
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D - Property models

Table D.1 — Information upon QSPR models and modeling data

# Training compounds ARE [%] MRE [%]

Property # Ext. Val. compounds ARE [%] MRE [%)] Data source
CN 2;65 gé?j 214153;; (Dahmen et al., 2012)
AHcom 8;46 82; 15951()3 (Rowley et al., 2003)
o ®m m o
i 662; 1?3 1(5 9431 (Rowley et al., 2003)
Thoit 89187 13; 13?T'5621 (Rowley et al., 2003)
Trneit 89241 g;g Z?;g (Rowley et al., 2003)

“The observed deviation stems from the database value being 1 and the predicted value 12.53,
next largest MRE is 383.12%

*Model was build from simulated LDso data of a representative set of substances calculated by
software package ICAS, employing group contribution method as presented in (Hukkerikar
et al., 2012)
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E - Evaluation criteria

An overview on the evaluation criteria is provided in Table E.1. They are distinguished into

material, economic, environmental and energetic criteria. They are discussed in detail in

the following sections. The collocation of evaluation criteria to evaluate reaction networks

was first performed by Hechinger et al. (2010) and Voll and Marquardt (2012a,b).

Table E.1 - Evaluation criteria sorted by category

Name Unit Formula
Reactant consumption mole/a N/" = = NZ”JI, i\ FS (E.1)
Feedstock consumption mole/a  Nifg =37 | N i=FS (E.2)
— Product formation mole/a N =37 Npwt i=T (E.3)
-
"g Substances with GWP mole/a N/" = Z] 1 N"m, i € {CHy4,CO2,CO} (E.4)
=
Atom efficiency - AE = % (E.5)
Carbon efficiency - CFE = % (E.6)
. . NO“)‘,
Synthesis yield - Y =45 (E.T)
FS
Investment cost $ IC =3- ARS8 (E.8)
. Total annualized costs $/a  TAC = 1= (Iliz) ++ 2.1 Ci (E.9)
g Total annualized revenues $/a TAR=3%; R, —TAC (E£.10)
=]
Maximum feedstock price ~ $/kg  ppg® = % (BE.11)
X C + IC-z —
Minimum fuel price $/kg  ppn = W (£.12)
Continued on next page
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E - Evaluation criteria

Table E.1 — continued from previous page

Name Unit Formula
Energy consumption MW/kg EC = %ﬁ‘ (E.13)
- . ]Vl““/'
g Resource consumption kg/kg RC = s Lo (E.14)
E i=1 i
5 co MEE+M +MH:
S Emission impact kg/kg Em=—— A —* (E.15)
5 B3
=}
M Toxicity potential kg TP = Mgt -TSp (E.16)
Environmental impact EI = Pfg;f + R]C?ief + bf{: -+ T?’i P (E.17)
. Nt AHcom,
2 AH o, efficiency - NE,com = WAHLZW (E.18)
@
o0 .
. N -AH porm,
::J AH oy, efficiency NE, form = WM (E.19)

FS: Feedstock

T: Synthesis target

Material prices p; in $/kg

The mass stream M; of a substance is calculated via M; = N; - MW;
AHcom and AH oy, are of unit kJ/mole

E.1 Material balance related criteria

The absolute flux IV; ; of each substance i in reaction j is known from the flux evaluation
presented in Chapter 5. The material streams of reactants (Equation (E.1)), main sub-
strate (Equation (E.2)) and main target (Equation (E.3)) are most interesting since they
strongly influence the efficiency, economic competitiveness and sustainability of the flux
distribution. Another special interest is in the formation of methane and carbon dioxide
(Equation (E.4)), since they contain a global warming potential (Protocol, 1997).

Atom and carbon efficiency (Equations (E.5) and (E.6)) quantify the material efficiency
from the substrate to the target compound. Atom and carbon efficiency are important
concepts in green chemistry for evaluating the sustainability of a production process. They
are the most widely applied measures of the efficiency of a process or product (Lapkin
and Constable, 2008). Low carbon and atom efficiencies are undesired since they imply
that significant amounts of main substrate are lost in the synthesis. The synthesis yield

(Equation (E.7)) quantifies the conversion of main substrate into the main target.
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Economic criteria

E.2 Economic criteria

Lange (2001) derived criteria to evaluate the investment costs (IC) of the process, based

on the energetic loss AE (in MW/a) of enthalpy of combustion AH,,,:

;:1 Nz‘m ° AHcom,i - N%ut : AI_Icom,T
31536000 s

AE:Z

(E.20)

is the annual difference in heat of combustion of the provided substances (substrates and
reactants) on the one side and the main target on the other side. The investment costs
are calculated via Equation (E.8). Since the equation was derived from investments based
on the year 1993, they are updated to February 2014 (Cheresources.com, 2014) using the
CEPCI index (Lozowski, 2012), according to

CEPClIyp4

1 = —— - [(Cgg3. E.21
Cao14 CEPClio03 Ciogs ( )

The calculation of the costs C; of a substance 7 requires the knowledge of its market
price p; in $/kg. The cost result to
T

Ci=pi- Y NI MW, (E.22)

J=1
Likewise, the revenues R; are calculated from

Ri=vp;- Z Ny MW, (E.23)

7 (E.24)

With further information upon the lifetime of the plant ¢ (in years) and the interest rate
z (in percent) one can calculate the total annualized costs as presented in Equation (E.9).
The total annualized revenues (Equation (E.10)) result from the difference of the revenues
earned from selling the produced substances and the total annualized cost. Maximum
feedstock costs or minimum sales price of the product can be calculated from combining

Equations (E.9) and (E.10) and setting the total annual revenues to zero.

E.3 Environmental criteria

Voll and Marquardt (2012a) proposed an adoption of the Eco-Efficiency Analysis (EEA)
of Saling et al. (2002) to assess the environmental impact of the synthesis pathways. The

original formulation contains six individual contributions, namely energy consumption,
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E - Evaluation criteria

resource consumption, emissions, land use, toxicity and risk potential. Land use and risk
potential are neglected in this evaluation as the required input data is not available. The
EEA is a relative metric, meaning that a reference entity must be chosen a priori. Thus,
an established process such as FAME production from vegetable oil serves as a reference.
These processes are evaluated in the same manner as the synthesis pathways.

Energy Consumption (EC) is a measure for the energy required to produce a unit of
target substance, relating the energy consumption of the process to the amount of substance
produced (Equation (E.13)). It considers the amount of energy that is lost in terms of heat
of combustion. Neither consumption of electric energy nor heat are considered.

The Resource Consumption (RC) measures the amount of feedstock and reactants used
per unit of target substance (Equation (E.14)).

The Emission Indicator (Em) accounts for the amount of emissions released per unit
of target substance (Equation (E.15)). Only air emissions are considered, soil and water
are neglected. Voll (2013) states that air emissions are expected to have the most severe
environmental impact and can hardly be avoided. Thus, the emission indicator accounts
for those substances that are expected to promote climate change, which are CO, COy and
CH,. Global Warming Potential (GWP) values are those derived by the United Nations
Framework Convention on Climate Change (Protocol, 1997). Each individual pollutant is
weighted with its GWP to calculate the total GWP of the synthesis pathway.

The Toxicity Potential (TP) measures the toxicity of a synthesis pathway. The toxicity
of a substance is represented by its LDjg-value (amount of substance killing the median of
a test population). Saling et al. (2002) propose a classification of certain intervals of LDsg
values in accordance the German Chemicals Act, assigning toxicity scores to substances
within defined LDsq intervals (cf. Table E.2) The toxicity score of the main product is
multiplied by the amount of produced main product to give the toxicity potential of a
synthesis pathways (Equation (E.16)).

All four contributions (RC, EC, Em and TP) are then related to the reference entities
EC,ef, RCrey, Emyep, TP,es. The Environmental Impact (EI) is the sum of the individual
increments (Equation (E.17)).
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Energetic criteria

Table E.2 — Classification of LDs values for the calculation of Toxicity Potential (TP)
in Eco-Efficiency Analysis (EEA) as introduced by Saling et al. (2002)

Concentration interval, LDsg  Assigned TP value

Symbol value, rat, oral, 2h in EEA

T+, very toxic LDsp < 25 mg/kg 1000

T, toxic 25 mg/kg < LDsg < 200 100
mg/kg

Xn, harmful 200 mg/kg < LDso < 2000 10
mg/kg

Xi, irritant LDsp>2000 mg/kg 1

E.4 Energetic criteria

The energetic efficiency of a pathway can either be measured in terms of the conservation

of the heat of combustion AH,,, or the enthalpy of formation AHy,, (cf. Equations
(E.18) and (E.19)). Energetic efficiency relates the amount of energy leaving the network

as main product to the amount of energy that are provided to the network. AHy, and

AH o of each substance are calculated via the QSPR models presented in Appendix D.

While the conservation of AH.,,,, is interesting in terms of fuel production, the conserva-

tion of AH oy, is a good measure for the quality of a reaction. The enthalpies of formation

are calculated at standard state as the operation conditions of the reaction are not known.
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F.1 Data of 3-MTHF synthesis from itaconic acid

Table F.1 lists intermediates of the presented case study with their canonical SMILES
representation derived by OpenBabel (OBoyle et al., 2011) and the predicted property

values that are important for the evaluation of the reaction pathways.

Table F.1 - Properties of pure substances in 3-MTHF synthesis network

Smiles MW CN Heom LDso 12 Thoir Toneit

- kg/kmol - MJ/kg mg/kg kg/1 K K

0C(=0)CC(=C)C(=0)0  130.1  -674  -143  1565.7 132 6028  382.7
0=Cl0C(=0)C(=C)C1 1121  -457  -176 3681  1.60 5124 3224
0C(=0)CC(C(=0)0)C 1321 -64.2  -152 16263 125  586.7  351.0

0=CC(=C)CC(=0)0 1141 -162  -183 44048 120 5335 3215
0=CCC(=C)C(=0)0 1141 -21.9  -185 33444  1.21 534.1  335.9
0C1CC(=C)C(=0)01 1141 -57.7  -189 3742 129 5215 356.2
0=C1CC(=C)C(01)0 1141 -69.4  -192 3745 1.31 509.1  349.8
0=C1CC(C(=0)01)C 1141 426  -182 3838 122 4922 204.1
0=CCC(C(=0)0)C 1161 -195  -19.6  3463.7 115 5191  292.6
0=CC(CC(=0)0)C 1161 -143  -195 45629 114 5192  278.7
0CC(=C)CC(=0)0 116.1  -768  -19.8 45066  1.18 5522  314.7
0=CCC(=C)C=0 98.1 39.5 242 89808  1.08 4579  263.5
0CCC(=C)C(=0)0 116.1  -68.6  -19.7 34060  1.18 5514  343.0
0C10C(C(=C)C1)0 116.1  -634  -207 3792 126 5031  377.9
0C10C(=0)C(C1)C 1161 -54.6  -19.5  389.4 122 4977 3222
C=C1CCOC1=0 98.1 4169 -23.9  1139.0 111 4500  287.2
0=C1CC(C(01)0)C 1161 -57.0  -19.5  390.7 123 497.8  324.9
C=C1COC(=0)C1 98.1 336 -23.9 15248 110 4630 2765
0CCC(C(=0)0)C 1182  -64.6  -20.7 35427 112  537.3  312.9
0=CCC(C=0)C 100.1 423 255 93103  1.03 4445 2162
0CC(CC(=0)0)C 1181  -634  -205 46939 112  541.8  295.1
0CC(=C)CC=0 100.1  -228 258 91741 107 4803 2494
0CCC(=C)C=0 100.1 93 255 91215 106 4785  265.2

Continued on next page

1P 216.73.216.36, am 18.01.2026, 18:41:31. Inhait.
tersagt, m mit, flir oder in Ki-Syster



https://doi.org/10.51202/9783186950031

Data of 3-MTHF synthesis from itaconic acid

Table F.1 — continued from previous page

Smiles MW CN Heom LDso 2 Thoir Toeit
- kg/kmol - MJ/kg mg/kg kg/1 K K

0C10C(C(C1)C)0 118.1 -51.6 -20.6 396.2 1.20 495.2 338.0
0C1CC(=C)CO1 100.1 -29.8 -25.5 1541.2 1.07 459.5 296.8
C=C1CCOC10 100.1 -23.9 -25.8 1151.8 1.09 444.9 305.9
0=C10CCC1C 100.1 -12.8 -24.4 1188.4 1.05 439.2 258.3
CC1CC(=0)0C1 100.1 -20.5 -24.2 1593.2 1.03 446.4 257.5
CC(C=0)CcCco 102.2 -5.9 -26.8 9465.4 1.02 465.8 222.0
CC(CO)CcC=0 102.2 -9.7 -26.7 9537.6 1.02 471.3 216.3
0OCCC(=C)CO 102.2 -67.8 -27.0 9387.2 1.05 502.6 269.8
CC1CCOC10 102.3 -12.0 -25.7 1206.3 1.03 436.7 263.5
CC1COC(C1)0 102.2 -17.1 -25.5 1610.0 1.01 445.2 258.9
C=C1C0OCC1 84.1 24.7 -33.4 4111.0 0.92 388.2 199.1
0OCCC(Cco)C 104.2 -53.8 -27.7 9798.1 1.01 496.1 246.9
CC1COCC1 86.2 40.1 -33.2 4316.7 0.87 373.1 162.0

Table F.2 presents the conversions C; for each reaction that are incorporated into the
reaction pathway evaluation. If an experimentally derived value was available in literature,
the corresponding publication is provided. For every other reaction, a default conversion
of 0.97 is assumed. Pseudo reactions (not listed in this table) are always assumed to
exhibit a conversion rate of 1, as they do not constitute a reaction in its original meaning

of converting molecules.

Table F.2 — Reaction conversions in 3-MTHF case study

R; C; Reference R; C; Reference

R1 1 (Robert et al., 2011) R50 0.97

R2 1 (Huang et al., 2010) R51 0.97

R3 0.97 R52 0.94 (Bartholoméus et al., 2013)
R4 0.97 R53 0.97

R5 0.97 R54 0.97

R6 0.97 R55 0.97

R7 0.97 - R56 0.97 -

R8 0.97 - R57 0.97 -

R9 0.97 - R58 0.97 -

R10 0.88 (Midgley and Thomas, 1987) R59 0.97 -

Continued on next page
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Table F.2 — continued from previous page

R; C; Reference R, C; Reference
R11 097 R60  0.97

R12 097 R61  0.97

R13 097 R62  0.97

R14 0.97 R63 0.75 (Krohn and Riaz, 2004)
R15 097 - R64  0.97 -

R16  0.97 - R65 097 -

R17 097 - R66  0.97 -

R18 097 - R67  0.92 (Mori, 2008)
R19 097 - R68  0.97 -

R20 097 - R69  0.97 -

R21 097 - R70  0.97 -

R22 097 - R71 097 -

R23 097 - R72 097 -

R24 097 - R73  0.97 -

R25 097 - R74 097 -

R26  0.97 - R75  0.97 -

R27  0.97 - R76  0.97 -

R28  0.97 - R77  0.97 -

R29  0.97 - R78  0.92 (Adrio and Hii, 2011)
R30  0.97 - R79 097 -

R31 0.97 - R80  0.92 (Mori, 2008)
R32 097 - R81 097 -

R33 097 - R82 097 -

R34 097 - R83  0.97 -

R35  0.97 - R84  0.97 -

R36  0.97 - R85  0.97 -

R37 097 - R86  0.97 -

R38 097 R87  0.97

R39 097 R88  0.97

R40 097 R89  0.97

R41 097 R90  0.93 (Olah et al., 1981)
R42 097 R91  0.97

R43 097 R92  0.97

R44 097 R93  0.93

R45 097 - R94  0.97 -

R46  0.97 - R95  0.97 -

R47 097 - R96  0.97 -

R48  0.97 - R97 097 -

R49 097 - R98  0.97 -
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Data of 2-BTHF and 2-BF synthesis from furfural

F.2 Data of 2-BTHF and 2-BF synthesis from furfural

Table F.3 presents the molecules of the 2-Butyltetrahydrofuran and 2-Butylfuran from

furfural. Included in the table is the corresponding thermophysical property data.

Table F.3 — Properties of pure substances in 2-BF and 2-BTHF synthesis network

Smiles MW CN Heom LDso Pl Troir Toeit
- kg/kmol - MJ/kg mg/kg kg/1 K K

0O=Cclcccol 96,1 -12.9 -23.3 32.2 1.14 413.6 222.5
0=CC1=CCCO1 98.1 36.4 -24.7 35.9 1.11 423.9 225.5
0=CC1CC=CO01 98.1 31.5 -25.0 36.4 1.09 429.2 238.5
CC(=0)C=Cclecccol 136.2 -1.7 -284 1571.5 1.04 473.1 227.2
0=CC1CCCO1 100.1 55.4 -25.5 38.9 1.06 433.9 198.9
CC(=0)C=CC1=CCCO1 1382 22.7 -29.7 1818.7 1.01 474.6 226.2
CC(=0)C=CC1CC=C01 1382 20.8 -29.7 1854.7 0.99 481.3 247.6
CC(C=Cclceccol)O 138.2 -21.4 -29.4 1770.7 1.05 488.8 219.2
CC(=0)CCclcccol 138.2 5.6 -28.9 1705.4 1.02 468.9 224.2
CC(=0)C=CC1CCCOo1 140.2 38.1 -30.0 2031.4 0.98 488.9 205.6
CC(C=CC1=CCCO01)0 140.2 3.5 -30.5 2047.7 1.03 493.5 225.0
CC(=0)CCC1=CCCO1 140.2 30.9 -30.3 1996.6 0.99 463.3 226.9
CC(C=CC1CC=C01)0 140.2 -1.1 -30.7 2093.3 1.00 495.2 243.9
CC(=0)CCC1CC=CO01 140.2 33.3 -30.3 2036.7 0.97 475.1 246.4
CC(CCcleecol)O 140.2 -T.7 -29.9 1941.6 1.03 486.1 221.4
CCC=Cclcceol 122.2 22.2 -35.3 248.7 0.91 421.9 168.7
CC(C=CC1CCC01)0 142.2 16.5 -31.1 2296.0 0.99 500.6 195.3
CC(=0)Cccci1ccceol 142.2 54.1 -30.6 2200.5 0.95 481.1 207.7
CC(CCC1=CCC01)0 142.2 18.1 -31.3 2279.4 0.99 477.0 2224
CCC=CC1=CCCO1 124.2 50.0 -36.4 281.6 0.89 424.0 181.8
CC(CCC1CC=C01)0 142.2 21.9 -31.3 2320.6 0.96 487.9 249.6
CCC=CC1CC=CO01 124.2 44.7 -36.6 287.0 0.87 426.3 192.2
CCCCclcecol 124.2 35.8 -35.8 266.1 0.90 421.7 175.8
CC(CCC1CCC01)0 144.2 42.4 -31.5 2514.1 0.96 497.0 214.9
CCC=CC1CCCOo1 126.2 61.5 -36.9 311.4 0.86 435.2 148.3
CCCCC1=CCCOo1 126.2 61.4 -37.1 306.1 0.87 414.9 184.5
CCCCl1ee=Co1 126.2 65.2 -37.1 310.1 0.85 425.8 201.9
cccecicecol 128.2 86.8 -37.2 332.0 0.84 435.9 170.0
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Table F.4 presents the reaction conversions used in the case study. 6 reactions were

found in literature, default conversions of 0.97 were assumed for every other reaction.

Table F.4 — Reaction conversions in 2-BF and 2-BTHF case study

R; C; Reference R; C; Reference
R1 0.97 - R31 0.97 -
R2 0.97 - R32 0.97 -
R3 0.95 (Alvarez-Ibarra et al., 1992) R33 097 -
R4 0.97 - R34 0.97 -
R5 0.97 - R35 0.97 -
R6 0.97 - R36 0.97 -
R7 0.97 - R37 0.97 -
R8 0.97 - R38 0.97 -
R9 0.97 - R39 0.97 -
R10 0.99 (He et al., 2012) R40 0.97 -
R11 0.99 (Yamashita et al., 1980) R41 0.97 -
R12 0.97 - R42 0.97 -
R13 0.97 - R43 0.97 -
R14 0.97 - R44 0.97 -
R15 0.97 - R45 0.97 -
R16 0.97 - R46 0.97 -
R17 0.97 - R47 0.97 -
R18 0.97 - R48 0.97 -
R19 097 - R49 097 -
R20  0.97 - R50  0.97 -
R21 0.7 (Zhao et al., 2011) R51 0.97 -
R22  0.97 - R52 097 -
R23 097 R53  0.97

R24 097 R54 097

R25 0.73 (Waidmann et al., 2013) R55 0.97

R26 0.97 R56 0.97

R27 0.97 R57 0.97

R28 0.97 R58 1 (Fischer et al., 1996)
R29 0.97 R59 0.97

R30 0.97 R60 0.97
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G - Software availability and handling

Appendix G describes where to obtain source code of ReNeGen, which additional software
environment is required to operate ReNeGen at full functionality and how to specify a

reaction network generation.

G.1 Software availability

The software source code will be made available at the open source website Openscience.

org. Questions concerning ReNeGen can be directed to renegen.software@gmail. com.

G.2 Setting up the software environment

ReNeGen is implemented and tested in MATLAB 2010a. MATLAB licences can be ob-
tained at https://de.mathworks.com/. In the current state of development, ReNeGen
comes without a graphical user interface. Hence, changes of the options, constraints and
the paths to input, output, temporary, data and external software directories have to be
directly denoted in the main file (main.m).

The subsequently listed software is required in addition to MATLAB to operate ReNeGen

at its presented functionality:

¢ TOMLAB Optimization Environment, a commercial optimization and model-
ing platform comprising solvers that exceed the functionality of those available in
MATLARB for solving optimization problems. Licences and free trial versions can be
obtained at http://tomopt.com/tomlab/.

e Open Babel, an open source chemical toolbox for searching, converting, analyzing
and storing the different ways of computationally representing chemical data. In
ReNeGen, it is used to convert SMILES notation into BEM and AM notation and

vice versa. The software is available at http://www.openbabel.org/.

e Dragon, a commercial software to calculate molecular descriptors for es-

timating thermophysical properties of the network substances by using the
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QSPR  models presented in Appendix D. Licenses can be obtained at
http://www.talete.mi.it/products/dragon_description.htm.

e Graphviz, an open source graph visualization software used in ReNeGen to visualize

the generated networks. It is available at http://www.graphviz.org/.

e Indigo Depict, which is part of the Indigo toolkit, an open source
organic chemistry toolbox. Indigo is used to convert SMILES nota-
tions of molecules into their graphical depictions. It is available at

http://lifescience.opensource.epam.com/indigo/index.html.

The paths to the additionally required software have to be denoted in the PathStruct
array of the main file. This array also denotes the directions to the input, output, data
and temporary directories. The paths to softwares and folders have to be stated in an
absolute manner, not relative to the ReNeGen directory. An exemplary specification of
the PathStruct array is presented subsequently, with absolute paths to be included instead
of the dots (...).

PathStruct = struct ('Data’ ,’...\ReNeGen\data\’,...
‘Dragon’,”...\ReNeGen\src\dragon\’,...
"Graphviz’,...\graphviz-2.38\release\bin\dot\ ;...
'Indigo’,”...\ReNeGen\src \Indigo\indigo-depict.exe’,...
‘Input’ ,”...\ReNeGen\Input\’,...
’OBabel’,’...\OpenBabel-2.3.1\,...

"Output’ ,’...\ReNeGen\Output\’,...
"Temp’ ,’...\ReNeGen\temp\’,...
"TOMLAB’,...\MATLAB\R2010a\ toolbox\tomlab\’);

G.3 Setting up a reaction generation task

ReNeGen offers ten options to specify a reaction network generation task. Several of these
options can contain multiple entries, such as the provided substrates or the desired targets.
In accordance to MATLAB syntax, multiple entries are separated by commas.

The main substrates for the reaction network generation are chosen from a set of platform
chemicals an denoted in option 1. The user can choose from the substances that are
presented in Table G.1 by denoting the corresponding arguments. The list of platform
chemicals can be extended by adding further SMILES notations to the MATLAB data file

PlatformChemicals.mat, which is located in ReNeGen’s data directory.
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Table G.1 — Main substrates currently available in ReNeGen

Argument Substance

Glycerol
Lactic acid
3-Hydroxypropionic acid
Succinic acid
Furfural
Levulinic acid
Xylitol
2,5-Furandicarboxylic acid
Sorbitol
Itaconic acid
5-Hydroxymethylfurfural
Acetone

— =
MO@OO\]@OT%OQ[\')H

—
[\

The targeted products are stated in SMILES notation in option 2.

Option 3 contains the reactants that are added to a substrate to form a molecular ensem-
ble that undergoes reaction generation. The user can choose multiple reactants amongst
the alternatives in Table G.2 by denoting the corresponding identifier. The available set
of reactants can be extended by including further substances in the MATLAB data file

Reactants.mat, which is located in ReNeGen’s data directory.

Table G.2 — Reactants currently available
in ReNeGen

Argument Substance
-2 Main network substrate(s)
-1 Current substrate
0 None/Isomerization
1 Hydrogen
2 Acetone
3 Methanol
4 Ethanol
5 n-Butanol
6 COq
7 H,O

Option 4 denotes the maximum number of reaction stages that are carried out by the
generator. It can be any positive integer value.

Option 5 states whether reaction rules are included or not (arguments are ’yes’/'no’).
The desired reaction rules are included by stating their activity (arguments are 0/1) in the

vector ReactionRules in the main file.
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Option 6 is used to state which thermophysical properties are calculated. The user can

choose multiple amongst the properties presented in Table G.3.

Table G.3 — Thermophysical properties

Argument Property Unit
"MW Molecular weight [g/mole]

'CETANE’ Cetane number ]
FP? Flash point K]

"THCOM’ Enthalpy of combustion [J/kmole]

"HVP’ Enthalpy of vaporization at 298K  [J/kmole]
'LDN’ Liquid density at 298K [kmole/m]
'NBP’ Normal boiling point K]
"MP’ Melting point K]
TP’ Toxicity potential [mg/g]

Option 7 states the identifier criterion of the main reaction product. The available
arguments are 'MW’ for molecular weight, ' HCOM’ for enthalpy of combustion and ’AS’

for atomic share.

The default reaction yield is stated in option 8. This value is used in the network
evaluation if no value from experimental investigations is available in ReNeGen’s reac-
tion database. This database is located in ReNeGen’s data directory under the name
Yield_Database.xlsz. Novel reactions can be added in SMILES notation; the substrates are
denoted in the first column, the products in the second column and the reaction yield in
the third column. The user has to provide the SMILES notation in the canonical represen-
tation of Open Babel. ReNeGen automatically compares the generated reactions to those

available in the database and includes available data on reaction yields into the evaluation.

Option 9 states the settings of the reference process. The user specifies the reference
scenario by providing a name argument (available arguments are 'Ethanol’ and "FAME’)
and a numeric production quantity in liters per year. The reference reaction network and

process specifications are chosen based on the name argument.

Option 10 states which criteria are plotted after reaction network generation and evalu-
ation. The user can choose amongst the criteria listed in Table G.4. Three diagrams can
be created with two criteria plotted against each other in each diagram. The first stated

criterion represents the abscissa, the second on the ordinate data.
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Table G.4 — Evaluation criteria available for 2D plots

Argument Property Unit
"YIELD' Total yield (%]
'STEPS’ Number of reaction steps -]

j(e} Investment cost $]
AIC Annualized investment costs [$/a]
"TAC Total annualized costs [$/a]
"Pmax’ Max. feedstock price [$/kg]
"Rmin’ Min. biofuel sales price [$/1]
'TAR’ Total annual revenues [$/a]
'EEC Energy efficiency (%]

'ED Environmental impact [
'CE Carbon efficiency (%]
AR Atom efficiency (%]
H2’ H, consumption [mole/mole]

To restrict the generated network substances to a desired molecular and/or thermophys-

ical space, constraints can be imposed on
e maximum atom count (in vector COHMaz),
e minimum atom count(in vector COHMaz),
e maximum number of rings(in vector nRingsMaz),
e minimum number of rings (in vector nRingsMin),

e maximum ring size (in vector nRingSizeMaz)

e minimum ring size (in vector nRingSizeMin), and

e property constraints on thermophysical properties chosen in option 4 (in vectors
PropMazx and PropMin).

The constitution of the provided biomass is required for the economic process evaluation
and has to be denoted in the Biomass_.Comp vector. This vector states the individual
fractions of cellulose, hemicellulose and lignin.

The costs for the platform chemical(s) in $/t have to be stated in the vector Prices. Prices
for reactants are automatically retrieved from the file Reactants.mat which is located in
ReNeGen’s data directory.

A report file will be generated in LATEX syntax that summarizes the settings and results
of the network generation task and can be compiled into a pdf document.

The following example shows, in MATLAB syntax, the settings of the 2-BF and 2-BTHF

synthesis case study presented in Chapter 6.
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Example 21. The task of the generation is a reaction network that contains the synthesis
pathways from furfural to 2-BF and 2-BTHF. The options were set as following (provided
in MATLAB syntaz).

Options{1} = [5];

Options{2} = [{’CCCCC1CCCO1’},{’CCCCclecccol’};

Options{3} = [0,1,2];

Options{4} = 15;

Options{6} = "Yes’;

Options{6} = [{'MW’},{’CETANE'},{’HCOM’},{"TP'},{’LDN'},{'NBP"},{'MP"}];
Options{7} = [{"THCOM'}];

Options{8} = 0.97;

Options{9} = [{'FAME’},{190*105}];

Options{10} = [{'TAC’},{'IC’};{’YIELD},{"IC’}];

The vector ReactionRules is set to:

ReactionRules = 11111110001 1J;

The constraints of this reaction task are:
e Maximum atom count (COHMaz = [8 3 16]),

e Minimum atom count(COHMaz = [5 0 0]),

Maximum number of rings(nRingsMaz = 1),

e Minimum number of rings (nRingsMin = 0),

e Maximum ring size (nRingSizeMaz = 6),

e Minimum ring size (nRingSizeMin = 4), and

e Property constraints on thermophysical properties chosen in option 4.
No property constraints are set, so the vectors PropMax and PropMin are:

PropMaxz = [ inf inf inf inf inf inf inf];
PropMin = [-inf -inf -inf -inf -inf -inf -inf];

The biomass composition is:

Biomass-Comp = [0.6 0.2 0.2];

The price for the platform chemical furfural, defined in option 2, is:

Prices = 1000;
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