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Guidelines for chapter 1:

Section 1.2:

Please indicate the university that will administer the funds of the Cluster of Excellence. Where
applicable, please list all other applicant universities.

Section 1.3:

Please indicate the Managing University’s authorised spokesperson of the Cluster of Excel-
lence. Up to two additional spokespersons may be listed here. In the case of spokespersons
not affiliated with the Managing University, their respective institutions should also be named.
Section 1.4:

Please list all participating entities with which close cooperation is planned and which are to
receive funds from the Cluster’s budget (e.g. non-university research institutions, other univer-
sities, institutions in the public domain).

Section 1.5:

Please list in alphabetical order up to 25 researchers, including the spokesperson(s), who are
significantly involved in the Cluster of Excellence and in the preparation of the proposal. Also
indicate the principal investigator’s respective location and institution, their field of expertise and
their position (e.g. W3, W2 or W1 professorship, independent junior research group leader, core
facility leader, etc.).

Renewal proposals only: Please highlight principal investigators who were not indicated as prin-
cipal investigators in the establishment proposal by placing an asterisk (*) next to their names.
Section 1.6:

In these tables, please list those (external) institutional and individual cooperation partners
who will engage in significant and sustained collaborations with the Cluster of Excellence.
Institutional cooperations are usually based on a cooperation agreement; partner institutions
contribute their own funds and resources to the cooperation, but they do not usually receive
funding from the Cluster of Excellence.

Estimation: In total, 3 pages for this chapter.




1 General data
1.1 Title in German and English

The Integrated Fuel & Chemical Science Center
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Participating institutions Location
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1.6 Cooperation partners

Guidelines for chapter 2:

Please provide a plain-language summary of the research and structural objectives of the pro-
posed Cluster of Excellence, in both English and German (text only, max. 3,000 characters
each, including spaces. Please do not use special characters or images).

Estimation: In total, 1 page for this chapter.







2 Summary of the proposal

2.1 English (max. 3000 characters incl. spaces)

Since the mid 20t century, crude oil and natural gas have “fueled” the Anthropocene — literally
through production of liquid energy carriers for mobility and transportation as well as by provid-
ing the crucial feedstock of carbon and hydrogen for the chemical value chain. REF Despite
world-wide efforts to reduce the associated greenhouse gas (GHG) emissions, the demand
for crude oil is predicted to reach an all-time high in the coming years. The scenarios for the
reduction towards net-zero GHG emissions comprise a range of measures centered around
the global availability of renewable energy. The resulting defossilization of the energy system
imposes challenges and opportunities for the sectors transportation and chemistry where di-
rect electrification is difficult or even impossible and existing fleets and value chains have to be
considered. REF Shaping a post-fossil era at the energy-chemistry interface requires novel re-
search concepts and breakthroughs in fundamental science to develop disruptive technologies
leading to major societal and economic transformations.

In this dynamic context crucial for a sustainable future, The Integrated Fuel & Chemical Sci-
ence Center (FSC?) generates fundamental knowledge and novel scientific methods for the
development of adaptive technical solutions to valorize renewable electricity and feedstocks
into liquid energy carriers and chemicals in a systems approach. RWTH Aachen University and
its strategic partners Forschungszentrum Julich and Max Planck Institute for Chemical Energy
Conversion integrate their competencies on the molecular, device, and systems levels to under-
stand, master, and design sustainable processes for harnessing renewable energy in chemical
energy carriers and products.

The interdisciplinary Competence Areas, successfully established by The Fuel Science Center
(FSC), and their effective interconnection form the backbone of the unique research frame-
work of FSC? to adaptively address the challenges of the “defossilization” of energy carriers
and chemicals. All research activities are allocated within Strategic Research Areas (SRAS)
stimulating disciplinary progress. With the specific infrastructure of the partner institutions and
the scientific profiles of the involved Principal Investigators, FSC2is ideally positioned to align
groundbreaking science with focal technology options for post-fossil molecular energy carriers
and chemicals. Continuing efforts focus on fuel design for low-carbon and low-emission liquid
energy carriers. Ammonia is now included as molecular energy carrier and chemical building
block. In addition to combustion, electrochemical devices for recuperating chemically stored en-
ergy are studied. The chemical value chain is explicitly addressed as a major area of application
for novel synthetic pathways and catalytic processes. Analysis on a systems level is developed
as integrative part to provide design criteria for sustainability and resilience on a global scale.
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2 Summary of the proposal

2.2 German (max. 3000 characters incl. spaces)

Seit Mitte des 20. Jahrhunderts haben Erddl und Erdgas das Anthropozan ,angeheizt® — im
wahrsten Sinne des Wortes durch die Produktion von flissigen Energietragern flr Mobilitat
und Transport sowie durch die Bereitstellung des entscheidenden Rohstoffs Kohlenstoff und
Wasserstoff fur die chemische Wertschdpfungskette. REF Trotz weltweiter Bemihungen, die
damit verbundenen Treibhausgasemissionen zu reduzieren, wird die Nachfrage nach Erdél in
den kommenden Jahren voraussichtlich ein Allzeithoch erreichen. Die Szenarien fur die Ver-
ringerung der Netto-Null-Emissionen umfassen eine Reihe von Mallinahmen, die sich auf die
weltweite Verfligbarkeit erneuerbarer Energien konzentrieren. Die daraus resultierende Defos-
silisierung des Energiesystems bringt Herausforderungen und Chancen flr die Sektoren Trans-
port und Chemie mit sich, wo eine direkte Elektrifizierung schwierig oder sogar unmaoglich ist
und bestehende Flotten und Wertschdpfungsketten bertcksichtigt werden mussen. REF Die
Gestaltung eines postfossilen Zeitalters an der Schnittstelle zwischen Energie und Chemie er-
fordert neuartige Forschungskonzepte und Durchbriiche in der Grundlagenwissenschaft, um
bahnbrechende Technologien zu entwickeln, die zu grof3en gesellschaftlichen und wirtschaftlichen
Veranderungen fihren. In diesem dynamischen Kontext, der flr eine nachhaltige Zukunft
entscheidend ist, generiert The Integrated Fuel & Chemical Science Center (FSC?) Grundla-
genwissen und neuartige wissenschaftliche Methoden fiir die Entwicklung anpassungsfahiger
technischer Losungen, um erneuerbare Elektrizitdt und Rohstoffe in einem Systemansatz in
flissige Energietrager und Chemikalien umzuwandeln. Die RWTH Aachen University und ihre
strategischen Partner, das Forschungszentrum Julich und das Max-Planck-Institut far Chemis-
che En- ergiekonversion, integrieren ihre Kompetenzen auf der Molekular-, Gerate- und Sys-
temebene, um nachhaltige Prozesse fiir die Nutzung erneuerbarer Energien in chemischen
Energietragern und Produkten zu verstehen, zu beherrschen und zu gestalten.

Die interdisziplindren Kompetenzbereiche, die von FSC erfolgreich etabliert wurden, und ihre
effektive Vernetzung bilden das Rulckgrat des einzigartigen Forschungsrahmens von FSC?,
um die Herausforderungen der ,Defossilisierung” von Energietragern und Chemikalien adaptiv
anzugehen. Alle Forschungsaktivitaten sind innerhalb von Strategic Research Areas (SRAS)
angesiedelt, die den disziplindren Fortschritt férdern. Mit der spezifischen Infrastruktur der Part-
nerinstitutionen und den wissenschaftlichen Profilen der beteiligten Principal Investigators ist
FSC? ideal positioniert, um bahnbrechende Wissenschaft mit zentralen Technologieoptionen
fur postfossile molekulare Energietrager und Chemikalien in Einklang zu bringen. Die fort-
laufenden Bemuhungen konzentrieren sich auf die Entwicklung von Brennstoffen fur kohlenstoff-
und emissionsarme flissige Energietrager. Ammoniak wird nun als molekularer Energietrager
und chemischer Baustein einbezogen. Neben der Verbrennung werden auch elektrochemis-
che Gerate zur Rickgewinnung chemisch gespeicherter Energie untersucht. Die chemische
Wertschopfungskette wird explizit als ein wichtiger Anwendungsbereich fur neuartige Synthe-
sewege und katalytische Prozesse angesprochen. Die Analyse auf Systemebene wird als in-
tegrativer Teil entwickelt, um Designkriterien fur Nachhaltigkeit und Widerstandsfahigkeit auf
globaler Ebene bereitzustellen.
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2.2 German (max. 3000 characters incl. spaces)

Guidelines for chapter 3:

Please provide a list of what you consider to be the most important research and structural
objectives, up to a maximum of ten, which you intend to achieve through the Cluster of
Excellence and by which its success should be measured.

Estimation: In total, a maximum of 5 pages for this chapter.
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3 Objectives of the Cluster of Excellence
3.1 Background and Motivation

The reduction of GHG emissions, especially CO2, continues to be one of the major global chal-
lenges. While renewable power generation is rapidly growing, mainly through installation of
wind turbines and photovoltaic, their overall share in energy is still small (Lit). In fact, the highest
share of renewable energy is still based on biomass (Lit). The dominating challenge for global
usage of renewable electricity remains transport and storage. Here, synthetic liquid energy car-
riers (“fuels”) can provide a key solution not only for the use in transportation and stationary
heating systems but also for the usage in the chemical value chain. While water electrolysis as
a first step from electricity to hydrogen as a chemical is established, the subsequent options for
the conversion to platform chemicals and fuels are more divers, and remain a topic for research.
Hereby, carbon sources range from biomass over direct air capture to point sources from in-
dustrial processes and waste. The combination with air-based nitrogen to obtain ammonia as
an intermediate or final energy carrier and chemical is another option to be considered and
recently applied in Saudi Arabia (Lit: NEOM). In order to address sustainability and resilience,
the complete value chain has to be considered for fuels and chemicals on a global and holistic
scale to overcome the limitations of today’s technologies.

Because of its crucial role of liquid energy carriers in the transition to renewable energy and
carbon sources in the mobility and transport sector, The Fuel Science Center has developed
methodologies to define future fuels — the fuel design process — with the focus on the usage in in-
ternal combustion engines (ICEs). A unique research structure and approach was implemented,
simultaneously optimizing novel production pathways and highly efficient combustion systems
with low emissions, leading to so-called bio-hybrid fuel candidates. As a feedstock, renewable
electricity was combined with bio- and CO2-based carbon sources. Net indicated efficiencies
of beyond 49 % have been demonstrated by molecularly controlled combustion systems using
novel fuel candidate blends.

The uncertainty and diversity in the mobility and transport sector have rather increased than
reduced, in particular on a global scale. REF Besides bringing new powertrain technologies
like battery electric, hybrids, fuel cells, and hydrogen engines, the awareness of additional chal-
lenges has fostered: (i) existing vehicle fleets have to be considered in order to achieve the CO2
targets (1.4 billion ICE-driven cars in 2030, Lit Bosch), (ii) the energy supply and transport have
to be integrated on a global scale, (iii) the material supply with its circularity requirements has
to be addressed and connected to the renewable energy flow, and (iv) resilience has gained
importance as a boundary condition, including changes in the political situation. These aspects
will further increase the complexity of the methodology and solutions significantly, triggering the
necessity for adaption of the methodology.

When considering these emerging aspects, we propose to carry FSC with its unique interdisci-
plinary approach to a next level by (i) integrating the usage to chemicals into the Fuel Design

13



3 Objectives of the Cluster of Excellence

Process, (ii) addressing nitrogen and in particular ammonia as new substance into the Fuel &
Chemical Design Process, (iii) extending the fuel conversion by considering fuel compatibility
with existing vehicle fleets as well as energy conversion in fuel cells, and (iv) intensifying the
usage of machine learning (ML). With FSC2, RWTH Aachen University, the Max-Plank Soci-
ety, and the Helmholtz-Association will bundle their interdisciplinary fields in natural science,
engineering science, as well as social and economic science to provide the scientific basis for
sustainable fuels and chemicals.

3.2 Vision and Mission
In context of this dynamic development of utmost importance for a sustainable future,

The Integrated Fuel & Chemical Science Center
generates fundamental knowledge and novel scientific methods
for the development of adaptive technical solutions
to valorize renewable electricity and feedstocks
into liquid energy carriers and chemicals
in a systems approach.

RWTH Aachen University (RWTH) and its strategic partners Forschungszentrum Jilich (FZJ)
and Max Planck Institute for Chemical Energy Conversion (MPI CEC) take an integrated ap-
proach to encompass their competencies on the molecular, device, and systems level to under-
stand, master, and design sustainable processes to harness renewable energy in liquid energy
carriers and chemicals.

Closed Material Cycjg

&an—‘O’Zero Environmenta| ImpaCf

&
2 N

Renewable Power
&
Propulsion

. ] Production
Adaptive Conversion Systems >

& <
Feedstocks

&
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Figure 1: Vision of FSC?

FSC? has its roots in the Cluster of Excellence (CoE) Tailor-Made Fuels from Biomass (TMFB)
at RWTH. A unique interdisciplinary collaboration was established between combustion en-
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3.2 Vision and Mission

gineering, chemical engineering, chemistry, and biology using the intricate relation between
combustion properties and the molecular structure of advanced bio-based fuels as common
denominator. By the strategic development of projects and structural measures, a fundamental
understanding of “fuel design” was successfully established for the first time. The subsequent
CoE FSC was able to establish the broader field of “fuel science” internationally by overcom-
ing disciplinary borders through composing the extended expertise of the network in interdis-
ciplinary Competence Areas (CAs) according to the time- and length-scales of the molecular,
device, and systems level. While carbon-based fuels were still at the center of the research
activities, their application in advanced engine technologies and their “bio-hybrid” production
based on biomass as well as CO2 as alternative carbon sources could thus be envisaged. Ex-
panding the research topics beyond the technosphere identified adaptivity as important design
criteria to cope with the dynamics and variations in energy and feedstock supply at the interface
between the energy and chemistry sectors.

Figure 2: Mission of FSC?

FSC2 will address the following key questions originating from the vision and mission outlined
above:

» How can global energy and material cycles be made adaptive and resilient, while fulfilling
all three dimensions of sustainability — ecological, economic, and social? Current research
often focuses on individual aspects of fuel and chemical conversion systems, e.g., individual
levels of the system, or certain aspects of sustainability. Moreover, disruptions to the sys-
tems’ supply and operation are often neglected, and the dynamics of the ongoing long-term
transformation towards climate neutrality are not sufficiently covered. Therefore, there is a
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3 Objectives of the Cluster of Excellence

need for an integrated approach to design and operate these systems to be both resilient to
withstand and quickly recover from disruptions, and adaptive to adjust to variability in supply
and demand and long-term transformation processes. The approach must encompass all
dimensions of sustainability at every level, from individual processes to the broader supply
chain and system level.

» How can translational catalytic processes at the direct interface of energy and feedstocks
be designed to cope with the dynamics and variations of their supply? In current catalysis
research on renewable carbon feedstocks, there is a strong focus on developing novel trans-
formations often using simple and pure model compounds. However, an envisaged process
requires the additional fulfilment of certain catalyst performance criteria in terms of activity,
selectivity, and stability when dealing with real starting materials. Solvents and reactants
characteristics need to be integrated with downstream processing and product isolation to
achieve minimal energy use and environmental footprint.

» How does the molecular structure of carbon-based fuels impact on efficiency and emissions
upon recuperation of the chemically stored energy in fleet-compatible thermal or future elec-
trical propulsion systems? In the current phase, all degrees of freedom of bio-hybrid fuel
molecules and molecularly controlled combustion systems were exploited to achieve the high-
est possible efficiency with near-to-zero pollutant emissions. The task now is to transfer this
knowledge to the optimization of existing propulsion systems with the associated tight con-
straints regarding possible modifications. Research into electro-chemical energy conversion
is currently focused almost exclusively on hydrogen as an energy carrier. Here, the potential
of direct liquid fuel cells is now to be unlocked through the Fuel & Chemical Design Process
established by FSC.

» How can engines and devices be designed to exploit ammonia as fuel most effectively? Am-
monia’s low reactivity and its tendency to form oxides of nitrogen pose major challenges to
achieving high energetic efficiencies and low emissions in thermochemical utilization. Solu-
tions will be developed combining the molecular-torch concept with utilizing partial in-process
reforming to hydrogen and innovations in exhaust gas aftertreatment specifically for the very
potent greenhouse gas N2O.

» How can chemical, biochemical, and electrochemical transformations for the manipulation
of C—0 and C—-N bonds be interlinked to open concatenated synthetic pathways to fuels
and chemicals? The transformations of bio-based C1 and N1 building blocks are usually
addressed by the individual catalysis disciplines of molecular, heterogeneous, electro-, or bio-
catalysis. To establish effective connections between starting materials and desired molecular
architectures, however, the transformation steps need to be designed and developed with a
focus on the transfer points of intermediate products, reaction media, and the recycling of the
catalyst system from the beginning. Therefore, the selection of the most appropriate catalytic
discipline is not determined solely by the evaluation of the individual catalytic transformation,
but rather by the most efficient contribution within a transformation cascade of concatenated
catalytic steps.
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3.3 Obijectives

Based on the vision as well as resulting scientific challenges and key questions, FSC? defines
its scientific and structural objectives (see Table [3.3).

Table 3.3.1: Objectives of the The Integrated Fuel & Chemical Science Center

Scientific Objectives

Exploration of chemo-, bio- and electro-catalytic pathways for the selective formation of C-H, C-C, C-
O, and C-N bonds from renewable resources with the aim to integrate the individual transformations
into optimized synthetic pathways for fuels and chemicals (concatenation) and their validation in view
of feedstock variation and energy fluctuation in post-fossil value chains (translation).

Advancing the toolbox in experiment and theory for the investigation of complex catalytic reactions
and processes to derive design principles from the molecular to the process level as input for and in
response to the interdisciplinary analysis in the Fuel & Chemical Design Forum.

Mitigate carbon emissions from existing vehicle fleet by developing bio-hybrid fuel based molecularly-
controlled engine concepts that can be retrofitted to existing combustion systems enabled through
advanced technologies for combustion and aftertreatment systems with energy conversion efficiencies
beyond 50 % and near-zero pollutant emissions.

Develop carbon- and ammonia-based fuel cell concepts and ammonia-fueled combustion engines for
new passenger vehicles, heady-duty, and marine applications enabled by fundamental understanding
of the involved thermochemical and electrochemical processes

The fuel and chemical design optimizes the overall conversion performance, accounting for fleet-
compatible and novel propulsion concepts and co-production of chemicals and fuels; this is done
by developing and employing cutting-edge methods from propulsion equipment design, production
process development, and machine learning.

System integration of the developed fuels, processes and pathways is enabled by interdisciplinary
assessment and optimization of resilient and adaptive intersectoral conversion systems based on
systemic risks, stakeholder perspectives, policies and sustainability criteria.

Structural Objectives

The “Fuel Science Center” furnishes a world-class research environment through the convergence of
disciplinary research and strategic collaboration of RWTH with the Max Planck Institute for Chemical
Energy Conversion and the Helmholtz-Center Julich; it will generate prolific and highest quality scien-
tific output including joint publications, enable the individual researchers to take a leading role in the
scientific community, and provide a stimulating framework for translational research.

Strategic renewal of the FSC through 8 reappointments of established lighthouse professorships, and
5 strategic new appointments as tenure track and lighthouse professorships in inter-faculty and inter-
institutional frameworks strengthen the core competences as well as new strategic research areas,
particularly in the field of digital chemistry and fuel cells beyond hydrogen.

Accelerated talent development of early career researchers is accomplished through a comprehensive
set of developmental measures and an individualized curriculum organized within the FSC Research
School.

A coherent mentoring program and recruitment policy ensures at least 30 % female researchers across
all disciplines and hierarchies of FSC.
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3 Objectives of the Cluster of Excellence

Guidelines for section 4.1:

Please describe the research objectives of the Cluster of Excellence. Outline the fundamental
approaches, methodologies and measures with which you will pursue your objectives. What
particular challenges will the Cluster of Excellence address? In what areas will the research
conducted in the Cluster of Excellence bring about key advances in terms of the current state
of knowledge? What added value is expected through (inter-)disciplinary collaboration? In
what ways will the Cluster of Excellence have an impact on the long-term development of the
research area and/or the establishment of new research areas? What makes this Cluster of
Excellence unique internationally? How is the proposed Cluster of Excellence positioned in
terms of its research profile in relation to existing groups and institutions, both in Germany and
in other countries?

Estimation: In total, a maximum of 2 pages for this section.
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4 Research Program

4.1 Research objectives, research approach, and positioning within the research area
4.1.1 Objectives and Approach

The Integrated Fuel & Chemical Science Center (FSC?) uses a systems approach to gener-
ate fundamental knowledge and novel scientific methods for adaptive technical solutions that
valorize renewable electricity and feedstocks into chemical energy carriers and products. Scien-
tific competences covering the molecular, device, and systems levels and their interdisciplinary
connections enable fundamental research towards (i) thermal and electrochemical energy con-
version processes using carbon- and ammonia-based energy carriers, (ii) chemo-, bio-, and
electro-catalytic synthesis and production processes of fuels and chemicals, and (iii) integrated
design approach of conversion systems for sustainability and resilience on a global scale.
FSC?2 will continue the successful development and application of a broad range of methods:
e.g., from multiphysics modeling of devices to multiscale optimization of value chains; e.g.,
from quantum mechanics to synthesis of adaptive catalysts. The importance of machine learn-
ing techniques will continue to substantially grow, e.g., for the prediction of fuel properties or
catalyst performance. The overarching research objectives of FSC? are summarized in Table
[3.3] The highly interdisciplinary research activities are allocated within five Strategic Research
Areas (SRAs) in the research structure described in Section[4.3and discussed in detail in Sec-
tion 4.5 The scientific approach is outlined briefly here.

Two SRAs focus on energy conversion sys-

Sustainable Propulsion

tems using molecular energy carriers with e T e e
particular emphasis on difficult to electrify
propulsion systems for on-road and ma-
rine mobility and transportation. In the
SRA “Carbon-based Fuel Application” (SRA-
CBFA), the fuel design process successfully

established in the previous phase of FSC will A £
be developed in a focused direction taking
into account new boundary conditions from
expected constraints in future engine devel- B e Carbon-based Fuel Application
opment. In the SRA “Ammonia Fuel Utiliza-

tion” (SRA-AU), the direct use of ammonia as Figure 3: Joint methodologies and targets

of SRA “Carbon-based Fuel Ap-

energy carrier will be studied as complemen- plication” (SRA-CBFA) and SRA
tary strategy to harness renewable energy for “Ammonia Fuel Utilization” (SRA-
sustainable propulsion. In both SRAs, ther- AU)

mal energy conversion through combustion
as well as electrochemical conversion in molecular fuel cells will be envisaged focusing on

19



4 Research Program

thermodynamic efficiency, emission analysis and control, engine components, and systems in-

tegration.

Sustainable Production

bio-hybrid
syntheses

interconnected
catalytic systems

Two SRAs focus on production processes us-
ing non-fossil feedstocks and energy from re-
newable sources for the synthesis of biohy-
brid fuels and chemicals. In the SRA-CSP,
innovative methods based on chemo-, bio-
and electro-catalytic transformations will be
explored for the selective formation of C-H,
C-C, C-0, and C-N bonds with the aim to in-

tegrate the individual transformations into op-
timized synthetic pathways (concatenation).
Carbon dioxide and platform chemicals de-
rived from lignocellulosic biomass will consti-
tute the main carbon building blocks and am-
monia or simple derivatives thereof are en-
visaged as nitrogen building blocks. Hydro-
gen or electrons will provide the “green” redox
equivalents to achieve the necessary molec-
ular manipulations. In the SRA-TCP, the new reaction types and pathways will be validated
in view of challenges related to feedstock variation and energy fluctuation in realistic post-
fossil production systems (translation). Similar to the two SRAs on energy conversion, the
two SRAs in production share certain common experimental techniques and modeling and sim-

integrated
reactor devices

Concatenated Synthetic Pathways

Renewable Resources

Figure 4: Joint methodologies and targets
of SRA “Concatenated Synthetic
Pathways” (SRA-CSP) and SRA
“Translational  Catalytic  Pro-
cesses” (SRA-TCP)

ulation methods creating a synergistic toolbox.

In SRA-RACS, an integrated & interdisci-
plinary systems approach is used for the de-
sign & operation of resilient & adaptive con-
version systems accounting for all dimen-
sions of sustainability. In order to meet its
scientific and technical objectives, FSC?2 will
need to push methodological boundaries in all
three competence areas. The approach will
encompass all dimensions of sustainability,
economic, social and environmental. Model-
based optimization-assisted methods will be
coordinated across the cluster in a problem-
oriented research team ensuring knowledge
transfer and synergy among the different
groups and covering all levels, from the prod-

Sustainable Conversion

Bio-hybrid Technologies

Figure 5: methodologies and targets of SRA
“Resilient & Adaptive Conversion
Systems” (SRA-RACS)
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4.1 Research objectives, research approach, and positioning within the research area

uct, to devices & processes, to the broader supply chain and system level. The SRA is structured
around fuel & chemical design, system integration and Life-cycle assessment. The results of
RACS are fed back to the other SRA consistently to enable an iterative research process within
FSC2 based on an ex-ante evaluation of developed process paths and fuels.

Task forces will be formed for common topics and techniques with the potential to cross-fertilize
the progress of the SRAs. This includes for example methods for the preparation and character-
ization of materials and interfaces including the analysis of dynamic processes under operating
conditions, the integration of production pathways and propulsion properties for the C-based
fuel design, or the seemingly contradicting goals of integration for process chains and flexibility
of individual process steps.

4.1.2 Position of FSC?2 within the National and International Research Area

RWTH, MPI, FZJ => unique/strong

» Large scale projects: here FUNDAMENTAL, sonst eher translational

Internationally leading: similar programs only on individual parts (name important ones),
not holistic; partnerships

» Evidence: conference chairs, journal Editorial Boards?

aus FSC Antrag: The challenges and opportunities associated with a transition of the energy
system and the use of non-fossil raw materials has led to major research initiatives world-wide.
Rooted in its unique profile, in the scientific progress, and in the collaborative structures devel-
oped within the Cluster of Excellence “Tailor-Made Fuels from Biomass (TMFB)”, RWTH and its
partners are ideally positioned to establish the “Fuel Science Center” as a national lighthouse
and an internationally leading scientific environment in this highly competitive field. Targeting
“fuels” as central pivot to interconnect the energy, mobility, and chemistry sectors allows the
definition of common goals and a coherent research strategy for scientists at all career levels
with diverse, yet complementary and synergistic expertise. The strategic partnership between
RWTH, FZJ, MPI KoFo, and MPI CEC provides an excellent infrastructure and a critical mass
of leading scientists, capitalizing on the individual profiles of the institutions within the German
scientific landscape. While a number of research institutions world-wide focus on either the
conversion of renewable energy into chemical storage materials or the development of alter-
native propulsion systems, the integration of both fuel production and propulsion systems in
one common research framework is quite rare. Apart from the CoE TMFB, one of the very few
large-scale initiatives embracing production and propulsion is the recently launched Co-Optima
Initiative started by the US Department of Energy (DOE) in March 2016 [CO]. The initiative
intends to “combine the previously independent areas of biofuels and combustion R&D, bring-
ing together two DOE Office of Energy Efficiency & Renewable Energy research offices, nine
national laboratories, and numerous industry and academic partners to more rapidly identify
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commercially viable solutions” [COa]. Current publications from this program deal mainly with
the assessment of biomass-derived blending components for compatibility with existing engine
concepts, infrastructures, and production routes [Du17]. The Co-Optima consortium has al-
ready indicated a strong interest to enter into collaboration with FSC in case of its approval.
The potential for a pivotal international position of FSC in this research area is demonstrated
inter alia by its strategic links to major research institutions and scientific partners through its
Scientific Advisory Board (see Section 4.3). This includes the Joint BioEnergy Institute (JBEI;
San Francisco, USA) [BE], the Sustainable Energies Program at the Dalian Institute of Chemi-
cal Physics (Chinese Academy of Sciences, Dalian, China) [DICP], the Netherlands Center for
Multiscale Catalytic Energy Conversion [MCEC], the Engine Research Center at the Univer-
sity of Wisconsin (Madison, USA) [ERC], the Center for Sustainable Chemistry at University of
Nottingham (UK) [CSC], and the Center for Process Systems Engineering at Imperial College
(London, UK) [PSE]. Based on the fundamental insight and methodological progress, FSC is
able to act as a motor for translational research activities transferring knowledge into innova-
tion. In addition to focused industrial projects aiming at implementation, this is exemplified in
particular by coordinating roles in large scale national academic-industrial networks such as the
Kopernikus project “Power-to-X” and the BMBF initiative “Carbon2Chem®’. It is also reflected
by the strong commitment of representatives from companies covering the entire value chain
from energy systems to car manufacturers in the International Advisory Board (see Section
4.3.1).
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4.1 Research objectives, research approach, and positioning within the research area

Guidelines for section 4.2:

Please indicate the main preliminary work, carried out by currently or previously funded local or
regional research groups, for example, on which the Cluster of Excellence is based.

Renewal proposals only: Please include a concise description of the Cluster's most relevant
achievements during the first funding period, also with regard to the objectives defined in the
establishment proposal.

Estimation: In total, a maximum of 1.5 pages for this section.

Content: Only a short version is required here. Detailed descriptions shall be implemented in
section 4.5.
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4.2 Preliminary and previous work

In the previous phase, FSC has established a unique and world-leading research platform defin-
ing the concept of “fuel science” for the production and use of carbon-based liquid energy car-
riers in propulsion systems based on ICEs. This has been achieved on the one hand by the
scientific progress of the individual Principal Investigators (Pls) in their respective disciplines
and on the other hand by creating a culture of interdisciplinary collaboration. Disciplinary com-
petences could thus be synergistically integrated ranging from fundamental knowledge on the
molecular level, through the design and demonstration of advanced devices, to multifactorial
systems analysis of sustainability criteria.

A central element for the collaborative efforts was the FDP aiming at the identification of promis-
ing target structures for sustainable fuels integrating their production route with the performance
in the propulsion system REF (ANGEW REVIEW; scientific objectives #5). Recognizing that
maximizing carbon efficiency and minimizing energy supply are essential design criteria for the
production processes, “bio-hybride” molecules were defined to explore the synergistic potential
of biomass and COy as carbon feedstocks. Integrating innovative synthetic methods for cat-
alytic CO2 conversion with biomass-derived building blocks opened unprecedented synthetic
pathways to fuel targets beyond established products (scientific objective #1). The potential
for simultaneous gain in efficiency and reduction of emission levels was demonstrated for such
new fuels when combined with advanced engine concepts and technologies (scientific objective
#4).

Examples to highlight the interdisciplinary approach include the production of cyclic acetals com-
bining catalytic CO2 hydrogenation with bio-based alcohols as substrates by judicious combi-
nation of bio-catalytic and chemo-catalytic transformations [REFs Klankermayer/Blank/Rother
& Jupke]. The adaptive synthetic pathway allowed for systematic structural variation of the
bio-based component enabling detailed studies of structure-performance relationships in es-
tablished and advanced engine technologies providing unprecedented insights in combustion
mechanisms [REF Klankermayer/Pischinger/Pitsch]. In particular, engine concepts exploiting a
combined use of low and high reactivity fuels (“molecular torch (MT) and molecular spark (MS)”)
were shown to reach ultra-high thermal efficiency of up to 50 % [REF]. Another example is the
production and use of long-chain alkane/alcohol mixtures where FSC research comprised all
aspects from catalytic production, over combustion properties and materials compatibility, to a
systems analysis of environmental parameters [REF Nature Energy].

The detailed insight derived from such iterative studies was combined with advancements in
modeling and simulation techniques as basis for mathematical optimization methods across all
levels (scientific objectives #2 and #6). This was successfully demonstrated for the holistic de-
sign of a bio-hybrid fuel blend comprising the newly developed process network flux analysis
(PNFA) as the best compromise between CO2 reduction, costs, and other life-cycle assess-
ment (LCA) indicators such as land use [REF]. Challenges and opportunities arising from the
use of electricity from renewable sources as the primary energy input for the production pro-
cesses were addressed inter alia by strategically integrating the field of electrocatalysis on a
molecular and device level (scientific objective #3). [EXAMPLES PALKOVITS, MAYRHOFER,
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WESSLING] These examples are provided pars pro toto to illustrate the collaborative spirit of
FSC based on the disciplinary excellence of the Pls outlined in detail in the sections “previ-
ous work” in Chapter 4.5 The adaptive structure of FSC has been successfully used to in-
tegrated associate Pls at various career stages and to ensure a healthy mix of continuation
and rejuvenation of a divers team of researchers team on all levels (structural objective #3 and
#4). The seamless integration of strategically planned appointments at different faculties and
institutions demonstrates the pronounced structural impact of the cluster (structural objective
#2). The obvious benefits for scientific progress have provided an intrinsic driving force for
new forms of structural collaborations between RWTH Aachen University, the Forschungszen-
trum Jdlich, and the Max Planck Institute for Chemical Energy Conversion (structural objective
#1). The resulting tight network has been instrumental in establishing a number of important
large-scale collaborative projects with strong translational components (ReDiFuel, CatalAix,
Helmholtz-Cluster Wasserstoff HCH2) or even directed to implementation (Kopernikus Power-
to-X, Carbon2Chem, NaMoSyn).

The objective-oriented successful demonstration of individual scientific excellence, interdisci-
plinary team spirit, and institutional collaboration in FSC provides a strong basis for the genera-
tion of fundamental knowledge and methodological know-how in FSC? to enter new directions
in terms of energy conversion technologies and molecular diversity of bio-hybrid products within
the dynamics of a rapidly changing global system.

Scientific Objectives Erstantrag:

» Adaptive synthetic pathways are enabled by homogeneous, heterogeneous, bio- and electro-
catalysis to integrate renewable energy with alternative carbon sources for a broad molecular
diversity of bio-hybrid fuel targets, which are iteratively identified and developed via structure-
performance correlations together with combustion science.

» Synergistic progress in experimental methods and modelling and simulation techniques pro-
vides unprecedented insights into molecular interactions that determine on the one hand the
intrinsic pathways of combustion processes and on the other hand the structure and dynamics
of catalytically active sites.

» Challenged by the fluctuating supply of renewable energy and carbon feedstocks, scalable
and modular reactor concepts allow for bio-hybrid fuel production processes with high yield
and selectivity over a wide range of boundary conditions.

» Molecularly controlled engine concepts are enabled through advanced technologies for com-
bustion and aftertreatment systems and achieve bio-hybrid fuel-based propulsion with energy
conversion efficiencies beyond 50 % and near-zero pollutant emission.

» The fuel design process identifies molecular fuel structures and co-products jointly with the
required intensified chemical conversion processes and novel engine technologies to optimize
overall conversion and propulsion performance.

« Interdisciplinary system-level analysis provides an integrated framework to assess and opti-
mize the dynamic cross-sectorial integration of the electricity and fuel sectors based on mul-
ticriteria evaluation of economics, environmental impacts and stakeholders’ perceptions.
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The most promising bio-hybrid fuel candidates identified in FSC’s iterative FDP can be divided
into three groups. Firstly, fuels that primarily have advantages in terms of the synthesis pro-
cess, where as much CO2 as possible is coupled back into the new molecules (link bio-hybrid
synthesis). The molecule groups dioxolanes and dioxane as well as methyketones should be
mentioned here in particular [source Klankermayer & Blank]. The second group is primarily de-
rived from the combustion properties. Here, for example, fuels with a high octane number and
high burning velocity for spark-ignited combustion systems as well as fuels with a high cetane
number and a certain proportion of oxygen-containing molecules for compression-ignition com-
bustion have emerged as advantageous.zu trivial? more Details on Molecularly Torch & Spark,
high & low reactivity fuels

The third group consists of fuel blends that were identified from the system analysis PNFA as
the best compromise between CO2 reduction, costs, and other LCA indicators such as land
use.

To 50% target: The continuous co-optimization of the engine and the fuel yielded an increase
of the engine efficiency and near-to-zero engine-out emissions over the years. In particular,
the selection of suitable single fuels and fuel combinations enabled both an increase of the
compression ratio (CR) and a decrease of the emissions to increase the efficiency. We did
significant steps to achieve our target for an energy conversion efficiency of 50 %, and we are
convinced that our next scheduled development steps will achieve our target until the end of
the FSC funding period.
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Figure 6: a) efficiency walk and b) NOx-soot trade-off using various compression ra-
tios (CRs), high reactivity (HR) and low reactivity (LR) fuels, high-tumble
(HT) and high-swirl (HS) engines, molecularly controlled combustion sys-
tems (MCCSs), molecular torch (MT), and molecular spark (MS).
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Guidelines for section 4.3:

Outline the chosen structure of the research programme, for example with reference to
overarching topics or research areas and the essential links between them. To allow for the
varying needs of different subject areas, there are no specific guidelines as to the structure
of the research programme: it may be split into subunits or structured in another way, and

the subunits denominated as needed (e.g. “areas”, “streams”, “classes” etc.). If applicable, a
detailed description of the individual subunits should be provided in section 4.5.

Estimation: In total, a maximum of 1.5 pages for this section.

Content: Point out CAs as success.
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4.3 Structure of the research program

The successfully established concept of interdisciplinary CAs and their effective and dynamic
interconnection now form the backbone of the unique research framework of FSC? to address
adaptively the challenges resulting from the “defossilization” of energy carriers and chemicals.
The central achievement of the CAs is the convergence of expertise from various disciplines
along the length and time scales of the overall system levels: (CA1) Molecular Transformations
and Interactions, (CA2) Interfacial Phenomena and Devices, (CA3) Fuel Design and Sustain-
able Cross-sectorial Value Chains.

Now, all research activities and projects are allocated within SRAs where they absorb and vice
versa stimulate the disciplinary progress of the individual Pls, thus constantly augmenting the
CAs (Figure[7). The SRAs are bridged via general design challenges that will be addressed in
flexible working groups as the research program develops. This includes the integration of pro-
duction pathways and propulsion properties for the carbon-based fuel design, the fundamental
mechanisms of electrochemical ammonia activation for energy or synthetic applications, as well
as the seemingly contradicting goals of integration for process chains and flexibility of individual
process steps.

Carbon-based Ammonia Concatenated
Fuel Fuel Synthetic

Application Utilization Pathways

Propulsion Production >

Bio-hybrid Fuel A
Characterization Neemission Interconnected o
Catalytic
M

Control
Concepts

Carbon-based
Fuel Cells

A , N
Ammonia A Bio-hybrid
Combustion Synthesis
Thermal A ,
e mmonia
ay Fuel Cells Integrated
M
M

<< G > >

Conversion Reactor
Systems

Fuel & Chemical Design Forum > >

Figure 7: The integrated framework of the five Strategic Research Areas (SRAs) em-
bedded within the Competence Areas (CAs).
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Guidelines for section 4.4:

Outline the research profiles of the principal investigators. How will the principal investigators,
staff and the cooperating partners contribute to achieving the Cluster’'s research objectives?
Explain which other individuals and institutions are currently involved or will be involved in the
future according to your current plans. When choosing principal investigators, staff, and coop-
eration partners, appropriate consideration should be given to diversity.

Renewal proposals only: Please include a concise synopsis of these aspects relating to the
first funding period.

Estimation: In total, a maximum of 3 pages for this section.
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4.4 Staff and institutional composition of the Cluster of Excellence

The 25 core Principal Investigators (Pls) represent the three Competence Areas (CAs) and
define the thematic focus within the Strategic Research Areas (SRAs). The project work is,
however, based on a much larger network of scientific excellence and methodological exper-
tise through 12 associated Pls. All Pls have the same rights and responsibilities within the
Cluster, creating the necessary critical mass and structural impact among the three partner in-
stitutions RWTH Aachen University (RWTH), Forschungszentrum Jilich (FZJ) and Max Planck
Institute for Chemical Energy Conversion (MPI CEC). During the current phase, new research
fields and emerging areas as well as four core research areas have been strengthened by in-
tegrating 4 researchers from RWTH and one from MPI CEC newly to the FSC PlIs (0) and by
10 FSC-oriented strategic appointments (¢ ) at the partner institutions. The main areas of com-
petence of the individual Pls and their contribution to the research program are summarized in
Table 4411

Based on various multilateral previous collaborations, the partners will form a tightly-knit collab-
orative and interdisciplinary scientific environment combining a unique set of expertise. Most
Pls have participated in or even coordinated collaborative research centers and research train-
ing groups funded by the DFG or large scale projects on national or European level. The Pls
have state-of-the-art research facilities and cutting-edge equipment at their disposal to host the
FSC? activities in a strategically coordinated virtual center creating synergy across the institu-
tions. A particular strength of the consortium in this context results from the fact that a number of
Pls share dual appointments between the collaborating institutions (RWTH/FZJ: Eichel, Jupke,
Mechler &, Mitsos, Palkovits, Rother; RWTH/MPI CEC: Leitner, Palkovits, Wiegand ¢).
The PlIs are renowned experts in their fields as evidenced by their publication records and other
relevant criteria of the respective scientific disciplines. Individual recognitions include a Leibniz
Prize, a Humboldt professorship as well as a Heisenberg Professorship, 5 ERC grants (3 ad-
vanced, 2 starting), and a number of further prestigious national and international awards (for
details see Section[A.3]and individual CVs). The international reputation of the team is further
reflected by the commitment of leading scientists and industrial stakeholders to support and crit-
ically accompany the cluster activities in the International Advisory Board (see Table[5.4.1).The
Pls cover all academic career stages as basis for the longterm development of the research
area.

In FSC?, recruitment of 13 new faculty members as listed in Table (Section including
new appointments as well as early succession models, will ensure the continuous rejuvenation
and diversity of the network of Pls and the environment will be enriched with complementary
knowledge and methods. The FSC? foresees the integration of further associated researchers
depending on the temporary formation of translational projects with flexible fund allocation. This
adaptive process results in a CoE structure with a stable core allowing at the same time for flex-
ibility where required.

In SRA-CBFA and SRA-AU, a detailed understanding of the phenomena relevant for the molec-
ularly controlled propulsion systems including combustion as well as electrochemical energy
conversion and advanced aftertreatment is mandatory. This is covered by the researchers’
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Table 4.4.1: Cooperation matrix
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competence in fuel injection, spray and mixture formation, in-cylinder fluid dynamic and com-
bustion process (Kneer, Schrdder, Pitsch, Pischinger), with Prof. Boxx & for the methodological
competence in laser spectroscopy and Prof. Schmitz adding expertise in tribology and hydrody-
namics. The molecular basis of combustion will be covered through expertise in experimental
methods for autoignition chemistry and pollutant formation as well as chemical kinetic modeling
and chemistry reduction (Pitsch, Heufer), with Prof. Leonhard adding competence in quantum
chemistry and molecular dynamics. Dealing with the aftertreatment systems and catalytic sur-
face coatings in the combustion chamber requires a combination of expertise in catalytically ac-
tive materials (Palkovits, Simon), multiscale modelling of heterogeneous catalysis (Khetan®),
as well as an integrated catalyst system layout in the context with the engine requirements
(Pischinger, Heufer, Wessling). The new research topic of electrochemical energy conversion
of liquid energy sources and ammonia in fuel cells is being investigated in a holistic approach
starting from the electrochemical fundamentals (Eichel, Mayrhofer, Palkovits, Lauterbach ¢) via
the process level (Mechler®, Mitsos, Wessling) to system integration (Pischinger). Numerical
and experimental evaluation of multiphase reactive flow (Schréder, Khetan¢) leads to a de-
tailed understanding of the underlying electrochemical processes.

The Pls targeting the production processes in SRA-CSP and SRA-TCP cover competences
in heterogeneous catalysis (Palkovits), homogeneous catalysis (Bolm, Klankermayer, Leitner,
Schoenebeck), and biocatalysis (Blank, Herres-Pawlis O, Lauterbach ¢, Rother). An important
interface has been established with experts in the area of electrochemistry (Eichel, Mayrhofer,
Waldvogel ©) and extensive analytics such as liquid and solid-state NMR or X-ray absorption
and emission spectroscopy (Wiegand ¢, Zobel0). Fundamental engineering aspects of the
production processes are being addressed from a materials basis, through reaction engineer-
ing concepts, and finally a systems process engineering perspective. The competences cover
the reaction and process engineering of (bio )catalytic transformations (von der Alen ¢, Jupke,
Leitner, Magnus ¢, Mitsos, Wessling) as well as electrochemical devices (Eichel, Mechleré,
Wessling).

In SRA-RACS, resilient and adaptive systems design perspective is developed. Aiming at a
predictive and integrated fuel & chemical design, the developments in SRA-RACS are imple-
mented into full process chains with the aid of predictive models linking molecular structures
to performance of liquid energy carriers and chemical building blocks (von der Alken ¢, Mitsos,
Pischinger, Pitsch). Direct environmental impacts are determined at an early fuel design stage
in order to allow for a predictive assessment of fuels, fuel blends and chemicals (Backhaus ¢).
System Integration bases on integrated models depicting the coupling of the sectors energy,
transport and chemistry (von der Alken ¢, Walther), which are then extended by socio-economic
and socio-political implications, specifically regarding aspects of systemic risk analysis (Arn-
ing®, Ziefle), stakeholder incentives (Walther, Venghaus ), and policy design (Venghaus#é,
Walther). System integration results are then combined with an environmental life-cycle as-
sessment (von der ARen &, Backhaus ¢, GreiffO, Leicht-Scholten©) in an iterative design cycle
to achieve resilient and adaptive fuel and chemical conversion systems that fulfill all aspects of
sustainability.
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In addition to the excellent global network of the individual Pls, strategic collaborations with in-
ternational centers of excellence in closely related activities, such as the Future Energy Systems
(FES) program at the University of Alberta, the recently established research program Renew-
able Fuels and Chemicals for Switzerland (refuel.ch) in the ETH domain and the Japanese
Decarbonized Industrial Thermo-System Center (DITS), are being promoted and established
as part of the FSC activities (see section [6.3).

In order to benchmark the technological perspectives resulting from the fundamental research
within FSC2 with other developments in a dynamically changing energy and mobility landscape,
the CoE builds on the independent expertise from the Institut fir Energie- und Umweltforschung
Heidelberg gGmbH (ifeu). Their experts are invited to participate in the Fuel & Chemical De-
sign Forum and critical assessments for specific case studies are commissioned. This en-
sures an unbiased reflection on the results providing important feedback for the continuous
structuring progress of the research activities. The dissemination of the research results and
public outreach will be supported by the the state agency for energy and climate protection in
North Rhine-Westphalia (NRW.Energy4Climate), e.g, by organizing workshops with scientific
and non-scientific stakeholders.
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Guidelines for section 4.5:

Describe the research programme in detail following the structure outlined in section 4.3. For
each subunit of the research programme, please list the principal investigators and other key
researchers and address the following points:

* specific research objectives of the subunit and its contribution to the overall objectives of
the Cluster of Excellence;

 current state of research;

* individual or joint preliminary work, in case of renewal proposals: results from the previous
funding period;

» work programme (approaches, methods, risks and opportunities, alternative strategies);

« if applicable: relevance of sex, gender and/or diversity dimensions, see https://www.

dfg.de/diversity dimensions;

* research data handling, see https://www.dfg.de/download/pdf/foerderung/
grundlagen dfg foerderung/forschungsdaten/forschungsdaten checkliste_

en.pdt;
« if applicable: use of existing or planned research and/or information infrastructures;
* internal and external collaborations;

« if applicable: legal and ethical aspects of research in the subunit (cf. section 4.6.)

For each research subunit, please provide summaries of requested staff positions and funds
using the tables below, and include a justification for your request in the text.

structure & page estimation:

5 subsections (SRAs): 13 pages per subsection (SRA)

SRA Summary: approx. 1 paragraph

SRA Strategy and Structure: incl. Summary max. 1-1.5 Pages

3 sub-subsections per SRA: approx. 3 pages per sub-subsection
short summary: approx. 1 paragraph

Previous work: approx. 1-1.5 pages

Objectives: approx. 0.5 pages

Work Program: approx. 1-1.5 pages

Tables: approx. 0.5 pages
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4.5 Detailed Description of the Research Program
4.5.1 Strategic Research Area: Carbon-based Fuel Application

Pls: Pischinger, Blank, Eichel, Heufer, Jupke, Klankermayer, Lauterbach, Leitner, Mechler,
Mitsos, Palkovits, Pitsch

ARs: Boxx, Kneer, Leonhard, Magnus, Schmitz, Schréder, Simon

The SRA “Carbon-based Fuel Application” (SRA-CBFA) focuses on the conversion of carbon-
based fuels in existing and future propulsion systems, both internal combustion engines (ICEs)
and fuel cells. The high efficiencies and near-to-zero emissions were achieved in the current
funding phase with novel bio-hybrid fuel molecules and fundamentally new combustion systems
like molecularly controlled combustion systems (MCCSs), which can only be implemented in
new engines and vehicles. REF However, current propulsion systems will continue to have
a significant share of the vehicle fleet in the decades to come. REF Hence, there is a high
motivation to design fuels that are suitable for existing vehicles on the one hand, and at the same
time gain advantages without or with software or/and hardware adaptions, so-called retrofit
solutions. Such retrofit solutions are subject to adaptivity constraints that might limit the potential
efficiency increase and emission reduction. For instance, a compression ratio (CR) increase
would be restricted to realization by a piston change, but not through an increased stroke. The
resulting more unfavorable surface-to-volume ratio will lead to reduced efficiencies and higher
hydrocarbon emissions. Therefore, we will build-up on the methodologies that we developed in
The Fuel Science Center (FSC) and extend them to the fuel candidates under adjusted boundary
conditions. As new carbon-based fuels become available, it will also be attractive to apply them
for the usage in direct liquid fuel cells (DLFCs) as propulsion systems. The fuel design process
will be extended to DLFCs in order to exploit the potential of a simultaneous optimization of fuel
and DLFCs with novel catalytic materials.

Strategy and Structure of SRA

The SRA-CBFA explores the highly efficient and near-to-zero pollutant emission conversion of
liquid energy carriers in form of hydrocarbon molecules, focusing on bio-hybrid fuels and fuel
blends. Research topics include the combustion processes and the electrochemical conversion
at the molecular level (CA1), as well as the associated energy conversion systems ICEs and
DLFCs at the device level (CA2). In line with the holistic, integrated Fuel & Chemical Design
Process (FCDP), the results contribute on the one hand to defining requirements for new fuel
molecules and blends (SRA-TCP & SRA-CSP), and on the other hand, to the design and as-
sessment of resilient and adaptive mobility systems (SRA-RACS).

FSC? transfers the findings on MCCSs as well as high-performance and high-adaptivity af-
tertreatment systems in combination with bio-hybrid fuels to molecularly controlled propulsion
systems (MCPSs), introducing the concept of fleet-compatible fuel and powertrain co-optimization.
With the new research field of DLFCs, electrochemical energy conversion systems are inte-
grated into the FCDP to harness their potential for high efficiency combined with high energy
and power densities.
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4.5.1.1 Bio-hybrid Fuel Characterization

The focus of the overarching optimization problem within the Fuel & Chemical Design Process
has been on minimizing greenhouse gas emissions and the environmental impact of pollu-
tant emissions as well as resource-efficient production. These still essential target variables
are now supplemented by the compatibility of the fuels with existing powertrains opening up
new research questions regarding the physico-chemical properties and requirements of bio-
hybrid fuels and fuel blends in both fleet compatible thermal as well as prospective electro-
chemical conversion systems. Complex reaction mechanisms and molecular interactions are
understood and modeled using machine learning (ML) methods in combination with intelligent
sampling techniques and integrated into the established Fuel & Chemical Design Process. The
in-depth understanding of the efficient energy conversion, emission formation, and molecular
interaction of compatible bio-hybrid fuels is fed back into production (SRA-TCP & SRA-CSP)
and contributes to the comprehensive life-cycle assessment (LCA) (SRA-RACS) as well as the
design of molecularly controlled energy conversion systems.

Current State of Research and Previous Work

Managing complexity is one of the biggest challenges of chemical kinetic development. State-
of-the-art, detailed chemical kinetic development requires compiling models with hundreds of
species and thousands of reactions, determination of the associated parameters and their un-
certainties, and validation of new models against data from numerous sources. Several detailed
kinetic models were successfully developed as part of FSC for prediction details of pyrolysis and
oxidation behavior of fuels [1, 2, 3, 4, 5]. Such developments base on a detailed theoretical cal-
culation of molecular dynamics (MD) [6, 7][213], of rate constants [8, 9], and of thermodynamic
data [10], as well as experimental results on laminar burning velocity (LBV) [11](?), ignition de-
lay times (IDTs) [12], species measurements in flow reactors [13], and flame emissions [14, 15]
produced within the cluster and through external cooperation.

Though effective and successful, processes established in the FSC show that the involved
human efforts remain high, and handling the ever-increasing complexity of detailed models
becomes challenging. Several tools and methods have been devised in response to this chal-
lenge. Within the FSC, model-based experimental design has been used to identify optimal
conditions for experimental measurements [16] and a comparative quantitative analysis of am-
monia combustion models [17] demonstrated how knowledge of complex oxidation processes
can be consolidated. Other popular approaches are automatic model generation [214][263] and
parameter estimation [263].

The highly recognized FSC-tool ChemTraYzer (CTY) (reviewed by [264, 265, 266]) performs
MD simulations to find new reaction pathways and obtains accurate properties of the reactions
by automated high-level quantum mechanics (QM) calculations [6, 8, 18][215, 213].
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Figure 8: Ranking of fuels in the present training set with highest predicted LBVs at
373 K, 1 atm, and ¢ = 1.1. The values of n-heptane, isooctane, and dimethyl
carbonate (which has the lowest value of all considered fuels) are included
for comparison.[11]

However, achieving the ambitious goal of developing fleet compatible bio-hybrid fuels demands
further advancements. In addition to the predictive modeling of the oxidation of various carbon-
based fuels, investigating the combustion of blends becomes crucial [19]. This becomes even
more challenging when hydrogen and ammonia are introduced as potential clean energy car-
riers. The developed kinetic models must be able to predict pollutants such as nitrogen ox-
ides and polycyclic aromatic hydrocarbons, while also accounting for new pathways involving
C-N and C-O bonds, which leads to unprecedented complexity when developing these detailed
chemical kinetic models, and traditional model development methods must be amended.

Recent advances in data-driven ML, particularly in natural language processing (NLP) tech-
niques [267, 268][20], could unlock new potential for managing complexity, making the kinetic
model development process more efficient, reliable, and adaptable to evolving demands.

Universal differential equations (UDE) emerged from a special focus on incorporating funda-
mental physical principles in ML-based models for dynamical systems allow the combination
of theoretical models with data driven training to increase computational efficiency and extrap-
olation capability [269]. Owoyele and Pal [270] have shown that Neural Ordinary Differential
Equations, a sub-type of UDEs, can be used to mimic a classical hydrogen kinetic model at a
fraction of the computational cost. Here, the incorporation of prior knowledge was substituted
by an iterative training approach, which does not scale well with larger mechanisms. The in-
corporation of physical constraints like energy- and atom-balance and the flexibility of neural
networks as universal approximators to achieve a higher accuracy in combination with a uni-
versal global reaction scheme [21] will be key to the further development of this method.

To gain detailed knowledge about the combustion chemistry, particularly emission formation,
laser absorption spectroscopy (LAS) and gas chromatography and mass spectrometry (GCMS)
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are used. LAS is a non-intrusive in-situ method, that directly measures in a shock tube (ST) or
rapid compression machine (RCM). Both facilities are already in use to study the combustion
of potential bio-hybrid fuel candidates [5, 12, 3, 22, 23, 4].

For the species measurements, two different laser systems are being used. The ultraviolet
(UV) laser system is a single wavelength system, which excites the OH radical at 306.9nm or
308.61nm. By measuring the OH radical concentration, the reaction rate of the very impor-
tant reaction: fuel + OH < fuelradicals + H>O, can be measured. The second laser system is
an infrared (IR) laser that measures a wavenumber range of 60cm~" with a time resolution of
4 us. The currently used central wavenumber is 1740 cm~! and is able to measure the stretch-
ing of the carbonyl group, for example in formaldehyde [271] or alkyl formats [24] but can be
exchanged by other laser modules.

As this system uses a wavenumber range,

different species can be measured simul-

o8 taneously. This great advantage however
leads to a more complex analysis, especially
when mixture should be measured, and not
all components are known. A first guess
about the different species-spectra that su-
perimpose into the one, measured spectrum,
can be achieved with the help of multivari-
ate curve resolution (MCR). However, this
method very quickly comes to its limits, espe-
cially with unknown species. To resolve this,
species and mixture spectra could be calcu-
lated with the help of quantum mechanics and
used to analyze the experimental spectrum
[4,9, 25, 26]. For the GCMS measurements,
Figure 9: Measured  time-resolved  IR- 2 sample needs to be taken from the reactive
absorption spectra during ethyl- mixture in ST or RCM by fast opening valves

formate pyrolysis (Bild aus- (opening time: 1ms). Currently, both sys-
tauschen) tems are used separately and especially the

analysis of the IR laser measurements is of

challenge when several species-spectra overlap. To resolve this issue, a new analysis software
is needed that uses both measurements, for GCMS and IR laser at the same time. This would
give the opportunity to have advanced time resolved information about the combustion process,

the pollutants formed, and the influence of different experimental conditions and molecule struc-
tures.
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Objectives

FSC? aims to devise and implement new numerical and experimental methods to determine the
reaction network, thermodynamic, and process performance of bio-hybrid fuels that facilitate an
ML-assisted Fuel & Chemical Design Process for both fleet compatible thermal and prospective
electrochemical conversion systems.

The exploration of UDE and NLP techniques for kinetic model development and the integration
of such ML approaches in established tools like CTY shall enable superior accuracy (quantifica-
tion/indicators possible?), generalizability, high computational efficiency, discovery of missing
reactions, high-quality datasets, and improved parallelized training strategies.

Thereby, FSC? provides a new paradigm in kinetic model development and strives for an inter-
disciplinary combustion data language in ML, following the FAIR principles.

The computational methodologies will be accompanied by precise experimental measurements
to provide meaningful insights into the emission formation of bio-hybrid fuels targeting near-to-
zero pollutant emission operation:(i) a new analysis tool for complex multi-component spectra
using a combination of QM and MCR aided with GCMS species measurements, and (ii) a new
rapid multi-sampling technique with significantly decreased sampling time to achieve high tem-
poral resolution.

Work program

Modeling the chemical energy conversion is a critical aspect for predicting the performance of
novel energy carriers and fuel blends. Conventional methods are time consuming, require high
human effort, and become more and more challenging due to increasing complexity. In this
context, ML-based methods offer high potential to overcome this issue by improving the model
development process or even bypassing it.

For improving the model development process, one maijor task is the curation of an extensive
database, leveraging high-quality data from experiments and existing chemical kinetic models.
This curated data will serve as a foundation for model development, where advanced techniques
such as NLP, deep learning, and reinforcement learning will be employed in conjunction with
cheminformatics techniques (Tanimoto similarity of reaction fingerprints) to refine and expand
existing kinetic models.

In this regard, the validation of rate coefficient predictions and reaction networks will be a critical
aspect of this research, employing techniques like k-fold cross-validation and theoretical predic-
tions through molecular dynamics simulations (ReaxFF) and high-level ab initio methods (QM).
Automated workflows will be developed for the analysis of heterogeneous systems, integrating
tools like Tofhed and CTY for surface detection, event characterization, and reaction network
analysis. Quantitative statistical measures, including the curve matching score, will be utilized
to objectively assess the model performance and the quality of suggested reactions during the
model development.

The research will also focus on integrating ML into model development processes. Semiauto-
matic ML model development will be pursued, generating training data and optimizing Hamilto-
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nians (Machine learning Potentials) for enhanced accuracy. Active learning methodologies will
be implemented to improve ML model performance, utilizing error estimators, and high-level
calculations to refine models for reaction kinetics.

Alternatively, the development of detailed kinetics could potentially be bypassed by combining
global reaction schemes and UDEs in a novel ML approach aiming at fast and robust models
for accurate prediction of global properties such as energy release or formation of major pollu-
tants in complex simulations of real application problems. Various loss functions ranging from
simple absolute error to complex time wrapping functions, adjoint sensitivity methods for effi-
cient computation of the gradient of the loss function, multiple shooting approach for improved
parallelization on multiple cores will be integrated into an automated framework.

Any kinetic modeling approach relies on accurate experimental data for training and validation.
While the measurement of global combustion properties such as IDTs in STs and RCMs are
well established, the focus will be on the development of novel species measuring methods to
provide detailed information on intermediate species during the fuel conversion process under
application relevant conditions. Current limitations in analysis of time-resolved IR spectra (lris-
F1) will be overcome by developing a novel analysis tool for complex multi-component spectra
using a combination of QM and MCR, supported by novel rapid sample extraction techniques
and GCMS analysis.

The program will integrate various disciplines, including process modeling, environmental health
& safety (EHS), and LCA, aiming to develop cleaner and more efficient energy conversion sys-
tems. Multi-disciplinery collaboration with internal and external partners will facilitate the inte-
gration of cutting-edge techniques like graph- and convolutional-neural networks for molecular
property prediction.

The infrastructure in form of the High Performance Computing (HPC) platform provided by
RWTH will be essential for intensive computational tasks to incorporate additional measure-
ment techniques and advance model development.

In conclusion, this interdisciplinary research program will bridge data-driven modeling with ad-
vanced experimental investigations to advance the understanding of fuel properties, combustion
processes, and electrochemical energy conversion.

4.5.1.2 Thermal Energy Conversion

The highly adaptive design of molecularly controlled propulsion systems is developed along a
multi-stage, fleet compatible efficiency walk, which exploits the potential of bio-hybrid fuels with
regard to maximum efficiency and lowest pollutant emissions within the respective level of soft-
and hardware modifications to engines and exhaust gas aftertreatment systems. The oppos-
ing effect of measures to increase efficiency on pollutant emissions is further exacerbated by
the restrictions imposed by fleet compatibility. For example, near-wall effects due to non-ideal
surface volume ratios and the associated emissions of unburned fuel components will play a
decisive role. The associated scientific questions form a connection to SRA “Ammonia Fuel
Utilization” (SRA-AU), where the significance of near-wall effects is also high, due to the slow
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burning velocity of ammonia - even with higher degrees of freedom regarding engine design.
Additional close links to SRA-AU as well as the topic of DLFCs exist with regards to material
compatibility as well as the conversion of pollutant emissions in the exhaust gas aftertreatment
system.

Within the Fuel & Chemical Design Process, the propulsion system design is already inherently
coupled to the LCA. In the context of fleet compatible fuel as well as engine and exhaust gas
aftertreatment co-optimization, the simultaneous evaluation of existing and future fuel and emis-
sion legislation as well as social acceptance plays a particularly important role (SRA-RACS).

Current State of Research and Previous Work

In FSC, molecularly controlled combustion systems were introduced, which were divided into a
high-tumble (HT) and a high-swirl (HS) approach based on the main charge motion. For these
approaches, dedicated combustion concepts were developed: (1) a molecular torch (MT) for
the HT and (2) a molecular spark (MS) for the HS. The MT was realized by using an active
pre-chamber (PC) in an HT ICE. Whereas the main chamber (MC) of the ICE was fueled with
a low reactivity (LR) fuel, the PC could be fueled with either an LR or a high reactivity (HR)
fuel, only requiring a spark plug in case of the LR PC fuel. For the MS, an LR and an HR fuel
were directly injected into an HS ICE with an undivided combustion chamber. In this way, the
combustion process was controlled by the reactivity share and the injection timing of the fuels.
The continuous development of the MCCSs yielded an increasing n; up to a maximum of
n;=49.1% by using a CR of CR=19, see Figure@a [19, 27, 28, 29, 30, 31, 32, 33]. For
comparison, when using an active PC on an ICE with CR=14, Peters et al. [272] achieved
a maximum brake thermal efficiency of 42 % for a PC application, which is a proper value for
current series ICEs.

The engine-out emissions, especially with respect to the NOx-soot trade-off, were reduced
when using the MCCS, representing near-to-zero pollutant emissions, see Figure[T0p [32].
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Figure 10: molecularly controlled combustion systems: a) efficiency walk; b) NOx-soot
trade-off.

The MCCSs were the core combustion concepts in FSC. Despite their experimental assessment

41



4 Research Program

on thermodynamic ICEs, their in-detail understanding was supported by dedicated fundamental
experimental and numerical investigations.

In optical investigations on constant volume chambers (CVCs), the injection of novel bio-hybrid
fuels was assessed. First, their injection plumes with respect to the penetration length, the spray
cone angle, and the liquid fuel probability were examined, ensuring that the novel fuels did not
indicate disadvantages over conventional fuel. Second, the ignition of LR-HR fuel combinations
was assessed. Here, alternative fuels such as ethyl acetate as LR fuel and diethoxymethane
as HR one were assessed. REF

Moving from a CVC to an ICE, the interaction between the injected fuels and the charge motion
becomes crucial. Hence, dedicated optical investigations on an optically accessible ICE were
performed. The optical results were not only used to evaluate the charge motion but also to
provide a validation basis for dedicated numerical simulations of both the fuel evaporation and
the mixture formation. In this way, the results of both the optical investigations and the numer-
ical simulations provided the basis for optimizing the injection timing for the investigations on
thermodynamic ICEs. REF

In case of the MT, the interaction of the PC jets with the MC charge was also important to eval-
uate. Both numerical simulations of the ICE and optical investigations on an RCM revealed
the timing of the PC jet ejection into the MC and the ignition of the MC charge by the jets, see

Figure[11] REF

Toward the end of the combustion process, the interaction of the flame with the combustion

17 Fuel: Methanol  Visible flame light inside main chamber
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Figure 11: Numerical (left) and optical (right) investigation of pre-chamber jet ejection
of the molecular torch.

chamber walls becomes crucial because it is a source for emissions of unburned fuel, which
result from the flame quenching at the combustion chamber walls. To this end, a methodology
was developed to examine the resulting quench distance in optical investigations on an RCM
using a dedicated quenching object, see Figure[12l The air-fuel mixture was centrally ignited
inside the RCM, causing the resulting flame to propagate in parallel to the surface of the quench-
ing object. Here, an image in the visible light spectrum was taken. Then, the flame front was
extracted from the image using a post-processing code. In this way, the distance between the
flame front and the surface of the quenching object, i.e., the quench distance, was determined.
This evaluation methodology was also applied to coated quenching objects to assess the in-
fluence of the catalytic respectively thermal coating on the quench distance. In addition, the
influence of wall coatings on the emissions was evaluated on a thermodynamic ICE, indicating
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that a dedicated coating enabled the reduction of both major HC species and CO. [20]
In addition to the reduction of pollutant emissions by adjusting the combustion process, ded-

Flame quenching on surface Flame quenching in gap
Setup Simulation

Post-processing Unburned

Quenching

Burned Burned

Gas mixture

qut—p{ocesseq

Aluminum sample

Coating

4

Unburned due to quenching

Fused silica

Figure 12: Left: flame quenching on (coated) quenching object in RCM [20]; right: sim-
ulation of flame quenching in (coated) gap.

icated exhaust gas aftertreatment systems were developed to reduce the remaining engine-
out emissions by decreasing the light-off temperature of catalytic converters. In particular, a
methodology to investigate the use of microwaves for the reduction of the light-off temperature
was developed, revealing that catalysts performance of the materials under investigation de-
pends not only on thermal MW-input and composition (i.e. the degree of substitution in the oxide
lattice) but also on the specifics of a microwave based activation treatment in inert atmosphere.
This activation treatment leads to considerably increased catalytic activity with activation en-
ergies for dry CO oxidation decreasing from 35.90 kJ/mol (pristine sample) to 23.07 kJ/mol
(MW-activated sample) in the case of Lag.gSrg.2Co03 [34] (new paper 20247?) This approach
thus offers the possibility for an efficient and adaptive low-temperature exhaust aftertreatment
process.

Fuel blends are particularly relevant with regard to the holistic design of fleet-compatible fuels
with advanced combustion properties and sustainable production. FSC has identified a number
of promising fuel blends using the established FCDP.Verweis auf anderes Kapitel.

The highly knock-resistant fuel blends EBCCﬂ and KEAAEl were investigated in a thermody-
namic HT ICE [19, 30]. The ketone-esters-alcohol-alkanes (KEAA) application achieved a sim-
ilar n; to 2-butanone, and the EBCC one even slightly outperformed ethanol, see Figure[T0]
[19, 30].

A high-reactive blend consisting of methyl ketones, was designed for HS ICEs [33]. The appli-
cation of the methyl ketones not only yielded a higher n; than conventional diesel but also low
engine-out emissions in terms of both NOx and soot.

For the fuel application in the current vehicle fleet, hydroformylated Fischer-Tropsch (HyFiT) fu-
els were developed and investigated. These fuels (i) used mature technologies, (ii) were com-

1Composition: 50 mol % ethanol, 21 mol % 2-butanone, 15 mol % cyclopentane, 14 mol % cyclopentanone
2Composition: 40 mol % methyl isopropyl ketone, 25 mol % ethanol, 16 mol % methyl acetate, 13 mol % ethyl
acetate, 4 mol % pentane, 2 mol % methanol
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patible with global fuel standards and elastomer materials, (iii) reduced combustion-induced
emissions, such as NOx and particulate matter (PM), and (iv) supported the transition to net-
zero greenhouse gas (GHG) emissions. The investigations revealed the potential of HyFiT
fuels with 20 and 40 wt % alcohol content (HyFiT-20 % & HyFiT-40 %) to replace diesel fuel in a
light commercial hybrid electric vehicle. Used as drop-in fuels without any further adaptations,
the HyFiT fuels reduced the engine-out PM emissions by 55 % (HyFiT-20 %) respectively 70 %
(HyFiT-40 %) and the CO2 tailpipe emissions by 3-5 % compared to diesel fuel. Adapting the
calibration, in this case the exhaust gas recirculation (EGR), promises a reduction in nitrogen
oxide emissions of up to 37.5 %, as shown in vehicle simulations (see Figure (Quelle: Hy-
FiT).

B Diesel B HyFiT-20% [ HyFiT-40%
same TP NOy same TP NOy | same as for Diesel during
same EQ PM same EO PM sec. 0-825in WLTC120

258 259 255 2% . TTTTTTTTTTTTTTITTT T
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232428 51 24 29 55 23
15 l 16 I 15
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a) CO, emissions in g/km b} PM emissions engine-out (EO) ¢) NOy, emissions tailpipe (TP}
in mg/km in mg/km

Figure 13: cumulative a) carbon dioxide (CO3), b) particulate matter (PM) and c) NOx
emissions during WLTC120 of Diesel, HyFiT-20 % and HyFiT-40 % fuel with
optimized calibration for emission reduction

Ensuring the long-term material compatibility of bio-hybrid fuels with engine, fuel cell, and in-
frastructure components is crucial for the successful integration of fleet compatible fuels into
existing and prospective energy conversion systems. Immersion tests, as part of FSC’s com-
prehensive fuel investigations [35, 36, 33][Quelle: HyFiT], revealed a critical increase in volume
of up to 200 % for some combinations of fuels and sealing materials, particularly for molecules
with both polar and non-polar functional groups and short chain-length molecules that favor dif-
fusion processes into the sealing material [273].

Current ML algorithms, just like most experimental methods, relate to instantaneous compat-
ibility. Long-term compatibility, on the other hand, which is becoming increasingly important
against the background of sustainability and striving for longer intervals of usage, is still com-
pletely unknown.references?

Objectives

The concept of fleet compatible fuel and engine co-optimization is clustered in the multi-stage
efficiency walk that transfers the efficiency walk revealed in FSC to real world applications. As
a baseline, existing series production engines shall be fueled with new bio-hybrid fuels or fuel
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blends identified via the FCDP implemented with correspondingly stringent constraints that en-
sure fleet compatibility. In this way, the potential of these fuels for both the reduction of pollutant
emissions and the increase of the efficiency shall be unveiled without adaptations of the engine
hard- and software. In the second stage, adjustments of the calibration setting shall unlock addi-
tional potential of the bio-hybrid fuels, still without hardware adaptations. The adjustments of the
calibration aim to tailor the heat release rate and to reduce the pollutant emissions for example
by adapted injection or EGR and optimized exhaust gas aftertreatment strategies. In the final
stage, hardware adaptations shall be considered. The advanced molecularly controlled com-
bustion systems molecular torch and molecular spark discovered in FSC are to be implemented
under the stringent, fleet compatible boundary conditions. This involves hardware adaptations
such as the implementation of a piston that enables a high CR in combination with a PC and a
dual-fuel injection system as well as in-cylinder coatings. Increasing the CR with fixed stroke
leads to less favorable surface-to-volume ratios, making measures to reduce wall effects such
as coatings more necessary.

SRA-CBFA will (i) identify bio-hybrid fuels and fuel blends that are compatible with the existing
vehicle fleet, (ii) co-develop a highly adaptive molecularly controlled propulsion system design,
yielding an net indicated efficiency of 1; > 50 % for on-road passenger cars, and (iii) enable a
zero-impact emission strategy by combining the molecularly controlled propulsion system with
a tailored and adaptive exhaust gas aftertreatment system, despite the restrictions of fleet com-
patibility fuel and limited hardware modifications.

Work program

The objectives shall be addressed through a close alignment of experiments, numerical simu-
lations, and theory within the subtopics (i) combustion concept, (ii) exhaust gas aftertreatment,
and (iii) material & device compatibility.

The MCCSs use different special-purpose, bio-hybrid fuels to enable high net indicated effi-
ciencies with minimum emissions based on low temperature combustion with fast heat release
at high CRs and strongly reduced wall heat losses. It has been demonstrated in highly opti-
mized single-cylinder research engines (Quellen?). The challenge of fleet-compatible engine
design lies in the limited degrees of freedom, particularly with respect to the base engine (peak
pressure limit), crankshaft (stroke/bore ratio (s/D ratio)) and cylinder head (intake ports, charge
motion, and combustion chamber access). As possible degrees of freedom remain, with in-
creasing degree of effort, (i) the calibration and operating strategy, (ii) the ignition system, (iii)
the injection system, and (iv) the piston. The latter allows for an increase of the CR, which has
a positive effect on efficiency, and the application of a combustion chamber coating to reduce
wall heat losses and hydrocarbon (HC) emissions.

Potential improvements by means of calibration settings are in particular, adjustments to the
EGR rate, the injection strategy, boost pressure and valve timing that can be implemented in
the field. Prior to experimental implementation on a single-cylinder research engine or a test
vehicle, an initial assessment of potential is carried out using the vehicle simulation tool chain
established in FSC. Using virtual calibration, the entire vehicle including exhaust gas aftertreat-
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ment and hybrid powertrain operation strategy will then be optimized in terms of fuel consump-
tion and pollutant emissions (Pischinger). This allows the impact on the overall system to be
integrated into the LCA (see section at an early stage of development (e.g. ref HyFit?).
Optimized injection strategies target for instance injection timing, rate and (digital) rate shaping
to exploit the fuel’s capability for stable lean combustion while maintaining at low pollutant emis-
sions.The calibration of the EGR rate plays an important role in emissions behavior, particularly
with regard to existing vehicles with compression-ignition combustion systems. Numerous stud-
ies have shown that a significant reduction in soot emissions can be achieved with oxygenated
fuels without any adjustment to the calibration (Quellen). By increasing the EGR rate via the
calibration, this effect can be used to minimize nitrogen oxide emissions as well.

The MT will be applied to the fleet compatible MCPS as retrofit ignition source (Pischinger).
One challenge lies in the compact design of the pre-chamber, which has to fit into the existing
spark plug bore, not only in terms of packaging, but also due to the resulting disadvantages
of its effectiveness in terms of scavenging, residual gas content and turbulence level. While a
passive pre-chamber may appear advantageous in terms of packaging and costs, active pre-
chambers should be considered in order to be able to exploit the full potential of the MCCS.
This requires adjustments to the injection system, possibly including an additional, small fuel
tank or reformer.

For the introduction of the MS process into the existing vehicle fleet, the injection system must
be adapted. This is conceivable, for example, via an additional port fuel injection system leading
to a highly homogeneous mixture, yet a potential increase in HC emissions. Therefore, com-
binations with internal engine measures to reduce near-wall effects (flame quenching) such as
combustion chamber coatings as well as an effective exhaust gas aftertreatment system that is
particularly active in the cold start phase are especially important to consider here.

Highly knock-resistant bio-hybrid fuels and fuel blends can unlock the efficiency potential of
high compression ratios. In the existing vehicle fleet, this can only be sensibly implemented
by adapting the piston, as the s/D ratio is determined by the crankshaft. In terms of efficiency,
an increased s/D ratio would be desirable, as the compact combustion chamber achieves a
better surface to volume ratio and thus lower wall heat losses. In addition, an extended stroke
improves and intensifies the charge movement. Therefore, the disadvantages of a constant s/D
ratio must be counteracted here - for example, by reducing wall heat losses through combustion
chamber coating (Pischinger, Heufer, Simon).

Due to the important influence of the cylinder flow field for all measures, the interaction be-
tween charge motion, fuel injection and combustion chamber walls has to be understood in
detail. CFD-based optimization methods developed and established in FSC are used for this
purpose. The optimization process, based on a Kriging model (Quelle?), includes the shape
parametrization of the cylinder head (including intake ports), pre-chamber, and piston geome-
try. Here too, special attention is paid to the near-wall effects and the precise depiction of the
combustion chamber crevices. Besides the geometry, the combination of fuels and multiple
fuel-injection parameters are determined with the ultimate objective of high efficiency and low
emissions (Schroder)(Quellen?).
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Associated with these strategies are challenges requiring a principal understanding of the rel-
evant physical and chemical processes. That for, experiments will be performed under well-
defined engine-relevant conditions in a constant pressure flow (CPF) vessel and a single cylin-
der engine (SCE) with optical access (Boxxﬂ Pischinger). The goal of these experiments is to
obtain accurate, high precision near-wall measurements of temperature and species concen-
trations at engine-relevant conditions with spatial resolution significantly smaller than that of the
quench distance. The extreme technical challenge of acquiring such data at engine-relevant
conditions will be addressed through the development of an innovative, 2D measurement sys-
tem based on femtosecond Coherent Anti-Stokes Raman Spectroscopy (fs-CARS).

Coherent Anti-Stokes Raman Spectroscopy (CARS) is a well-developed technique for accu-
rate, high-precision measurement of temperature and major species concentrations in turbulent
flames. It requires only minimal optical access and generates background-free measurements
with sufficiently strong signal for single-shot measurements. A strong non-resonant signal orig-
inating from in-cylinder hydrocarbon molecules (i.e. fuel or residual lubricants) however, limits
its viability for high precision near-wall measurements in an optical engine. This limitation may
be overcome through the use of femtosecond duration laser excitation, which enables one to
probe excited coherences shortly after the excitation pulse and thereby eliminate the problem-
atic non-resonant signal. Furthermore, the high peak power enables two-dimensional fs-CARS
imaging for simultaneous temperature and concentration measurements with high accuracy,
typically with less than a 3 % error. Combining fs-CARS and fs laser-induced plasma genera-
tion allows for reliable detection of N2 and O2 in addition to product gases such as CO, CO»,
H20O, and NOx in turbulent conditions.

This exciting new measurement capability, particularly in combination with well-developed tech-
niques such as laser-induced fluorescence (LIF), Raman scattering spectroscopy, chemilumi-
nescence imaging will significantly enhance understanding of piston wall effects and flame-wall
interactions with catalytic and thermal coatings under real engine conditions.

Unfavorable surface to volume ratio in retrofit solutions increases the risk of pollutant emissions
such as unburned hydrocarbons under real conditions, especially during cold starts. In addi-
tion to exhaust gas aftertreatment measures for lean-burn processes to reduce nitrogen oxide
emissions (see section [4.5.2.3)), particular attention should therefore be paid to rapid warm-up
and early conversion at low exhaust gas and ambient temperatures. To this end, the funda-
mental findings on microwave-activated exhaust gas catalysis (Simon, [34] (new paper 20247)
) and 3D-printed catalyst carriers (Wessling, Quelle linkhorst/CVT) are to be combined into
adaptive retrofit concepts and tested under realistic conditions on the laboratory gas test bench
(Pischinger). The experimental investigations are accompanied by multi-scale simulations for
a deep understanding of the underlying physico-chemical processes (Khetarﬂ).

The integrated Fuel & Chemical Design Process (FCDP) is used as a starting point to identify
fleet compatible bio-hybrid fuels and fuel blends (see chapter [4.5.5.1). That for, material and

3FSC Lighthouse Appointment in 2022: Prof. Isaac Boxx, PhD, Chair of Optical Diagnostics in Energy, Process
and Chemical Engineering

4FSC Tenure Track Appointment in 2021: Prof. Dr.-Ing. Abhishek Khetan, Junior Professorship of Multi-scale
Modeling of Heterogenous Catalysis in Energy Systems
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device compatibility of new fuel candidates have to be investigated both numerically and exper-
imentally. For the experimental investigation of long-term compatibility of these fuels without
falsifying the significance of the results, new accelerated tests have to be developed (Schmitz).
To facilitate the process for the evaluation of long-term behaviour of static and dynamic seals
and low-viscosity liquids with both non-polar and polar components, the comprehensive data
base gained by accelerated testing is utilized for a machine learning classification based on
the molecular character of fuels and sealing materials for the prediction of compatibility and
elastohydrodynamic lubrication (EHL). Since the simulation of long-term wear phenomena is
related to high computational costs, fast-EHL approaches, which were developed at Institute
for Fluid Power Drives and Systems (ifas), are to be integrated. Accompanying and validating
the new accelerated test procedures as well as the new ML methodology, long-term immersion
tests, tribological experiments and determination of fluid physical properties with the measure-
ment infrastructure already established in FSC (automated immersion test bench, drop-shape
analyzer, densimeter, tensiometer, viscometer) are conducted.

4.5.1.3 Carbon-based Fuel Cells

Non-Hy fuel cells or DLFCs show great potential as energy conversion systems with zero or
near-to-zero environmental impact. DLFCs share a variety of advantages to the currently more
prominent hydrogen fuels cells: The liquid fuels have higher energy densities than compressed
hydrogen and are easier to handle. In fact, they could be distributed by the existing fuel infras-
tructure and allow simpler fuel handling in the refueling stations as well as in the fuel cell system.
Their role as hydrogen carriers in a future carbon-hydrogen economy makes them interesting
for direct use in energy converting technologies.

Currently, methanol and ethanol are the most prominent DLFC candidates. In the research field,
however, there is a large variety of possible fuels that can be converted for electricity generation.
Also, first reports have shown that some fuel cells can tolerate different fuels simultaneously,
allowing flexible fuel use, making them highly adaptable. For their further development, new
materials in terms of catalysts and membranes are needed to reduce the noble-metal loading,
lower cross-over, and reduce poisoning issues.

In FSC2, we aim to develop fuel cells with a broad range of applicability. The development of
non- or low-noble metal-based catalysts for the anode as well as fuel-resistant cathodes and
improved membranes is supposed to lower the overall costs of DLFCs. We will cover the whole
range of membrane-based low temperature fuel cells, solid-oxide fuel cells as well as microbial
fuel cells. The focus in all cases is on the flexible use of different fuels as well as blends thereof
to allow for highly adaptive and resilient systems. Also the use of new fuels from the FCDP
within FSC? will be considered. The different fuels and their applicability will furthermore be
evaluated on the system level to ensure the sustainability of the fuel production, utilization, and
possibility for integration into a carbon-hydrogen energy cycle.
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Figure 14: lllustration of most prominent DLFCs reported in literature, including di-
rect 2-propanol fuel cell (D2PFC),direct 1-propanol fuel cell (D1PFC), direct
ethanol fuel cell (DEFC), direct urea fuel cell (DUFC), direct ammonia fuel
cell (DAFC), direct dimethylether fuel cell (DDEFC), direct methanol fuel cell
(DMFC), direct ethylene glycol fuel cell (DEGFC), direct dimethoxymethane
fuel cell (DDMFC), direct glycerol fuel cell (DGFC), direct trioxane fuel
cell (DTFC), direct formic acid fuel cell (DFAFC), direct hydrazine fuel cell
(DHzFC), and direct borohydride fuel cell (DBFC). The numbers in brackets
indicate the transferred number of electrons. The maximum possible effi-
ciency is calculated from thermodynamic data.

Current State of Research and Previous Work

DLFCs are available in a large variety, utilizing various fuels as well as different reaction con-
ditions, i.e. acidic and alkaline as well as mixed conditions [274, 275]. In preliminary studies,
we have identified candidates studied in the literature and characterized them regarding their
thermodynamic as well as toxicological data (Figure DLFC_Overview, Mechler). Furthermore,
the use of DLFCs for mobile applications was analyzed and especially for heavy duty as well as
remote applications the high power density and easy storability of liquid fuels can outperform
conventional Ha fuel cells (Figure DLFC_Applications, Pischinger).

A common problem for all molecules containing at least two C-atoms is the difficulty of breaking
the C-C bond and, if achieved, the poisoning of the often Pt-based catalysts by intermediates
like CO [275, 276]. The problem of poisoning could be overcome by utilizing non-noble metal
catalysts, that are less sensitive for the adsorption of such intermediates and furthermore sig-
nificantly decrease the costs of DLFCs. For instance, carbon-based catalysts on the cathode
and transition-metal based catalysts on the anode are promising alternatives [277, 278, 279].

The FSC2 clusters vast experience in (fuel cell) catalyst development and characterization. For
instance, we have studied non-noble metal and hybrid catalysts for fuel cells [216, 217, 218,
219, 220] (Mechler, Mayrhofer) as well as [...] (Palkovits). Also the degradation of electrochem-
ical systems has been studied in-depth with modern technologies such as in-operando mass
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Figure 15: Applicability analysis of selected DLFCs for various mobile applications.

spectrometry [221, 222, 223, 224] (Mechler, Mayrhofer) as well as magnetic resonance imaging
(MRI) [225, 226], in-operando X-ray computed tomography (XCT) [227], and 3D transmission
electron microscopy (TEM) [228, 229] (Eichel).

Besides optimizing the catalyst for given fuel molecules, the latter could also be tailored by fuel
design. This has the potential to improve reaction rates by optimized adsorption on the catalyst
surface and simplified bond-breaking reaction-steps. By now, only few studies have shown that
(i) some electrodes can deal with different fuels, hence being adaptive to various resources
[280], and (ii) fuel blends can even have advantages over single fuel feeds in terms of perfor-
mance and cross over [281]. For this, catalyst materials that are fuel flexible need to be found,
while within the FCDP fuels need to be tailored for optimal interaction.

For optimized catalyst-fuel interactions model-based optimization strategies are required. While
various studies deal with the mechanistic investigation of specific fuel-catalyst pairs [REF], more
generalized concepts that aim at tailoring the catalyst surface for a flexible fuel utilization are still
missing. Here we can built on our capacities in the field of [...] (Khetan) Furthermore, a tailored
fuel design should not only investigate the reaction system, but also requires an understanding
of the viability of the fuel production and utilization. Hence, a model-based screening of fuel
candidates including the design and operation of the production and conversion processes is
needed. Preliminary work covers the field of solvent [37] and process screening [38, 39], as well
as integrated product and process design [40] (Mitsos). These approaches can be extended
and applied to the application case of DLFCs. Moreover, we have experience in the modeling of
electrochemical systems [41, 42] as well as in optimal design and operation [42], even applied
to fuel cells [230]. For the supply of the required species property data for such methods, we
can benefit from the prior work in the field of property prediction using ML [43].

Another significant challenge limiting the viability of DLFCs today is the high permeability of
fuels through the membranes, which leads to reduced power output [282]. Surface and ma-
terial modifications, and substitution of perfluorosulfonic acids (PFSAs) by hydrocarbon mem-
branes, have shown to increase performance [282][231]. Interestingly, larger fuel molecules,
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such as ethanol or ethylene glycol, as well as fuel mixtures can lead to decreased permeabili-
ties [282, 281], again highlighting the potentials that lie within a tailored fuel design. For anion
exchange membranes (AEMSs), the stability and conductivity still has to be improved for a suc-
cessful implementation in real devices [44][283]. Additionally, the catalyst-membrane interface
needs improvement in order to reduce overpotentials [284]. Alternatively, a bipolar membranes
(BPMs) in forward bias can be used to operate anode and cathode in different environments.
Research in this field is still in its infancy, but recent development in interface engineering of
the bipolar junction opens the pathway towards application in fuel cells [285, 286]. Within FSC?
extensive background in membrane formation and characterization is available. For instance,
studies include the modification of PFSAs-based cation-exchange membranes (CEMs) mem-
branes to reduce methanol crossover [232, 233], hydrocarbon-based PFSAs substitutes [231],
and micropatterning to increase the catalyst utilization at the catalyst-membrane interface [45].
Additionally, Wessling et al. have developed AEMs for direct methanol fuel cells [44, 46]. On a
mission to increase the performance of reverse-bias BPMs numerous approaches were pursued
in the past: the catalytic interface of the bipolar junction was engineered [47, 48], asymmetric
BPMs were prepared for increased selectivity [49, 50] and modelled [51].

Hier kdnnte die SOFC-Einflihrung stehen

Last but not least, for some applications microbial fuel cells (MBFCs) are an interesting alter-
native, as biocatalysts can operate at ambient conditions without being poisoned by CO and
offer the advantage of a membrane-less approach through cathodes and anodes based on
highly specific biocatalysts. Also mechanisms observed in MBFCs can be utilized to optimize
electrodes for DLFCs. Furthermore, a combination with heterogeneous cathodes in hybrid-fuel
cells is possible for improved selectivity and performance. On the anode, lanthanide-containing
methanol dehydrogenase (MDH) can be used, which can catalyze oxidation of alcohols to-
wards the corresponding carboxylic acids in a four electron transfer step [287, 288]. However,
the sophisticated cofactors and structural composition of MDH pose significant challenges to its
heterologous production, hampering upscaling and protein engineering efforts. Utilizing our ex-
pertise in maturation and folding of multi-cofactor and multi-subunit containing metalloenzymes
[234, 235] (Lauterbach) and collaboration with cooperation partners for MDH-design [288] ,
biotechnological application of MDH in MBFCs can be achieved.

Objectives

In order to develop the next generation DLFCs we strive for a large-picture-approach optimizing
the material-fuel system as an interactive core as well as taking into account the system design.
Thus, we aim to (i) develop adaptive fuel cells that can work with a variety of fuels and their
blends, and (ii) optimize fuel conversion by tailored fuel-catalyst interactions, screening new
catalyst materials but also the fuel itself. For the material development, the goals are to achieve
stable performance with as-low-as-possible noble-metal content, even down to fully non-noble
metal approaches, and a special focus to decrease poisoning by intermediate species or cross-
over. We will furthermore (iii) optimize membranes for higher stability, reduced fuel cross-over
without losses in the high ionic transport performance, and (iv) study and mitigate degradation
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effects by in-depth structural analysis as well as optimized operation strategies and showing
their feasibility on the system level.

Work program

Within FSC2, we aim to develop fuel cells that are adaptable to a large set of fuels, thus being
resilient towards the availability of fuels in the global context. While methanol and NH3 are
currently strongly discussed, there is a large variety of possible energy carrier molecules with
differences in energy density, producability, storability, environmental impact, etc. Thus, the vi-
ability of these fuels will be accessed, not only considering their efficiency in the fuel conversion
process, but also other aspects as the efficiency of their production process as well as their en-
vironmental impact (Mitsos, Leonhard). Therefore, the existing RNFA/PNFA framework will be
extended to electrochemical systems, hence solving combined process design and operation
optimization problems. ML will be used to cover a broad range of fuel candidates. This method
can then be extended on tailored fuels, developed within the FCDF, with higher conversion
rates, decreased poisoning and cross-over, or lower environmental impacts (cf. Chapter "Fuel
Design”).

For advancing the technology, we will investigate catalyst materials both on the anode and
cathode as well as developing new membranes based on non-per- and polyfluoroalkyl sub-
stances (PFAS) ionomers and with a high fuel tolerability as well as decreased cross-over rates
(Mechler, Eichel, Wessling). To identify suitable non-noble metal catalysts, reaction mecha-
nisms will be investigated by identifying adsorbates via in-situ IR- and Raman-spectroscopy
(Eichel, Palkovits). Especially similarities for different classes of fuels on model catalysts shall
identify unifying mechanisms or intermediates. ldentified hurdles in the conversion process
of various fuels can be used to predict more suitable material combinations. Using computa-
tional predictions of the atomistic surface configurations, optimal host/guest metal combinations
will be predicted using the state-of-the-art grand canonical ensemble density functional theory
(GCE-DFT) formalism (Khetan). These calculations will be aimed at determining the potential-
dependent free energies and reaction rates of reaction intermediates as well as contaminants
in the presence of various co-adsorbates. Metropolis Monte Carlo simulations based on the
cluster-expansion method calculations (CEMC) will be employed to determine the ideal alloying
ratios that result in optimal equilibrium surface configurations. These can then be prepared by
the flexible catalyst synthesis platform as utilized in SRA-CSP (Palkovits). On the cathode side,
catalysts that are resistant to any remaining fuel cross over are essential. Single-metal catalysts
in a carbon matrix are promising candidates, as they are insensitive to most C-containing im-
purities. Their stability will be further improved by combining them with co-catalysts in a hybrid
approach (Mechler). Material characterization will span from lab scale characterization, over
single cells up to the device level. Here, also the impact of reaction conditions, especially fuel
concentrations and combinations will be studied. Degradation effects will be studied from the
catalyst up to the cell level, utilizing in-operando spectrometry & tomography (cf. state-of the
art). This includes the consideration of material stability not only inside the fuel cell, but also in
the whole fuel cell system. To ensure long-term operation of fuel cell systems without leakage,
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the stability of sealings, tubes, and membranes will be investigated experimentally as well as
by theoretical predictions (Schmitz).

lon-exchange membranes not only need to be stable under operation with various fuels but
are also required to decrease the cross over of fuels, products, and reaction gases. We will
hence investigate the modification of existing membranes as well as the development of new
PFAS-free ionomers and membranes (Wessling, Eichel). While cation-exchange membranes
are conventionally utilized in alcohol fuel cells, AEMs as well as BPMs open the space for a
larger variety of catalysts and operation modes. Besides experimental investigations of mass-
transfer and degradation mechanisms, MD simulations will be utilized to determine sources of
fuel permeation and electro-osmotic drag (Wessling). This will be assisted by Chemical-Color-
Coded Non-equilibrium molecular dynamics (CCC-NEMD) simulations under applied electric
fields of varying strengths to elucidate the mechanisms of ion transport through various candi-
date membrane materials (Khetan). The effects of membrane structure, charge density, and
functional groups on ion selectivity and permeability will be performed using trajectory analysis.
While low-temperature systems are investigated mainly for mobile applications, high tempera-
ture systems can be advantageous for stationary applications. They are furthermore known for a
large fuel flexibility due to internal reformation processes. We will study the impact of fuel blends
or alternating fuel compositions on the long-term stability. This will be monitored by online elec-
trochemical impedance spectroscopy (EIS) as well as product detection, which is furthermore
needed for a tailored aftergas treatment. Regeneration strategies by short-term reverse opera-
tion will be investigated to define optimized operation protocols, minimizing degradation rates.
We will hence investigate the fuel flexibility of state-of-the-art systems and the impact on oper-
ation as well as material stability (Pischinger).

For a full picture on available DLFC systems, also MBFCs will be investigated (Lauterbach). The
co-synthesis of maturases and chaperones should enable the heterologous production of MDH
for upscaling, protein engineering and use in membrane-less MBFCs. Either a mediator such
as osmium or conductive polymers such as polypyrrole or polyaniline will be used for the anode
[289]. In addition, electron transfer to the anode will be improved by amino acid exchanges on
the surface for orientated immobilisation, lowering the distance between cofactor and electrode
according to Marcus theory, and developing a fusion protein from MDH and the cytochrome ¢
domain.

4.5.1.4 Proposed Staff and Funding of SRA-CBFA

Table 4.5.1.1: Proposed Staff in SRA-CBFA
2026 2027 2028 2029 2030 2031 2032

Staff category Number of persons
Professors 0 0 0 0 0 0 0
Independent junior research group leaders 0 0 0 0 0 0 0

Continued on next page
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(Continued)
Postdoctoral researchers 0 0 0 0 0 0 0
Doctoral researchers 10.5 105 105 105 105 10.5 105
Other staff 0 0 0 0 0 0 0
Table 4.5.1.2: Funding Request for SRA-CBFA

2026 2027 2028 2029 2030 2031 2032
Funding category Totals per year in thousand euros
Staff (Total for 4.5.1) 800 824 849 874 900 927 955
Direct project costs (excluding staff) 315 167 205 105 105 105 105
Total instrumentation < €150,000 0 197 50 0 55 0 0
Total instrumentation > €150,000 156 0 0 0 0 0 0
Femtosecond Optical Parametric Amplifier 156

Instrumentation below 150 000 €

For the visualization of low-luminosity flames, such as very lean flames or hydrogen flames,
in RCMs, a high-speed image intensifier is required (117 k€). To investigate the combustion
chemistry with respect to single species, these species can be directly measured in RCMs and
in STs by using laser absorption spectroscopy. Currently, the IR-laser system is used with a
central wavenumber of 1740 cm™", enabling the measurement of carbonyl-bond stretching. To
measure typical engine-out emissions, such as ethylene and N2O, the procurement of a new
system with a central wavenumber of 1200 cm™" is required (50 k€). In addition, by repeating
experiments in RCMs and in STs for several times, the operating conditions cannot be main-
tained exactly. To investigate the combustion chemistry using multisampling of combustion gas,
the procurement of a gas measurement system is required (55 k€), in which the samples are
stored in sample loops and then automatically introduced into the measurement system of the
gas chromatography and mass spectrometry. To investigate novel fuels on newly developed
ion exchange membranes for fuel cells, the experimental periphery for the measurements is
required (80 k€).

Instrumentation above 150 000 €

To investigate the evaporation, mixing, ignition, and combustion dynamics of hydrocarbon fuel
injected into ammonia and ammonia-hydrogen fueled ICEs, high resolution laser-spectroscopic
studies will be performed. Here, detailed laser-, optical-, and spectroscopic measurement tech-
niques will be applied to characterize local temperature, composition, reaction rates, and heat-
release rates. To obtain quantitative, 2-dimensional measurements of the combustion radicals
H, O, and N, which are known to drive the coupling of hydrocarbon and ammonia chemistry,
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the procurement of a femtosecond optical parametric amplifier (156 k€) is required.
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4.5.2 Strategic Research Area: Ammonia Fuel Utilization

Pls: Pitsch, von der AlRen, Eichel, Mechler, Palkovits, Pischinger, Simon ARs: Boxx, Khetan,
Kneer, Schmitz, Schroder

The SRA “Ammonia Fuel Utilization” (SRA-AU) develops clean systems for thermochemical and
electrochemical conversion of ammonia (NH3). The utilization of NH3 in internal combustion
engines (ICEs) and high- and low-temperature fuel cells for marine and stationary applications
is highly promising in the development of carbon-neutral energy systems. However, several
significant NH3-specific challenges remain to be resolved. The low reactivity and high fuel-
nitrogen content can lead to unstable combustion, low efficiency, emissions of NOx and N2O,
and NH3 slip for ICEs. Reactivity enhancement, tailored mixing and combustion concepts, as
well as catalytic and thermal cylinder coatings will be explored from fundamental aspects to
improve the efficiency of NHz engines and reduce engine-out emissions. The electrochemical
conversion of NH3 in fuel cells exhibits risks of NOy formation in high-temperature fuel cells and
catalyst poisoning and membrane degradation in low-temperature fuel cells. Non-noble metal
catalysts, tailored membranes with lower cross-over and proton conductors as well as poisoning
and degradation mechanisms will be investigated to resolve these issues. To address the critical
aftertreatment of the complex exhaust gas mixtures from both ICEs and fuels cells, catalysts
for coupled DeNOx-SCR and N2O decomposition, as well as N2O reduction by NH3 will be
developed using a combination of experimental and numerical methods.

Strategy and Structure of SRA

Ho-based energy carriers, such as molecular H2 and NH3, will play a special role in future
carbon-neutral energy systems delete: as they can eliminate CO2 emissions throughout the
entire value chain. H2 has a very low energy density and very high diffusivity, which make
it difficult to transport and store, thereby, significantly affecting the overall efficiency [290]. In
contrast, NH3 can be liquefied under moderate pressures, which makes it well-suited for easy
and inexpensive long-distance transport and long-term storage [291]. Also, its production is
well understood and can be carbon neutral if based on renewable energy [292]. NH3 can be
reformed to Hy and used in ICEs or PEM fuel cells. However, especially for the latter, the
reformed gases require purification to remove traces of NH3 and other catalyst poisons. Hence,
while NH3’s toxicity limits its use to well-controlled environments, direct thermochemical and
electrochemical energy conversion in ICEs and fuel cells is of high interest [293].

Since NH3 possesses unique thermodynamic and combustion properties differing significantly
from those of conventional fuels, distinct challenges arise for NH3 engines, such as incom-
plete and unstable combustion and nitrogen-containing emissions. In particular, NH3 slip and
N2O emissions are problematic, the former because of NH3’s toxicity and the latter because of
the particularly high global warming potential of N2O. To mitigate such issues, novel injection
methods and combustion concepts based on molecular torch (MT) and in-cylinder staging will
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be explored in combination with reactivity tailoring by partial onboard or in-engine NH3 reform-
ing. Therefore, the SRA-AU will exploit all degrees of freedom to develop novel NH3 engines,
in contrast to the SRA-CBFA, which focuses on modifying existing engine systems.

Compared with Hz proton exchange membrane fuel cells (PEMFCs), direct ammonia fuel cells
(DAFCs) have the advantage of utilizing NH3 without external pre-reforming by either catalyti-
cally converting NH3 directly in low-temperature fuel cells or by internally reforming NH3 to N2
and Ho at high temperatures in solid oxide fuel cells (SOFCs). For low temperature DAFC,
efficiency is a challenge, but there is great potential with new catalyst materials for ammonia
oxidation reaction (AOR) and oxygen reduction reaction (ORR), as well as with improved anion
exchange membranes (AEM). For direct NH3 SOFC, a challenge is the potential formation of
nitrogen oxides. This can be mitigated by adaptive operation and exhaust gas aftertreatment
or by direct prevention using proton-conducting ceramic electrolytes (protonic conducting fuel
cell, PCFC). Both direct SOFC and PCFC concepts will be considered here.

Ammonia Fuel Utilization

ammonia

; NHj reforming
combustion

high-fidelity simulations engine technologies

molecular torch
ammonia optical flow measurements
fuel cells material design

reactivity tailoring
reduction

0[oA8p 1SA[E1eD

fuel & device compatibility
internal reforming
injection technology

N-emission

fuel cell technologies
control advanced exhaust after-treatment

low- & high-temperature
proton-conducting SOFC
non nobel-metal AOR catalysts

Figure 16: Structure of Strategic Research Area (SRA) “Ammonia Fuel Utilization”.

The structure of this SRA is shown in Fig.[T6] We consider thermochemical and electrochemical
energy conversion of NH3, as well as emission control, which is relevant for both. The sub-SRA
“ammonia combustion” will address the critical aspects to enable highly efficient and clean NH3
engines through comprehensive experimental and numerical investigations, including studies
on flame speed boosting by NH3 reforming, NH3-H2 blends injection, and catalytic ignition in
pre-chambers. The sub-SRA “Ammonia Fuel Cells” focuses on increasing NH3 fuel cells’ ef-
ficiency and durability by identifying novel materials, such as AOR catalysts, poison-resistant
cathodes, advanced proton conductors, and alkaline membranes. The sub-SRA “N-emission
control” addresses the exhaust gas after-treatment for NH3 engines and SOFC fuel cells by de-
veloping advanced catalysts and technologies capable of handling wide variations in exhaust
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composition, and have high solvothermal stability. The challenges of enhancing efficiency and
reducing emissions in thermochemical and electrochemical NH3 conversion will be addressed
through strong interactions in FSC2, not only within and but also outside of the SRA-AU. For
example, strong connections to SRA-CBFA exist in the investigations of flame-wall interactions,
emission control, and material compatibility. In addition, the strong connection with SRA-RACS
will allow the consideration of efficiency, resilience, adaptability, and environmental sustainabil-
ity during the development of NH3 fuel utilization technologies.

4.5.2.1 Ammonia Combustion

This sub-SRA focuses on two major tasks: enhancing the combustion process in NH3 engines
and reducing the engine-out emissions. In the first project phase, we successfully developed
lean-burn bio-hybrid fuel concepts using the MT ignition strategies, and catalytic and thermal
coatings to enhance the ignition and combustion of low-reactivity lean mixtures. These con-
cepts provide a powerful toolset as a starting point for facilitating NHz-based combustion. In
addition, tailored onboard reforming of NH3 will be used to generate Hs as a highly reactive co-
fuel enhancing reactivity and supporting NH3-specific targeted advanced combustion concepts.
To fully exploit the potential for developing novel NH3 engine concepts and technologies, we will
conduct fundamental experimental and numerical investigations into catalytic NH3 reforming,
injection of NH3-H2 blends, catalytically and temperature-controlled pre-chamber combustion,
and intrinsic instability-enhanced combustion for NH3-H2 blends. Further, high-fidelity simula-
tions with physics-based and data-driven modeling will complement device and system-level
experiments for optimizing device design and operation, considering unstable combustion, ef-
ficiency, emissions, and sustainability.

Previous work

Bio-hybrid fuels and their performance in ICEs have been systematically explored in the first
project phase. Methanol was shown to be an excellent choice as an alternative fuel when used
in a tailored engine with indicated efficiencies of close to 50 % for a passenger car engine and
even higher for heavy-duty engines. The advantages of methanol are related to a combination
of outstanding knock resistance with high burning velocities [52]. Interestingly, NH3 has an even
higher octane number and ignition temperature, making it highly knock-resistant. However, the
chemical properties of NH3 pose severe challenges for applications in engines: (1) Because
of its low reactivity, NH3 is difficult to ignite, which can cause unstable combustion; (2) NH3
has very low laminar flame speed, impacting stability and efficiency, and (3) the fuel-inherent
nitrogen promotes the formation of nitrogen oxides and the large quenching distance causes
NH3 slip [294]. The proposed work will address these challenges through fundamental inves-
tigations and new technological concepts, fostering highly efficient and stable combustion with
near-zero emissions.

Dual-fuel concepts have been proposed to compensate for NH3’s slow flame propagation by
introducing hydrocarbon fuels [295, 296], cetane boosters [297], or H2 [298, 299, 300]. The
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latter is particularly interesting since the process remains carbon-free, and Hz can be produced
onboard via the reforming of NH3 with a catalyst driven by exhaust gas heat [301]. A 10% rate
of NH3 reforming, for instance, was found to enhance the engine’s range of stable operating
conditions significantly [302]. On the other hand, Hz-rich blends tend to increase NOyx and
N2O emissions [302]. The proposed work will consider onboard and engine-internal partial
catalytic reforming of NH3. Catalytic NH3 reforming has already been investigated in previous
work [53, 54], where a Fe3N nano-particle sponge was shown to be a promising catalyst. Staged
combustion of NH3 has shown advantages in reducing NOyx emissions and NH3 slip in stationary
gas turbines [291]. Thus, staged combustion concepts in ICEs are considered to have great
potential to reduce engine-out emissions. However, the NH3 injection process, which is of
crucial importance, is poorly understood due to NH3’s unique physical properties [298]. Thus,
the proposed work will investigate various engine combustion concepts and injection strategies
for NH3 and NH3-H2 blends. In addition, simulation-based design is an essential tool for device
and process design, but modeling NHz/H2/N2-air flames poses significant challenges due to the
unique intrinsic instability-induced highly non-linear turbulence-flame interactions, as well as the
complex flame-wall interactions and formation of nitrogen-containing pollutants [303, 304].

In our prior work, the complex combustion behavior of

NH3 and NH3/H2 blends has been investigated from a  REEE0E NOy Ammonia
chemical kinetics point of view, for instance, by mea- [K] ML R mass fraction
suring the laminar burning velocities of NH3z/air flames \",‘ ‘:J \ "/‘

under microgravity conditions in drop tower experi- ) /” f; "44‘ /.
ments [55]. Also, a new chemical kinetic model has | 14()()“”&()0029 L \ 0043"
been developed [56], and a comprehensive evaluation ’ ’ I

of 16 recent NH3 combustion kinetic models has been 850 0.0015 0.021
performed based on an extensive experimental data 298 0 0
set for NH3 and NH3/H2 combustion [17]. In other work, Figure 17: DNS of laminar
premixed NH3/H2 flames were observed to develop NH3/Ha/air flame with
intrinsic flame instabilities, resulting in significantly in- 40 mol-% H2 showing
creased fuel consumption rates, overshoots in local intrinsic flame instabil-

ities without which the
flame would appear as a
horizontal line.

flame temperature and NOy formation, and local extinc-
tion, as seen in the direct numerical simulation (DNS)
in Fig. |T_71 In addition, the already established research
facilities in the project’s first phase provide a powerful toolset for investigating NH3-based com-
bustion. These include the thermodynamic and optical engines for performance, efficiency, and
emission characteristics [27, 28, 32], femtosecond two-photon laser-induced fluorescence (LIF)
for temporally-resolved measurements of flame structure and dynamics [57, 58], catalytical in-
cylinder coating for reducing flame quenching distance and incomplete combustion [59], trans-
parent nozzle setup for measurements of nozzle-internal flow phenomena [60], and adaptive-
mesh simulation tools for highly accurate numerical investigations of fuel sprays, flash boiling,
and engine combustion [61, 62].
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Objectives

The overall objective of the sub-SRA “Ammonia Combustion” is to enable heavy-duty NH3 en-
gines with stable combustion, high thermal efficiencies, and near-zero emissions. This will be
achieved through MT using catalytic surfaces, controlled heating, and high-reactivity bio-hybrid
fuels as ignition accelerators. Additional strategies include partial NHz-reforming using highly
active and selective catalysts to provide on-demand NH3/H2/N2 mixtures, in-cylinder combus-
tion staging with tailored stratification to suppress nitrogen oxides formation, and knowledge-
based triggering of intrinsic flame instabilities to increase combustion speed, stability, and effi-
ciency.

Pollutant mitigation requires a systematic device and process design, which must be based on a
quantitative description of the interacting processes of injection, mixing, and combustion. Thus,
predictive injection and combustion models will be developed for the considered advanced NH3
engine concepts to enable computational design. High-fidelity reactive computational fluid dy-
namics simulations will be used based on the computational infrastructure developed during
the first project phase to explore and develop novel mixing and injection strategies. Experi-
ments in optical engines and high-pressure vessels using laser-diagnostic measurements will
be performed, including newly developed techniques for quantitatively providing radical concen-
trations to elucidate the flame structure and the formation mechanisms of nitrogen-containing
pollutants at engine-relevant conditions. Furthermore, strategies for increasing burning speeds
by tailoring intrinsic flame instabilities will be developed based on high-pressure experiments
and DNSs.

Delete above and use the following objectives: The overall objective of the sub-SRA “Ammonia
Combustion” is to enable heavy-duty NH3 engines with stable combustion, high thermal effi-
ciencies, and near-zero emissions. For this objective, it is essential to develop NH3-specific
engine concepts, including the partial NH3z-reforming using highly active and selective catalysts
to provide on-demand NH3/H2/N2 mixtures, the advanced MT using catalytic surfaces and con-
trolled heating, knowledge-based triggering of intrinsic flame instabilities to increase combustion
speed, and in-cylinder combustion staging with tailored stratification to suppress fuel slip and
nitrogen oxides formation, and increase efficiency. Therefore, a specific focus shall be placed
on the quantitative characterization and modeling of the interacting individual processes of re-
forming, injection, mixing, and combustion. Based on the resulting knowledge and numerical
models, we aim to develop and assess novel NH3 engines using computational design and
system-level experiments.

Work Program

The potential for enhancing efficiency and mitigating engine-out emissions will be explored with
a hierarchy of methods and technologies. Different engine concepts and fuel injection strategies
utilizing on-demand reformed Hz or high-reactivity bio-hybrid fuels as ignition accelerators will
be considered, such as enhanced MT with catalytic surfaces and active heating, enabling pre-
chamber auto-ignition without a spark plug and reducing pre-chamber volume and efficiency
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losses, as well as targeted in-cylinder staging with novel high-pressure injection strategies for
NH3-H> blends, as illustrated in Fig.[18] Catalytic NH3 reforming, either prior to or during com-
bustion will be investigated (Palkovits), which is central to the proposed combustion concepts.
A data-driven approach will support the multivariate design of tailored high-entropy alloys and
single-atom catalysts through combined high-throughput screening and machine learning (ML)-
accelerated computational studies. The derived structure-activity relations also provide insights
into catalytic structures for NOy and NH3-slip abatement. Advanced pre-chamber and cylinder
catalytic coating materials will be synthesized in-house, building on our preliminary work [59]
(Simon). We will primarily focus on oxide and the relatively unexplored nitride catalysts to en-
gage their surface available O- and N-atom vacancies as active sites.

For the (partially) premixed combustion con-
cepts of MT, it is crucial to quantitatively |Fuel Fuel
: - : H, (G, p=30 bar) NH (L, p,=500 ba)
characterize the combustion behavior of fuel  |H,-NH, (G, p,=10-20 ban) oo an- f00b

. . . bio-hybrid (L, p,;=200 bar) 2"NHs (L, piy=500 bar)
blends with varying Ho content, especially
for the effective utilization of the intrinsic
instability-controlled flame propagation. This
will be accomplished by fundamental in-
vestigations with various experimental facil-
ities and spatially and temporally highly re-
solved DNS based on a hierarchical ap- |[Fuel
. . . . NH; (G, p;,<10 bar) Fuel
proach (Pitsch). A multifunctional high- |n,-NH, G, p,<10 bar) Bio-hybrid (L, p;,=1000 bar)
pressure burner facility (MHBF) will be em- NP, L p,=200 bay) - .

. Molecular torch In-cylinder staging

ployed to examine the effects of turbulence,
flame intrinsic instabilities, pollutant forma- Figure 18: Ammonia engine concepts. ‘L’

tion, and their interactions in turbulent jet stands for liquid, ‘G’ for gaseous,
and ‘p;,’ for injection pressure.

Glow plug

Injector

Catalytically / temperature-
controlled pre-chamber

Valve

Injector

flames. Various combustion configurations,
including premixed, partially premixed, and
diffusion flames of NH3, H2, and bio-hybrid fuels, will be characterized in the turbulent com-
pression reactor (TCR). In particular, incomplete combustion of NHz-rich mixtures in the pre-
chamber will generate hot jets with high H2 concentration, leading to enhanced combustion in
the main chamber, which will be quantitatively characterized using the TCR and DNS, focusing
on the intricate interplay of mixing, auto-ignition, and flame propagation with turbulence and
flame stretching in the MT concept. Further, DNS will also reveal the flame speed boosting ef-
fects by differential diffusion-induced intrinsic instability, and the effects of catalytic wall coating
on near-wall mixture composition, flame dynamics, and flame-wall interactions. The flame-wall
interactions will be investigated jointly with the SRA-CBFA. These DNS will enable the devel-
opment of high-fidelity large eddy simulation (LES) models for computational design and opti-
mization at both device and system levels. In addition, temperature and species distributions
will be quantitatively localized by single-shot 1D Raman spectroscopy and femtosecond two-
photon LIF, providing the number density of important species, such as NH3z, NH, and atomic
N, O, and H, during molecularly controlled ignition and turbulent flame propagation of NH3-H»
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blends (Boxx). Such advanced high-resolution diagnostics will also be applied to device-level
experiments, including optical engines.

The in-cylinder staging concept with various fuel injection strategies enables diffusion and staged
combustion, potentially avoiding flame wall quenching and achieving high efficiency with low
NH3 slip. However, it presents additional challenges related to injection and mixing. Pioneer-
ing injection and mixing concepts will be employed to facilitate tailored mixture preparation of
NH3-H2 blends for various applications and operating conditions, either through nozzle-internal
mixing or by dissolving gaseous Hz into liquid NH3. Particular emphasis will be placed on the
injection of single or two-phase NH3-H2> mixtures at high pressures of up to 500 bar for both
concepts, allowing for proper mixing of the fuel blends and fast diffusion combustion under fea-
sible compression ratios. The associated highly transient thermophysical and fluid dynamic
processes, such as dissolution limits, degassing, decompression, and flash-boiling, will be de-
scribed and quantified based on a hierarchical ensemble of experimental (Kneer) and numerical
(Schroder) investigations, covering studies on single droplets, droplet streams, nozzle internal
mixing and degassing, as well as jets and sprays in high-pressure chambers.

Based on the fundamental quantitative characterization of the individual processes, promising
reforming, mixing, and combustion strategies will be proposed and tested in full-system ther-
modynamic and optical engine layouts (Pischinger). Targeted engine operation conditions will
be investigated, considering the non-linear behaviors of the complex processes, such as the
temperature and pressure dependency of intrinsic instability and flash boiling, turbulence inter-
actions with MT, and the effects of mixing and flame dynamics on pollutant formation. Compu-
tational design using high-fidelity LES and optimization approaches is necessary to effectively
achieve the global optimization of the entire combustion system (Schroéder). The complex injec-
tion of NH3-H2 blends and the combustion with intrinsic instabilities exceed the capabilities of
current numerical models. Therefore, novel LES models, based on fundamental experimental
and DNS investigations, will be developed and employed.

4.5.2.2 Ammonia Fuel Cells

As an alternative to combustion, the chemical energy stored in NH3 can be directly harvested
in DAFCs. In low-temperature DAFCs, NH3 is converted catalytically. In SOFCs operating at
high temperatures, NH3 is reformed internally to N2 and Hy, which is then converted in the fuel
cell process. DAFCs have the potential for higher overall efficiencies, as the intermediate step
of external NH3 reformation is omitted and, in case of SOFCs, the heat from the exothermic
fuel cell reaction can be directly utilized by the endothermic ammonia decomposition. Within
The Integrated Fuel & Chemical Science Center (FSC?), we will investigate both low- and high-
temperature fuel cells with highly active and selective catalysts that are resistant towards poi-
soning by NH3 or reaction intermediates. Furthermore, tailored separators and membranes,
as well as adapted operation strategies will be developed to mitigate degradation and side-
product formation. The aim is to improve performances and economic viability as well as to
reduce cross-over, poisoning, and to avoid or mitigate NOy formation.
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Previous work

The concept of DAFCs has already been proposed about 50 years ago for both low-temperature
[305] and high temperature applications [306]. Nowadays, the already utilized Ni-based elec-
trodes show high NH3 decomposition activity [?]. However, in conventional SOFCs, utilizing
oxide-conducting ceramics like yttrium-stabilized zirconia (YSZ), NH3 can directly react with the
02~ to form NOy [306]. Here, aftertreatment is necessary to remove NOy as well as unpro-
cessed NH3. Alternatively, solid proton conducting fuel cells (SPCFCs) can be utilized, where
H* is transported from the anode to the cathode, thus avoiding NOy formation. While SPCFCs
benefit from lower operation temperatures [307, 308, 309], this also causes new challenges, for
instance in developing the right catalyst to decompose ammonia at those lower temperatures
[310, 311]. Typical materials for SPCFC electrolytes are yttrium-doped barium zirconate (BZY),
yttrium-doped barium cerate (BCY) and yttrium-doped barium zirconate-cerate (BCZY) [307,
312]. Further doping with Yb improves the stability even more [308, 309, 313]. Within the clus-
ter, we combine extensive experience in the field of material and cell development for SOFCs,
both in fuel cell and electrolysis mode [236, 237, 238, 239, 240] (Eichel) with competences in the
operation of fuel cell test benches [241] as well as fuel cell simulation addressing system perfor-
mance, locally resolved electrochemical cell behavior, and mechanical stress distribution within
the different cell materials [242, 243, 244] (Pischinger). First SPCFC separators have been
developed with promising results at 600 °C [245] (Fig. [T9), and under NHz-operation [246].
For low-temperature fuel cells, recent works have
shown promising results, achieving power densities
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exceeding 100 mW/cm? (up to 420 mW/cmZ) from a 149 wot (10% HO) alr
single cell. However, these studies typically utilize 1.2
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[319, 325, 326]. We believe that an unexplored poten-
tial is the use of single-atom metal catalysts in carbon-
as well as metal-matrices and their further combination

Figure 19: iV curves before and
after 590 h in electrol-
ysis operation of an

to hybrid catalyst materials. Such an approach has electrolyte  supported
been explored previously by the applicants and was PNO/DNSYYb/Ni-BZY
successfully applied in Hy fuel cells [218, 220, 219] cell, showing the possi-

bility of stable operation

(Mechler). Further experience exists for the devel-
of SPCFCs.

opment and characterization of various non- or low-
noble metal catalysts for energy conversion applica-
tions [247]. In preliminary studies, Ni- and Ni-Cu-hydroxides were investigated as catalysts
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for AOR. It was found that the Ni-Cu hydroxides possess better catalytic activity than pure
NiOH2 for AOR. Additionally, supporting them on reduced graphene oxide (rGO) and car-
bon nanotubes (CNT) as conductive supports further increased their performance (Fig. [20).

Furthermore, the search for anion exchange mem-

branes (AEMs) that are long-term stable in the NH3 124 —Ni ' ' .
Ni-Cu
environment is still a challenge. Within FSC?2 we can 10 —Ni-gu/Cé\g _
—— Ni-Cu/r

built on long-term experience in membrane engineer- 8

2
'geo

ing of proton- as well as anion conducting ionomers,
where a significant decrease of cross-over in direct lig-
uid fuel cells (DLFCs) was proven [REFs to be added]
(Wessling). The use of a potentially liquid fuel in com- /
parison to gaseous hydrogen furthermore requires the
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ter management. Here we can harvest our experi-

ence in the computational and experimental evaluation in 1 M KOH + 05 M
of various flows, including both single phase as well NH40OH for Ni- and Ni-
as mixed liquid-gas-phases in electrochemical environ- Cu-hydroxides and the
ments [63, 64, 65, 66, 67] (Schroder). impact of supporting

them on CNTs and rGO.

Objectives

DAFCs are identified as potentially highly efficient tech-

nologies for direct NH3 valorization. Next-generation systems will be developed by innovative
material and operation concepts, which in a combined effort shall improve efficiency with low
cross-over and degradation rates. Single- and biatom metal catalysts as well as hybridization
strategies contribute to reduced overpotentials and minimize poisoning. Fluroine-free AEMs
will be developed to reduce the cross-over of ammonia and for improved live-time under the de-
manding NH3 operation. NOy formation in high-temperature fuel cells will be tackled by adaptive
fuel compositions and blends, off-gas characterization and treatment, as well as development of
new components, specifically SPCFCs with metal-ion-doped, ceria-based proton-conductors.
Overall, we aim to develop NH3-ready fuel cell systems with minimized cross-over and NOy for-
mation, and with efficiencies surpassing the combination of NH3-reformation with conventional
PEMFCs.

Work Program

Both SOFCs and SPCFCs are promising technology solutions for NHz-conversion. For SPCFCs,
we will go beyond conventional Ni-gadolinium-doped ceria (GDC) based electrodes by utilizing
samarium- and praseodymium-doping, as they promise higher ionic and electronic conductivity
than GDC. Further, doping with Fe will be investigated to enable NH3 decomposition at the lower
operating temperatures of SPCFCs. Besides developing improved electrode materials, the re-
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sistance of the proton-conducting separators themselves needs to be enhanced, e.g. by reduc-
ing the electrolyte thickness. To stabilize thinner electrolyte layers, we will develop fuel electrode
supported SPCFC cells, which requires sophisticated coating methods such as tape-casting for
the production of technically relevant scales. To optimize thermal and chemical expansions,
sintering activity, and mechanical properties of the materials, we will tune material combina-
tions as well as sintering and tape-casting conditions. Electronic leakage will be addressed by
introducing a GDC barrier layer between electrode and electrolyte. We will also investigate the
extent of nitridation by the direct NH3-utilization and its effects on performance and long-term
stability. The performance and stability of the new materials and cell manufacturing in DAFC
is investigated in-operando by current-voltage characteristics and electrochemical impedance
spectroscopy (EIS). Combined with advanced ex-situ and in-situ analysis (e.g., focused ion
beam - scanning electron microscopy (FIB-SEM) tomography and high-temperature transmis-
sion electron microscopy (TEM)), the degradation can be assessed and mitigated (Eichel). The
use of partially reformed NH3 in SOFCsis another strategy to improve performance and reduce
NOy formation. Furthermore, H2 can also be generated when utilizing the system in electrolysis
mode. We will utilize such a reverse operation for a load flexible operation and further integrate
this into optimized operation strategies to reduce long-term degradation rates. For an online
monitoring of gas compositions under varying operating conditions we will develop advanced
online monitoring technologies, including Fourier Transform Infrared Spectroscop (FTIR) and
Non-Dispersive Infrared (NDIR) sensors (Pischinger).

For low-temperature fuel cells, material development will focus on catalyst and membrane
design. For the latter, we will introduce fluorine-free ionomers with decreased cross-over to-
wards both carbon-based fuel as well as NH3 conversion intermediates (cf. also SRA CBFA,
Wessling). For catalyzing the AOR, we have shown that non-noble metals can be promis-
ing alternatives to noble-metal catalysts, such as Pt and Ir, typically used on for anode and
cathode of DAFCs. We will further tune the activity by variations in the material composition,
crystallinity, and utilization of conductive supports. Single- and biatomic catalysts are promis-
ing next-generation catalysts, as they can provide active metal centers in elevated oxidation
states necessary for AOR at low onset potentials (Mechler). The electronic environment can be
modified by the addition of the doping-ions P, S, and B. Further promising catalyst materials
can be expected from insights developed in the SRA CSP on the activation of NH3 (Palkovits)
based on their synthesis platforms as well as theoretical predictions of novel catalysts from
density functional theory (DFT) calculations on those single-atom catalysts (Khetan). These
non-noble metal catalysts will furthermore be utilized as ORR-catalysts for the cathode, as they
provide advanced poison-resistance over conventional Pt-based materials. Utilizing hybridiza-
tion concepts of such non-noble metal catalysts on both the anode as well the cathode side
with small amounts of noble metals can further boost their performance and long-term stability.
Overall, this will allow to produce non- or low-noble metal DAFCs, overall lowering the costs
of these systems without compromising on their performance. Their feasibility will be tested by
manufacturing full electrodes. For those, the higher catalyst loadings require dedicated elec-
trode designs, tuning the mass-transport in the porous structure by optimized ink formulations
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and electrode manufacturing methods (Mechler, Wessling). The fuel cell will further be opti-
mized for improved mass-transport of reactants and products with tailored flow-fields and elec-
trode structures. This is supported by numerical simulations using the Chair of Fluid Mechanics
and Institute of Aerodynamics (AlA) simulation framework and micro-particle image velocime-
try (PIV) experiments for volumetric flow field measurements of narrow channels and channel
structures, as well as experimental analysis of the interaction of gas bubbles and fluid flow
in narrow channels (Schréder). Fundamental findings will be transferred to single-cell testing.
Here, insights on the impact of realistic operation parameters on the performance and stability of
catalyst materials will be gained. Conducting design-of-experiment studies open the possibility
to optimize reaction conditions within short time-frames (Mitsos). Studies of economic viability
and the possibility for integration into a future hydrogen economy are addressed in SRA RACS.

4.5.2.3 N-emission Control

While commercially available exhaust after-treatment system (EATS)s can deal well with NOy,
reducing the unusually large NH3-slip from incomplete NH3 combustion and N2O decomposi-
tion are still unresolved challenges. To address the issue of NHz-slip, we will use highly specific
absorption materials, which can allow for an efficient separation of unburned NH3 from the other
exhaust gas constituents. In addition, we will explore the use of catalytic reformers for decom-
posing the unburned NH3 into N2 and Hy. The heat generated by oxidizing H2 to H2O can be
harnessed for raising the subsequent NoO decomposition. To address the most difficult chal-
lenge of N2O decomposition itself, we will develop new catalyst materials with no or low-precious
metal content that can perform coupled NOx+N2>O decomposition at lower temperatures, are
capable of handling wide variations in exhaust composition, and have high solvothermal stabil-
ity. We will also explore unconventional methods like microwave (MW) activation, which have
shown promise in aiding heterogeneous catalysis reactions but have yet to be employed for
N2O decomposition. To achieve this, we will identify promising catalyst materials that can be
“activated” under MW irradiation, and develop the corresponding after-treatment test benches.
The rational design of such catalytic materials needs a fundamental understanding of the “in-
operando” structure of the catalytic interfaces and the respective reaction mechanisms. We will
address these challenges by developing new setups for spectroscopic operando monitoring of
reaction intermediates and accelerated reactive MD simulations.

Current State of Research and Previous work

In the previous phase, The Fuel Science Center (FSC) has developed innovative EATSs to
reduce emissions such as CO, NOy, and unburned hydrocarbons, for the combustion of bio-
hybrid fuels in ICEs [68, 69, 70, 59, 71]. We have made key contributions to the fundamental
understanding of Cu-based zeolites as effective catalysts for NOy reduction at 200 °C and
below, where they also show high NH3 storage capacity [71, 72, 73, 74][248]. Our investigations
have elucidated the intricate dependence of the catalytic activity on the Cu-ion mobility, which
was itself found to be non-linearly dependent on temperature [72, 73, 74] [248]. However, these
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catalysts are mostly inactive for NoO decomposition at such low temperatures. Ours [69, 70] and
others’ [327, 328] previous work indicates that the efficient decomposition of N2O is facilitated
only above 450 °C.

The best known N2O decomposition catalysts are comprised mainly of precious metals [329,
330, 331]. Thus, new low-temperature catalysts need to be developed with no or low precious
metal content that allow for coupled DeNOy-selective catalytic reduction (SCR) and N2O de-
composition under technologically relevant conditions[332, 333]. These conditions also include
the inhibitory effects of O2, NOy, and H20O [334, 335, 336], which are poorly understood. In ad-
dition to N2oO decomposition, it is also essential to deal with unburned NH3. Transient combus-
tion in an ICE exhibits disparate NH3/NO ratios, with reported values greater than 1 citeOthers-
doi:10.3389/fmech.2020.00043, doi:10.1016/j.rser.2023.113631, doi:10.1016/j.fuel.2023.130496.
Conventionally, NH3 slip catalysts utilized in automotive applications also form secondary NO
and N2O, thus posing significant challenges for achieving near-zero emissions. Thus, further
reforming of NH3 into N2 and Hy with high selectivity is both sensible and necessary.

We have previously identified universal descriptors of catalytic activity in doped oxides [249] and
rationalized the effect of strong metal/support interactions [250, 251]. Recently, we employed
the first-principles-based energetic span model (ESM) to analyze N2O decomposition activity on
pure and hybrid catalysts citeClusterdoi:10.1016/j.cattod.2024.114892. We reported the first
Brgnsted-Evans-Polanyi relations for NoO decomposition, NO dissociation, and NO+O recom-
bination, all of which enabled estimation of the turnover frequency (TOF), as shown in Fig. [21]
Our work revealed excellent opportunities for enhancing N2O decomposition by exploiting weak
correlations between intermediates’ adsorption free energies. and also captured quite well the
inhibitory effects of NO on N2O decomposition. Nevertheless, the operando surface of the cat-
alyst has multiple interacting intermediates, whose reaction kinetics are strongly dependent on
the coverage. A fundamental investigation of these effects can help design catalysts that work
under technologically relevant conditions.

As a significant step forward to enabling MW-stimulated catalysis for shortening the cold-start
phase, we recently introduced an MW-assisted heterogeneous catalysis setup [34]. Using CO
oxidation as a model reaction, this effort not only achieved enhanced conversion rates but also
highlighted the critical importance of several aspects concerning the catalyst temperature distri-
bution, thermal runaway, hotspot formation, particle size effects, as well as gas flow and system
design, which will be useful for the development of the envisioned EATS for ammonia conver-
sion devices.

Objectives

The overall goal of this sub-project is to develop an innovative and integrated EATSs for NH3
combustion comprising of no or low precious metal catalysts that are functional at lower temper-
atures, capable of handling wide variations in exhaust composition, and have high solvothermal
stability. Our first objective is the development of an system with new materials to deal with NH3
slip. The second objective is the perform the design and characterization of new catalyst materi-
als for coupled N2O decomposition and NOy reduction in conventional as well as MW-stimulated
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Figure 21: TOF activity maps from our work citeClusterdoi:10.1016/j.cat-
tod.2024.114892 showing the predicted performance of various catalysts
(left) in the absence of NO, and (right) in its presence. The presence of NO
leads to a significant overall drop in TOF.

EATS. Our third overarching objective is the development of new spectroscopic setups for ex-
haust gas component analysis and reactive molecular dynamics (MD) simulations for operando
modeling of reaction intermediates that are relevant to the first two objectives.

Work Program

To achieve the first objective, we will build upon our work citePldoi:10.1039/C2EE02865 to
identify and characterize promising catalysts for NH3 reforming. Recent studies on bimetallic
Fe/Ni- or Co/Ni-compounds have demonstrated comparable performance to Ru an Pd-based
NHsreforming, and thus offer good starting points for developing a noble-metal-free system
citeOthersdoi:10.1016/j.ijhydene.2020.04.007, doi:10.1016/j.apsusc.2019.01.269, doi:10.1016/j.na-
noen.2022.106929. We will also explore the possibility of MW-driven NH3 dehydration to pro-

duce Haz in situ. We will develop systems to harness the residual heat from the subsequent
oxidation of this Ha, which can be used for raising the temperature of NoO decomposition. The

use of Ha to assist exhaust gas after-treatment via Ho-SCR [337, 338] will also be investigated.

In parallel, we will chcracterize NH3 storage materials to enable an innovative circular capture

and release process. Various material classes such as metal-halides citeOthersdoi:10.1016/j.ijhy-
dene.2020.01.145 and Metal-Organic-Frameworks (MOF) citeOthersdoi:10.1002/anie.201808316
will be explored for their NH3 storage capacity, including zeolites citePldoi:10.1016/j.snb.2016.05.164
[252] from our previous work. Going beyond thermally triggered release of stored NH3, we

will build upon our previous work citePldoi:10.1007/s11244-016-0605-z and develop a novel
strategy for triggering NH3 release much more quickly and energy-efficiently by applying MW
excitation. This work of the MW-induced release with generate strong synergies with the project
“Microwave enabled ICCU”, which is part of SRA “Translational Catalytic Processes”.

For coupled DeNOx-SCR with unburned NH3 and N2O decomposition, we will develop tran-

sition metal-promoted zeolite catalysts, such as in our recently shown direct methane partial

68



4.5 Detailed Description of the Research Program

oxidation [75]. These catalysts will be tested in conventional EATS test benches to test their
performance under technologically relevant conditions. Going beyond the state of the art, we
will also develop a novel EATS that can enable MW-stimulated non-equilibrium conditions on
the catalysts that are adaptive to the combustion system’s stoichiometry and emissions. Fur-
thermore, we will develop new strategies to enable cyclic heated spatial zones on the catalyst
material to achieve a constant NoO decomposition. At the material scale, we will identify promis-
ing catalysts that can get activated under MW irradiation to generate O or N defects in oxides
or nitrides, respectively, and thereby enable the splitting of NoO. These efforts will be comple-
mented by non-equilibrium MD simulations under the effect of finite electric fields [339, 340],
which will help estimate the dielectric losses and surface reactivity of potential MW-active ma-
terials. The simulations will also consider dopant and vacancy effects, which will ultimately
influence the reactivity. Further, we will connect material properties to material functionality by
using non-parametric techniques such as symbolic regression or compressed sensing [341].,
which can yield rapidly calculable descriptors of catalytic performance for material screening
without resorting to expensive large-scale simulations.

These efforts will be complimented by spectroscopic operando monitoring of reaction inter-
mediates and products at the catalysts’ surfaces using in-situ DRIFTS, impedance, and mass
spectrometry, for accurate quantification of the various NH3-combustion emissions. To achieve
these at scale, we will build an exhaust gas analytic setup for a non-target analysis of carbon-free
exhaust-gas components. To build a precise understanding of the complex interplay between
catalysts, oxide supports, and reaction conditions, we will use the recently pioneered modified
ESM [342, 343] and analyze the catalyst’s stability versus its activity. Going beyond 0K first-
principles calculations, we will simulate the operando interfacial structures and catalytic events
using reactive and ML interatomic potentials [344, 345]. These efforts will enable an exhaustive
as well as accurate accounting of the effects of HoO, NO2, O2, and NH3 in the exhaust streams.

4.5.2.4 Proposed Staff and Funding of SRA-AU

Table 4.5.2.1: Proposed Staff in SRA-AU
2026 2027 2028 2029 2030 2031 2032

Staff category Number of persons

Professors 0 0 0 0 0 0
Independent junior research group leaders 0 0 0 0 0 0
Postdoctoral researchers 1 1 1 1 1 1 1
Doctoral researchers 14 14 14 14 14 14 14
Other staff 0 0 0 0 0 0 0
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Table 4.5.2.2: Funding Request for SRA-AU
2027 2028 2029 2030 2031

Funding category Totals per year in thousand euros

Staff (Total for 4.5.2) 1067 1099 1132 1166 1201 1237 1274
Direct project costs (excluding staff) 305 250 150 150 150 150 150
Total instrumentation < €150,000 160 175 0 220 0 0 0
Total instrumentation > €150,000 156 415 150 O 0 0 0
Optical Parametric Amplifier 156

Parallelized gas-phase reactor for Ammonia 250

Decomposition

Flex-fuel, reversible DL-SOFC single cell test 165

bench

Adaptation of HD cylinder head for thermody-

o o 150
namic investigations

Instrumentation below 150 000 €

To investigate the interaction of NH3 and Ho with respect to both Ha-bubbling in liquid NH3 and
degassing of solved H2 in NH3 inside injector nozzles, a dynamic phase transition evaluation rig
using a transparent nozzle is required (60 000€). To deliver tailored NH3-H2-N2 mixtures, the
investigation of catalytic NH3 decomposition either prior or integrated in ammonia combustion
requires an online analysis of the ammonia decomposition (100 000€). For the optical investi-
gation of the NH3 combustion process, the optical single-cylinder engine from FSC has to be
adapted (100000 €). To investigate NH3z DAFC applications, an NH3 fuel cell test station has to
be procured (120 000€). The investigations of DAFCs with respect to the volumetric flow field
measurements of narrow channels and channel structures, the experimental analysis of the in-
teraction of gas bubbles and fluid flow in narrow channels, and the investigation of rough surface
structures in narrow channels require a micro PIV system including a microscope (100 000€).

Kneer 60k€: Dynamic Phase Transition Evaluation Rig

» Pischinger 75k€: Ir camera and optics equipment

Pischinger 100k€: Adaptation of optical single-cylinder engine

Schroder 100k€: Micro PIV system incl. microscope

Palkovits 100k€: Online Analysis Ammonia Decomposition (MS)

Mechler 120k€: NH3 fuel cell test station

Instrumentation above 150 000 €

For the online analysis of the ammonia decomposition, a parallelized gas-phase reactor has to
be procured (250 000 €). For the thermodynamic development of the NH3 combustion process,
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a new cylinder head for the thermodynamic single-cylinder engine is required (150000€). To
investigate ammonia fuel cells, a preexisting flex-fuel, reversible direct liquid SOFC single cell
test bench has to be upgraded, including the vaporizer, the power source, the external reformer,
and the electrochemical impedance spectroscope (165000 €).

» Pischinger 150k€: Adaptation of cylinder head for thermodynamic investigations

» Boxx 156k€: Optical Parametric Amplifier (to be combined with the femtosecond laser
system acquired by WSA through TMFB cluster to build a 2-photon LIF imaging system
for ammonia and currently experimentally inaccessible species such as atomic N, O and
H) shifted to CBFA?

» Pischinger 165k€: Flex-fuel, reversible DL-SOFC single cell test bench (upgrade of pre-
existing system): Vaporizer (for electrolysis operation) Power-Source (for electrolysis per-
ation) Externer Reformer Electrochemical impedance spectroscope (EIS)

» Palkovits 250k€: Parallelized gas-phase reactor for Ammonia Decomposition
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4.5.3 Strategic Research Area: Concatenated Synthetic Pathways

Pls: Palkovits, von der ARen, Blank, Eichel, Herres-Pawlis, Jupke, Klankermayer, Lauterbach,
Leitner, Mayrhofer, Rother, Schoenebeck, Waldvogel, Wessling, Zobel
ARs: Bolm, Wiegand

Add short summary of SRA here

This Strategic Research Area (SRA) targets developing the catalytic toolbox necessary to gen-
erate a flexible bio-hybrid platform made of molecular building blocks that can be integrated
into resilient material cycles ([76]). On the molecular level, adapted catalytic systems should
enable versatile methods of bio-hybrid synthesis allowing the sustainable formation of C-C,
C-H, C-0O, and C-N bonds integrating renewable energy as well as renewable carbon and
nitrogen sources. Traditionally, each step in the intended sequence of transformations is opti-
mized individually including catalyst performance, reactor configuration, and down-stream pro-
cessing. In such a reductionist approach, different catalytic technologies are often perceived
to compete for the best performance in a specific step, but the resulting sequence of trans-
formations ultimately compromises on lower levels of efficiency due to incompatibilities in the
transfer between them. Concatenated synthetic pathways take a system’s approach instead.
They target the integration of both catalytic transformations as well as unit operations on the
levels of catalyst, reactor and process. Therein, the individual catalytic disciplines do not com-
pete with each other but are fundamentally equivalent solutions in the overall system aiming
at optimizing the overall energy and material balance through appropriate levels of integration
(Figure[22)). Accordingly, methodologies for implementing concatenated synthetic pathways on
the different levels reaching from bio-hybrid synthetic pathways over interconnected catalytic
systems to integrated reactor concepts are in focus of this SRA.

reaction
system

5 catalyst
Concatenated synthetic pathways

Figure 22: Holistic design of concatenated synthetic pathways considering the various
options on the levels of catalyst, reaction system, and reactor and process
design for an overall optimum.

Strategy and Structure of SRA

Concatenated synthetic pathways are considered on different length scales. At the molecular
level, the focus is on catalytic transformations for bio-hybrid syntheses (Sub-Topic 1) that allow
accessing the same products from different future carbon resources and via different catalytic
pathways or that provide chemical compounds structurally composed of motifs from different
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future carbon sources. Within reaction cascades, interconnected catalytic systems (Sub-Topic
2) enable at an optimum combination of catalytic transformations of various origin (bio-/chemo-
/electrocatalysts) and separations along a value path towards maximum resource efficiency
at minimum energy needs and operational costs. Ultimately, several catalytic transformations
together with the optimum separation technology are combined in integrated reactor systems
(Sub-Topic 3) to provide the most desirable process concept.

Objectives for Main Part:

Concatenated synthetic pathways integrate both catalytic transformations as well as unit opera-
tions on the levels of catalyst, reactor and process enabling optimal resource and energy usage.
Concatenated synthetic pathways provide the synthesis of bio-hybrid fuels and chemicals based
on future carbon and nitrogen sources using renewable energies in a holistic approach.

4.5.3.1 Bio-hybrid Synthesis

Add short summary here.

Detailed investigations of future scenarios indicate that only the integrated and flexible use of
all available alternative future carbon sources and nitrogen will enable the chemical conversion
of renewable energies on a scale relevant to the path to a resilient mobility and chemical sector
[X]. The integrative use provides bio-hybrid fuels and chemicals that not only have the potential
to meet the high demand for renewable liquid fuels, but also offer a greater variety of possible
molecular structures to produce important chemicals for a sustainable society. Key are selective
catalysts facilitating a tailored access to the molecular motifs of the bio-hybrid platform based on
the versatile raw materials. Catalyst development proceeds iteratively by combining forefront
experimental and computations methodologies covering high-throughput synthesis and screen-
ing, operando analytics and data sciences.
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Previous work

Prior studies within the clusters of excellence Tailor-Made Fuels from Biomass (TMFB) and The
Fuel Science Center (FSC) allowed establishing a broad toolbox of catalysts for the valorising
biomass with focus on lignocellulose [REF]] as well as CO2 [77]. In these feedstocks, in contrast
to fossil fuels, carbon is present in high oxidation state requiring selective defunctionalisation
as well as selective reduction, for example through hydrogenation or direct electrocatalytic re-
duction.

For the catalytic valorisation of CO2, catalyst systems providing access to all almost all levels of
carbon oxidation state could be developed by rational catalyst design [REF]. This includes new
strategies for the reduction of CO2 to formic acid as well as methanol with molecular REF or
solid catalysts [78] providing flexibility with regard to operation in multiphase REF reaction sys-
tems or even continuous fixed bed configurations. Major breakthroughs in the use of catalysts
based on earth abundant 3d metals have been achieved. A nickel-based catalyst comprising
the Triphos-ligand framework was shown to exhibit outstanding activity for formic acid formation
[REF]. The first catalytic system allowing direct hydrogenation of CO2 to methanol based on
manganese as active metal was designed based on a combination of experimental and com-
putational methods [REF].

Utilising ligand structures as building blocks of materials, solid molecular catalysts based on
mono- and bidentate phosphines, pyridine and triazine motifs and lately even tert-pyridine struc-
tures could be derived. Their use in both continuous liquid as well as gas-phase catalysis
was demonstrated. E.g., the dynamics of palladium single-atoms on graphitic carbon nitride
were studied during ethylene hydrogenation and H2-D2 exchange. By employing aberration-
corrected scanning transmission electron microscopy, x-ray photoelectron spectroscopy and
x-ray absorption spectroscopy, metal clusters, rather than single-atoms were confirmed as ac-
tive species, providing new insights into the influence of gas atmosphere on metal speciation
(REF). In contrast, for polyphosphines superior activity and selectivity of isolated metal species
in CO2 activation to formic acid was confirmed.

In contrast to formic acid and methanol as target products, the direct hydrogenation of CO2
to formaldehyde still presents a largely unsolved challenge. Research from FSC has made
important contributions in this area by demonstrating the possibility to intercept the CO2 hydro-
genation on the formaldehyde level by in situ conversion into fuel and chemical targets. The
concept was systematically established for the catalytic production of oxymethylene (OME) fuels
[REF] to the synthesis of for linear and cyclic acetates as bio-hybrid fuels by valorising various
biogenic alcohols [REF] or plastic waste [REF]. The concatenation of bio- and chemo-catalytic
steps was successfully demonstrated already for some selected cases by interdisciplinary col-
laboration of FSC teams. [REF].

Major challenges can also be found in the selective hydrogenation of CO and CO2 to higher
alcohols where methodologies to derive Ca+ alcohols remain rare [79, 80]. In an innovative
approach, Fischer-Tropsch synthesis to olefines was combined with reductive hydroformylation
[81] A heterogeneous cobalt catalyst with high olefine selectivity could be integrated in tandem
with thermostable cobalt reductive hydroformylation catalysts to realize a slurry-phase direct
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conversion of syngas to higher alcohols. The first example of a Rh-based catalytic system
capable of direct conversion of olefins to alcohols in a biphasic liquid/liquid system could be
demonstrated. Immobilising the catalyst in a water phase for easy separation from the organic
product phase enabled minimal Rh loss and continuous operation in a miniplant for more than
50 hours. [82]

Carboxylic acids beyond the simple hydrogenation product formic acid are highly interesting
product targets that could be assessed from CO2 by concatenated reaction principles. Thus,
a synthetic pathway to acetic acid via the formal isomerisation of methyl formate combining
the two C1 products formic acid and methanol was established [REF]. The in situ catalytic
generation of CO coupled with catalytic carbonylation of biogenic alcohols was shown to open
access to novel bio-hybrid pathways to aliphatic carboxylic acids [REF]. Inserting CO2 by car-
boxylation into nonactivated C-H bonds provides another attractive yet hitherto largely elusive
catalytic transformation. Based on a computationally predicted Pd(ll) complex, such a reaction
could be realizes using simple and nonactivated arenes as starting materials. The potential of
this catalytic reaction was demonstrated by the synthesis of veratric acid, an intermediate for
pharmaceutical production, from CO2 and veratrole [REF]. Valorising bio-catalysis, microbial
CO2 assimilation and conversion to succinic acid was investigated by stoichiometric metabolic
modeling based on physiological and process data. Different process variants for the conver-
sion of C1 carbon compounds to the industrial relevant platform chemical succinic acid were
studied [83]. In another attempt, 72 different Ustilaginaceae strains from 36 species were in-
vestigated for their ability to (co-) consume the CO2-derived substrates acetate and formate,
contributing toward a carbon-neutral itaconate production. Ustilago maydis MB215 and Ustilago
rabenhorstiana NBRC 8995 were identified as promising candidates for acetate metabolization
whereas Ustilago cynodontis NBRC 7530 was identified as a potential production host using for-
mate as a co-substrate enhancing the itaconate production. This proof-of-principle study clearly
highlighted the potential of Ustilaginaceae biocatalyst candidates for carbon-neutral itaconate
production. [84]

Electrocatalytic carbon dioxide reduction (CO2RR) [85] has also significantly evolved in recent
years allowing access to e.g. CO, formic acid or ethylene [86]. For industrial relevant current
densities at high selectivity an integrated catalyst and reactor design proved essential allow-
ing to control local pH and ion strength. Despite the important role of the local environment at
the electrodes, its assessment under true catalytic conditions, i.e. by in operando techniques,
remains challenging. Multinuclear in operando NMR techniques were applied to CO2RR in
aqueous NaHCO3 or KHCO3 over silver electrodes. 13C and 23Na NMR studies at different
magnetic fields confirmed that the dynamic equilibrium of the electrolyte salt in solution, exist-
ing as ion pairs and free ions, decelerates with increasingly negative potential. This equilibrium
affects the CO2 resupply rate from the electrolyte. Substantiated by relaxation measurements,
a mechanism was proposed where stable ion pairs in solution catalyse the bicarbonate dehy-
dration reaction, which may provide a new pathway for improving educt resupply during CO2
electrolysis [87]. Electrochemical real time mass spectrometry (EC-RTMS) presents another
method providing real-time information to resolve transients occurring at dynamic interfaces.
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Applied to CO2RR during potential step or sweep experiments on pristine and in situ anodized
copper, enhanced formation of several Co+ products over C1 products are tracked directly after
copper anodization, with unprecedented temporal resolution. This creates exciting opportuni-
ties for resolving processes occurring at short timescales and even for enabling selective elec-
trosynthesis under dynamic operation. [88, 87]

Regarding biomass, a broad set of chemo- and biocatalysts had already been developed within
the cluster of excellence TMFB enabling the conversion of lignocellulosic biomass to a variety of
intermediates or products [89, 90]. In FSC, the catalytic toolbox could be significantly broadened
by utilising electrocatalytic biomass valorisation, e.g., for valorising 5-hydroxymethylfurfural [REF].
Kolbe electrolysis was explored due to its potential to transform biogenic carboxylic acids to
monomers and fuels [91], e.g., by electrochemical cross-coupling of biogenic di-acids allowing
to flexibly tailor the fuel structures [92]. As overarching concept, anodic transformation at lower
potentials compared to oxygen evolution reaction were explored potentially enabling electrocat-
alytic hydrogen formation at lower cell potentials companied by anodic formation of a valuable
product [93]. An example comprehends glycerol electrooxidation, where the design of bimetallic
PtCu electrocatalysts enabled superior selectivity to C3 products which proved important for the
economic potential of this technology ?[?]. Aiming for electrocatalyst prediction, comprehen-
sive material characterisation highlighted covalency as electronic descriptor able to rationalize
catalytic activity of transition metal perovskites in both oxygen evolution reaction (OER) as well
as glycerol electro-oxidation but also in chemocatalytic NO reduction as well as NoO decompo-
sition [70, 94].

The Integrated Fuel & Chemical Science Center (FSC?) Principal Investigators (Pls) also made
first steps into the integration of nitrogen functionalities in the valorisation of renewable feed-
stocks, e.g., via both chemo- and electrocatalytic amination and amidation of biogenic carboxylic
acids. Therein, a comprehensive life-cycle assessment (LCA) and techno-economic analysis of
the heterogeneously catalysed amidation of succinic acid to the monomer N-vinyl-2-pyrrolidone
(NVP) highlighted the environmental and economic potential of this route. Indeed, LCA pro-
jected that bio-based NVP production reduces global warming impacts by 25-53% compared
to the fossil alternative practiced today. [95]

A flexible catalyst platform was demonstrated for the one-pot synthesis of valuable allylamines
and alkylamines from amines, formaldehyde, and terminal alkynes. The multifunctional catalytic
system comprehends a silica support on which are jointly assembled ruthenium nanoparticles
and covalently functionalized copper N-heterocyclic carbene (NHC) complexes. Detailed in-
vestigations confirmed that the immobilized molecular Cu(I)-NHC complex is responsible for
the atom-efficient A3 coupling of amines, formaldehyde, and terminal alkynes, while selective
hydrogenation of the resulting propargyl amines is catalyzed by Ru nanoparticles. This flexible
design strategy combining molecular and nanoparticle sites on a single support opens the way
to the development of multifunctional catalytic systems capable of performing complex reaction
sequences in one pot. [96] On top, by the combination of microbial cell factories, enzyme cas-
cades and chemocatalysis, hydroxy ketones and amino alcohols could be gained in high yield
and excellent selectivity from second generation feedstocks. In the atom- and step efficient
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process, downstream processing was directly integrated.

Objectives

The objectives comprehend (i) creating an adaptive and integrated access to new bio-hybrid
structures for sustainable chemical conversion processes, (ii) developing the therefore nec-
essary bio-, chemo- and electrocatalysts with tailored active sites for a flexible transformation
of various carbon and nitrogen sources using renewable energy; (iii) accelerating catalyst de-
velopment and reaction pathway design by mechanistical insights, parallelized and automated
screening and data-driven optimization, ultimately aiming for prediction.

Work program

Aiming at a catalytic toolbox to provide a flexible bio-hybrid platform made of molecular building
blocks that can be integrated into resilient material cycles, methodical advance enabling the
sustainable formation of C—C, C—H, C-O, and C-N bonds, is sought for (Figure[24). Especially
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the formaldehyde platform provides tremendous potential (see Figure X). Building upon the
previously demonstrated access to compounds in the formal formaldehyde oxidation state, di-
rect catalytic transformations e.g. by CO2 reduction to formaldehyde and derivates will be in the
focus. Research objectives comprehend methodologies to provide free formaldehyde utilising
chemo- as well as bio- [REF] and electrocatalysis (Klankermayer, Leitner, Mechler, Wessling).
Formaldehyde corresponds to the same formal reduction level as carbohydrates and hence can
be envisaged as attractive target as C-source for microbial transformations (Blank). Inspired
by the cluster’s previous success regarding in situ chemical transformation to formaldehyde
derivates, the synthesis of linear and cyclic acetals will be extended and further developed pro-
viding input for activities towards translation (Blank, Klankermayer, Leitner, Palkovits, Rother).
Novel concatenated pathways will be explored exploiting the intrinsic reactivity of the formalde-
hyde molecule in particular towards condensation reactions. As demonstrated in FSC most

7



4 Research Program

recently for the selective 3-methylation of alcohols [REF], the platform will serve as a start-
ing point for new catalytic approaches towards C-C bond formation (N.N.). Tailored catalytic
transformations using the formaldehyde platform towards the synthesis of nitrogen containing
compounds will be in focus also. This includes selective synthesis of aminals in analogy to the
acetals. Novel N-methylation reactions (catalytic Eschweiler-Clarke methylation) based on CO2
instead of formaldehyde can also be envisaged. A flexible catalyst platform was demonstrated
recently in FSC for the one-pot synthesis of valuable allylamines and alkylamines from amines,
formaldehyde, and terminal alkynes. The multifunctional catalytic system comprehends a silica
support on which are jointly assembled functionalized copper NHC complexes for the A3 cou-
pling and ruthenium nanoparticles for selective hydrogenation [REF].

Beyond formaldehyde, further approaches of C-C and C-N bond formation present major fo-
cus points of FSC? research. In this context, innovative homologation concepts for C1 build-
ing blocks of all oxidation steps play a major role. Examples comprehend chemocatalytic ap-
proaches towards higher alcohols synthesis as well as C2+ products in electrocatalytic CO2
valorisation. Also, novel strategies for nitrogen insertion are essential, to transform e.g. bio-
genic acids into the related amines. Exemplarily, formate will be enzymatically converted to
formaldehyde and subsequently directly upgraded via C-C bond and C-N bond formation. In
these multi-enzyme catalysed processes, mono- and dihydroxy ketones and amino alcohols
are formed in a selective manner, which are platform chemicals for further diversification with
enzymes or chemical catalysts in one-pot or multi-pot reaction systems to fuels, blends and
valuable chemicals.

Building upon a mechanochemical activation of Mg and subsequent reaction of the in-situ gen-
erated organometallic reagent with CO2 [Int1], N2 activation by Ti in presence of reductants
such as Mg will be studied. Ultimately, novel approaches to N2 fixation as well as a direct acti-
vation of both N2 and CO2 will be explored in FSC? (Bolm, Wiegand, Zobel).

To achieve the indispensable advance in catalyst development, tools of automated catalyst syn-
thesis, high-throughput screening, operando analytics and artificial intelligence (Al)-added data
evaluation are valorised targeting accelerated development and ultimately catalyst prediction.

As an example, combining synthetic organic chemistry with computational and mechanistic
studies, Schoenebeck group uncovered novel catalysis principles based on multinuclear metal

catalysis, (i) metalloradical catalysis, (ii) the unlocking of orthogonal reactivity space with organoger-

manes, and (iii) uncharted chemical space of N-CF3 (and N-CF2H) compoundsiv. Therein, the
group showcased how machine learning methods can be used to accelerate identifying cata-
lyst design of previously unknown dinuclear Pd catalysts REF. In FSC?2, this approach will be
advanced further and applied to exploit catalysts enabling C-C and C-N bond formation.
Strategic sentences on automation, parallelization, data-driven methods, novel Professorship
More high throughput, ML?

4.5.3.2 Interconnected Catalytic Concepts

Add short summary here.
To leverage the full potential of novel, sustainable, effective processes for bio-hybrid fuels or
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chemicals, the concept of interconnected catalytic systems is explored. Therein, novel catalysts
with several functions shall allow to efficiently reduce synthesis steps and/or to switch from the
classic approach of using one type of catalyst for a process to a combination of catalysts. In
this way, advantages of catalysts from different disciplines are combined. These advantages
include not only effective synthesis to high product concentrations with high purity and high step-
as well as atom economy, but also the lowest possible energy input and therewith increased
(eco-)efficiency. Accompanied by an integrated holistic design of energy- and resource-efficient
separation technologies, a global optimum for transformation sequences will be derived. Due
to the broad expertise of the partners, aqueous, organic and multiphase systems as well as all
types of (fed-)batch and continuous reactor designs (see X.Y) are available for modular, flexible
combinations. The outstanding element of this FSC? approach is the techno-economic overall
balancing of the process including the catalytic reaction sequence as well as separation.

Previous work

While the fundamental principle of catalysis with biocatalysts, chemo- or electrocatalysts is uni-
versal, the different catalysis disciplines come with their unique advantages and challenges. In
general, bio-catalysis works best under aqueous reaction conditions and moderate temperature,
while chemo-catalysis often operates in organic solvents at elevated temperature and pressure.
Electro-catalysis allows direct use of renewable energy and can operate both in aqueous and
organic media, but requires suitable electrolytes for sufficient charge transfer. To valorise the
full potential of the complementary advantages of catalysis disciplines, their intimate integration
along transformations paths by compatible, smart reaction systems is essential. This can be
achieved by compartmentalizing catalyst types in separate phases, e.g. in liquid/liquid multi-
phase systems, or by adapting them to alternative solvents or multiphase reaction systems.
Prior studies have already highlighted the potential of bridging different catalytic functionalities
and disciplines as well as closely integrating separation technologies in the development.
Short chain diols, such as 2,3-butanediol, present interesting intermediates for alternative low
carbon, low-emission fuels, and bio-hybrid chemicals [97]. They can directly be produced from
biomass with Enterobacter or Klebsiella strains, but the energy-intensive separation of this hy-
drophilic, high-boiling compound from an aqueous reaction system via distillation makes this
approach unfavourable [98]. Accordingly, novel porous framework materials were developed
enabling selective separation even of challenging mixtures such as trans-1,2-diols over cis-
1,2-diols as well as a direct removal of diols from fermentation broths [99, 100]. In an alter-
native approach to overcome the separation challenge, whole-cell and enzyme catalysis were
combined. A yeast-based acetaldehyde production with in situ gas stripping and capture was
used [101]. Due to the high vapor pressure of acetaldehyde, this compound evaporates from
the bioreactor and thus “distills itself”. A two-step enzymatic cascade allowed converting bio-
based acetaldehydes to vicinal diols in a micro-aqueous environment. As the 2,3-butanediol
is produced in an organic monophase, downstream processing is extremely facilitated [102].
Subsequently combined with chemocatalytic carbon dioxide incorporation in the formaldehyde
oxidation state, cyclic and linear acetals become accessible broadening the available bio-hybrid
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chemical platform [28]. This concatenated synthetic pathway clearly exemplifies the potential
of the integrated development concept of alternative production routes to minimize downstream
costs and make sustainable production paths more competitive.

Recent advances for chemocatalysis in biological media [103] and biocatalysis in unconven-
tional media [104] show that it is possible to run the respective catalysts in media other than
classically applied. The following example from the FSC impressively demonstrate the combi-
nation of catalysts in one pot and that applying e.g. green organic solvents, even offers advan-
tages for catalysts of different origin:

Taking the biggest biotechnological example, the production of bioethanol is fast with > 1 g L
h=1, efficient with > 90 % theoretical yield, and the product can accumulate up to 150 g L™"
[105]. Still, starting from glucose even at 100 % theoretical yield, every third carbon atom is
lost as CO2 in the process due to reaction enthalpy reasons. For a reaction to be efficient, not
only high yields are needed, but as few atoms as possible should be wasted [106, 107]. To
increase the atom economy — in this case for valuable carbon — of bioethanol fermentations,
CO2 might be directly uptaken. Within the FSC, Guntermann and Mengers et al. explored this
by converting the microbial-produced waste-CO> in a 1-step, 1-pot approach [108]. Molecular
ruthenium complexes are known to catalyze H2-driven CO2 reduction to formate, a non-volatile,
non-toxic, valuable animal and microbial co-feed under mild conditions. Separating the cata-
lysts with contradictory demands either timely or spatially simplifies the method development,
but an integrated system can ultimately outperform complex connected reactors due to less
needed separation steps [109]. After conflating the reaction conditions, the bioethanol fermen-
tation was carried out in a high-pressure reactor under 120 bar of Ha pressure simultaneously
coupled with a Ru-catalyst residing in a tetradecane phase converting CO2 and H» to formate.
Ultimately, over 26 % of the nascent greenhouse gas were converted to formate. Simple sepa-
rating the fermentation broth from the non-polar organic phase allowed for effective recycling of
the precious organometallic catalyst. With a global bioethanol CO2 output of 50 Mt a~", although
minuscule compared to 31,900 Mt a~! from fossil fuels [110], could mean a CO2-negative pro-
duction of 13 Mt a~! formic acid, if this reaction concept would be globally applied. And the
concept can be pushed even further. Both, formate and ethanol, can be converted enzymati-
cally to larger molecules of higher value, like ethyl formate, in the same 1-step, 1-pot process,
using the complete spectrum of catalysis [111].

Objectives

The objectives comprehend (i) directly integrating downstream processing into the design of
concatenated transformations to achieve pathways with lowest possible energy demands and
environmental footprint, (ii) combining catalysts of all types for conversion of future substrates
into most economic and ecologic efficient processes. For this purpose, compatible reaction
systems are designed. (iii) For optimal step and atom efficiency, multi-functional catalysts with
several activities are designed; (iv) techno-economic overall balancing of the process including
optimal reaction parameter prediction and verification are included.
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Work program

An important aim are integrated processes combining challenges in catalysis and downstream
processing. Conventionally, sequential conversion and separation along a reaction sequence
involves incorporating separation technology after each reaction step to purify the intermedi-
ate to the required purity of the following stem. While providing flexible process operation, this
approach often results in costly separation tasks. To address this, energy efficient separation
techniques for polar compounds from polar solvents will be explored including membranes, re-
active extraction, or adsorption. To this end, experimental investigation as well as modelling
of binding and reaction mechanisms in novel reactive separation systems consisting of tai-
lored solvents (e.g. terpenoids) and adsorbents (e.g. functionalized boronic acid derivates) will
be performed (Jupke, Palkovits) as well as characterization of novel membranes (Wessling).
Specific examples comprehend reactive extraction e.g. for separating carboxylic acids from fer-
mentation broths or amines from reaction mixtures. In addition, adsorptive techniques will be
developed to separate valuable e.g. diols from aqueous solutions. In the next step, integrating
transformation and separation is targeted. To effectively evaluate separation strategies, early-
stage overall process design and optimization are applied. A major challenge is that at an early
stage of development, there is only limited experimental data available as basis for analysis.
FSC?2 overcomes this challenge by combining hybrid mechanistic/data-driven models, experi-
mental data, and the use of uncertainty quantification, thus enabling rational identification of the
most promising options at the process-level. By identifying key factors and bottlenecks in an
early stage of development, the full potential of interconnected catalytic system can be valorised
(Jupke, Mitsos).

On the reaction level, traditionally, individual transformations and their respective reaction con-
ditions (solvent, temp. pressure, etc.) are optimized individually hampering an integration along
the reaction cascade. In compatible reaction systems, reaction sequences involving different
catalytic transformations are enabled within a tailored reaction system enabling close integra-
tion. FSC? therefore focusses on smart solvent choices for multiple consecutive conversion
steps without solvent change facilitating an efficient sequence. This holds true for the combi-
nation of each reaction step, but also for the combination of reaction and product separation
(see below). Challenges comprehend identifying compatible solvents including model-based
methodologies [REF] and optimizing the trade-off between the reaction steps, especially when
the catalysts are of different origin (bio-, chemo-, or electrocatalysts) and evolved or optimised
in their defined environment.

Examples on solvent selection (Andreas/Dérte Dioxolane)

To design truly novel, efficient processes from substrates of the future with minimal footprint,
FSC?2 will now extent this concept towards further chemical products, blends and fuels in op-
timally one-pot processes with minimal separation effort. Here, all types of solvent systems,
ranging from aqueous or organic monophasic over biphasic towards compartmented reaction
systems are considered. They are evaluated with respect to energy and resource consump-
tion as well as ecologic performance parameters. A first example highlights the integration
of multiple disciplines to derive potent solutions. Here, aliphatic as well as aromatic-aliphatic
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2-hydroxy ketones will be synthesised based on microbially produced butanol and aromatic
compounds (from second generation feedstocks) ligated with formaldehyde from CO2 fixation.
From these intermediates, a set whole of products like diols, dioxolanes and amino alcohols
will be accessible by further diversification with enzymes and chemocatalysts. In sum, the
modular combination of (electro)chemistry, transformations with microbial cell factories and en-
zyme cascades, a broad product portfolio based on bio-hybrids is accessible. Automation and
model based predictions will support the optimisation of the overall synthesis pathway, includ-
ing downstream processing. (Klankermayer, Leitner, Palkovits, Herres-Pawlis, Rother, Blank,
Lauterbach, Magnus, Jupke, Walther, Heufer); In a second example
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Figure 25: Combination of microbial, chemocatalytic, and enzymatic catalysts for the
integrated synthesis of ethyl formate from biomass and CO2 in a one-pot,
two liquid-phase reactor.

4.5.3.3 Integrated Reactor Systems

Add short summary here.

Reactor design plays a pivotal role in the conversion of sustainable hydrogen, carbon, and ni-
trogen sources for the formation of C—C, C-H, C-0, and C—-N bonds of functional molecules.
Leveraging a toolbox of chemo-, bio-, and electrocatalytic conversion steps, these concatenated
catalytic pathways incorporate multi-phase reactors. To achieve high yields, novel intensified
reactor devices are utilized, enhancing the efficiency and effectiveness of the conversion pro-
cess. Thus, adaptive, flexible, autonomous, and self-optimizing innovative conversion appara-
tuses are needed.

Tailored approaches are required to understand and optimise the multi-phase flow dynamics
within each reactor type, reflecting the complex interplay between design, operation and the
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specific characteristics of the chemical processes involved. To advance the envisaged mod-
ular units, we will break them down into smaller repeating sub-units, such as tubular or 3D
printed entities, designed for conversion and separation processes through molecular function-
alisation. At the smallest scale, fundamental molecular phenomena will be studied and control
mechanisms developed. This hierarchical approach will integrate knowledge for the design of
adaptive devices using multi-scale fabrication methods. Such integration across length scales
and disciplines requires collaborative efforts leading to effective optimisation cycles.

Previous work

In FSC, (electro-)chemical reactors were designed to consider three essential elements (i) se-
quentiality and parallelization of modular functional units, (ii) control of modular multi-phase flow
and (iii) integration of multiple functions such as controlled creation of reactive interfaces and
product removal.

In biochemical synthesis, in situ product removal (ISPR) plays a crucial role to overcome product
inhibition. An example for biochemical conversion with in situ product removal in an innovative
reactor concept is the production of methyl ketone in a multi-phase loop reactor [112]. This
reactor as a one-pot reactor combines biochemical conversion with a corresponding separa-
tion sequence without simultaneous loss of yield [113]. Further, ISPR concepts can work the
other way around where the biotransformation acts as the product sink for a chemical reaction
system. To this end, we implemented a chemical and biochemical puzzle, combining homoge-
neous chemical and biochemical reaction. The aim was to investigate the chemical conversion
of Ho and COz> into formic acid and subsequent extraction into an aqueous phase, enabled its
biotransformation into itaconic acid [84, 114]. With the proposed integrated ISPR concept, the
carbon dioxide emission of the microbes can be used again as educt for the chemical conver-
sion [108].

Pure liquid phase chemical reactions can also benefit from applying ISPR and merging reac-
tion as well as separation steps in an integrated reactor concept. This involves introducing
a second liquid phase into the chemical system, creating a multiphase system consisting of
two liquid phases. If one of the reactants is gaseous, mass transfer from the gaseous to the
liquid phase must also be considered, resulting in a complex three-phase vapor-liquid-liquid
system. By using ISPR in various adaptive design frameworks, side reactions can be reduced
and the equilibrium limitation in the reaction can be overcome as far as possible to achieve
higher yields and selectivities. Within the previous FSC cluster, an integrated reactor network
consisting of a biphasic homogeneously catalysed hydrogenation of carbon dioxide to formic
acid was enhanced by ISPR [115, 116]. The chemical conversion of diols to 1,3-dioxolanes
was also investigated. To address the complex reaction system characterised by equilibrium
constraints and CO2 conversion, process intensification involves in situ extraction, incorporat-
ing a non-polar phase to create a complex vapor-liquid-liquid integrated reaction and separation
process.

A biomass-based process from fructose via 5-hydroxymethylfurufural (5-HMF) to furandicar-
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boxylic acid (FDCA) was significantly enhanced by process intensification and integration [117,
118]. The design and operation of a continuous multiphase 5-HMF reactor, where in-situ ex-
traction reduces by product formation and product degradation, was assessed by a simulation
model to gain fundamental knowledge on the process and enable adjustment of operating con-
ditions [37, 119]. The process was further intensified by a consecutive electrochemical conver-
sion of 5-HMF to FDCA. By directly feeding the diluted organic 5-HMF stream from chemical
conversion to a biphasic electrochemical reactor, the integrated process eliminates the need for
an intermediate purification step, as depicted in Figure[26][120]. The efficiency of electrochem-
ical reactors can be increased by the so-called paired synthesis of two value-added products at
both, anode and cathode. In a recent work we have demonstrated how to systematically design
such a paired electrolysis of HMF oxidation and acetoin reduction to obtain high conversions
and stable process conditions. We demonstrated that an additional process intensification by
direct electrochemical conversion of acetoin-rich fermentation supernatant is feasible [120], but
trace metal impurities decrease the selectivity. These can be overcome by a resting cell ap-
proach in the fermentation step [121].
Another way to improve electrochemical reactors is by using the dynamic extension of electro-
chemically active surface area by flow electrodes or slurry electrodes [122, 123].

Tubular electrodes promise modular reactor concepts with high surface to volume ratio. Ad-
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Figure 26: Integrated conversion of fructose to FDCA in a biphasic systems comprising
chemical and electrochemical conversion.

ditive manufacturing, like selective laser melting, offers high flexibility and control in the manu-
facturing of tubular gas diffusion electrodes in terms of porosity and pore size distribution [124]
enables, in combination with steering the process conditions, a high degree in control over the
reactor’s selectivity. [124] In a next step, several tubular electrodes were integrated into one re-
actor, which enable swift scale-up via numbering-up (Figure[27)) [125, 126]. We also exploited
the high degree of freedom in design by 3D printing triply periodic minimal surfaces (TPMS)
entities, and to integrate two functions into the electrode domain: high active surface area and
enhanced mass transfer [127, 122, 128, 123].
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Figure 27: Flow reactor for 3D printed tubular gas diffusion electrode with tailored
porosity.

Objectives

Integrated reactor systems contribute to concatenated reactions by i) housing different types
of stimuli responsive catalysts and catalyst environment while ensuring efficient mass transfer
i) valorize multi-phase flow for efficient reactions and iii) integrated reaction and separation for
intensified processes.

In FSC?2 we strive to design reactors, which facilitate stimuli responsive activation of catalysts
and localized reaction control by leveraging advanced materials processing to trigger via elec-
trical, thermal or pH-dependant actors. Additionally, we not only design reactors to cope with
fluctuating input streams. We aim to dynamically control and pulse flow, temperature, wettabil-
ity (and more) to optimize yields.

These entities will be self-optimized reactors, for which we employ model-based design and
control strategies: Physically, the reactors will be equipped with online analytics but also visual
observation to feed information into an ANN for real time control. In order to gain an under-
standing of the underlying physico-chemical effects, rigoros modeling will be applied. Surrogate
models to cross length scales.

Work program

The complexity of multiphase reaction systems results from the intricate interplay of different
phenomena on micro-, meso-, and macroscale, rendering a significant challenge. Hence, there
is a clear imperative to devise a systematic approach for the design, operation, optimization,
and scaling of multiphase reaction systems. Within these systems, products are formed via
bio-, chemo- or electrocatalysis, which can be intensified via ISPR. ISPR means separation of
target molecules at their point of origin to suppress or minimise equilibrium limitations (Palkovits,
Klankermayer, Leitner), productinhibition (Blank, Rother, Magnus, Lauterbach) and undesirable
by-product formation (Wessling). This integrated approach improves operational efficiency and
ensures optimal performance of multiphase reactors.
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In microscale, the aim is to understand the reaction pathway by describing the principle trajec-
tory of molecules from reactants to products. Further than defining the reaction stochiomet-
rics, understanding involves fundamental knowledge of reaction equilibrium and kinetics, mass
transfer, thermodynamic phase equilibrium, and fluid dynamics. For example, the mass trans-
port of a single droplet, is recorded experimentally using a 2D Raman measurement cell and
can then be modelled using spatially resolved discrete flow simulations (Pitsch). Additionally,
we aim to study charge transfer and faradaic reactions in suspension electrodes, also known as
flow-through electrodes, which extend the electrochemically active surface through the addition
of conductive particles. Moreover, the concept of suspension electrodes may be extended to
pickering emulsions, in which the second liquid phase enables ISPR or efficient reactant supply
to the catalytic surface.
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Figure 28: Scale based approach for multi-phase electrochemical systems.

Figure[28|shows the multi-scale approach applied to electrochemical multi-phase reactors. Elec-
trochemical interfaces and their reactions can be significantly enhanced by applying pulsed
electrolysis. We will extend our computational approach with micro-kinetic modelling to exper-
imental investigations elucidating the physicochemical phenomena at the interface. To derive
crucial experimental data of such phenomena, measurements under relevant process condi-
tions, which best approximate the operating space will be conducted using sophisticated an-
alytic techniques, such as Raman spectroscopy, infrared spectroscopy, fluorescence life-time
spectroscopy, distribution of relaxation times. Occurring phenomena need to be understood
and interpreted in order to draw appropriate conclusions for process intensification in higher
scales.

In mesoscale, our research methodology aims to derive a suitable model to couple previously
measured microscale effects. For modeling, we use differential algebraic equations to dynam-
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ically model the complex parameter space of multiphase flow, reaction kinetics, mass transfer
and thermodynamics which is experimentally not accessible in its quantity. In addition, we use
hybrid modelling, integrating grey box models for numerical optimisation and real-time simula-
tion to be able to handle contaminated and fluctuating feeds. Identification of physical phenom-
ena sensitive to variations in substrate or power supply is critical to guide operational decisions
to mitigate potential problems. To this end, the model framework is based on detailed and
specifically recorded individual effects that are aggregated to a complex model of a multiphase
reactor. On this basis, a pilot reactor will be equipped with sensors to enable performance
and condition monitoring for status diagnosis and live parameterisation of data-driven elements.
Therefore, specific equipment must be designed to meet the requirements of operation and con-
trol close to process conditions. For the electrochemical reactor with suspension electrodes, we
strive to elucidate particle cluster formation and particle percolation in dependence of fluid flow
conditions.
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Figure 29: Autonomous and self-optimising multi-phase tubular reactor.

The learnings from operation and control in mesoscale will be essential for successful operation
in macroscale. Complex thermodynamic and kinetic models can be replaced by surrogate and
data-driven models that provide comparable accuracy with reduced computational effort and
simulation time. Real-time simulation enables model predictive control, facilitating continuous
optimisation of reactor behaviour based on dynamic data inputs. Computational sensitivity anal-
ysis helps to quantify the effects of fluctuations and variations in substrate and energy supply.
We also focus on the development of in-line, on-line and at-line measurement techniques to
obtain indicative quantities and facilitate on-line model parameterisation to ensure the reliability
of our research results. The design of a dynamically and flexibly operable reactor should lead to
an autonomous and self-optimising reactor control system, so that agile and adaptive operation
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can be realized.

4.5.3.4 Proposed Staff and Funding of SRA-CSP

Table 4.5.3.1: Proposed Staff in SRA-CSP
2026 2027 2028 2029 2030 2031 2032

Staff category Number of persons

Professors 0 0 0 0 0 0
Independent junior research group leaders 0 0 0 0 0 0
Postdoctoral researchers 0 0 0 0 0 0

Doctoral researchers 215 215 215 215 215 215 215
Other staff 0 0 0 0 0 0 0

Table 4.5.3.2: Funding Request for SRA-CSP
2026 2027 2028 2029 2030 2031 2032

Funding category Totals per year in thousand euros

Staff (Total for 4.5.3) 1638 1687 1738 1790 1844 1899 1956
Direct project costs (excluding staff) 300 420 262 230 215 215 215
Total instrumentation < €150,000 360 355 O 0 0 0 0
Total instrumentation > €150,000 180 0 0 0 0 0 0
DASbox® Mini Bioreactor System 180

Instrumentation below 150 000 €

» Klankermayer 125k€: High-pressure equipment with adapted analytics

Jupke 120k€: High-pressure Differential Scanning Calorimetry

Palkovits 120k€: Multi-fold parallel pressure reactor (e.g. Batchington from Avantium)

Jupke 50k€: High-pressure density meter

Jupke 60k€: 3-phase tailor-made measuring cell

Lauterbach 90k€: NMR benchtop spectrometer for in-situ product analysis

Palkovits 50k€: Online Benchtop NMR for analysis

Blank 50k€: Automated microbial genome editing workbench

Blank 50k€: TOM Microbial Physiology Workbench
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Instrumentation above 150 000 €

* Blank 18050k€: 2x DASbox Mini Bioreactor System
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4.5.4 Strategic Research Area: Translational Catalytic Processes

Pls: Leitner, von der Alen, Blank, Jupke, Klankermayer, Mayrhofer, Mitsos, Palkovits, Pitsch,
Rother, Simon, Waldvogel, Wessling, Zobel
ARs: Khetan, Leonhard, Magnus, Wiegand

Add short summary of SRA here
In the development of new concatenated synthetic pathways, there is a strong focus on develop-
ing novel transformations and their interconnection. This requires in many cases screening and
testing of catalytic activity and selectivity as basic performance criteria using model compounds
or prototypical substrates. The translation into actual catalytic processes requires additional
fulfilment of robustness and stability considering the complexity feedstocks, their quality varia-
tion, and the integration of their supply with the catalytic conversion (Figure[30] left). Feedstock
complexity is particularly challenging for bio-based raw materials and substrates that are often
mixtures or even composite materials. Integration of supply and conversion is a major target for
CO2-based processes ranging from CCU concepts to direct air capture coupled with catalytic
transformations. The fluctuation of renewable energy input adds the challenge of dynamic op-
eration as additional dimension (Figure[30} right). Therefore, innovative strategies and methods
to provide process energy as well as chemical energy are of great interest. Analysis on a sys-
tems level needs to be linked with the technology progress from the beginning to evaluate and
validate the potential benefits of integration vs connection of the individual process steps. The
translation of chemical pathways to processes in this Strategic Research Area (SRA) thus cov-
ers the technology maturity progression, from laboratory experiments with model substances to
interlinked unit operations comprising upstream feedstock supply and advanced energy input
technologies.
. _':-,-nm-.}i;
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Strategy and Structure of SRA

The research in the SRA focuses on the impact of feedstock complexity (Sub-Topic 1) as well
as dynamic operation due to energy fluctuation and feedstock variation (Sub-Topic 2) on the
robustness of catalytic processes. In particular, the challenges and opportunities arising from
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these issues are addressed in the context of concatenated pathways and integrated process
concepts (Sub-Topic 3). The overall transformations under scrutiny are defined either from
the progress in the area Concatenated Synthetic Pathways (4.5.X) or from known reaction se-
qguences of major relevance in the context of renewable feedstocks. While specific methodolog-
ical developments are pushed forward in the three sub-topics individually, cross-fertilization and
exchange of know-how is a strategic goal. This is facilitated by selecting certain transformations
as common targets in all three sub-topics.

The leading role of Principal Investigators (Pls) from The Integrated Fuel & Chemical Science
Center (FSC2) in industrial-academic consortia (Kopernikus, Carbon2Chem, ETOS, Bio4Mat-
Pro, AUFBRUCH) and strategic collaborations (CAT Catalytic Center, BioSC) provides detailed
insight into the challenges associated with real-world feedstocks including composition, impu-
rities, and availability. This information provides a unique information basis to design and plan
the methodological approaches in fundamental science of the cluster accordingly. In selected
cases, this specific network offers access to actual feedstocks to validate the progress within
actual industrial environments.

Objectives:

» Fundamental understanding of the impact of multi-component mixtures or impurities in feed-
stocks on catalyst activation and de-activation processes and strategies to overcome potential
negative interferences.

» Design of variable and adaptive catalytic systems to deal with energy fluctuation and feedstock
variability and their demonstration for relevant transformations.

» Novel concepts for integration of feedstock supply and catalytic conversion and their validation
and evaluation for energy savings and carbon efficiency.

4.5.4.1 Feedstock Complexity and Variation

Add short summary here. Based on previous experience, FSC? develops a broad methodolog-
ical portfolio on the chemical deconstruction of the major components in lignocellulose and
related polymeric structures to provide bio(hybrid)fuels and platform chemicals (e.g., carbohy-
drates, furanics, monomers), together with a strong competence in catalytic CO2 conversion.
Understanding and overcoming the challenges of feedstock complexity, including gases, impu-
rities, variations in composition on different time scales, and the use of carbon source mixtures
(e.g., biomass + CO>), will be the focus of the research in FSC? . The incorporation of nitrogen-
containing building blocks opens an additional dimension of complexity for chemo-, bio- and
electro-chemical processes.

Previous work

A common strategy does deal with the presence of potential inhibitors is the development of
low-cost and low-energy steps for their removal to protect the bio- or chemo-catalyst from de-
activation. For example, the diamine TDA present in polyurethane hydrolysates from polymer-
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recycling was identified as major inhibitor with toxic effects on engineered microbes developed
in The Fuel Science Center (FSC). It was shown that TDA could be removed from the monomer
mixture by reactive extraction allowing successful conversion of the resulting PU hydrolysate
by an engineered microbial consortium to rhamnolipids ([129]). A specific microbe could be en-
gineered to produce 3-(3-hydroxyalkanoyloxy)alkanoic acid (3-(3-hydroxyalkanoyloxy)alkanoic
acids (HAAs), [130]) as platform intermediate for chemo-catalytic or electrocatalytic [131] up-
grading to biohybrid fuels or chemicals. In a collaborative effort, the challenge of foaming oc-
curring in such reaction systems at scale was also addressed successfully [132].

Selective adsorption is also a possibility to reduce the complexity of alternative carbon sources.
The simple fractionation of fructose from a glucose-fructose mixture by tailoring cross-linked
boronic acid polymers after biomass hydrolysis is such an example [133]. Notably, polymer ad-
sorption proved more generally viable and allowed simple process setups, while guaranteeing
high selectivity by engineered molecular structures. Functional phenylboronate polymers were
used for the recovery of biogenic diols from aqueous media [134]. For example, 2,3 butane-
diol was recovered by this technology from microbial fermentation broth [99]. Notably, diols
can also exhibit product inhibition or hinder further conversions acting as poisons for whole cell
transformations. The successful application of the polymer adsorption for efficient integrated
product removal was demonstrated for production of itaconate by an engineered smut fungus
([135, 136, 137, 138]).

Recently, we could showcase that CO2-derived substrates such as formate and acetate can be
metabolized by smut fungi, [84] increasing upon co-feeding significantly the yield of itaconate
from glucose. Using CO2-derived weak organic acids as carbon source for microbes opens
novel opportunities for biohybrid production, but requires to decouple their acidity from the pro-
ton gradient of microbes by strain and bioprocess engineering [114, 139]. In the FSC, the
synthesis of formate and acetate from CO2 was studied extensively [140, 141, 142, 143]. No-
tably, the products of these reactions might well be suited as substrate for biotechnology even if
selectivity is not perfect, because side products such as formaldehyde or methanol are readily
detoxified by the microbes or ideally used as energy source. On a systems level, the CO2 point
sources should be envisaged to be also part of the bioeconomy to maximise “de-fossilization”
on a systems level.

Indeed, biotechnological processes such as biogas or bioethanol plants are interesting CO2
sources in the framework of bio-energy conversion with carbon capture and utilization (BECCU)
concepts. Research in the FSC has demonstrated for the first time that CO2 produced by
ethanol fermentation can be hydrogenated in situ resulting in combined ethanol and formate
synthesis. The breakthrough was possible by finding an operating window where living yeast
remained active under 110 bar of hydrogen pressure and the organometallic catalyst was sep-
arated from the fermentation broth in an organic/aqueous biphasic system ([108], Figure[31).
The research of FSC has demonstrated the beneficial effects of long chains alcohols as com-
ponents in Fischer-Tropsch-based fuels (HyFiT fuels, see chapter XXX). Based on this funda-
mental insight, it has been demonstrated as part of the EU project ReDiFuel that the mixture of
aliphatic and olefinic products of various chain lengths obtained directly from a Fischer-Tropsch
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Figure 31: Utilization of renewable resources for biofuel production through fermenta-
tion and additional catalytic CO2-reduction to value-added products. [108]

process (“FT crude”) could be hydroformylated and further reduced to the C1 elongated alcohols
in a biphasic catalytic system with very high turnover numbers and selectivities. Observation
using a borescope under operando conditions using a specifically designed high pressure re-
actor was crucial for the understanding of the complex phase behaviour ([144, 145]).
Recycled materials are also potential feedstocks facing similar challenges as biomass such as
selective degradation and potential catalytic inhibitors. Homogeneous catalysts studied exten-
sively within FSC for biomass and CO2 conversion proved remarkably robust allowing depoly-
merisation even for end-user products to provide useful platform chemicals [146]. This provides
access to another important source of carbon within the systems boundaries of a de-fossilized
value chain [147, 148].

In addition to the carbon source, also the “green” hydrogen may show different impurities or
by-products depending on its production. While traces of oxygen or water may be contained in
Ho from electrolysis, CO or CO2 can be present in H2 obtained from biomass reforming. We
have demonstrated that the selectivity for hydrogenation of biomass-derived substrates over
certain heterogeneous catalysts depends critically on the use of pure Hz or H2/CO2 mixtures
[149]. For example, furfuralacetone is hydrogenated either to the fully saturated alcohol under
Ho or the partially saturated ketone under Ho/CO2 with high selectivity (Figure XYZ). The effect
was found to be fully reversible and quite general [150] resulting in adaptive control of product
formation depending on the absence or presence of CO2. In situ spectroscopic techniques re-
vealed the reversible formation of surface-bound formate species as molecular reason for the
drastic change in performance.

In summary, FSC2 can build on a large body of experience to study the effects of complex feed-
stocks on individual catalytic steps and in particular also at the interface of catalytic disciplines.
This allows to define clear objectives for advancing the fundamental knowledge on catalysts
and catalytic processes under real-world conditions in the next phase, allowing ultimately for
rational process optimization and systems engineering in the future.
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Figure 32: Adaptive catalysis produces either the fully saturated alcohol or the partially
saturated ketone from bio-based furfuralacteone depending on the use of
pure Hz or Hz in presence of CO3. [149]

Objectives

» Rational development of robust and flexible (“adaptive”) catalytic systems that are able to
cope with the complexity (composition and variation) of renewable feedstocks

» Fundamental understanding of the influence of raw material complexity on catalyst, transfor-
mation, and reaction system

» Experimental and computational techniques to study the dynamics of such catalytic systems
across time and length scales

Work program

The fundamental basis for the development of catalytic systems capable of coping with feed-
stock complexity requires a detailed understanding of the interaction of the catalytic system
with not only the reagents, but also other components or impurities. The toolbox of methods
and techniques to study such phenomena will be expanded and innovative devices and exper-
imental set-ups will be designed to provide such insights, for example for liquid and solid-state
NMR or X-ray absorption and emission spectroscopy (Wiegand, Zobel). In addition to extensive
analytics of pristine and spent catalysts, this includes operando spectroscopic techniques that
will be developed and applied in close collaboration with the catalysis teams on basis of rel-
evant FSC? reaction systems (Blank, Klankermayer, Lauterbach, Leitner, Magnus, Palkovits,
Rother). Monitoring the dynamics of the catalytic processes by online kinetic analysis for all
relevant species coupled with insight into the often complex phase behavior of gas/liquid/solid
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systems will be also integral part of the studies (Jupke, Wessling). Design of experiment meth-
ods will be applied for planning and mathematical analysis of the experiments. The large body
of experimental data will be the basis for analysis by modeling and simulation where algorithm-
based methods and machine-learning approaches will be advanced towards predictive potential
(Mitsos, Pitsch, Kethan, Leonhard).

The relevant FSC? reaction systems will build on its previous success representing a major
line of research on feedstock complexity in the context of catalytic production of “biohybrid”
molecules while expanding this area towards targets from the chemical value chain. Recent
review articles highlight the approaches taken with FSC and outline current trends and future
developments [151, 152]. EXAMPLES

Capitalizing on the very successful integration during the last phase of electrocatalysis and elec-
trosynthesis in the technology toolbox (see section 4.5.2.2 for details), these developments now
provide also the opportunity for research towards translational processes (Mayrhofer, Palkovits,
Waldvogel, Wessling). An illustrative example for collaborative efforts with FSCZ?is the coupling
of biocatalytic acetoin formation with electrocatalytic oxidation to butanone, it was able to over-
come the problem that the electrocatalysis in cultivation broth suffered from parasitic reactions
due to dissolved media components [121]. The analytical platform provided by the Mayrhofer
group allows specific insights into molecular interactions at the electrode materials particularly
relevant for CO2-based processes [153]. The newly acquired experience of the Waldvogel team
with scalable electrosynthetic methods utilizing technical grade feedstocks will be highly bene-
ficial in this context [154].

Reflecting the increasing importance of “green ammonia” at the interface of energy and chem-
istry (see section??), FSC2 will strategically extend its efforts on catalytic synthesis and pro-
cesses towards nitrogen-containing building blocks and products. For biomass synthesis, the
rule of thumb is CH4 g0 5Np.2. Hence, for every five mol of carbon one mol of nitrogen is re-
quired. While the absolute tonnage of ammonia and it’s salts is small compared to the fertilizer
market, the required amount of N will increase dramatically when developing increasingly mi-
crobial production processes or concatenated processes, as outlined above. Again, FSC2is in
a unique position to address the challenges resulting from integrating renewable N-sources via
ammonia into biotechnological processes and to evaluate competing demands (fertilizer, hydro-
gen carrier, fuel, feedstock for biotech) on a systems level. Recent research demonstrates the
potential to combine biobased feedstocks, syngas, and amines for the construction of nitrogen-
based intermediates and products [155] opening promising development lines for future FSC?2
research. Promising approaches to activation of ammonia and ammonia-derived building blocks
include chemo-catalytic as well as electro-catalytic processing options [156, 157, 158].

In summary, the complexity of renewable feedstocks will be researched including the effects of
mixtures, quality variations, and impurities. This reaches beyond carbon molecules as outlined
above for the quality of hydrogen or the exploitation of ammonia and nitrogen-based building
blocks. Obviously, the integration with the energy input is of major importance and the impli-
cations of the panned FSC? research on energy integration and fluctuation is explained in the
following section.

95



Leitner

4 Research Program

4.5.4.2 Energy Input and Fluctuation

Add short summary here.

With electricity from renewable resources becoming the main energy source for chemical pro-
cesses, novel opportunities arise to control catalytic transformations on a molecular and pro-
cess level. In particular, concepts can be designed to deal with fluctuation of the primary energy
source in a flexible and even adaptive manner [159] beyond simply replacing thermal with elec-
trical heating. While mechano- and photochemical activation will continue to be considered,
the cluster research in this area will focus mainly on electrocatalysis and magnetically induced
catalysis.

Previous work

Mechanochemical activation through ball milling has been demonstrated as promising approach
to ensure intimate contact between complex solid feedstocks and solvents or reagents facilitat-
ing their breakdown to intermediates and building blocks. Vice versa, reactions of solid reagents
or catalysts with gaseous feedstocks such as CO2 can be conducted very effectively under ball
milling conditions[160]. The potential of solid-state NMR to obtain fundamental insights into
mechanochemical processes has been demonstrated and critically discussed[161]. The tech-
nique will be further developed in the early stage of the next phase to ensure its availability in
the pool of methods accessible to FSC2[161]. (Bolm; Wiegand)

Electrochemical approaches to drive CO2 and biomass conversion have been integrated in the
FSC consortium strategically in the previous phase and extended to more complex synthetic
processes with the recent appointment of Prof. Siegfried Waldvogel at Max Planck Institute for
Chemical Energy Conversion (MPI CEC).

The combination of proton reduction in water splitting to generate hydrogen with concomitant
organic reactions utilizing the anodic oxidation potential is viewed as attractive relay between en-
ergy and chemical conversion [93]. WALDVOGEL TO BE ADDED Conducting electrocatalytic
reduction of hydrophobic substrates has been achieved in using pickering emulsions using cat-
alytically active surfactants based on Pd-decorated carbon nanotubes.

Ina FSCz-typicaI collaboration between biotechnology and electrocatalysis, the fermentation of
carbohydrates to acetoin has been coupled directly with its electrochemical de-oxygenation to
2-butanone, a potential fuel component[121].

?[162]

Magnetic induction provides an effective tool for very localised heating reacting instantly to dy-
namic changes in the power supply. Research within FSC has demonstrated the possibility
to decorate traditional and even commercially available heterogeneous catalysts with magnet-
ically responsive nanoparticles [163]. Due to very high specific absorption rates (SARs) under
alternating magnetic fields, iron carbide nanoparticles (ICNPs) were shown to allow catalytic
hydrogenation and hydrogenolysis under significantly lower bulk temperatures due to local hot
spot formation as well as real-time on/off switching of the catalytic activity. The revers catalyst
design to use the ICNPs as support for active metal nanoparticles has also been established
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[164].

Objectives

» Design and demonstration of catalytic processes based on alternative methods for energy
input (electro-, mechano, and magnetic activation)

» Evaluation of these methods for flexible and adaptive response to fluctuations in primary en-
ergy supply

» Fundamental understanding of activation and de-activation processes within the catalytic sys-
tem on molecular level and across material interfaces.

Work program

Future work on electrochemical approaches for CO2 conversion will focus on advanced materi-
als and cell designs (Mayrhofer, Palkovits, Waldvogel, Wessling). In particular, the intricate in-
terplay of the catalytic transformation with the transport phenomena at the material interphases
will be studied under dynamic operation conditions [Adv. Sustainable Syst. 2023, 7, 2300077].
The coupling of reductive and oxidative processes to maximise energy and carbon efficiency will
be addressed systematically [ACS Sustainable Chem. Eng. 2023, 11, 18, 6822—6828]. Innova-
tive reactor design will pay a crucial role in this endeavour [Electrochemistry Communications
150 (2023) 107477].

MATERIALS —> REGINA

[161]

4.5.4.3 Integrated Feedstock Supply and Conversion

Add short summary here.

Based on a fundamental understanding of the influence of raw material complexity on catalyst,
transformation and reaction system, it becomes possible to tackle an integrated supply and
conversion of real feedstocks in a potentially variable or even adaptive manner. For feedstocks
such as CO2 an integrated supply, separation and conversion can be envisaged valorising bio-,
chemo- or electrocatalytic transformations.

Previous work

Within the diverse feedstock base, carbon dioxide poses specific challenges. It can be provided
in pure form by direct air capture (DAC) associated with high energy demands. Alternatively,
CO2 is available in form of carbonate or amine solutions from scrubbing processes or even as
(highly) diluted and multi-compound feedstock stream directly from air or other chemical pro-
cesses. Accordingly, suitable approaches for integrated feedstock uptake and conversion re-
quire both a high degree of flexibility and robustness regarding accompanying substances, con-
centration and purity. Environmental merit order curves were developed to rank CO2 sources
according to their environmental impact over the available CO2 supply to identify favorable lo-
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cations for CO2 utilization with lowest environmental impacts, so-called CO2, oases (von der
AlRen).[?, 165][X]

To enhance efficiency of carbon capture, advance in tailored absorbents, adsorbents as well as
process design were targeted. Therein, tailored adsorbents bear the potential to significantly
reduce the energy demand of DAC. Previous studies highlight the potential of N-containing
carbons enabling high capacity and selectivity, respectively. Material morphology and surface
functionality were identified as major design criteria. For covalent triazine frameworks (CTF)
derived by trimerization of dinitriles, the influence of framework composition and materials’ tem-
perature treatment was demonstrated. With CO2 uptakes of up to 5.97 and 4.22 mmol g-1 at
273 and 298 K, competitive materials could be provided ranking among the best CTFs [166].
Both, combined temperature and vacuum swings as well as sorption and regeneration cycles
without vacuum swings confirmed high stability of the best performing materials (Figure[33).
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Figure 33: Check: Low-pressure CO3 isotherms of CTF-ph (), CTF-phHT (), CTF-py
(), and CTF-pyHT ( ) measured at A) T = 273 K and B) T = 298 K. C) Six
cycles of CO2 uptake at T = 273 K on the CTF-pyHT sample. D) Seven cycles
of CO2 uptake at ambient temperature and pressure for CTF-pyHT . TGA
measurements (red curve) refer to the CO2 uptake/release throughout the
temperature heating/cooling cycles (black curve). [166]

Also, polyacrylonitrile-based carbon nanofibers (CNFs) were prepared at different carbonization
temperatures, and the resulting fibers were analyzed with respect to CO2 sorption using dy-
namic sorption techniques [167, 168]. The best performance was found for the CNFs prepared
at 600°C with measured CO2/N2 selectivity values of up to 194. Again, a medium temperature
of the material pretreatment proves to be advantageous, corresponding to the trade-off between
material hydrophobicity and N-content [168].

Integrated carbon capture and conversion presents a promising alternative to the sequential
CO2 capture, storage and release of CO» followed by its conversion. As a first step, direct
hydrogenation of CO2 contained in an amine scrubbing solution to formate was demonstrated.
The type of amine had a distinct effect on catalyst activity stressing the importance for integrated
development [169]. Also, along the value chain of high temperature co-electrolysis of CO2 and
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Figure 34: Breakthrough curves. Adsorption was performed with 50 % He, 45 % N3,
and 5 % CO2 at 273 K and 5 bar on PAN-based CNFs carbonized at 700°C
and is shown in comparison to a blank run. [168]

water to CO and H2 followed by CO2 hydrogenation, direct integration could be demonstrated
[170]. Especially the water content of the feed from co-electrolysis proved crucial for catalyst
activity and stability. While a commercial Ni/AloO3 catalyst showed fast activity loss for water
contents exceeding 10 %, a tailored NiFe/(Mg,Al)Ox system could even operate at 30 % water
content and was readily regenerated by calcination. Further studies on impurities effects of CO2
feeds showed a positive effect of trace amounts of oxygen enhancing catalytic activity for CO2
methanation e.g. more than doubling the reaction rate at 300°C [171]. The effect is still not fully
understood, though, surface hydroxylation potentially facilitating substrate adsorption appears
to play a role.

» Previous work Leitner, Jupke[115, 172, 116], Blank[108], Palkovits[169]

On reactor and process level, previous studies also investigated up- and downstream inte-
gration, CO2 conversion and electrochemical pH management. First examples highlight that
integrated carbon capture and conversion brings about several advantages with respect to sub-
strate utilization and energy efficiency.

Indeed, productivity and selectivity of the thermo-catalytic hydrogenation (Ruthenium-based
catalyst) of CO2 to produce carboxylic acids (e.g., formic acid) could be significantly enhanced
by supplementing the primary liquid homogenous reaction phase (decane) by a second liquid
product conservation phase (methanol) wherein the product was continuously extracted by an
acid-amine complex [1,2]. In [3], a two-phase system was applied to utilize the co-produced
CO2 of a bioethanol fermentation as a feedstock for a homogeneously catalyzed hydrogena-
tion (Ruthenium complex) to produce formic acid. To avoid the use of acid and base for pH
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control in aqueous systems and significantly reduce the co-produced saline waste, we devel-
oped electrochemical pH shift cells directly producing H* and OH™ ions for pH control [4]. We
applied this technique to develop in situ purification processes particularly for microbially pro-
duced carboxylic acids [4,5,6].

not used text

» Wessling group on CO2 capture [173, 174, 175]

Beyond CO2, also the selective separation of biomass-based intermediates such as sugars,
carboxylic acids, amino acids and diols[176, 177] from complex mixtures has been demon-
strated enabling novel integrated processing strategies along the value chain. In a case study
on itaconic acid, selective separation from crude fermentation broth is possible with novel ad-
sorbent systems [lit Palkovits]. However, electrocatalytic studies have highlighted the possi-
bility to directly convert biotechnologically derived platform chemicals such as itaconic acid or
HAAs without any prior separation [examples itaconic acid Palkovits, HAAs Blank Pischinger
Palkovits].

Objectives

» Enabling tools and design criteria for an integrated separation and catalytic transformation of
COgy feed streams.

» Fundamental understanding of trade-offs in valorising real feedstocks by intensified process
concepts compared to sequential separation and conversion.

« |dentifying the potential of dynamically operated.

Work program

Absorption systems for CO2 are often of aqueous nature (MEA, alkaline scrubbing etc.) foster-
ing the dissociation to HoCO3, HCO3™ and CO32~. Inherent to the processing of this system is
a meticulous observation and control of pH. Implementing an electrochemical production of H*
and OH™ ions will enable generating the driving force necessary to couple alkaline scrubbing
and CO2 conversion. Two potential conversion pathways are going to be investigated in this
regard: thermo-catalytic bicarbonate conversion and bicarbonate electrolysis.

In the first pathway, alkaline scrubbing is used to separate CO2 from flue gas or air (DAC)
leading to the formation of bicarbonate/carbonate. Instead of reversing this process to obtain
a concentrated CO2 stream, feeding the bicarbonate/carbonate salt directly to catalytic CO2
activation will be targeted avoiding an energy-intensive CO2 compression step. A novel ICCC
process has been developed based on recent research on heterogeneously catalyzed formic
acid production from bicarbonate/carbonate in aqueous solution. To couple capture and conver-
sion, the acid and base need to be generated electrochemically. Whereas the base regenerates
the absorption capacity of the alkaline scrubbing unit, the acid protonates the carboxylic acid
produced in the CO2 conversion step. Several fundamental challenges need to be addressed.
First, the catalytic system of the reactor must be adapted to a bicarbonate/carbonate feedstock
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and improved with respect to efficiency and productivity. Opposed to the thermo-catalytic ap-
proach suggested in the literature, a bio-catalytic conversion will also be considered. Second,
the complex interactions between the bicarbonate/carbonate provision, the hydrogenation re-
action system, and the hydrogen supply must be aligned to operate the conversion unit. Third,
an electrolyte composition must be identified that fits the requirements of the CO2 capture step,
the electrochemical pH swing cell and the conversion unit.

In the second pathway, direct electrochemical bicarbonate electrolysis will be explored (Wessling).
For high Faraday efficiencies and carbon utilization, pH control at the catalytic interface is of piv-
otal importance, as it defines the equilibrium of carbonate species and thus, the reactive sub-
strate. Classically, bipolar membranes are aligned adjacent to the cathode to supply protons
and thus establish the required protons, which shift the equilibrium for bicarbonate to dissolved
CO2. With precisely designed porous 3D electrodes we aim to control mass transfer and pH
gradients inside the electrode and thus ensure sufficient reactant availability while preventing
oversaturation of the electrolyte and subsequent CO2 bubble formation. Multiphase modeling
(Pitsch) will accompany dedicated experiments to elucidate bubble nucleation, detachment and
removal in complex electrolytes and electrode structures.

In thermo-catalysis, temperature management of integrated reaction concepts presents a ma-
jor challenge as adsorption and catalytic transformation require different optimum operating
temperatures. Magnetic induction heating/cooling of magnetic nanoparticles will be utilized to
provide rapid adsorption/reaction swings to a multifunctional catalytic system capable of cap-
turing (low temperature) and converting (high temperature) CO2 thus may allow bringing CO2
capture and conversion together (Leitner).

On the molecular level, orthogonal material design will enable integrating tailored sorption sites
and catalytically active centers for valorizing sorption enhanced catalysis (Palkovits). Concep-
tually, sorption sites close to the active centers cause locally enhanced substrate concentrations
directly translating into superior reaction rates far beyond the limitations of the bulk feed con-
centration. Understanding necessary molecular proximity.

SEE ALSO:

On the system level, the methodological concepts are mirrored in dynamic modelling of mate-
rial behavior and LCA for Designing Sustainable Integrated Carbon Capture and Conversion
Processes in Volatile Energy Systems (van der ARen). The role of Combining Single reactor
avoids CO2 transport and enables heat integration between the CO2 capture and conversion
steps.

4.5.4.4 Proposed Staff and Funding of SRA-TCP

Table 4.5.4.1: Proposed Staff in SRA-TCP

2026 2027 2028 2029 2030 2031 2032
Staff category Number of persons

Continued on next page
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(Continued)
Professors 0 0 0 0 0 0 0
Independent junior research group leaders 0 0 0 0 0 0 0
Postdoctoral researchers 1 1 1 1 1 1 1
Doctoral researchers 165 165 165 165 165 165 16.5
Other staff

Table 4.5.4.2: Funding Request for SRA-TCP
2027 2028 2029 2030 2031

Funding category Totals per year in thousand euros

Staff (Total for 4.5.4) 1257 1295 1334 1374 1415 1457 1501
Direct project costs (excluding staff) 240 370 195 195 195 195 195
Total instrumentation < €150,000 475 130 60 0 0 0 0
Total instrumentation > €150,000 160 150 0 0 0 0 0
DASbox® Mini Bioreactor System 160

Online analytics suited for high temperature

150
reaction systems (e.g. NMR, GC)

Instrumentation below 150 000 €

» Wiegand 100k€: HXY triple-resonance solid-state NMR probe (500 MHz), also capable
for low-gamma nuclei

* Kneer 100k€: Microscopic fiber-based cavity-enhanced spectroscopy system (anderes
SRA?7?)

» Zobel 120k€: CHNO analysis
 Leitner 130k€: Bruker IR 70V
» Jupke 60k€: Multi-phase reactor

» Mechler 85k€: Experimental setup to operate at elevated current densities and potentials:
Bipotentiostat with boosters, cells and pumps

» Simon 70k€: MW-cavity for X-Ray spectroscopy and diffraction

Instrumentation above 150 000 €

* Magnus 160k€: Dasbox (das gleiche wie Blank?)

» Jupke 150k€: Online analytics suited for high temperature reaction systems (e.g. NMR,
GC)
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4.5.5 Strategic Research Area: Resilient & Adaptive Conversion Systems

Pls: von der ARen, Walther, Arning, Leicht-Scholten, Mitsos, Greiff
ARs: Backhaus, Venghaus, Ziefle

We develop an integrated approach for the design & operation of fuel & chemical conversion
systems to be both resilient to withstand and quickly recover from disruptions as well as adaptive
to adjust to variability in short-term supply and demand and long-term transformation processes.
The approach will encompass all dimensions of sustainability, economic, social and environ-
mental. Also, it will be integrated over all levels, from the product, to devices & processes, to
the broader supply chain and system level. The approach consists of Fuel and Chemical De-
sign, System Integration and Life Cycle Assessment.

Strategy and Structure of SRA

The transition toward climate neutrality drives the rapid convergence of chemical, fuel, and en-
ergy systems. This shift necessitates a holistic perspective on the entire fuel and chemical
conversion system, fostering adaptability to feedstock variability and asking for an integrated
design of fuels & chemicals, and product & process. Therefore, we develop the integrated Fuel
& Chemical Design Process (FCDP), incorporating objectives of resilience, adaptivity and sus-
tainability to process design and integrated process/product design. The developed process
paths, chemicals, and fuels must then be integrated in a broader system context, considering
also alternative and complementary process paths, energy carriers, and products as well as
limited availability of energy sources and feedstocks at global scale. These global conversion
systems must be designed to be resilient, i.e., capable of overcoming (geo-)political, techni-
cal, economic, environmental, natural, and social risks. In System Integration, we therefore
expand the scope towards such a global system’s perspective to design resilient and adaptive
fuel and chemical conversion system merging system analysis with with stakeholder-specific
decision-models, ex-ante systemic risks assessment, prospective policy design, and dynamic
transformation processes. Moreover, global fuel and chemical conversion systems must also
be designed to be sustainable,i.e., adhere to planetary boundaries while still meeting societal
needs. Thus, the life-cycle assessment methodology is extended to capture the environmental
impacts of fuels and chemical conversion systems over all scales. Ultimately, life-cycle assess-
ment is used as environmental objective in the FCDP. The goals of this SRA are resilience and
adaptivity across scales. We will unify the definitions of resilience and adaptivity, as the SRA
involves multiple disciplines that currently do not have a uniform understanding of these terms.
We will formalize these mathematically so that we can include them in the design optimization.
The results of RACS are fed back to the other SRA consistently to enable an iterative research
process within FSC? based on an ex-ante evaluation of developed process paths and fuels.
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Figure 35: Rough draft of fuel design for resilience and adaptivity

4.5.5.1 Fuel & Chemical Design

We extend our successful fuel design methodology to account for simultaneous fuel & chemical
design and the design & operation of resilient and adaptive sustainable production processes. In
the integrated product and process design, we account also for propulsion and thus the entire
conversion chain. We develop and apply cutting edge methods, including machine learning.
Through the fuel design forum CROSSREFERENCE, the research is tightly integrated with the
whole FSC.

Previous work

The involved Pls have great experience in the design of chemical and energy systems. In
particular, we have bridged process & product design, as well as production & propulsion,
e.g., [10.1016/j.compchemeng.2019.106712,10.1002/cssc.202101704 ]. Moreover, we have
been very active at the intersection of energy and chemical processes, e.g., [10.1016/j.com-
pchemeng.2023.108582 ]. Electrochemical systems play an increased role within FSC, both
for the production and propulsion. These will be considered in the fuel & chemical design, and
our experience with modeling of electrochemical conversion systems is thus very important,
e.g., [10.1016/j. compchemeng.2020.106890,10.1002/aic.10456 ].

Incorporating adaptivity and resilience onto chemical & fuel design will result in numerically
very challenging optimization problems. We have lots of experience with similar optimization
problems. For instance we have developed dedicated mathematical formulations that consider
variability and uncertainty for the planning and scheduling of chemical and energy processes
and overcome the limitations of standard formulations [10.1002/aic.16986,10.52202/069564-
0223 ]. The resulting optimization problems fall in the class of robust nonlinear programs for
which we have best of-a-kind algorithms [10.1007/s109 57-021-01813-2] and have released
open-source optimization tools [https://optimization-online.org/?p=24914] To ensure nu-
merical tractability we will also rely on surrogate data-driven models of parts of the process
and we have been at the forefront of combining such surrogates with rigorous optimization
[10.1007/s12532-021-00204-y ].
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4.5 Detailed Description of the Research Program

Objectives

» Overcome the limit of current production processes which exhibit insufficient flexibility
to cope with volatility of renewable energy and feedstocks and in economic boundary
conditions.

» Extend the fuel design methodology to new boundary conditions, e.g., drop-in fuels for
ship combustion engines and fuel cell-based propulsion.

+ Identify critical green chemicals to enhance the resilience and adaptivity of fuel, energy,
and chemical systems despite extreme uncertainties.

» Account for novel unit operations in process operation: intensification and electrochem-
istry

Work program

The fuel and chemical design is at the core of FSC. We will continue the development and
use of methods for the integrated fuel/chemical and process design. In particular, we seek
to find optimum tradeoffs between best fuels, most profitable chemicals and best production
processes. We utilize model-based optimization-assisted design. The models consider the
whole conversion from production to propulsion. Regarding propulsion, we distinguish between
(i) combustion engines vs. (ii) fuel cells. In addition to the conversion processes we also account
for the supply chains, both for the required feedstock/energy sources and for the distribution of
chemicals and fuels, see also the next subsection (“System integration”) using coupled supply
chain, process, and combustion models.

For the combustion engines we focus on fleet-compatible options to account for the fact that
sustainable fuels are needed now and at least for the next decades. In particular, we empha-
size optimization-based identification of drop-in fuel including oxygenated blending components
and production process including integrated carbon capture and conversion. Mathematically,
these problems result in large-scale mixed-integer programs, including nonlinearities arising
from accurate description of production and propulsion.

In contrast to previous works, we will also account for novel propulsion systems, developed in
SRA ..., such as direct liquid fuel cells. To integrate the performance of such novel propulsion
systems in integrated process & product design, predictive models of the performance of the
fuel cells are required, accounting for the influence of degree of freedom. We will base these
models on our prior work as well as literature contributions. Mathematically, the optimization
formulation are similar to the case of combustion engines.

The fuel and chemical design accounts for degrees of freedom in both molecular and process
level. To enable this, we employ predictive predictive fuel blend property models for material
compatibility, toxicity, and emission formation. These will be based on high-order graph neural
networks (GNN), enhanced by imposing physical relations in the training of the networks. In
other words, we extend the very successful concept of physics-informed neural networks from
partial-differential equations to prediction of relevant physical properties. Moreover, we will
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couple with a-priori calculations, including reactive Molecular Dynamics in our ChemTraYzer
(CTY) tool. Mathematically, the inclusion of the GNNs results in a substantial increase of the
size of the optimization formulation; utilizing our ideas of reduced-space formulations, we expect
the problems to remain tractable.

A particular focus in the coming years will be to incorporate the objectives of flexibility, resilience,
and adaptivity into the process design. The first step will be to unify the definitions of these con-
cept among the disciplines involved in FSC. Accounting for these important properties, implies
the need to combine two-stage stochastic and robust approaches to model uncertainty. While
these two ways of modeling uncertainty are typically used separately, the reality of fuel and
chemical design requires their combination. Mathematically, these problems amount to hierar-
chical optimization problems, which are notoriously challenging. In the case of fuel and chemi-
cal design, the problems however exhibit a decomposable structure; by extending our existing
methods and tools to account for this structure, we expect to obtain tractable formulations. This
will allow us to optimize a portfolio of green chemicals for resilient and adaptable supply system
Overall, the desired tasks result in very challening mathematical formulations. We plan to utilize
data-driven surrogate models, based on machine learning concepts, to overcome computational
expense. In particular we plan to extend our work on hybrid mechanistic/data-driven and apply
it to the fuel and chemical design.

4.5.5.2 System integration

The aim is to design resilient, adaptive, and sustainable conversion systems for fuels and chem-
icals using an integrated approach based on system analyses, risk assessment, stakeholder-
specific decision models, and policy design. We analyse the feasibility and system integration
of the fuels and process paths developed by the other SRAs of FSC2, and extend the sys-
tem boundary towards competitive process paths, technologies and chemical energy carriers.
We apply qualitative and quantitative social and risk sciences methods, data mining, machine
learning, as well as agent-based simulation and optimization for system analysis and design.

Previous work

The target of Competence Area 3 (CA3) in was to develop a system-wide design perspective to
guide and evaluate novel transformation pathways for the transformation towards flexible value
chains for bio-hybrid fuels. An interdisciplinary team of researchers from biology, engineering,
economy, and social sciences developed an integrated framework assessing and optimizing
the sustainable and cross-sectorial value chains, integrating techno-economic, sustainability,
and social aspects, as well as policy implications.

Research in FSC analysed conditions for market adoption and diffusion of bio-hybrid fuel value
chains. Combined micro- and macro-level analyses ([178]) confirmed economic and technical
supply chain challenges, lacking public perception, insufficient regulation and policies, missing
stakeholder coordination, lacking feedstock availability, and environmental challenges as main
barriers. Analyzing supply chain stages and their interlinkages in detail, results showed how
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short- and long-term availability of feedstocks determines technology choice and structure of
supply chains ([179, 180, 181]AmiriZenodo24). (Meta-)analyses provided predicted future de-
mand of fuels for different scenarios ([182]). Prospective fuel candidates were determined re-
garding market diffusion barriers and sustainability factors with a possibility-based multi-criteria
approach ([178, 183]Hendiani24). In FSC?, such analyses gain even more importance with
the current discussion on the role of chemical energy carriers, storage options, fuels as well as
potential platform chemicals.

Public perception was analysed FSC as
multi-faceted perspective of risks and ben- i
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ure xx), and influenced by cognitive and af-

fective components [184] and individual factors [185]. A positive perception of alternative fu-
els doi.org/10.1016/j .eist.2019.05.003 / doi.org/10.1016/j .egycc.2021.100025 requires com-
fort and affordability as well as environmental and toxicity benefits of fuels along with in-
frastructural developments and political communication doi.org/10.3389/fenrg.2022.989553 /
doi.org/10.3389/fenrg.2020.579814 / doi.org/10.1016/j .rser.2021.110873 / doi.org/10.3389/fenrg.2018.00073
/ doi.org/10.1016/j .eist.2019.05.003 . Communication of benefits can strongly improve per-
ception of sustainable technologies, but there is the danger of misconceptions, especially for
innovative technologies with little prior knowledge of the lay public [186, 187, 188, 189, 190].
Further extending these results, research in FSC? has to overcome segmented and isolated
technology-related risks by a systemic risk approach, and an integrated risk communication
framework must be developed to support informed decisions and align public and expert views
[191].

For policy analysis, a comprehensive policy review of European, national, and regional policies
across multiple scales and sectors was carried out (Torkayesh1f). Research showed that syn-
thetic (bio-hybrid) fuels are covered primarily in selected energy and specific hydrogen-related
policies, but not included in other relevant policy fields like biomass utilization, bio-economy,
water, or environmental policies [183](Torkayesh1d, Torkayesh1e,). Also, the techno-economic

perception of fuels as a complex construct,
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Figure 37: Potential Distribution of Power-2-X Plants in 2050 [193]

and social perspectives are only insufficiently considered compared to the environmental per-
spective (Torkayesh1d). To allow for better informed decisions, a new distance-to-ideal-solution
approach was developed to better regard for expert opinions (policy makers, investors, R&D)
on environmental, social, and economic aspects of renewable energy systems [192]. In FSC2,
policy will no longer be considered as an external controlling parameter, but shaped by a proac-
tive policy design approach that is integrated with system design to achieve policy coherence as
a prerequisite for the transformation towards a resilient fuel can chemical conversion system.
The above-mentioned aspects were integrated to design optimal fuel supply chains by pre-
scriptive optimization herein accounting for long-term transformation, feedstock variability, im-
port scenarios, and high integration of the fuel and energy sector. Sector-integration was
regarded by model extension. On the one hand, an energy system optimization model was
extended to investigate interdependencies between synthetic fuel production and required in-
vestments and dispatch in infrastructures for electricity, hydrogen, methane, and liquid fuels
[194, 195, 181, 196]. Myopic solution approaches proved appropriate as they reducing the com-
putation time drastically while still providing adequate objective values [181]. On the other hand,
value chain models were extended to integrate investment decisions for renewable energy pro-
vision, herein capturing long-term planning horizons for the transformation towards climate-
neutrality as well as short-term variability of feedstocks by cyclic time decomposition [179].
Models were then applied to real-world case studies. A case study with detailed spatial, tempo-
ral, and technical resolution for Europe 2030-2050 showed that synthetic fuels are likely to be
imported to Europe while synthetic hydrogen could be produced domestically [193]. Model ex-
tensions explored the trade-offs between cost, land-use, and water-use [180], the consideration
of policy requirements [197, 198]Zardoshti;, and the innovative integrating of social acceptance
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in the optimization-based design of bio-hybrid fuel supply chains via multi-objective optimiza-
tion [199, 200]. Potential global energy trade scenarios were analyzed balancing inequality,
measured by the Gini-coefficient as per capita economic value added by energy production,
with cost [201]. An extension towards fuel and chemical conversion systems in FSC? will be
even more demanding and requires more advanced models with extended system boundaries
and more flexibility in process paths and fuel types, and specific emphasis on the the system’s
interlinkages, uncertainties and resilience.

Objectives

An integrated approach is developed for the design and operation of resilient and adaptive
conversion systems for energy carriers and chemicals merging system analysis and systemic
risk assessment with stakeholder and policy analysis to achieve resilient system design. The
approach is innovative as it enhances the FSC approaches by:

1. extending the system boundary to account for multi-sectorial effects between the energy, mo-
bility, and chemistry sector over all stages from device over process paths to supply chains,
and regard for the global perspective of value chains.

2. establishing a systemic risk assessment framework by quantifying and evaluating the impact
and interrelations of endogenous and exogenous transformative and operational risks.

3. developing a predictive agent-based approach that is explicitly regarding stakeholders’ per-
spectives and their influence on the overall system’s level and vice versa,

4. developing a prescriptive policy design that allows for a proactive and iterative configuration
of legal frameworks and policies, enhancing the systems’ adaptability to emerging risks and
changes.

By integrating these tasks, we will be able to design resilient and adaptive conversion systems
based on long-term system transformation and cross-sectorial system design, while accounting
for trade-offs and risks regarding overall system and stakeholders’ perspectives and optimal
supporting policies. This integrated framework will derive recommendations for the design of
resilient and adaptive conversion systems, allow for a better understanding of fuel and chemical
conversion systems, stakeholders perceptions and objectives, systemic transformation, and
systemic risks.

Work program

A multi-sectoral global conversion system model is developed that represents an integrated
perspective on the transformation processes of the energy, mobility, and chemistry sectors.
This requires strong cooperation of researchers from engineering, business administration, and
socio-economics (Mitsos, van der AlBen, Walther, Venghaus) and active exchange with the
other SRAs of FSC? to integrate data and results. Challenges result from the broad system
boundary and integrating the hierarchy’s device — process (path) — supply chain in sufficient
accuracy. This cross-sectorial, hierarchical model lays the foundation for the integration of
measures against uncertainties and systemic risks, stakeholder perspectives and policy design
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(see below), and the conclusive model for the design of resilient and adaptive fuel and chemical
conversion systems.

An ex-ante systemic risk measurement and communication approach is developed to account
for the significant (geo-)political, technical, economic, environmental, natural, and social risks
that go along with the installation of global renewable fuel and chemical conversion systems
(e.g., [202]). FSC? replaces the so far often isolated assessment of stressors, uncertainties
and risks of single technologies, fuels or countries by a more complex systemic risk landscape
(Walther, supported by Venghaus) identifying and prioritizing stressors and risks, and deter-
mining interrelations between them. This is accompanied by an assessment of the perception
of systemic risks (Arning, Ziefle) deriving risk perception dimensions (e.g., financial or environ-
mental risks), trade-offs and thresholds of risk, mental models for processing risk information
and risk perception levels of stakeholders, statistically segmented risk profiles, and models for
risk perception prediction. Based on these results, a risk communication framework (Arning,
supported by Venghaus, Walther & Ziefle) is developed tailored to address the complex and
systemic nature of risks and regarding individual factors such as dual-route information pro-
cessing, varying levels of trust and expertise in a increasingly complex media and information
context.

Stakeholders’ (consumers, investors, policymakers) targets, perceptions and decision-models
significantly impact market and technology diffusion and system translation [203, 204, 205,
206]Arning/Venghaus. Thus, we overcome the centralized perspective that omits stakeholder-
specific decisions (e.g., [207, 208, 209], and analyse stakeholders’ roles and positions in the
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value chain, objectives, constraints, perceptions, and risks using social empirical research, (so-
cial) network analysis, data mining, and machine learning (ML) (Walther, Venghaus, supported
by Arning). This allows to derive stakeholder-specific decision models. The behavior and inter-
relations between stakeholders are then analyzed using ML-supported agent-based simulation.
The interrelation between overall system’s development and stakeholder decisions is done with
bilevel optimization, with the upper level representing the overall fuel and chemical conversion
system, and the lower level representing the specific business models of stakeholders. Analyz-
ing the underlying non-cooperative relationship allows to determine the most influencing factors
and promising (legal) incentives and policies for stakeholders’ as well as overall system’s de-
velopment, trade-offs, synergies and contradictions between the two levels.

For the ex-ante policy analysis and design (Venghaus, supported by Walther), a policy mon-
itoring dashboard is developed including both historic as well as current and emerging policy
changes with their impact on the conversion system decomposed by sector, technology, prod-
uct, and type of policy measure. Innovative reverse policy assessment is carried out to deter-
mine how market developments and technological innovation impact policy design and policy
adaptation. Integrating these results into the prescriptive model for resilient fuel value chain
design allows to regard for interrelations and synergies between policy design and resilient sys-
tem design.

Finally, results of the systemic risk assessment, stakeholder decisions, policy analysis, and
FCDP are merged towards a design framework for resilient and adaptive fuel and chemical con-
version systems. The system has to fulfill relevant resilience criteria (e.g., redundancy, diversity,
optionality, multi-functionality, flexibility, loose coupling, and adaptivity) that are derived, clas-
sified and characterized merging knowledge from different disciplines like ecology, engineer-
ing, control theory, supply chain management, or energy systems analysis. Complex-dynamic
cause-and-effect relations are derived regarding intended and unintended effects, short- and
long-term effects, feedback loops, and delays among system’s components with a System Dy-
namics model (Venghaus, Walther). This allows insights in how the system behavior evolves
in response to disturbances or changes, and provides a qualitative understanding of resilience
dynamics. Results are then aggregated and fed into a prescriptive optimization model for the
design of resilient fuel and chemical conversion systems. In this model, resilience criteria, risks,
and stochastic uncertainties are integrated into the objective, or modeled as a constraint, a prob-
ability or a (worst-case) scenario. We built on the modeling framework in the FCDP that allows
to integrate stochastic and robust optimization (Mitsos, Walther). The model enables to de-
termine the impact of resilience measures on the strategic design of fuel and chemical supply
chains, determine resilient solutions like (combinations of) redundant capacities, robust loca-
tion decisions, substitute energy carriers, diversified resources, enhanced facility fortifications,
or (short- and long-term) energy storage.

4.55.3 Life-cycle assessment
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To enable the The Fuel Science Center (FSC) vision of “near-to-zero environmental impacts”,
we assess the environmental impacts of fuels and chemicals with the life-cycle assessment
(LCA) methodology and also use LCA as objective in our FCDP. While LCA is a standardized
and well-established methodology, we have to extend it to fully capture all environmental im-
pacts and process interactions holistically, reliably and on a broader scope. We advance LCA
for an improved impact assessment of (eco-)toxicity using novel toxicity predictions for fuel and
fuel blends. We broaden the scope from the life cycle of fuels to several sectors (energy, mobil-
ity, chemicals) to take into account synergies and competing demands for renewable materials
and energy. Further scope extensions are to advance from the impact quantification for fu-
els (e.g. impacts per MJ of fuel) or mobility services (e.g. impacts per person-km) towards
the absolute environmental sustainability defined by the planetary boundaries, and to advance
from assessment in individual years and scenarios to an optimization of transition pathways.
For chemicals, a life-cycle wide circularity assessment will incorporate anthropogenic stock
changes, secondary resource availability and quality aspects. In all approaches, we develop
new methods to systematically consider uncertainties and disruptions in LCA to improve the
reliability and resilience of sustainable fuels.

The methodological research will be accompanied by the application of investigated chemical
conversion systems, e.g. ammonia synthesis, integrated CO2 capture and conversion, and
direct-liquid fuel cells. A small and frequent feedback loop with researchers from the other
Strategic Research Areas (SRAs) will guarantee that technologies are developed not only for
efficiency, resilience and adaptability, but also for maximum environmental sustainability.

Previous work

The LCA methodology has already been successfully applied and extended in FSC as well
as in individual projects by the (new) Principal Investigators (PIs). In FSC, the blend ketone-
esters-alcohol-alkanes (KEAA) has been identified as promising fuel candidate from a holistic
perspective. As our reference candidate for a bio-hybrid fuel, KEAA was thoroughly assessed
in a toxicity assessment and in an LCA study [19].

Major gaps in toxicity assessment of fuels & chemicals within LCA are the lack of toxicity data,
the assessment of mixture toxicitiy as well as toxicity integration into the LCA framework with
harmonized impact indicators. Therefore, Backhaus et al. recently developed an artificial intelli-
gence (Al)-based toolbox for in-silico assessment of the ecotoxicity of chemicals [346, 347].This
toolbox will bridge data gaps encountered when performing LCA-based impact assessment of
novel, typically data-poor molecules. Backhaus et al. have also contributed to the harmoniza-
tion of LCA-based impact indicators [348].Furthermore, as we continue to expect to obtain fuel
blends (such as KEAA) in FSC2, the assessment of mixture toxicity is important. Previous work
in FSC has shown that ... [Karsten Braun’s work, FSC presentation and award, however no
publication found?!] In addition to experimental toxicity assessment within FSC, Backhaus et
al. have assessed approaches for toxicity prediction for mixtures [349].LCA has been applied
to chemical conversion systems on a molecular and process scale to guide catalyst design and
electrochemical synthesis [253, 254].As core concept of FSC, the fuel design aims at identifying
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optimal fuels, also in terms of environmental impacts that can be evaluated with LCA. However,
LCA covers multiple environnmental impacts. Therefore, in a combined process network flux
analysis (PNFA)-based fuel design with LCA as additional optimization objectives, we have
performed a dimensionality reduction to identify the most relevant environmental impacts for
bio-hybrid fuels [?].For the bio-hybrid fuel design for spark-ignition engines, we identified land
use and resource use of minerals and metals as key environmental objectives in addition to
production cost.

The flexibility of conversion systems plays a key role for the resilience and adaptability of chem-
ical and energy conversion systems. Therefore, we have developed approaches to enable a
fair assessment of industrial demand-side management (DSM) [255] and to evaluate whether
and how DSM offers environmental benefit [256, 257]. While LCA typically assumes a static
or steady-state approach, we have started developing a dynamic-prospective LCA using time-
explicit inventories to be able to assess multiple time-relevant aspects including process flexibil-
ity or systemic transition pathways [258].For a circular economy of chemicals, it is important to
consider the temporal aspects of material flows and anthropogenic material stocks to assess the
availability of secondary materials as well as their quality. We have already developed an envi-
ronmental assessment framework for circular products [259, 260] and systematically reviewed
product quality aspects for waste recycling within LCA [261].

We have worked on approaches to assess LCA impacts on a global scale. In a case study for the
e-fuel OME3-5, we have analyzed on a European scale whether it is beneficial to use a scarce e-
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fuels as blend in a fleet or as pure fuel for just a few cars [210]. The combination of experimental
data on exhaust emissions and LCA on this broader scale identified that OME3-5 blends are
environmentally favorable since already small amounts can reduce NOx and soot emissions
efficiently. To assess the absolute environmental sustainability of fuels & chemicals, the LCA
approach show be extended from the product-centric assessment of ‘1 MJ fuel’, “1kg chemical’
or ‘1 person-km mobility’ towards a sector’s impact with respect to the planetary boundaries.
We have combined LCA and the planetary boundaries concept together with a design approach
for energy systems [262] , which is currently adapted for fuels and mobility systems.

Objectives

The methodology of Life-cycle assessment will be extended in order to better analyze the en-
vironmental impacts of fuels and to optimize fuels accordingly. In particular, the objectives are
to:

» improve LCA-applicable methods for (eco-)toxicity assessment of chemicals, fuels and fuel
blends by bridging data gaps via in-silico prediction tools

« integrate fuel & chemical conversion systems into a LCA-based, sector-coupled energy sys-
tem model to reflect resilience and flexibility as well as synergies and competition between
sectors

» develop new methods to optimize the transition from the current mobility and energy systems
towards an absolute sustainable future within planetary boundaries

» extend the LCA methodology and planetary boundaries concept for socio-political implications
for vital resources such as the water, energy and food nexus

« integrate circular economy aspects into the LCA methodology to account for anthropogenic
stock changes and product quality

Work program

The common approach in this sub-SRA is to apply and advance the methodology of LCA for
fuel & chemical conversion systems. The application will be carried out in close collabora-
tion with the other SRAs for exchange of (experimental or simulation) data as input and LCA
assessment results as output to steer further technological research. For example, LCA will
be used to identify the environmentally and technically most promising application areas of di-
rect liquid fuel cells (DLFCs) (see XY.). During application of LCA, we will conduct research
on the LCA methodology itself for its further advancement. The description of the work pro-
gram will focus in the methodological LCA advancements and can be classified as follows: (i)
improving data availability and quality (inventory data via integration of process models from
sub-SRA Fuel & Chemical Design), (ii) improving impact assessment (toxicity assessment and
prediction, planetary boundaries assessment, water-energy-food nexus), and (iii) extending the
assessment scope from product to sectors (sector-coupled models for flexible processes and
transition pathways, circular economy, scenarios and supply chains from sub-SRA System In-
tegration).
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Improving Data Availability and Quality. Experimental results from SRA 1—4 together with pro-
cess data and models as well as optimization approaches from sub-SRA Fuel & Chemical De-
sign will form the basis for the LCA assessment and LCA-based optimization. mention platform
for data exchange? Research Data Management LCA experience shows that data exchange
should always be accompanied with a personal explanation and discussion. Here, we can build
upon the successful interdisciplinary research of the previous clusters.

Novel Impact Assessment Methods. While the core concept of LCA has always been a holistic
approach to avoid burden shifting between life-cycle phases or between environmental impacts,
there is still research needed to improve the reliable quantification of environmental impacts
such as (eco-)toxicity. We will improve the comparative toxicological and ecotoxicological LCA-
based impact assessments of different fuel types, blends and chemicals. In particular, we will
develop and transfer validated mixture assessments from chemical risk assessment to LCA. We
will establish suitable indicators for impacts on terrestrial ecosystems, marine ecosystems and
groundwater ecosystems that are missing so far. To bridge data gaps, we will implement Al-
based in-silico methods to predict (eco-)toxicological impacts and subsequently identify relevant
parameters that either should be optimized in fuel & chemical design or that need high-quality
empirical data to refine prediction. Overall, uncertainty of impact quantification as well as sen-
sitivity assessment of current environmental footprinting approaches (e.g. as outlined in EU
recommendation 2021/9332) will be analyzed.

Current impact assessment results are contextualized via comparisons or normalization. How-
ever, whether a fuel or chemical is absolutely sustainable cannot be answered. For the purpose
of an absolute environmental sustainability assessment (AESA), we will develop a method by
integrated LCA and planetary boundaries, and apply it to the fuel & chemical supply chain tran-
sition. We will extend existing AESA approaches to be able to assess transitioning systems
rather than a selected reference year (transition pathways rather than “snapshots in time”; see
Scope Extension).

The concept of planetary boundaries focuses mostly on impacts caused by emissions, i.e. out-
puts of human activities, and defines upper limits that should not be exceeded. While the input
side is taken into account in traditional LCA via use and depletion of resources, there is also
the so-called doughnut economics approach that defines social limits not be deceeded. We will
investigate the water-energy-food nexus from a social science perspective including political
and cultural dimensions and questions of global justice.

Scope Extension: from products to sectors to circularity.

- describe benefits of sector-coupling and motivate scope extensions - describe models (Sec-
MOD, energy system, existing sectors and products) and methods, incl. transition pathways
Similarly, re-use, re-cycling or other kinds of circulation cannot be adequately answered on
a single product, process or material level and larger scales, e.g. sectoral or economy wide
scales, are needed. For recycling for example, anthropogenic stocks, their availability at the
end-of-life as well as the quality of secondary material have to be taken into account. For this
purpose, we will couple LCA with material flow analysis (MFA).

4.5.5.4 Proposed Staff and Funding of SRA-RACS
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Table 4.5.5.1: Proposed Staff in SRA-RACS
2026 2027 2028 2029 2030 2031 2032

Staff category Number of persons

Professors 0 0 0 0 0 0
Independent junior research group leaders 0 0 0 0 0 0
Postdoctoral researchers 0 0 0 0 0 0

Doctoral researchers 15 15 15 15 15 15 15
Other staff 0 0 0 0 0 0 0

Table 4.5.5.2: Funding Request for SRA-RACS
2027 2028 2029 2030 2031

Funding category Totals per year in thousand euros

Staff (Total for 4.5.5) 1143 1177 1213 1249 1286 1325 1365
Direct project costs (excluding staff) 150 150 150 150 150 150 150
Total instrumentation < €150,000 0 0 0 0 0 0 0
Total instrumentation > €150,000 0 0 0 0 0 0 0

116



4.5 Detailed Description of the Research Program

Guidelines for section 4.6:

If applicable, please provide information regarding important legal and/or ethical topics in re-
search. please provide a concise but sufficiently comprehensive explanation in keeping with
the relevance of each topic to the proposed research. If any of the following topics are of cen-
tral importance to the research questions addressed by any subunit of the research programme,
discuss them in the respective part(s) of section 4.5 and reference them accordingly in the fol-
lowing section:

* General ethical aspects
» Descriptions of proposed investigations on humans, human materials or identifiable data
» Descriptions of proposed investigations involving experiments on animals

» Descriptions of projects involving genetic resources (or associated traditional knowledge)
from a foreign country

» Explanations regarding any possible safety-related aspects (“Dual Use/Research of Con-
cern; foreign trade law)

For detailed information on these topics and the formal and legal requirements, please refer to
the instructions for proposal preparation and submission and the references they contain:
https://www.dfg.de/formulare/exstral3l

Estimation: In total, a maximum of 1 page for this section.
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4.6 Supplementary information on legal and ethical aspects of the research program

118



TMFB/FSC publications

[1] Tripathi R, Burke U, Ramalingam AK et al. Oxidation of 2-methylfuran and 2-methylfuran/n-
heptane blends: An experimental and modeling study. Combustion and Flame 2018; 196: 54—70.
DOI:10.1016/j.combustflame.2018.05.032.

[2] Cail, Kréger LC, Dontgen M et al. Exploring the combustion chemistry of a novel lignocellulose-
derived biofuel: cyclopentanol. part i: quantum chemistry calculation and kinetic modeling. Com-
bustion and Flame 2019; 210: 490-501. DOI:10.1016/j.combustflame.2019.07.012.

[3] Morsch P, Dontgen M and Heufer KA. Kinetic investigations on the high- and low-
temperature chemistry of ethyl acetate. Combustion and Flame 2022; 243. DOI:
10.1016/j.combustflame.2022.111995.

[4] Wildenberg A, Dontgen M, Roy IS et al. Solving the riddle of the high-temperature chem-
istry of 1,3-dioxolane. Proceedings of the Combustion Institute 2023; 39(1): 705-713. DOI:
10.1016/j.proci.2022.07.194.

[5] Morsch P, Fenard Y and Heufer KA. Comparative study on ethyl butanoate reactivity - experimental
investigation and kinetic modeling of the c6ethyl ester. Proceedings of the Combustion Institute
2021; 38(1): 939-946. DOI:10.1016/j.proci.2020.06.246.

[6] Dontgen M, Przybylski-Freund MD, Kroger LC et al. Automated discovery of reaction pathways,
rate constants, and transition states using reactive molecular dynamics simulations. Journal of
Chemical Theory and Computation 2015; 11(6): 2517—-2524. DOI:10.1021/acs.jctc.5b00201.

[7] Chair I, Kopp W, Leonhard K et al. Chemtrayzer, 2024. DOI:10.5281/ZENODQO.10954962.

[8] Doéntgen M, Schmalz F, Kopp WA et al. Automated chemical kinetic modeling via hybrid reactive
molecular dynamics and quantum chemistry simulations. Journal of Chemical Information and
Modeling 2018; 58(7): 1343—1355. DOI:10.1021/acs.jcim.8b00078.

[9] Minwegen H, Dontgen M, Fenard Y et al. Proceeding on the riddles of ketene pyrolysis by ap-
plying ab initio quantum chemical computational methods in a detailed kinetic modeling study.
Proceedings of the Combustion Institute 2021; 38(1): 749-755. DOI:10.1016/j.proci.2020.08.046.

[10] Dontgen M, Kopp WA, vom Lehn F et al. Updated thermochemistry for renewable transportation
fuels: New groups and group values for acetals and ethers, their radicals, and peroxy species.
International Journal of Chemical Kinetics 2021; 53(2): 299-307. DOI:10.1002/kin.21443.

[11] vom Lehn F, Cai L and Pitsch HG. lterative model-based experimental design for efficient un-
certainty minimization of chemical mechanisms. [38th International Symposium on Combustion] ;
2/11 2021; .

[12] Wildenberg A, Fenard Y, Carbonnier M et al. An experimental and kinetic modeling study on
the oxidation of 1,3-dioxolane. Proceedings of the Combustion Institute 2021; 38(1): 543-553.
DOI:10.1016/j.proci.2020.06.362.

[13] Hellmuth M, Cameron F, Faller S et al. Synergistic effect on pah and soot formation in ethylene
counterflow diffusion flames by the addition of 1,3-dioxolane - a bio-hybrid fuel. Proceedings of
the Combustion Institute 2023; 39(1): 899-908. DOI:10.1016/j.proci.2022.07.164.

[14] Cameron F, Ren Y, Girhe S et al. In-situ laser diagnostic and numerical investigations of soot
formation characteristics in ethylene and acetylene counterflow diffusion flames blended with
dimethyl carbonate and methyl formate. Proceedings of the Combustion Institute 2023; 39(1):
1109-1118. DOI:10.1016/j.proci.2022.07.219.

[15] Hellmuth M, Chen B, Bariki C et al. A comparative study on the combustion chemistry of two
bio-hybrid fuels: 1,3-dioxane and 1,3-dioxolane. The journal of physical chemistry A 2023; 127(1):
286-299. DOI:10.1021/acs.jpca.2c06576).

119



TMFB/FSC publications

[16] vom Lehn F, Cai L and Pitsch HG. Iterative model-based experimental design for efficient un-
certainty minimization of chemical mechanisms. Proceedings of the Combustion Institute 2021;
38(1): 1033—1042. DOI:10.1016/j.proci.2020.06.188.

[17] Girhe S, Snackers A, Lehmann T et al. Comprehensive quantitative assessment and improve-
ments of ammonia and ammonia/hydrogen combustion kinetic models. Combustion and Flame
2024; : Submitted.

[18] Kopp WA, Huang C, Zhao Y et al. Automatic potential energy surface exploration by accelerated
reactive molecular dynamics simulations: From pyrolysis to oxidation chemistry. The Journal of
Physical Chemistry A 2023; 127(50): 10681-10692. DOI:10.1021/acs.jpca.3c05253.

[19] Ackermann P, Braun KE, Burkardt P et al. Designed to be green, economic, and efficient: A
ketone-ester-alcohol-alkane blend for future spark-ignition engines. ChemSusChem 2021; 14(23):
5254-5264. DOI:10.1002/cssc.202101704.

[20] Wu X, Fischer M, Nolte A et al. Perovskite catalyst for in-cylinder coating to reduce raw pol-
lutant emissions of internal combustion engines. ACS omega 2022; 7(6): 5340-5349. DOI:
10.1021/acsomega.1c06530.

[21] Breuer M and Heufer KA. Consistent global modeling approach for the autoignition of linear alka-
nes. In 171th European Combustion Meeting 2023: April 26-28, 2023, Rouen, France: proceedings
/ organised by CORIA UMR 6614 and French Section Combustion Institute. Rouen: French Sec-
tion Combustion Institute, pp. 1-6.

[22] Dontgen M, Eckart S, Fritsche C et al. Experimental and chemical kinetic modeling study of
trimethoxy methane combustion. Proceedings of the Combustion Institute 2023; 39(1): 305-314.
DOI:10.1016/j.proci.2022.09.023.

[23] Morsch P, Déntgen M and Heufer KA. High- and low-temperature ignition delay time study and
modeling efforts on vinyl acetate. Proceedings of the Combustion Institute 2023; 39(1): 115-123.
DOI:10.1016/j.proci.2022.07.058.

[24] Doéntgen M, Wildenberg A and Heufer KA. Laser absorption shock tube study of c1 to c4 n-alkyl
formate pyrolysis: (submitted). Proceedings of the Combustion Institute 2024; .

[25] Dontgen M, Wildenberg A and Heufer KA. Theoretical investigation of key properties of the pyrol-
ysis of methyl, ethyl, and dimethyl dioxolane isomers. The journal of physical chemistry A 2022;
126(44): 8326-8336. DOI:10.1021/acs.jpca.2c06564).

[26] Woh! J, Kopp WA, Yevlakhovych | et al. Completely computational model setup for spectroscopic
techniques: The ab initio molecular dynamics indirect hard modeling approach. The journal of
physical chemistry A 2022; 126(18): 2845-2853. DOI:10.1021/acs.jpca.2c01061.

[27] Burkardt P, Wouters C and Pischinger S. Evaluation of pre-chamber orifice orientation in an
ethanol-fueled spark-ignition engine for passenger car applications. SAE International Journal
of Engines 2021; 15(4). DOI:10.4271/03-15-04-0024.

[28] Burkardt P, Fleischmann M, Wegmann T et al. On the use of active pre-chambers and bio-hybrid fu-
els in internal combustion engines. Energy, Environment, and Sustainability 2022; : 205-231DOI:
10.1007/978-981-16-8717-4.

[29] Burkardt P, Wouters C and Pischinger S. Potential of alcohol fuels in active and passive pre-
chamber applications in a passenger car spark-ignition engine. International Journal of Engine
Research 2023; 24(2): 494-505. DOI:10.1177/14680874211053168.

[30] Burkardt P, Wouters C and Pischinger S. Beating neat fuels by dedicated blending: Performance
analysis of bio-hybrid fuel blends on a spark-ignition engine for passenger car applications. Fuel
2023; 331. DOI:10.1016/j.fuel.2022.125579.

[31] Burkardt P, Ottenwalder T, Kénig A et al. Toward co-optimization of renewable fuel blend produc-

120



TMFB/FSC publications

tion and combustion in ultra-high efficiency si engines. International Journal of Engine Research
2023; 24(1): 29-41. DOI:10.1177/14680874211040995.

[32] Honecker C, Lehrheuer B, Pischinger S et al. Molecularly-controlled high swirl combustion system
for ethanol/1-octanol dual fuel combustion. Fuel 2023; 345. DOI:10.1016/j.fuel.2023.128184.

[33] Grutering C, Honecker C, Hofmeister M et al. Methyl ketones: a comprehensive study of a novel
biofuel. Sustainable Energy & Fuels 2024; DOI:10.1039/D4SE00035H.

[34] Roéhrens D, Abouserie A, Wang B et al. Microwave-assisted co oxidation over perovskites as a
model reaction for exhaust aftertreatment—a critical assessment of opportunities and challenges.
Catalysts 2022; 12(7). DOI:10.3390/catal12070802.

[35] Hofmeister M, Laker J, Fischer M et al. Neue herausforderungen an dichtungswerkstoffe im hin-
blick auf bio-hybride kraftstoffe. Mobility : mobile Lésungen fiir den betrieblichen Einsatz 2022; 7:
44-48.

[36] Hofmeister M, Frische A, Grunewald MME et al. Tribological properties of ptfe sealing materials
with regard to bio-hybrid fuels. In Sealing technology - old school and cutting edge : International
Sealing Conference : 21st ISC, Stuttgart, Germany, October 12-13, 2022 / eine Kooperation von
IMA, Uni Stuttgart; VDMA Fluidtechnik. Frankfurt am Main: Fachverband Fluidtechnik im VDMA
e.V, pp. 89-104.

[37] Kampwerth J, Weber B, Ruflkamp J et al. Towards a holistic solvent screening: On the importance
of fluid dynamics in a rate-based extraction model. Chemical Engineering Science 2020; 227. DOI:
10.1016/j.ces.2020.115905.

[38] Konig A, Ulonska K, Mitsos A et al. Optimal applications and combinations of renewable fuel
production from biomass and electricity. Energy & Fuels 2019; 33(2): 1659-1672. DOI:
10.1021/acs.energyfuels.8b03790.

[39] Deutz S. Life-cycle assessment of low-carbon technologies from screening to integrated en-
ergy system design. Aachen : Wissenschaftsverlag Mainz GmbH, 2023 (Aachener Beitrage zur
Technischen Thermodynamik, Aachen: Universitatsbibliothek der RWTH Aachen, 2023. DOI:
10.18154/RWTH-2023-08675.

[40] Konig A, Marquardt W, Mitsos A et al. Integrated design of renewable fuels and their production
processes: recent advances and challenges. Current Opinion in Chemical Engineering 2020; 27:
45-50. DOI:10.1016/j.coche.2019.11.001.

[41] Brée LC, Wessling M and Mitsos A. Modular modeling of electrochemical reactors: Compar-
ison of co2-electolyzers. Computers and Chemical Engineering 2020; 139: 106890. DOI:
10.1016/j.compchemeng.2020.106890.

[42] Prokopou GI, Médden ML, Mitsos A et al. Optimal sizing and operation of electrochem-
ical hydrogen compression. Chemical Engineering Science 2024; 293: 120031. DOI:
10.1016/j.ces.2024.120031.

[43] Rittig JG, Ritzert M, Schweidtmann AM et al. Graph machine learning for design of high—-octane
fuels. AIChE Journal 2023; 69(4). DOI:10.1002/aic.17971.

[44] Merle G, Wessling M and Nijmeijer K. Anion exchange membranes for alkaline fuel cells: A review.
Journal of Membrane Science 2011; 377(1-2): 1-35. DOI:10.1016/j.memsci.2011.04.043.

[45] Yildirim MH, te Braake J, Aran HC et al. Micro-patterned nafion membranes for direct
methanol fuel cell applications. Journal of Membrane Science 2010; 349(1-2): 231-236. DOI:
10.1016/j.memsci.2009.11.050.

[46] Merle G, Hosseiny SS, Wessling M et al. New cross-linked pva based polymer electrolyte mem-
branes for alkaline fuel cells. Journal of Membrane Science 2012; 409-410: 191-199. DOI:
10.1016/j.memsci.2012.03.056.

121



TMFB/FSC publications

[47] Balster J, Srinkantharajah S, Sumbharaju R et al. Tailoring the interface layer of the
bipolar membrane. Journal of Membrane Science 2010; 365(1-2): 389-398. DOI:
10.1016/j.memsci.2010.09.034.

[48] Abdu S, Marti-Calatayud MC, Wong JE et al. Layer-by-layer modification of cation exchange
membranes controls ion selectivity and water splitting. ACS Applied Materials & Interfaces 2014;
6(3): 1843-1854. DOI:10.1021/am4048317.

[49] Wilhelm FG, Pint I, van der Vegt NFA et al. Asymmetric bipolar membranes in acid-base
electrodialysis. Industrial & Engineering Chemistry Research 2002; 41(3): 579-586. DOI:
10.1021/ie010524n.

[50] Balster J, Sumbharaju R, Srikantharajah S et al. Asymmetric bipolar membrane: A tool
to improve product purity. Journal of Membrane Science 2007; 287(2). 246-256. DOI:
10.1016/j.memsci.2006.10.042.

[51] Mareev SA, Evdochenko E, Wessling M et al. A comprehensive mathematical model of water split-
ting in bipolar membranes: Impact of the spatial distribution of fixed charges and catalyst at bipolar
junction. Journal of Membrane Science 2020; 603: 118010. DOI:10.1016/j.memsci.2020.118010.

[52] Wouters C, Burkardt P and Pischinger S. Limits of compression ratio in spark-ignition com-
bustion with methanol. International Journal of Engine Research 2022; 23(5): 793-803. DOlI:
10.1177/14680874211043390.

[53] Schnepp Z, Thomas M, Glatzel S et al. One pot route to sponge-like fe3n nanostructures. Journal
of Materials Chemistry 2011; 21(44): 17760. DOI:10.1039/c1jm12842f.

[54] Schith F, Palkovits R, Schldgl R et al. Ammonia as a possible element in an energy infrastructure:
catalysts for ammonia decomposition. Energy & Environmental Science 2012; 5(4): 6278-6289.
DOI:10.1039/C2EE02865D.

[55] Glaznev R, Schwenzer C, Hesse R et al. Ultra-slow ammonia flame speeds - a microgravity study
on radiation. Submitted to Proceedings of the Combustion Institute 2024; .

[56] Zhu 'Y, Curran HJ, Girhe S et al. The combustion chemistry of ammonia and ammonia/hydrogen
mixtures: A comprehensive chemical kinetic modeling study. Combustion and Flame 2024; 260:
113239. DOI:10.1016/j.combustflame.2023.113239.

[57] Slabaugh CD, Boxx I, Werner S et al. Structure and dynamics of premixed swirl flames at elevated
power density. AIAA Journal 2016; 54(3): 946-961. DOI:10.2514/1.J054294.

[58] Dennis CN, Slabaugh CD, Boxx IG et al. Chirped probe pulse femtosecond coherent anti-stokes
raman scattering thermometry at 5 khz in a gas turbine model combustor. Proc Combust Inst
2015; 35(3): 3731-3738. DOI:10.1016/j.proci.2014.06.063.

[59] Wu Z, Jiang D, Wang J et al. Knowledge-based bert: a method to extract molecular features like
computational chemists. Briefings in bioinformatics 2022; 23(3). DOI:10.1093/bib/bbac131.

[60] Kirsch V, Hermans M, Schénberger J et al. Transparent high-pressure nozzles for visualization of
nozzle internal and external flow phenomena. The Review of scientific instruments 2019; 90(3):
033702. DOI:10.1063/1.5065658.

[61] Saha A, Deshmukh AY, Grenga T et al. Dimensional analysis of vapor bubble growth consider-
ing bubble—bubble interactions in flash boiling microdroplets of highly volatile liquid electrofuels.
International Journal of Multiphase Flow 2023; 165. DOI:10.1016/j.ijmultiphaseflow.2023.104479.

[62] Wegmann T, Meinke M, Fleischmann M et al. (eds.). SAE Technical Paper Series. SAE Technical
Paper Series, SAE International400 Commonwealth Drive, Warrendale, PA, United States, 2024.

[63] Dorner P, Schroder W and Klaas M. Experimental quantification of oscillating flow in finite-length
straight elastic vessels for newtonian and non-newtonian fluids. European Journal of Mechanics -
B/Fluids 2021; 87: 180-195. DOI:10.1016/j.euromechflu.2021.02.001.

[64] Braun M, Klaas M and Schroder W. Analysis of cyclic variation using time-resolved tomographic
particle-image velocimetry. SAE Technical Papers 2020; DOI:10.4271/2020-01-2021.

122



TMFB/FSC publications

[65] Tchoupe E, Lauwers D, Heidemanns L et al. Optical in situ analysis of gas bubble evolution in
electrochemical machining based on similarity theory using particle image velocimetry. Procedia
CIRP 2023; 117: 257-262. DOI:10.1016/j.procir.2023.03.044.

[66] Tchoupe E, Heidemanns L, Klink A et al. Experimental setup for the investigation of the transport of
different gas bubble sizes during electrochemical machining based on similarity theory using par-
ticle image velocimetry. Procedia CIRP 2022; 113: 417-421. DOI:10.1016/j.procir.2022.09.193.

[67] Frotscher O, Schaarschmidt |, Lauwers D et al. Investigation of lorentz force—induced
flow of nano3-electrolyte for magnetic field—assisted electrochemical machining. The Inter-
national Journal of Advanced Manufacturing Technology 2022; 121(1-2): 937-947. DOI:
10.1007/s00170-022-09349-z.

[68] Schénberger Alvarez AA, Haselmann GM, Wolkenar B et al. Sorption and reaction of biomass
derived hc blends and their constituents on a commercial pt—pd/al203 oxidation catalyst. Catalysis
Letters 2022; 152(6): 1880-1894. DOI:10.1007/s10562-021-03771-w.

[69] Schénberger Alvarez AA, Ozyalcin C, Padeken T et al. Impact of unintentionally formed ch2o in
oxygenated fuel exhausts on denox-scr at different no2/nox ratios under close to real conditions.
Catalysis Science & Technology 2023; 13(14): 4069—4081. DOI:10.1039/d2cy01935c.

[70] Simbdck J, Ghiasi M, Schénebaum S et al. Electronic parameters in cobalt-based perovskite-type
oxides as descriptors for chemocatalytic reactions. Nature communications 2020; 11(1): 652.
DOI:10.1038/s41467-020-14305-0.

[71] Rizzotto V, Baji¢ S, Formenti D et al. Comparison of Industrial and Lab-Scale lon Exchange for
the DeNOx-SCR Performance of Cu Chabazites: A Case Study. Aachen: Universitatsbibliothek
der RWTH Aachen, 2022. DOI:10.3390/catal12080880.

[72] Guo A, Xie K, Lei H et al. Inhibition effect of phosphorus poisoning on the dynamics and redox of cu
active sites in a cu-ssz-13 nh3-scr catalyst for nox reduction. Environmental Science & Technology
2021; 55(18): 12619-12629. DOI:10.1021/acs.est.1c03630.

[73] Lei H, Chen D, Yang JY et al. Revealing the formation and reactivity of cage-confined cu
pairs in catalytic nox reduction over cu-ssz-13 zeolites by in situ uv-vis spectroscopy and time-
dependent dft calculation. Environmental Science & Technology 2023; 57(33): 12465-12475.
DOI:10.1021/acs.est.3c00458.

[74] Chen D, Yan Y, Guo A et al. Mechanistic insights into the promotion of low-temperature nh3-scr
catalysis by copper auto-reduction in cu-zeolites. Applied Catalysis B: Environmental 2023; 322.
DOI:10.1016/j.apcatb.2022.122118.

[75] Deng Y, Lei H, Simon U et al. Transition-metal-promoted cu-ssz-13 catalysts for continuous se-
lective oxidation of methane to methanol using molecular oxygen. ACS Catalysis 2024; 14(1):
292-298. DOI:10.1021/acscatal.3c04603.

[76] Zimmerman JB, Anastas PT, Erythropel HC et al. Designing for a green chemistry future. Science
2020; 367(6476): 397—400. DOI:10.1126/science.aay3060).

[77] Artz J, Mliller TE, Thenert K et al. Sustainable conversion of carbon dioxide: An integrated re-
view of catalysis and life cycle assessment. Chemical reviews 2018; 118(2): 434-504. DOI:
10.1021/acs.chemrev.7b00435.

[78] lemhoff A, Vennewald M and Palkovits R. Single-atom catalysts on covalent triazine frameworks:
at the crossroad between homogeneous and heterogeneous catalysis. Angewandte Chemie (In-
ternational ed in English) 2023; 62(7): €202212015. DOI:10.1002/anie.202212015).

[79] Zeng F, Mebrahtu C, Xi X et al. Catalysts design for higher alcohols synthesis by co2 hydro-
genation: Trends and future perspectives. Applied Catalysis B: Environmental 2021; 291. DOI:
10.1016/j.apcatb.2021.120073.

123



TMFB/FSC publications

[80] He Y, Miiller FH, Palkovits R et al. Tandem catalysis for co2 conversion to higher alcohols: A re-
view. Applied Catalysis B: Environmental 2024; 345: 123663. DOI:10.1016/j.apcath.2023.123663.

[81] Jeske K, Rdosler T, Belleflamme M et al. Direct conversion of syngas to higher alcohols via tan-
dem integration of fischer—tropsch synthesis and reductive hydroformylation. Angewandte Chemie
2022; 134(31). DOI:10.1002/ange.202201004.

[82] Pischel S, Hammami E, Rosler T et al. Auto-tandem catalytic reductive hydroformylation with
continuous multiphase catalyst recycling. Catalysis Science & Technology 2022; 12(3): 728-736.
DOI:10.1039/D1CY02000E.

[83] Liebal UW, Blank LM and Ebert BE. Co2 to succinic acid - estimating the potential
of biocatalytic routes.  Metabolic engineering communications 2018; 7: e00075. DOI:
10.1016/j.mec.2018.e00075.

[84] Ullmann L, Phan ANT, Kaplan DKP et al. Ustilaginaceae biocatalyst for co-metabolism of co2-
derived substrates toward carbon-neutral itaconate production. j. fungi 2021, 7, 98, 2021.

[85] Baessler J, Oliveira T, Keller R et al. Paired electrosynthesis of formic acid from co 2 and formalde-
hyde from methanol. ACS Sustainable Chemistry & Engineering 2023; 11(18): 6822-6828. DOI:
10.1021/acssuschemeng.2c07523.

[86] Kinzel NW, Werlé C and Leitner W. Transition metal complexes as catalysts for the electrocon-
version of co2 : An organometallic perspective. Angewandte Chemie (International ed in English)
2021; 60(21): 11628-11686. DOI:10.1002/anie.202006988.

[87] Jovanovic S, Jakes P, Merz S et al. In operando nmr investigations of the aqueous electrolyte
chemistry during electrolytic co2 reduction. Communications chemistry 2023; 6(1): 268. DOI:
10.1038/s42004-023-01065-3.

[88] Khanipour P, Loffler M, Reichert AM et al. Electrochemical real-time mass spectrometry (ec-rtms):
Monitoring electrochemical reaction products in real time. Angewandte Chemie (International ed
in English) 2019; 58(22): 7273-7277. DOI:10.1002/anie.201901923.

[89] Delidovich |, Hausoul PJC, Deng L et al. Alternative monomers based on lignocellulose
and their use for polymer production. Chemical Reviews 2016; 116(3): 1540-1599. DOI:
10.1021/acs.chemrev.5b00354.

[90] Leitner W, Klankermayer J, Pischinger S et al. Advanced biofuels and beyond: Chemistry solutions
for propulsion and production. Angewandte Chemie (International ed in English) 2017; 56(20):
5412-5452. DOI:10.1002/anie.201607257.

[91] Cramer HH, Chatterjee B, Weyhermiiller T et al. Controlling the product platform of carbon
dioxide reduction: Adaptive catalytic hydrosilylation of co2 using a molecular cobalt(ii) triazine
complex. Angewandte Chemie (International ed in English) 2020; 59(36): 15674—15681. DOI:
10.1002/anie.202004463.

[92] Holzhauser FJ, Creusen G, Moos G et al. Electrochemical cross-coupling of biogenic di-acids for
sustainable fuel production. Green Chemistry 2019; 21(9): 2334—-2344. DOI:10.1039/c8gc03745k.

[93] Yan D, Mebrahtu C, Wang S et al. Innovative electrochemical strategies for hydrogen production:
From electricity input to electricity output. Angewandte Chemie (International ed in English) 2023;
62(16): €202214333. DOI:10.1002/anie.202214333.

[94] Muirtz SD, Musialek F, Pfander N et al. Bimetallic ptcu/c catalysts for glycerol assisted hydrogen
evolution in acidic media. ChemElectroChem 2023; 10(11). DOI:10.1002/celc.202201114.

[95] Haus MO, Winter B, Fleitmann L et al. Making more from bio-based platforms: life cycle assess-
ment and techno-economic analysis of n -vinyl-2-pyrrolidone from succinic acid. Green Chemistry
2022; 24(17): 6671-6684. DOI:10.1039/D2GC01219G.

[96] Kalsi D, Louis Anandaraj SJ, Durai M et al. One-pot multicomponent synthesis of allyl
and alkylamines using a catalytic system composed of ruthenium nanoparticles on copper

124



TMFB/FSC publications

n-heterocyclic carbene-modified silica. ACS Catalysis 2022; 12(24): 14902-14910. DOI:
10.1021/acscatal.2c04044.

[97] Schieweck BG, Westhues NF and Klankermayer J. A highly active non-precious transition metal
catalyst for the hydrogenation of carbon dioxide to formates. Chemical science 2019; 10(26):
6519-6523. DOI:10.1039/c8sc05230a.

[98] Xiu ZL and Zeng AP. Present state and perspective of downstream processing of biologically pro-
duced 1,3-propanediol and 2,3-butanediol. Applied microbiology and biotechnology 2008; 78(6):
917-926. DOI:10.1007/s00253-008-1387-4.

[99] Schroer G, Toussaint V, Heyman B et al. Recovery of biobased 2,3-butanediol from fermentation
broths by liquid-phase adsorption onto phenylboronate polymers. Current Research in Green and
Sustainable Chemistry 2022; 5. DOI:10.1016/j.crgsc.2022.100297.

[100] Zensen T, Réper T, Fuchs T et al. Porous organic frameworks for preferable adsorption of trans-
1,2-diols over cis-1,2-diols. Applied Materials Today 2022; 28. DOI:10.1016/j.apmt.2022.101523.

[101] Mengers HG, Zimmermann M and Blank LM. Using off-gas for insights through online monitoring
of ethanol and baker’s yeast volatilome using sesi-orbitrap ms. Scientific Reports 2022; 12(1):
12462. DOI:10.1038/s41598-022-16554-z.

[102] Spoéring JD, Graf von Westarp W, Kipp CR et al. Enzymatic cascade in a simultaneous, one-pot ap-
proach with in situ product separation for the asymmetric production of (4 s,5 s)-octanediol. Organic
Process Research and Development 2022; 26(7): 2038-2045. DOI:10.1021/acs.oprd.1c00433.

[103] Martinez-Calvo M and Mascarefias JL. Organometallic catalysis in biological media and living
settings. Coordination Chemistry Reviews 2018; 359: 57-79. DOI:10.1016/j.ccr.2018.01.011.

[104] van Schie MMCH, Spéring JD, Bocola M et al. Applied biocatalysis beyond just buffers - from aque-
ous to unconventional media. options and guidelines. Green Chemistry 2021; 23(9): 3191-3206.
DOI:10.1039/d1gc00561h.

[105] Mohd Azhar SH, Abdulla R, Jambo SA et al. Yeasts in sustainable bioethanol production: A review.
Biochemistry and biophysics reports 2017; 10: 52—-61. DOI:10.1016/j.bbrep.2017.03.003.

[106] Trost BM. The atom economy-a search for synthetic efficiency. Science (New York, NY) 1991;
254(5037): 1471-1477. DOI:10.1126/science.1962206.

[107] Trost BM. On inventing reactions for atom economy. Accounts of Chemical Research 2002; 35(9):
695-705. DOI:10.1021/ar010068z.

[108] Guntermann N, Mengers HG, Francido G et al. Bio-energy conversion with carbon capture and
utilization (beccu): Integrated biomass fermentation and chemo-catalytic co2hydrogenation for
bioethanol and formic acid co-production. Green Chemistry 2021; 23(24): 9860-9864. DOI:
10.1039/d1gc02915k.

[109] Groger H and Hummel W. Combining the 'two worlds’ of chemocatalysis and biocatalysis towards
multi-step one-pot processes in aqueous media. Current Opinion in Chemical Biology 2014; 19:
171-179. DOI:10.1016/j.cbpa.2014.03.002.

[110] XuY, Isom L and Hanna MA. Adding value to carbon dioxide from ethanol fermentations. Biore-
source Technology 2010; 101(10): 3311-3319. DOI:10.1016/j.biortech.2010.01.006.

[111] Mengers HG, Guntermann N, Graf von Westarp W et al. Three sides of the same coin: Combining
microbial, enzymatic, and organometallic catalysis for integrated conversion of renewable carbon
sources. Chemie-Ingenieur-Technik 2023; 95(4): 485—-490. DOI:10.1002/cite.202200169.

[112] Nies SC, Alter TB, Nolting S et al. High titer methyl ketone production with tailored pseudomonas
taiwanensis vib120. Metabolic engineering 2020; 62: 84—94. DOI:10.1016/j.ymben.2020.08.003.

[113] von Campenhausen M, Demling P, Bongartz P et al. Novel multiphase loop reactor with improved
aeration prevents excessive foaming in rhamnolipid production by pseudomonas putida. Discover
Chemical Engineering 2023; 3(1). DOI:10.1007/s43938-023-00018-5.

125



TMFB/FSC publications

[114] Ullmann L, Wibberg D, Busche T et al. Seventeen ustilaginaceae high-quality genome sequences
allow phylogenomic analysis and provide insights into secondary metabolite synthesis. Journal of
fungi (Basel, Switzerland) 2022; 8(3). DOI:10.3390/jof8030269).

[115] Scott M, Westhues CG, Kaiser T et al. Methylformate from co 2 : an integrated process combining
catalytic hydrogenation and reactive distillation. Green Chemistry 2019; 21(23): 6307-6317. DOI:
10.1039/c9gc03006a.

[116] Diehl T, Lanzerath P, Francido G et al. A self-separating multiphasic system for catalytic hydro-
genation of co2 and co2-derivatives to methanol. ChemSusChem 2022; 15(22): €202201250.
DOI:10.1002/cssc.202201250.

[117] Aigner M, Echtermeyer A, Kaminski S et al. Ternary system co 2 /2-mthf/water—experimental
study and thermodynamic modeling. Journal of Chemical & Engineering Data 2020; 65(3):
993-1004. DOI:10.1021/acs.jced.9b00315.

[118] Roth DM, Haas M, Echtermeyer A et al. The effect of sulfate electrolytes on the liquid-liquid
equilibrium of 2-mthf/water/5-hmf: Experimental study and thermodynamic modeling. Journal of
Chemical and Engineering Data 2023; 68(6): 1397-1410. DOI:10.1021/acs.jced.2c00698.

[119] Roth DM, Dunkel P, Kampwerth J et al. Beyond partition coefficients: Model-based solvent
screening in extractive-reaction processes considering fluid dynamics and mass transfer lim-
itations. Industrial & Engineering Chemistry Research 2022; 61(39): 14546-14560. DOI:
10.1021/acs.iecr.2c01820.

[120] Harhues T, Padligur MC, Bertram F et al. Integrated biphasic electrochemical oxidation of hydrox-
ymethylfurfural to 2,5-furandicarboxylic acid. ACS Sustainable Chemistry and Engineering 2023;
11(23): 8413-8419. DOI:10.1021/acssuschemeng.3c01403.

[121] Gritering C, Harhues T, Speen F et al. Acetoin production by resting cells of lactococcus lactis
for direct electrochemical synthesis of 2-butanone. Green Chemistry 2023; 25(22): 9218-9225.
DOI:10.1039/d3gc02513f.

[122] Heidarian A, Wehner M, Padligur MC et al. A microfluidic proton flow reactor system: In-situ
visualisation of hydrogen evolution and storage in carbon-based slurry electrodes. Journal of
Power Sources 2023; 569. DOI:10.1016/j.jpowsour.2023.233026.

[123] Padligur MC, Linnartz CJ, Zimmer S et al. Coupled optical-electric monitoring of charge per-
colation events in carbon flow-electrodes. Chemical Engineering Journal 2024; 482: 148749.
DOI:10.1016/j.cej.2024.148749.

[124] Weber N, Linkhorst J, Keller RG et al. Tailoring pore networks — gas diffusion electrodes via
additive manufacturing. Advanced Materials Technologies 2023; DOI:10.1002/admt.202300720.

[125] Mohseni M, Felder D, Percin K et al. Toward decentralized wastewater treatment: A flow-through
module using microtubular gas diffusion electrodes for micropollutants removal. Journal of Haz-
ardous Materials 2023; 458: 131987. DOI:10.1016/j.jhazmat.2023.131987.

[126] Weber N, Méntmann M, Wessling M et al. A continuous flow reactor for tubular gas diffusion
electrodes. Chemical Engineering Journal 2024; 486: 150031. DOI:10.1016/j.cej.2024.150031.

[127] Limper A, Weber N, Brodersen A et al. Additive manufacturing of composite porosity mixer elec-
trodes. Electrochemistry Communications 2022; 134. DOI:10.1016/j.elecom.2021.107176.

[128] Wiesner F, Limper A, Marth C et al. Additive manufacturing of intertwined electrode pairs
- guided mass transport with gyroids. Advanced Engineering Materials 2023; 25(1). DOI:
10.1002/adem.202200986.

[129] Utomo RNC, Li WJ, Tiso T et al. Defined microbial mixed culture for utilization of polyurethane
monomers. ACS Sustainable Chemistry & Engineering 2020; 8(47): 17466-17474. DOI:
10.1021/acssuschemeng.0c06019.

126



TMFB/FSC publications

[130] Germer A, Tiso T, Muller C et al. Exploiting the natural diversity of rhla acyltransferases for the
synthesis of the rhamnolipid precursor 3-(3-hydroxyalkanoyloxy) alkanoic acid. Applied and envi-
ronmental microbiology 2020; 86(6): €02317-19.

[131] Meyers J, Mensah JB, Holzhauser FJ et al. Electrochemical conversion of a bio-derivable hydroxy
acid to a drop-in oxygenate diesel fuel. Energy & Environmental Science 2019; 12(8): 2406—-2411.
DOI:10.1039/C9EE01485C.

[132] Tiso T, Demling P, Karmainski T et al. Foam control in biotechnological processes—challenges
and opportunities. Discover Chemical Engineering 2024; 4(1). DOI:10.1007/s43938-023-00039-0.

[133] Schroer G, Deischter J, Zensen T et al. Structure-performance correlations of cross-linked boronic
acid polymers as adsorbents for recovery of fructose from glucose—fructose mixtures. Green
Chemistry 2020; 22(2): 550-562. DOI:10.1039/C9GC03151K.

[134] Schroer G. Gewinnung von biomassebasierten polaren Verbindungen aus Wasser durch Adsorp-
tion. PhD Thesis, Dissertation, RWTH Aachen University, 2021, 2021.

[135] Hosseinpour Tehrani H, Becker J, Bator | et al. Integrated strain- and process design enable
production of 220 g I-1 itaconic acid with ustilago maydis. Biotechnology for biofuels 2019; 12:
263. DOI:10.1186/s13068-019-1605-6.

[136] Schlembach |, Hosseinpour Tehrani H, Blank LM et al. Consolidated bioprocessing of cellulose to
itaconic acid by a co-culture of trichoderma reesei and ustilago maydis. Biotechnology for biofuels
2020; 13(1): 207. DOI:10.1186/s13068-020-01835-4.

[137] Weiermdller J, Akermann A, Laudensack W et al. Brewers’ spent grain as carbon source for ita-
conate production with engineered ustilago maydis. Bioresource Technology 2021; 336: 125262.
DOI:10.1016/j.biortech.2021.125262.

[138] Pastoors J, Baltin C, Bettmer J et al. Respiration-based investigation of adsorbent-
bioprocess compatibility. Biotechnology for biofuels and bioproducts 2023; 16(1): 49. DOI:
10.1186/s13068-023-02297-0.

[139] Ziegler AL, Ullmann L, BoBmann M et al. Itaconic acid production by co-feeding of ustilago may-
dis: A combined approach of experimental data, design of experiments, and metabolic modeling.
Biotechnology and Bioengineering 2024; DOI:10.1002/bit.28693.

[140] Guntermann N, Francio G and Leitner W. Hydrogenation of co2 to formic acid in biphasic systems
using aqueous solutions of amino acids as the product phase. Green Chemistry 2022; 24(20):
8069-8075. DOI:10.1039/d2gc02598a.

[141] Jurling-Will P, Botz T, Francid G et al. A "power-to-x" route to acetic acid via palladium-
catalyzed isomerization of methyl formate. ChemSusChem 2022; 15(16): €202201006. DOI:
10.1002/cssc.202201006.

[142] Cramer HH, Das S, Wodrich MD et al. Theory-guided development of homogeneous catalysts for
the reduction of co2 to formate, formaldehyde, and methanol derivatives. Chemical science 2023;
14(11): 2799-2807. DOI:10.1039/D2SC06793E.

[143] Louis Anandaraj SJ, Kang L, DeBeer S et al. Catalytic hydrogenation of co2 to formate using ruthe-
nium nanoparticles immobilized on supported ionic liquid phases. Small 2023; 19(18): e2206806.
DOI:10.1002/smll.202206806.

[144] Puschel S, Stértte S, Topphoff J et al. Green process design for reductive hydroformylation of
renewable olefin cuts for drop-in diesel fuels. ChemSusChem 2021; 14(23): 5226-5234. DOI:
10.1002/cssc.202100929.

[145] Gao W, Liu S, Wang Z et al. Outlook of cobalt-based catalysts for heterogeneous hydroformylation
of olefins: From nanostructures to single atoms. Energy & Fuels 2024; 38(4): 2526-2547. DOI:
10.1021/acs.energyfuels.3c03037.

127



TMFB/FSC publications

[146] Westhues S, Idel J and Klankermayer J. Molecular catalyst systems as key enablers for tailored
polyesters and polycarbonate recycling concepts. Science advances 2018; 4(8): eaat9669. DOI:
10.1126/sciadv.aat9669.

[147] Beydoun K, Thenert K, Wiesenthal J et al. Utilization of formic acid as c1 building block for
the ruthenium-catalyzed synthesis of formaldehyde surrogates. ChemCatChem 2020; 12(7):
1944-1947. DOI:10.1002/cctc.201902332.

[148] Merchan AL, Fischoder T, Hee J et al. Chemical recycling of bioplastics: technical opportunities
to preserve chemical functionality as path towards a circular economy. Green Chemistry 2022;
24(24): 9428-9449. DOI:10.1039/d2gc02244c.

[149] Bordet A, El Sayed S, Sanger M et al. Selectivity control in hydrogenation through adaptive catal-
ysis using ruthenium nanoparticles on a co2-responsive support. Nature chemistry 2021; 13(9):
916-922. DOI:10.1038/s41557-021-00735-w.

[150] Zhang Y, El Sayed S, Kang L et al. Adaptive catalysts for the selective hydrogenation of bi-
cyclic heteroaromatics using ruthenium nanoparticles on a co2 -responsive support. Angewandte
Chemie (International ed in English) 2023; 62(48): €202311427. DOI:10.1002/anie.202311427.

[151] Kohnke K, Wessel N, Esteban J et al. Operando monitoring of mechanisms and deactivation of
molecular catalysts. Green Chemistry 2022; 24(5): 1951-1972. DOI:10.1039/d1gc04383h.

[152] Fassbach TA, Ji JM, Vorholt AJ et al. Recycling of homogeneous catalysts—basic principles,
industrial practice, and guidelines for experiments and evaluation. ACS Catalysis 2024; 14(9):
7289-7298. DOI:10.1021/acscatal.4c01006.

[153] Yang J, Hilpert F, Qiu Y et al. Interactions of the ionic liquid [c 2 ¢ 1 im][dca] with au(111) elec-
trodes: Interplay between ion adsorption, electrode structure, and stability. The Journal of Physical
Chemistry C 2024; 128(7): 2834-2843. DOI:10.1021/acs.jpcc.3c07122.

[154] Klein J and Waldvogel SR. Selective electrochemical degradation of lignosulfonate to bio-based
aldehydes. ChemSusChem 2023; 16(8): €202202300. DOI:10.1002/cssc.202202300.

[165] Strohmann M, Vorholt AJ and Leitner W. Branched tertiary amines from aldehydes and «-olefins
by combined multiphase tandem reactions. Chemistry — A European Journal 2022; 28(58):
€202202081. DOI:10.1002/chem.202202081.

[156] Kurig N and Palkovits R. Electrochemical nitration for organic c-n bond formation: a current view
on possible n-sources, mechanisms, and technological feasibility. Green Chemistry 2023; DOI:
10.1039/d3gc02084c.

[157] Kimper J, Meyers J, Sebers R et al. Electrochemical transformation of d,I-glutamic acid into
acrylonitrile. Green Chemistry 2023; 25(16): 6231-6237. DOI:10.1039/d3gc01045g.

[158] Linden M, Hofmann S, Herman A et al. Electrochemical synthesis of pyrazolines and pyrazoles via
3+2 dipolar cycloaddition. Angewandte Chemie International Edition 2023; 62(9): €202214820.
DOI:10.1002/anie.202214820.

[159] Bordet A and Leitner W. Adaptive catalytic systems for chemical energy conversion. Angewandte
Chemie (International ed in English) 2023; 62(33): €202301956. DOI:10.1002/anie.202301956.

[160] Pfennig VS, Villella RC, Nikodemus J et al. Mechanochemical grignard reactions with gaseous
co2 and sodium methyl carbonate. Angewandte Chemie (International ed in English) 2022; 61(9):
€202116514. DOI:10.1002/anie.202116514.

[161] Silva IdA, Bartalucci E, Bolm C et al. Opportunities and challenges in applying solid-state nmr
spectroscopy in organic mechanochemistry. Advanced materials (Deerfield Beach, Fla) 2023;
35(52): €2304092. DOI:10.1002/adma.202304092.

[162] Han C, Zenner J, Johny J et al. Electrocatalytic hydrogenation of alkenes with pd/car-
bon nanotubes at an oil-water interface. Nature Catalysis 2022; 5(12): 1110-1119. DOI:
10.1038/s41929-022-00882-4.

128



TMFB/FSC publications

[163] Kreissl H, Jin J, Lin SH et al. Commercial cu2 cr2 05 decorated with iron carbide nanoparticles
as a multifunctional catalyst for magnetically induced continuous-flow hydrogenation of aromatic
ketones. Angewandte Chemie (International ed in English) 2021; 60(51): 26639-26646. DOlI:
10.1002/anie.202107916.

[164] Lin SH, Hetaba W, Chaudret B et al. Copper-decorated iron carbide nanoparticles heated by
magnetic induction as adaptive multifunctional catalysts for the selective hydrodeoxygenation of
aldehydes. Advanced Energy Materials 2022; 12(42). DOI:10.1002/aenm.202201783.

[165] Postweiler P, Engelpracht M, Rezo D et al. Environmental process optimisation of an adsorption-
based direct air carbon capture and storage system. Energy & Environmental Science 2024;
DOI:10.1039/D3EE02970K.

[166] Tuci G, Pilaski M, Ba H et al. Unraveling surface basicity and bulk morphology relationship on cova-
lent triazine frameworks with unique catalytic and gas adsorption properties. Advanced Functional
Materials 2017; 27(7). DOI:10.1002/adfm.201605672.

[167] Park J, Kretzschmar A, Selmert V et al. Structural study of polyacrylonitrile-based carbon
nanofibers for understanding gas adsorption. ACS Applied Materials & Interfaces 2021; 13(39):
46665—-46670. DOI:10.1021/acsami.1c13541.

[168] Selmert V, Kretzschmar A, Weinrich H et al. Co2/n2 separation on highly selective carbon
nanofibers investigated by dynamic gas adsorption. ChemSusChem 2022; 15(14): e202200761.
DOI:10.1002/cssc.202200761).

[169] Kipshagen A, Baums JC, Hartmann H et al. Formic acid as h2 storage system: hydrogenation of
co2 and decomposition of formic acid by solid molecular phosphine catalysts. Catalysis Science
& Technology 2022; 12(18): 5649-5656. DOI:10.1039/d2cy00608a.

[170] Mebrahtu C, Nohl M, Dittrich L et al. Integrated co-electrolysis and syngas methanation for the
direct production of synthetic natural gas from co2 and h2 o. ChemSusChem 2021; 14(11):
2295-2302. DOI:10.1002/cssc.202002904.

[171] RenYY, Kreischer A, Cameron F et al. Quantitative measurement of mixture fraction in counterflow
diffusion flames by laser-induced breakdown spectroscopy. Combustion and Flame 2022; 241.
DOI:10.1016/j.combustflame.2022.112130.

[172] Aigner M, Roth D, Ruf3kamp J et al. Model-based equipment design for the biphasic production of
5—-hydroxymethylfurfural in a tubular reactor. AIChE Journal 2020; 66(4). DOI:10.1002/aic.16849.

[173] Simons K, Nijmeijer K, Mengers H et al. Highly selective amino acid salt solutions as absorption
liquid for co2 capture in gas-liquid membrane contactors. ChemSusChem 2010; 3(8): 939-947.
DOI:10.1002/cssc.201000076.

[174] Keller L, Ohs B, Lenhart J et al. High capacity polyethylenimine impregnated micro-
tubes made of carbon nanotubes for co2 capture. Carbon 2018; 126: 338-345. DOI:
10.1016/j.carbon.2017.10.023.

[175] Keller L, Ohs B, Abduly L et al. Carbon nanotube silica composite hollow fibers impregnated
with polyethylenimine for co2 capture. Chemical Engineering Journal 2019; 359: 476-484. DOI:
10.1016/j.cej.2018.11.100.

[176] Schute K, Detoni C, Kann A et al. Separation in biorefineries by liquid phase adsorption: Itaconic
acid as case study. ACS Sustainable Chemistry & Engineering 2016; 4(11): 5921-5928. DOI:
10.1021/acssuschemeng.6b00096.

[177] Deischter J, Miller F, Bong B et al. Separation by size exclusion: Selective liquid-phase adsorption
of | -lysine from lysine—glucose mixtures on zeolites. ACS Sustainable Chemistry & Engineering
2022; 10(31): 10211-10222. DOI:10.1021/acssuschemeng.2c01874.

[178] Ebadi Torkayesh A, Hendiani S, Walther G et al. Fueling the future: Overcoming the barriers to

129



TMFB/FSC publications

market development of renewable fuels in germany using a novel analytical approach. European
Journal of Operational Research 2024; DOI:10.1016/j.ejor.2024.02.039.

[179] Wolff M, Becker T and Walther G. Long-term design and analysis of renewable fuel supply chains
— an integrated approach considering seasonal resource availability. European Journal of Opera-
tional Research 2023; 304(2): 745-762. DOI:10.1016/j.ejor.2022.04.001.

[180] Farajiamiri M, Meyer JC and Walther G. Multi-objective optimization of renewable fuel sup-
ply chains regarding cost, land use, and water use. Applied Energy 2023; 349. DOI:
10.1016/j.apenergy.2023.121652.

[181] Walter J, Wahner F, Rudolph L et al. Method for the efficient determination of transformation paths
for sector-integrated energy systems. 2023 International Conference on Future Energy Solutions,
FES 2023 2023; DOI:10.1109/FES57669.2023.10183301.

[182] Bongartz D, Doré L, Eichler K et al. Comparison of light-duty transportation fuels produced from
renewable hydrogen and green carbon dioxide. Applied Energy 2018; 231: 757-767. DOI:
10.1016/j.apenergy.2018.09.106.

[183] Venghaus S and Hake JF. Nexus thinking in current eu policies — the interdependencies among
food, energy and water resources. Environmental Science & Policy 2018; 90: 183-192. DOI:
10.1016/j.envsci.2017.12.014.

[184] Arning K, Engelmann L and Ziefle M. Ready to fly? comparing acceptance and behavioral usage
intentions of co2-based aviation fuels in four european countries. Frontiers in Energy Research
2023; 11. DOI:10.3389/fenrg.2023.1156709.

[185] Simons L, Engelmann L, Arning K et al. Two sides of the same coin—explaining the acceptance of
co2-based fuels for aviation using pls-sem by considering the production and product evaluation.
Frontiers in Energy Research 2021; 9. DOI:10.3389/fenrg.2021.742109.

[186] Mertens J, Breyer C, Arning K et al. Carbon capture and utilization: More than hiding co2 for some
time. Joule 2023; 7(3): 442—-449. DOI:10.1016/j.joule.2023.01.005.

[187] Schweizer PJ. Systemic risks — concepts and challenges for risk governance. Journal of Risk
Research 2021; 24(1): 78-93. DOI:10.1080/13669877.2019.1687574.

[188] Renn O, Laubichler M, Lucas K et al. Systemic risks from different perspectives. Risk anal-
ysis : an official publication of the Society for Risk Analysis 2022; 42(9): 1902-1920. DOI:
10.1111/risa.13657.

[189] Siegrist M. Trust and risk perception: A critical review of the literature. Risk analysis : an official
publication of the Society for Risk Analysis 2021; 41(3): 480-490. DOI:10.1111/risa.13325.

[190] Heath RL and O’Hair HD. Handbook of Risk and Crisis Communication. Routledge, 2020. ISBN
9781003070726. DOI:10.4324/9781003070726.

[191] Simons L, Ziefle M and Arning K. How to shape communication for co2-derived insulation boards
considering different accepter profiles. Environment, Development and Sustainability 2023; DOI:
10.1007/s10668-023-03683-2.

[192] Hendiani S and Walther G. Sustainability performance evaluation of renewable energy systems
using a new multi-expert multi-criteria interval type-2 fuzzy distance to ideal solution approach.
Applied Energy 2023; 347. DOI:10.1016/j.apenergy.2023.121436.

[193] Walter JD, Léhr L, Venghaus S et al. Analysis of water resources for green hydrogen production
in europe. DOI:10.18154/RWTH-2023-01580.

[194] Borning M, Doré L, Wolff M et al. Opportunities and challenges of flexible electricity-based fuel
production for the european power system. Sustainability (Switzerland) 2020; 12(23): 1-26. DOI:
10.3390/su12239844.

[195] Borning M, van Bracht N, Moser A et al. Electricity-based fuel production: An assessment of its
impact on the european power system considering flexibility. In 2018 15th International Confer-

130



TMFB/FSC publications

ence on the European Energy Market (EEM). |IEEE. ISBN 978-1-5386-1488-4, pp. 1-5. DOI:
10.1109/EEM.2018.8469916.

[196] Grube T, Doré L, Hoffrichter A et al. An option for stranded renewables: electrolytic-hydrogen
in future energy systems. Sustainable Energy and Fuels 2018; 2(7): 1500-1515. DOI:
10.1039/C8SEOO00S8E.

[197] Zardoshti M and Walther G. Analysis of policy measures on designing a renewable fuel supply
chain in the transport sector- supplementary materials. DOI:10.5281/zenodo.10715215.

[198] Hombach LE, Cambero C, Sowlati T et al. Optimal design of supply chains for second generation
biofuels incorporating european biofuel regulations. Journal of Cleaner Production 2016; 133:
565-575. DOI:10.1016/j.jclepro.2016.05.107.

[199] Becker T, Wolff M, Linzenich A et al. An integrated bi-objective optimization model accounting for
the social acceptance of renewable fuel production networks. European Journal of Operational
Research 2024; 315(1): 354-367. DOI:10.1016/j.ejor.2023.11.044.

[200] Linzenich A, Engelmann LV, Arning K et al. Harmful or beneficial to humans and the environment?
an empirical study on the social acceptance and risk perception of co2-based fuels. Frontiers in
Environmental Science 2022; 10. DOI:10.3389/fenvs.2022.737070.

[201] Karbassi V, Trotter PA and Walther G. Diversifying the african energy system: Economic versus
equitable allocation of renewable electricity and e-fuel production. Applied Energy 2023; 350.
DOI:10.1016/j.apenergy.2023.121751.

[202] Axon CJ and Darton RC. Sustainability and risk — a review of energy security. Sustainable Pro-
duction and Consumption 2021; 27: 1195-1204. DOI:10.1016/j.spc.2021.01.018.

[203] Gnann T, Speth D, Seddig K et al. How to integrate real-world user behavior into models of
the market diffusion of alternative fuels in passenger cars - an in-depth comparison of three
models for germany. Renewable and Sustainable Energy Reviews 2022; 158: 112103. DOI:
10.1016/j.rser.2022.112103.

[204] Kangur A, Jager W, Verbrugge R et al. An agent-based model for diffusion of electric vehicles.
Journal of Environmental Psychology 2017; 52: 166—-182. DOI:10.1016/j.jenvp.2017.01.002.

[205] Huang X, Lin Y, Lim MK et al. Electric vehicle charging station diffusion: An agent-
based evolutionary game model in complex networks. Energy 2022; 257: 124700. DOI:
10.1016/j.energy.2022.124700.

[206] Hombach LE, Biising C and Walther G. Robust and sustainable supply chains under market
uncertainties and different risk attitudes — a case study of the german biodiesel market. European
Journal of Operational Research 2018; 269(1): 302-312. DOI:10.1016/j.ejor.2017.07.015.

[207] Chang M, Thellufsen JZ, Zakeri B et al. Trends in tools and approaches for modelling the energy
transition. Applied Energy 2021; 290: 116731. DOI:10.1016/j.apenergy.2021.116731.

[208] Cuisinier E, Bourasseau C, Ruby A et al. Techno—economic planning of local energy systems
through optimization models: a survey of current methods. International Journal of Energy Re-
search 2021; 45(4): 4888—4931. DOI:10.1002/er.6208.

[209] Robertson Munro F and Cairney P. A systematic review of energy systems: The role of policymak-
ing in sustainable transitions. Renewable and Sustainable Energy Reviews 2020; 119: 109598.
DOI:10.1016/j.rser.2019.109598.

[210] Volker S, Deutz S, Burre J et al. Blend for all or pure for few? well-to-wheel life cycle assessment
of blending electricity-based ome3-5 with fossil diesel. Sustainable Energy and Fuels 2022; 6(8):
1559-1573. DOI:10.1039/d1se01758f.

[211] Wilkinson MD, Dumontier M, Aalbersberg IJJ et al. The fair guiding principles for scientific data
management and stewardship. Scientific data 2016; 3: 160018. DOI:10.1038/sdata.2016.18.

[212] Bjérnmalm M, Cappelluti F, Dunning A et al. Advancing research data management in universities
of science and technology. DOI:10.34657/5157.

131






Pl publications not from TMFB/FSC

[213] Schmalz F, Kopp WA, Goudeli E et al. Reaction path identification and validation from molecular
dynamics simulations of hydrocarbon pyrolysis. International Journal of Chemical Kinetics 2024;
DOI:10.1002/kin.21719.

[214] Cail, Jacobs S, Langer R et al. Auto-ignition of oxymethylene ethers (omen, n =2—-4) as promising
synthetic e-fuels from renewable electricity: shock tube experiments and automatic mechanism
generation. Fuel 2020; 264: 116711. DOI:10.1016/j.fuel.2019.116711.

[215] Krep L, Schmalz F, Solbach F et al. A reactive molecular dynamics study of chlorinated organic
compounds. partii: A chemtrayzer study of chlorinated dibenzofuran formation and decomposition
processes. ChemPhysChem 2023; 24(7). DOI:10.1002/cphc.202200783.

[216] Goellner V, Baldizzone C, Schuppert AK et al. Degradation of fe/n/c catalysts upon high po-
larization in acid medium. Physical Chemistry Chemical Physics 2014; 16(34): 18454—18462.
DOI:10.1039/C4CP02882A.

[217] Choi CH, Baldizzone C, Polymeros G et al. Minimizing operando demetallation of fe-n-c electrocat-
alysts in acidic medium. ACS Catalysis 2016; 6(5): 3136—-3146. DOI:10.1021/acscatal.6b00643.

[218] Choi CH, Choi WS, Kasian O et al. Unraveling the nature of sites active toward hydrogen peroxide
reduction in fe—n—c catalysts. Angewandte Chemie International Edition 2017; 56(30): 8809-8812.
DOI:10.1002/anie.201704356.

[219] Mechler AK, Sahraie NR, Armel V et al. Stabilization of iron-based fuel cell catalysts by non-
catalytic platinum. Journal of The Electrochemical Society 2018; 165(13): F1084—-F1091. DOI:
10.1149/2.0721813jes.

[220] Shin D, Bhandari S, Tesch MF et al. Reduced formation of peroxide and radical species sta-
bilises iron-based hybrid catalysts in polymer electrolyte membrane fuel cells. Journal of Energy
Chemistry 2022; 65: 433—-438. DOI:10.1016/j.jechem.2021.05.047.

[221] Klemm SO, Karschin A, Schuppert AK et al. Time and potential resolved dissolution analysis of
rhodium using a microelectrochemical flow cell coupled to an icp-ms. Journal of Electroanalytical
Chemistry 2012; 677-680: 50-55. DOI:10.1016/j.jelechem.2012.05.006.

[222] Schuppert AK, Topalov AA, Savan A et al. Composition—dependent oxygen reduction ac-
tivity and stability of pt—cu thin films.  ChemElectroChem 2014; 1(2): 358-361. DOI:
10.1002/celc.201300078.

[223] Choi CH, Baldizzone C, Grote JP et al. Stability of fe-n-c catalysts in acidic medium studied by
operando spectroscopy. Angewandte Chemie International Edition 2015; 54(43): 12753-12757.
DOI:10.1002/anie.201504903.

[224] Spanos |, Tesch MF, Yu M et al. Facile protocol for alkaline electrolyte purification and its influence
on a ni—co oxide catalyst for the oxygen evolution reaction. ACS Catalysis 2019; 9(9): 8165-8170.
DOI:10.1021/acscatal.9b01940.

[225] Jovanovic S, Schieker PPM, Streun M et al. An electrochemical cell for in operando 13c nmr
investigations of carbon dioxide/carbonate processes in aqueous solution. Magnetic Resonance
Discussions 2021; 2021: 1-24.

[226] Schatz M, Jovanovic S, Eichel RA et al. Quantifying local ph changes in carbonate electrolyte
during copper-catalysed co2 electroreduction using in operando 13c nmr. Scientific Reports 2022;
12(1): 8274. DOI:10.1038/s41598-022-12264-8.

[227] Dzieciot K, Durmus YE, Tempel H et al. Laboratory x-ray computed tomography imaging proto-
col allowing the operando investigation of electrode material evolution in various environments.
iScience 2023; 26(7): 107097. DOI:10.1016/j.isci.2023.107097.

133



PI publications not from TMFB/FSC

[228] Basak S, Dzieciol K, Durmus YE et al. Characterizing battery materials and electrodes via in
situ / operando transmission electron microscopy. Chemical Physics Reviews 2022; 3(3). DOI:
10.1063/5.0075430.

[229] MacArthur KE, Polani S, Klingenhof M et al. Post-synthesis heat treatment of doped ptni-alloy fuel-
cell catalyst nanoparticles studied by in-situ electron microscopy. ACS Applied Energy Materials
2023; 6(11): 5959-5967. DOI:10.1021/acsaem.3c00405.

[230] Mitsos A, Hencke MM and Barton PIl. Product engineering for man—portable power generation
based on fuel cells. AIChE Journal 2005; 51(8): 2199-2219. DOI:10.1002/aic.10456.

[231] Yildirim MH, Schwarz A, Stamatialis DF et al. Impregnated membranes for direct methanol fuel
cells at high methanol concentrations. Journal of Membrane Science 2009; 328(1-2): 127-133.
DOI:10.1016/j.memsci.2008.11.051.

[232] Yildirim MH, Stamatialis D and Wessling M. Dimensionally stable nafion—polyethylene composite
membranes for direct methanol fuel cell applications. Journal of Membrane Science 2008; 321(2):
364-372. DOI:10.1016/j.memsci.2008.05.013.

[233] Yildirim MH, Curds AR, Motuzas J et al. Nafion/h-zsm-5 composite membranes with superior
performance for direct methanol fuel cells. Journal of Membrane Science 2009; 338(1-2): 75-83.
DOI:10.1016/j.memsci.2009.04.009.

[234] Lauterbach L and Lenz O. Catalytic production of hydrogen peroxide and water by oxygen-tolerant
nife-hydrogenase during h2 cycling in the presence of 02. Journal of the American Chemical
Society 2013; 135(47): 17897-17905. DOI:10.1021/ja408420d.

[235] Zill D, Lettau E, Lorent C et al. Crucial role of the chaperonin groes/el for heterologous production
of the soluble methane monooxygenase from methylomonas methanica mc09. ChemBioChem
2022; 23(12): e202200195. DOI:10.1002/cbic.202200195.

[236] Dittrich L, Nohl M, Jaekel EE et al. High-temperature co-electrolysis: A versatile method to sus-
tainably produce tailored syngas compositions. Journal of The Electrochemical Society 2019; 166:
F971. DOI:10.1149/2.0581913jes.

[237] Foit S, Dittrich L, Duyster T et al. Direct solid oxide electrolysis of carbon dioxide: Analysis of
performance and processes. Processes 2020; 8. DOI:10.3390/pr8111390.

[238] Wolf SE, Vibhu V, Troster E et al. Steam electrolysis vs. co-electrolysis: Mechanistic studies of
long-term solid oxide electrolysis cells. Energies 2022; 15. DOI:10.3390/en15155449.

[239] Uecker J, Unachukwu ID, Vibhu V et al. Gadolinium doped ceria as nickel-free fuel elec-
trode in high temperature co2-electrolysis. ChemElectroChem 2024; 11(7): e202300617. DOI:
10.1002/celc.202300617.

[240] Vibhu V, Vinke IC, Zaravelis F et al. Performance and degradation of electrolyte-supported single
cell composed of mo-au-ni/gdc fuel electrode and Iscf oxygen electrode during high temperature
steam electrolysis. Energies 2022; 15. DOI:10.3390/en15082726.

[241] Thiele P, Yang Y, Dirkes S et al. Realistic accelerated stress tests for pem fuel cells: Test pro-
cedure development based on standardized automotive driving cycles. International Journal of
Hydrogen Energy 2024; 52: 1065-1080. DOI:10.1016/j.ijjhydene.2023.08.292.

[242] Liu Y, Dirkes S, Kohrn M et al. A high-fidelity real-time capable dynamic discretized model of
proton exchange membrane fuel cells for the development of control strategies. Journal of Power
Sources 2022; 537: 231394. DOI:10.1016/j.jpowsour.2022.231394.

[243] Kohrn M, Liu Y, Wick M et al. A scalable pem fuel cell model for coupled mechanical and elec-
trochemical analysis based on an analytical approach. International Journal of Hydrogen Energy
2024; 51: 1539-1559. DOI:10.1016/j.ijhydene.2023.08.165.

[244] Schmitz M and Pischinger S. Dynamic bolt forces during cold starts and drying processes of a pem
fuel cell. Journal of Power Sources 2023; 587: 233610. DOI:10.1016/j.jpowsour.2023.233610.

134



PI publications not from TMFB/FSC

[245] Schley L, Vibhu V, Nohl L et al. A highly stable pr2nio4+35 oxygen electrode in electrolyte supported
protonic ceramic electrolysis cells (pcecs) for hydrogen production with high faradaic efficiency.
Energy Advances 2024; 3(4): 861-873. DOI:10.1039/D3YAQ00542A.

[246] Kumar A, Vibhu V, Bassat JM et al. Ammonia as a potential energy vector in the burgeoning
hydrogen economy. ChemElectroChem 2024; DOI:10.1002/celc.202300845.

[247] Tesch MF, Neugebauer S, Narangoda PV et al. The rotating disc electrode: measurement pro-
tocols and reproducibility in the evaluation of catalysts for the oxygen evolution reaction. Energy
Advances 2023; 2(11): 1823—-1830. DOI:10.1039/D3YA00340J.

[248] Chen P, Khetan A, Jablonska M et al. Local dynamics of copper active sites in zeolite catalysts
for selective catalytic reduction of nox with nh3. Applied Catalysis B: Environmental 2018; 237:
263-272. DOI:10.1016/j.apcatb.2018.05.091.

[249] Aryanpour M, Khetan A and Pitsch HG. Activity descriptor for catalytic reactions on doped cerium
oxide. ACS Catalysis 2013; 3(6): 1253—1262. DOI:10.1021/cs400034c.

[250] Chen P, Khetan A, Yang F et al. Experimental and theoretical understanding of nitrogen-doping-
induced strong metal-support interactions in pd/tio 2 catalysts for nitrobenzene hydrogenation.
ACS Catalysis 2017; 7(2): 1197-1206. DOI:10.1021/acscatal.6b02963.

[251] Simbock J, Khetan A, Pegios N et al. Deactivation reactions on a commercial lean nox-trap - effect
of hydrocarbon nature, concentration and operation temperature. Applied Catalysis A: General
2019; 585: 117178. DOI:10.1016/j.apcata.2019.117178.

[252] FuY, Ding W, Lei H et al. Spatial distribution of brgnsted acid sites determines the mobility of reac-
tive cuions in the cu-ssz-13 catalyst during the selective catalytic reduction of nox with nh3. Journal
of the American Chemical Society 2024; 146(16): 11141-11151. DOI:10.1021/jacs.3¢c13725.

[253] Wyndorps J, Ostovari H and von der ARBen NV. Is electrochemical co 2 reduction the future technol-
ogy for power-to-chemicals? an environmental comparison with h 2 -based pathways. Sustainable
Energy & Fuels 2021; 5(22): 5748-5761. DOI:10.1039/D1SE00975C.

[254] Loffelholz M, Weidner J, Hartmann J et al. Optimized scalable cub catalyst with promising carbon
footprint for the electrochemical co2 reduction to ethylene. Sustainable Chemistry for Climate
Action 2023; 3: 100035. DOI:10.1016/j.scca.2023.100035.

[255] Nilges B, Burghardt C, Roh K et al. Comparative life cycle assessment of industrial demand-
side management via operational optimization. Computers and Chemical Engineering 2023; 177:
108323. DOI:10.1016/j.compchemeng.2023.108323.

[256] Nilges B, Reinert C and von der AlRen NV. Is demand-side management environmentally ben-
eficial? analyzing the greenhouse gas emissions due to load shifting in electric power systems.
Journal of Cleaner Production 2024; 434: 140062. DOI:10.1016/j.jclepro.2023.140062.

[257] Germscheid SH, Nilges B, von der Alzen NV et al. Optimal design of a local renewable electricity
supply system for power-intensive production processes with demand response. Computers and
Chemical Engineering 2024; 185: 108656. DOI:10.1016/j.compchemeng.2024.108656.

[258] Diepers T, Mlller A, Jakobs A et al. Dynamic-prospective life cycle assessment using time-explicit
life cycle inventory: Methodology and implementation. In SETAC Europe Annual Meeting (ed.)
SETAC Europe 34th Annual Meeting.

[259] Hagedorn W, Jager S, Wieczorek L et al. More than recycling — the potential of the circular econ-
omy shown by a case study of the metal working industry. Journal of Cleaner Production 2022;
377: 134439. DOI:10.1016/j.jclepro.2022.134439.

[260] Hagedorn W, Greiff K and Pauliuk S. An environmental assessment framework for circular steel
products. Sustainable Production and Consumption 2024; DOI:10.1016/j.spc.2024.05.031.

[261] Bayram B and Greiff K. Life cycle assessment on construction and demolition waste recycling:

135



PI publications not from TMFB/FSC

a systematic review analyzing three important quality aspects. The International Journal of Life
Cycle Assessment 2023; 28(8): 967-989. DOI:10.1007/s11367-023-02145-1.

[262] Hartmann JM, Shu DY, Blodau L et al. Combining life cycle assessment and planetary boundaries
for sustainable energy system designs. In SETAC Europe Annual Meeting (ed.) SETAC Europe
34th Annual Meeting.

136



External publications

[263] Liu M, Grinberg Dana A, Johnson MS et al. Reaction mechanism generator v3.0: Advances in
automatic mechanism generation. Journal of Chemical Information and Modeling 2021; 61(6):
2686—2696. DOI:10.1021/acs.jcim.0c01480.

[264] Dewyer AL, Arglelles AJ and Zimmerman PM. Methods for exploring reaction space in molecular
systems. WIREs Computational Molecular Science 2018; 8(2). DOI:10.1002/wcms.1354.

[265] Simm GN, Vaucher AC and Reiher M. Exploration of reaction pathways and chemical trans-
formation networks. The Journal of Physical Chemistry A 2019; 123(2): 385-399. DOI:
10.1021/acs.jpca.8b10007.

[266] Miller JA, Sivaramakrishnan R, Tao Y et al. Combustion chemistry in the twenty-first century: De-
veloping theory-informed chemical kinetics models. Progress in Energy and Combustion Science
2021; 83: 100886. DOI:10.1016/j.pecs.2020.100886.

[267] Schwaller P, Probst D, Vaucher AC et al. Mapping the space of chemical reactions using
attention-based neural networks. Nature Machine Intelligence 2021; 3(2): 144-152. DOI:
10.1038/s42256-020-00284-w.

[268] Zhang XC, Wu CK, Yang ZJ et al. Mg-bert: leveraging unsupervised atomic representa-
tion learning for molecular property prediction. Briefings in bioinformatics 2021; 22(6). DOI:
10.1093/bib/bbab152.

[269] Rackauckas C, Ma Y, Martensen J et al. Universal differential equations for scientific machine
learning. DOI:10.48550/arXiv.2001.04385.

[270] Owoyele O and Pal P. Chemnode: A neural ordinary differential equations framework for efficient
chemical kinetic solvers. Energy and Al 2022; 7: 100118. DOI:10.1016/j.egyai.2021.100118.

[271] Fjodorow P, Allmendinger P, Horvath R et al. Monitoring formaldehyde in a shock tube with a fast
dual-comb spectrometer operating in the spectral range of 1740-1790 cm-1. Applied Physics B
2020; 126(12): 1-11. DOI:10.1007/s00340-020-07545-x.

[272] Peters N, Krishna Pothuraju Subramanyam S, Bunce M et al. Optimization of lambda across
the engine map for the purpose of maximizing thermal efficiency of a jet ignition engine. SAE
International Journal of Advances and Current Practices in Mobility 2020; 2(6): 3140-3150. DOI:
10.4271/2020-01-0278.

[273] Hansen CM. Hansen Solubility Parameters. CRC Press, 2007. ISBN 9780429127526. DOI:
10.1201/9781420006834.

[274] Verma A and Basu S. Direct alkaline fuel cell for multiple liquid fuels: Anode electrode studies.
Journal of Power Sources 2007; 174(1): 180-185. DOI:10.1016/j.jpowsour.2007.07.077.

[275] Shaari N, Kamarudin SK, Bahru R et al. Progress and challenges: Review for direct liquid fuel
cell. International Journal of Energy Research 2021; 45(5): 6644—6688. DOI:10.1002/er.6353.

[276] Krewer U, Vidakovic-Koch T and Rihko-Struckmann L. Electrochemical oxidation of carbon-
containing fuels and their dynamics in low-temperature fuel cells. ChemPhysChem 2011; 12(14):
2518-2544. DOI:10.1002/cphc.201100095.

[277] Mansor M, Timmiati SN, Lim KL et al. Recent progress of anode catalysts and their support
materials for methanol electrooxidation reaction. International Journal of Hydrogen Energy 2019;
44(29): 14744—-14769. DOI:10.1016/j.ijhydene.2019.04.100.

[278] Martinaiou |, Monteverde Videla AH, Weidler N et al. Activity and degradation study of an fe-n-c
catalyst for orr in direct methanol fuel cell (dmfc). Applied Catalysis B: Environmental 2020; 262:
118217. DOI:10.1016/j.apcatb.2019.118217.

137



External publications

[279] Wang G, Ye K, Shao J et al. Porous ni 2 p nanoflower supported on nickel foam as an efficient
three-dimensional electrode for urea electro-oxidation in alkaline medium. International Journal of
Hydrogen Energy 2018; 43(19): 9316-9325. DOI:10.1016/j.ijhydene.2018.03.221.

[280] Tran K, Nguyen TQ, Bartrom AM et al. A fuel-flexible alkaline direct liquid fuel cell. Fuel Cells
2014; 14(6): 834—841. DOI:10.1002/fuce.201300291.

[281] Gebremedhin Gebru M, Shyam Yadav R, Teller H et al. Harnessing dimethyl ether and methyl
formate fuels for direct electrochemical energy conversion. Journal of Energy Chemistry 2023;
83: 454-464. DOI:10.1016/j.jechem.2023.05.001.

[282] Fadzillah DM, Kamarudin SK, Zainoodin MA et al. Critical challenges in the system development of
direct alcohol fuel cells as portable power supplies: An overview. International Journal of Hydrogen
Energy 2019; 44(5): 3031-3054. DOI:10.1016/j.ijjhydene.2018.11.089.

[283] Dekel DR. Review of cell performance in anion exchange membrane fuel cells. Journal of Power
Sources 2018; 375: 158-169. DOI:10.1016/j.jpowsour.2017.07.117.

[284] Ramaswamy N and Mukerjee S. Alkaline anion-exchange membrane fuel cells: Challenges in
electrocatalysis and interfacial charge transfer. Chemical Reviews 2019; 119(23): 11945-11979.
DOI:10.1021/acs.chemrev.9b00157.

[285] Blommaert MA, Aili D, Tufa RA et al. Insights and challenges for applying bipolar membranes in
advanced electrochemical energy systems. ACS Energy Letters 2021; 6(7): 2539-2548. DOI:
10.1021/acsenergylett.1c00618.

[286] Mitchell JB, Chen L, Langworthy K et al. Catalytic proton—hydroxide recombination for
forward-bias bipolar membranes. ACS Energy Letters 2022; 7(11). 3967-3973. DOI:
10.1021/acsenergylett.2c02043.

[287] Deng YW, Ro SY and Rosenzweig AC. Structure and function of the lanthanide-dependent
methanol dehydrogenase xoxf from the methanotroph methylomicrobium buryatense 5gb1c. Jour-
nal of biological inorganic chemistry : JBIC : a publication of the Society of Biological Inorganic
Chemistry 2018; 23(7): 1037-1047. DOI:10.1007/s00775-018-1604-2.

[288] Kalimuthu P, Daumann LJ, Pol A et al. Electrocatalysis of a europium-dependent
bacterial methanol dehydrogenase with its physiological electron-acceptor cytochrome cgj.
Chemistry (Weinheim an der Bergstrasse, Germany) 2019; 25(37): 8760-8768. DOI:
10.1002/chem.201900525.

[289] Lisdat F. Pqg-gdh - structure, function and application in bioelectrochemistry. Bioelectrochemistry
(Amsterdam, Netherlands) 2020; 134: 107496. DOI:10.1016/j.bioelechem.2020.107496.

[290] Muller M, Pfeifer M, Holtz D et al. Comparison of green ammonia and green hydrogen pathways
in terms of energy efficiency. Fuel 2024; 357: 129843. DOI:10.1016/j.fuel.2023.129843.

[291] Kobayashi H, Hayakawa A, Somarathne KKA et al. Science and technology of ammonia combus-
tion. Proc Combust Inst 2019; 37(1): 109—-133. DOI:10.1016/j.proci.2018.09.029.

[292] Sterner M and Stadler |. Energiespeicher - Bedarf, Technologien, Integration. Berlin, Heidelberg:
Springer Berlin Heidelberg, 2014. ISBN 978-3-642-37379-4. DOI:10.1007/978-3-642-37380-0.

[293] Valera-Medina A, Xiao H, Owen-Jones M et al. Ammonia for power. Progress in Energy and
Combustion Science 2018; 69: 63—102. DOI:10.1016/j.pecs.2018.07.001.

[294] Grannell SM, Assanis DN, Bohac SV et al. The fuel mix limits and efficiency of a stoichiometric,
ammonia, and gasoline dual fueled spark ignition engine. Journal of Engineering for Gas Turbines
and Power 2008; 130(4): 042802. DOI:10.1115/1.2898837.

[295] Gill SS, Chatha GS, Tsolakis A et al. Assessing the effects of partially decarbonising a diesel
engine by co-fuelling with dissociated ammonia. International Journal of Hydrogen Energy 2012;
37(7): 6074-6083. DOI:10.1016/j.ijhydene.2011.12.137.

138



External publications

[296] Ryu K, Zacharakis-Jutz GE and Kong SC. Performance characteristics of compression-ignition
engine using high concentration of ammonia mixed with dimethyl ether. Applied Energy 2014;
113: 488-499. DOI:10.1016/j.apenergy.2013.07.065.

[297] Gray JT, Dimitroff E, Meckel NT et al. Ammonia fuel - engine compatibility and combustion. SAE
Technical Papers 1966; DOI:10.4271/660156.

[298] Zhou L, Zhong L, Liu Z et al. Toward highly-efficient combustion of ammonia—hydrogen engine:
Prechamber turbulent jet ignition. Fuel 2023; 352: 129009. DOI:10.1016/j.fuel.2023.129009.

[299] Pochet M, Jeanmart H and Contino F. A 22:1 compression ratio ammonia-hydrogen hcci engine:
Combustion, load, and emission performances. Frontiers in Mechanical Engineering 2020; 6.
DOI:10.3389/fmech.2020.00043.

[300] Xu L and Bai XS. Numerical investigation of engine performance and emission characteristics of
an ammonia/hydrogen/n-heptane engine under rcci operating conditions. Flow, Turbulence and
Combustion 2024; 112(3): 957-974. DOI:10.1007/s10494-023-00453-y.

[301] March CS, Bjerre A, Gottrup MP et al. Ammonia/hydrogen mixtures in an si-engine: Engine
performance and analysis of a proposed fuel system. Fuel 2011; 90(2): 854-864. DOI:
10.1016/j.fuel.2010.09.042.

[302] Mercier A, Mounaim-Rousselle C, Brequigny P et al. Improvement of si engine combustion with
ammonia as fuel: Effect of ammonia dissociation prior to combustion. Fuel Communications 2022,;
11: 100058. DOI:10.1016/j.jffueco.2022.100058.

[303] Okafor EC, Tsukamoto M, Hayakawa A et al. Influence of wall heat loss on the emission character-
istics of premixed ammonia-air swirling flames interacting with the combustor wall. Proc Combust
Inst 2021; 38(4): 5139-5146. DOI:10.1016/j.proci.2020.06.142.

[304] Wiseman S, Gruber A and Dawson JR. Flame transfer functions for turbulent, premixed, ammonia-
hydrogen-nitrogen-air flames. Journal of Engineering for Gas Turbines and Power 2023; 145(3).
DOI:10.1115/1.4055754.

[305] Simons EL, Cairns EJ and Surd DJ. The performance of direct ammonia fuel cells. Journal of The
Electrochemical Society 1969; 116(5): 556. DOI:10.1149/1.2411961.

[306] Farr RD and Vayenas CG. Ammonia high temperature solid electrolyte fuel cell. Journal of The
Electrochemical Society 1980; 127: 1478. DOI:10.1149/1.2129934.

[307] Kreuer KD. Proton-conducting oxides. Annual Review of Materials Research 2003; 33; 333-359.
DOI:10.1146/annurev.matsci.33.022802.091825.

[308] Duan C, Kee R, Zhu H et al. Highly efficient reversible protonic ceramic electrochemical cells for
power generation and fuel production. Nature Energy 2019; 4: 230-240.

[309] Choi S, Kucharczyk CJ, Liang Y et al. Exceptional power density and stability at intermediate
temperatures in protonic ceramic fuel cells. Nature Energy 2018; 3: 202-210.

[310] Miyazaki K, Muroyama H, Matsui T et al. Impact of the ammonia decomposition reaction over an
anode on direct ammonia-fueled protonic ceramic fuel cells. Sustainable Energy & Fuels 2020; 4:
5238-5246.

[311] Yang J, Molouk AFS, Okanishi T et al. Electrochemical and catalytic properties of
ni/bace0.75y0.2503-5 anode for direct ammonia-fueled solid oxide fuel cells. ACS Applied Ma-
terials & Interfaces 2015; 7: 7406-7412. DOI:10.1021/acsami.5b01048.

[312] Fabbri E, Bi L, Pergolesi D et al. Towards the next generation of solid oxide fuel cells operating
below 600 °c with chemically stable proton-conducting electrolytes. Advanced Materials 2012;
24(2): 195-208. DOI:10.1002/adma.201103102.

[313] Ding H, Wu W, Jiang C et al. Self-sustainable protonic ceramic electrochemical cells using a
triple conducting electrode for hydrogen and power production. Nature Communications 2020;
11: 1907.

139



External publications

[314] Achrai B, Zhao Y, Wang T et al. A direct ammonia fuel cell with a koh-free anode feed generating
180 mw cm -2 at 120 °c. Journal of The Electrochemical Society 2020; 167(13): 134518. DOI:
10.1149/1945-7111/abbdd1.

[315] Wang X and Pei P. A novel algorithm for energy market risk forecasting. Computers and Electrical
Engineering 2022; 99: 107813. DOI:10.1016/j.compeleceng.2022.107813.

[316] Gottesfeld S. The direct ammonia fuel cell and a common pattern of electrocatalytic processes.
Journal of The Electrochemical Society 2018; 165(15): J3405-J3412. DOI:10.1149/2.0431815jes.

[317] ZhaoY, Setzler BP, Wang J et al. An efficient direct ammonia fuel cell for affordable carbon-neutral
transportation. Joule 2019; 3(10): 2472-2484. DOI:10.1016/j.joule.2019.07.005.

[318] HuZ, Lu S, Tang F et al. High-performance precious metal-free direct ammonia fuel cells endowed
by co-doped ni4cu1 anode catalysts. Applied Catalysis B: Environmental 2023; 334: 122856. DOI:
10.1016/j.apcatb.2023.122856.

[319] tuczak J and Lieder M. Nickel-based catalysts for electrolytic decomposition of ammonia to-
wards hydrogen production. Advances in Colloid and Interface Science 2023; 319: 102963. DOI:
10.1016/j.cis.2023.102963.

[320] Kapatka A, Cally A, Neodo S et al. Electrochemical behavior of ammonia at ni/ni(oh)2 electrode.
Electrochemistry Communications 2010; 12(1): 18-21. DOI:10.1016/j.elecom.2009.10.026.

[321] Xu W, Lan R, Du D et al. Directly growing hierarchical nickel-copper hydroxide nanowires on
carbon fibre cloth for efficient electrooxidation of ammonia. Applied Catalysis B: Environmental
2017; 218: 470-479. DOI:10.1016/j.apcatb.2017.07.005.

[322] Zhang HM, Wang YF, Kwok YH et al. A direct ammonia microfluidic fuel cell using nicu nanopar-
ticles supported on carbon nanotubes as an electrocatalyst. ChemSusChem 2018; 11(17):
2889-2897. DOI:10.1002/cssc.201801232.

[323] Xu W, Du D, Lan R et al. Electrodeposited nicu bimetal on carbon paper as stable non-noble
anode for efficient electrooxidation of ammonia. Applied Catalysis B: Environmental 2018; 237:
1101-1109. DOI:10.1016/j.apcatb.2016.11.003.

[324] Prabowo Rahardjo SS and Shih YJ. Electrochemical characteristics of silver/nickel oxide (ag/ni)
for direct ammonia oxidation and nitrogen selectivity in paired electrode system. Chemical Engi-
neering Journal 2023; 452: 139370. DOI:10.1016/j.cej.2022.139370.

[325] Almomani F and Ali H Salah Saad M. Electrochemical oxidation of ammonia (nh4+/nh3) on
synthesized nickel-cobalt oxide catalyst. International Journal of Hydrogen Energy 2021; 46(6):
4678-4690. DOI:10.1016/j.ijhydene.2020.03.094.

[326] Katsounaros I, Figueiredo MC, Calle-Vallejo F et al. On the mechanism of the electrochemical
conversion of ammonia to dinitrogen on pt(1 0 0) in alkaline environment. Journal of Catalysis
2018; 359: 82-91. DOI:10.1016/j.jcat.2017.12.028.

[327] Cheng J, Zheng D, Yu G et al. N2o catalytic decomposition and nh3-scr coupling reactions over
fe-ssz-13 catalyst: Mechanisms and interactions unraveling via experiments and dft calculations.
ACS Catalysis 2023; 13(2): 934-947. DOI:10.1021/acscatal.2c04747.

[328] Bols ML, Snyder BER, Rhoda HM et al. Coordination and activation of nitrous oxide by iron zeolites.
Nature Catalysis 2021; 4(4): 332—-340.

[329] Zhang Y, Zhou W, Liang Y et al. An experimental and detailed kinetic modeling study of the auto-
ignition of nh3/diesel mixtures: Part 1- nh3 substitution ratio from 20% to 90%. Combustion and
Flame 2023; 251: 112391. DOI:10.1016/j.combustflame.2022.112391.

[330] Liu Z, He F, Ma L et al. Recent advances in catalytic decomposition of n20 on noble metal and
metal oxide catalysts. Catalysis Surveys from Asia 2016; 20(3): 121-132.

[331] Konsolakis M. Recent advances on nitrous oxide (n20) decomposition over non-noble-metal oxide
catalysts: catalytic performance, mechanistic considerations, and surface chemistry aspects. ACS
Catalysis 2015; 5(11): 6397-6421.

140



External publications

[332] Park YK and Kim BS. Catalytic removal of nitrogen oxides (no, no2, n20) from ammonia-fueled
combustion exhaust: A review of applicable technologies. Chemical Engineering Journal 2023;
461: 141958. DOI:10.1016/j.cej.2023.141958.

[333] Tornatore C, Marchitto L, Sabia P et al. Ammonia as green fuel in internal combustion engines:
State-of-the-art and future perspectives. Frontiers in Mechanical Engineering 2022; 8. DOI:
10.3389/fmech.2022.944201.

[334] Grzybek G, Grybos J, Indyka P et al. Evaluation of the inhibiting effect of h20, 02, and no on
the performance of laboratory and pilot k-znxco3-xo4 catalysts supported on «-al203 for low-
temperature n2o0 decomposition. Applied Catalysis B: Environmental 2021; 297: 120435. DOI:
10.1016/j.apcatb.2021.120435.

[335] Liu S, Fan W, Guo H et al. Relationship between the n2o0 decomposition and no formation in
h2o/co2/nh3/no atmosphere under the conditions of simulated air-staged combustion in the tem-
perature interval of 900—-1600 °c. Energy 2020; 211: 118647. DOI:10.1016/j.energy.2020.118647.

[336] Inger M, Rajewski J, Ruszak M et al. The influence of nox presence on the catalytic n2o decompo-
sition over the supported double-promoted cobalt spinel catalyst. Chemical Papers 2019; 73(8):
1979-1986. DOI:10.1007/s11696-019-00750-9.

[337] Chen S, Jelic J, Rein D et al. Highly loaded bimetallic iron-cobalt catalysts for hydrogen release
from ammonia. Nature Communications 2024; 15(1): 871.

[338] Borchers M, Keller K, Lott P et al. Selective catalytic reduction of nox with h2 for cleaning exhausts
of hydrogen engines: Impact of h20, 02, and no/h2 ratio. Industrial & Engineering Chemistry
Research 2021; 60(18): 6613—6626. DOI:10.1021/acs.iecr.0c05630.

[339] Urata S, Hijiya H, Niwano K et al. Theoretical estimation of dielectric loss of oxide glasses using
nonequilibrium molecular dynamics simulations. Journal of the American Ceramic Society 2022;
105(6): 4200-4207.

[340] Saad-Falcon A, Zhang Z, Ryoo D et al. Extraction of dielectric permittivity from atomistic molecular
dynamics simulations and microwave measurements. The Journal of Physical Chemistry B 2022;
126(40): 8021-8029. DOI:10.1021/acs.jpcb.2c05260.

[341] Regler B, Scheffler M and Ghiringhelli LM. Tcmi: a non-parametric mutual-dependence estima-
tor for multivariate continuous distributions. Data Mining and Knowledge Discovery 2022; 36(5):
1815-1864.

[342] Cohen M and Vlachos DG. Modified energy span analysis reveals heterogeneous catalytic
kinetics.  Industrial & Engineering Chemistry Research 2022; 61(15): 5117-5128. DOlI:
10.1021/acs.iecr.2c00390.

[343] Cohen M and Vlachos DG. Modified energy span analysis of catalytic parallel pathways and
selectivity.  Industrial & Engineering Chemistry Research 2023; 62(5): 2191-2201. DOIL:
10.1021/acs.iecr.2c01991.

[344] Grajciar L, Heard CJ, Bondarenko AA et al. Towards operando computational modeling
in heterogeneous catalysis. Chemical Society Reviews 2018; 47(22): 8307-8348. DOI:
10.1039/C8CS00398J.

[345] Shi X, Lin X, Luo R et al. Dynamics of heterogeneous catalytic processes at operando conditions.
JACS Au 2021; 1(12): 2100-2120. DOI:10.1021/jacsau.1c00355.

[346] Svedberg P, Inostroza PA, Gustavsson M et al. Dataset on aquatic ecotoxicity predictions of 2697
chemicals, using three quantitative structure-activity relationship platforms. Data in Brief 2023;
51: 109719. DOI:10.1016/j.dib.2023.109719.

[347] Gustavsson M, Kall S, Svedberg P et al. Transformers enable accurate prediction of acute and
chronic chemical toxicity in aquatic organisms. 2023. DOI:10.1101/2023.04.17.537138.

141



External publications

[348] Fantke P, Aurisano N, Bare J et al. Toward harmonizing ecotoxicity characterization in life cycle
impact assessment. Environmental Toxicology and Chemistry 2018; 37(12): 2955-2971. DOI:
10.1002/etc.4261.

[349] Rudén C, Backhaus T, Bergman P et al. Future chemical risk management: Ac-
counting for combination effects and assessing chemicals in groups: The re-
port of the committe of combination of effects and assessing chemicals in
groups,  2019. URL |chrome-extension://efaidnbmnnnibpcajpcglclefindmkaj/

https://www.government.se/contentassets/ee36b3e49c354bb89671f3a33a2dbcab0/

future-chemical-risk-management---accounting-for-combination-effects-and-assessing-chemicals-i

142


chrome-extension://efaidnbmnnnibpcajpcglclefindmkaj/https://www.government.se/contentassets/ee36b3e49c354bb8967f3a33a2d5ca50/future-chemical-risk-management---accounting-for-combination-effects-and-assessing-chemicals-in-groups-sou-201945/
chrome-extension://efaidnbmnnnibpcajpcglclefindmkaj/https://www.government.se/contentassets/ee36b3e49c354bb8967f3a33a2d5ca50/future-chemical-risk-management---accounting-for-combination-effects-and-assessing-chemicals-in-groups-sou-201945/
chrome-extension://efaidnbmnnnibpcajpcglclefindmkaj/https://www.government.se/contentassets/ee36b3e49c354bb8967f3a33a2d5ca50/future-chemical-risk-management---accounting-for-combination-effects-and-assessing-chemicals-in-groups-sou-201945/

External publications

Guidelines for section 5.1:

Explain what strategies and measures will be implemented by the Cluster of Excellence to
support early-career researchers at their respective levels of qualification. If applicable, de-
scribe their integration in existing or planned early-career support structures, such as graduate
schools, etc. Refer to the current situation regarding early-career researchers and existing
strategies for early-career support and staff development at the applicant university/universities
and within the participating departments and/or faculties. What aims have the participating de-
partments and/or faculties set themselves in this area? How do the objectives and activities of
the Cluster of Excellence fit into or complement these?

Renewal proposals only: Please describe the relevant achievements of the first funding period.
Please summarise the requested funds for these measures using the table below, and provide
a justification for your request in the text. Note that staff funding requested as part of the
research programme in section 4.5 should not be included in this table, and that “Instrumenta-
tion” refers to all instruments, software and other equipment costing more than 50,000 euros
peritem. Instrumentation costing more than 150,000 euros per item should be listed individually.

Estimation: In total, a maximum of 3 pages for this section.
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5.1 Support of early-career researchers (Niklas von der Alzen)

Table 5.1.1: Funding Request for Early-career Support
2026 2027 2028 2029 2030 2031 2032

Funding category Totals per year in thousand euros
Staff

Direct project costs (excluding staff)

Instrumentation
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Guidelines for section 5.2:

Please describe the aims of the Cluster of Excellence with regard to supporting equity and
diversity. Explain what measures will be taken to achieve these goals, with reference to the
DFG’s Research-Oriented Equity and Diversity Standards:
https://www.dfg.de/equity_diversity_standards

Refer to the present situation at the applicant university/universities and within the participat-
ing departments and/or faculties, and — in the case of renewal proposals — within the Cluster
of Excellence. What objectives have the participating departments set themselves (qualitative
objectives and additionally — for male and female researchers only — quantified targets)? How
will the Cluster’s activities be incorporated in the relevant equity and diversity strategies at the
university/department/faculty levels? please highlight particular efforts relating to gender equal-
ity.

Renewal proposals only: Please describe the relevant achievements of the first funding period.
Please summarise the requested funds for these measures using the table below, and provide
a justification for your request in the text. Note that staff funding requested as part of the
research programme in section 4.5 should not be included in this table. “Instrumentation”
refers to all instruments, software and other equipment costing more than 50,000 euros per
item. Instrumentation costing more than 150,000 euros per item should be listed individually.

Estimation: In total, a maximum of 3 pages for this section.
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5.2 Support of equity and diversity (Leicht-Scholten/Sebastian Bernhard)

5.2 Support of equity and diversity (Leicht-Scholten/Sebastian Bernhard)

Carmen Leicht-Scholten - Project proposal:

Extensive literature research and analyses were carried out from a perspective of gender-
sensitive science and technology studies that acknowledge given interdependencies between
scientific, technological, and societal development (Leicht-Scholten 2007; Leicht-Scholten 2018;
Ernst and Horwath 2014; Bauer, Voigt, and Lemke 2017). Thereby, we identified and focused
on two areas that allow the connection of Gender Studies to the research done in the cluster
to establish a conceptual basis: (1) as the cluster aims to contribute to the sustainable trans-
formation of energy, we researched the general relationship between gender and sustainability
while considering intersectional factors and how to connect these insights to engineering pro-
cesses (Bosen et al. 2023). The findings of this research highlight that not only do women
and members of other marginalized groups share a greater burden of negative effects of, e.g.,
environmental degradation and climate change, but they further have less access to resources
(including access to energy and mobility) and, additionally, are less involved in decision or de-
velopment processes that could contribute to a form sustainable development that could take on
related injustices (Khalikova 2021; Odrowaz-Coates 2021; Prati, Cazcarro, and Hazra 2022).
This emphasizes the need to adopt a holistic, gender-sensitive and intersectional perspective
on sustainability in the research context of the cluster. (2) as the cluster is researching (fossil)
fuels, the topic of petro-masculinity was identified as a further suitable subject to establish our
conceptual basis. This is because petro-masculinity highlights the fact that fossil fuels contribute
to more than energy consumption and related profits (Daggett 2018). They further contribute
to the formation of identities that construct masculinity and femininity oppositely and in a state
of inequality, which perpetuates existing injustices (Daggett 2018). Furthermore, this form of
identity formation is linked to political positions that reject measures to create gender equality
on the one hand and measures to protect the environment on the other (Hedenqvist et al. 2021;
Stoddard et al. 2021; Hultman 2021; Pulé and Hultman 2021; Daggett 2018). Taken together,
the application of this second research area thus allows the transition to an identity-relevant
level, which subsequently enables personal activation and thus creates an intrinsic motivation
for sustainable transformation in addition to the extrinsic motivation in (1). Taken together, this
conceptual basis builds a transformative lens for the research done in the cluster that critically
informs researchers about social, economic (political), and environmental factors of the design,
implementation, and use of their research, which, ultimately, fosters social justice and sustain-
able development (Mertens 2021). Further, this fosters inclusivity and participation within the
cluster and, additionally, motivates for ethical usage of research findings towards societal ends
(Mertens 2021).

Adopting this perspective makes it possible to contribute to the sustainable development of fu-
els on the one hand, and on the other to establish a point of contact in thematic proximity to the
employees of the cluster. Concerning the latter, the following preliminary work was also carried
out to ensure that implementation was tailored to the project and in line with the reality of the em-
ployees: Following our system-theoretical approach to diversity management (Steuer-Dankert
and Leicht-Scholten 2022; Steuer-Dankert and Leicht-Scholten 2019; Steuer et al. 2017), we
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assessed the organizational diversity of the cluster based on the factors of gender, internation-
ality, and position. While this offered first insights into the diversity and reality of the cluster, we
wanted to broaden this perspective for structural and scientific purposes. Accordingly, we de-
veloped — together with the Office for Data Protection at RWTH Aachen — a novel study design
that follows the theoretical framework on diversity in terms of Gardenswarts and Rowe’s (2008)
that conceptualizes diversity into internal, external, and organizational dimensions with person-
ality at the center of diversity. The study allows us to gain insights on the following dimensions
of diversity while being voluntary and completely anonymous and non-traceable: age, gender
identity, cultural background, sexual orientation, migration background, care responsibilities,
physical and mental health, visible and non-visible disabilities, family background, and interna-
tional experience.

Taken together with the established theoretical background, this picture of the diversity of the
cluster can then serve as the basis for an initial needs-orientated workshop that brings these
topics together with the reality of the cluster and its employees. Prof. Martin Hultman from
Chalmers University, a renowned international researcher in the field of gender-sensitive sci-
ence and technology, whose research focuses on petro-masculinity and sustainable develop-
ment, has already been recruited for this first keynote and workshop. Furthermore, a prototype
of a study design was developed, which allows to research and evaluate the effect of the event.
Potential results are intended to serve as a transformative impulse for the research community
of the cluster as well as for gender studies or even the industry.

In addition, we further sketched our future work within the cluster and established a plan for a
series of workshops that can follow up on the first workshop; see below.

Specific (innovative!) research objectives:

» Workshop on Experiences of Discrimination within Scientific Research Organizations
» Workshop on Inclusive Communication within Scientific Research Organizations
» Workshop on Guidelines for Communication and Collaboration

* Pre- and post-studies around the workshops to explore the level of knowledge and atti-
tudes towards the topic of gender and diversity among the cluster members

» Knowledge transfer in the research community of the cluster as well as in gender studies
or even the industry

Research hypotheses and/or questions:

* How can gender studies contribute to the sustainable development of transformative fu-
els?

» How can gender studies contribute to the establishment of an inclusive scientific research
organization?

Research methodology:
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Table 5.2.1: Funding Request for the Support of Equity and Diversity
2026 2027 2028 2029 2030 2031 2032

Funding category Totals per year in thousand euros
Staff

Direct project costs (excluding staff)

Instrumentation

Gleichstellung & Diversitat

Gender Equality

Equality between men and women is a key focal activity within RWTH’s human resource devel-
opment. FSC will build upon the university’s gender equality initiatives covering a wide range
of activities through the RWTH Center for Young Academics:

» Transparent and quality-based selection and recruitment processes monitored by the
steering committee responsible.

* Provision of specialized support centers and mentoring programs for female researchers
helping them advance their personal and professional competencies and academic key
qualifications.

Dedicated financial support programs to specifically promote the careers of female scien-
tists, e.g, by offering re-entry positions for scientists after parental leave.

» Family support, daycare facilities, and short-term childcare services.

These activities are framed in the “Gender Equality Action Plan (2017 2022) addressing six
different fields of action: Cultural Change; Gender Governance; Gender Monitoring; the Uni-
versity as a Workplace; Equal Opportunities and Protection against Discrimination; Research &
Teaching.
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Whith female scientists represented in leading academic position with only 8 % back in 2008,
RWTH has set its general target to a 20 % share of female professors at all levels by 2020.
The progress is tracked and monitored annually. By the end of 2016, RWTH already reached a
share of 16.5 % of female professors. FSC strives for the overall target of 30 % female scientist
among all disciplines and hierarchies, especially through corresponding recruitment activities.
With its many new tenure track positions, FSC will thus be pro-actively underpin the ambitious
gender goals of RWTH. The University will support FSC during the recruiting process substan-
tially by talent scouting and family-friendly recruiting.

Diversity

RWTH aims to create a flexible and inclusive work or study environment and to realize com-
prehensive equal opportunities in research and teaching. To meet the increasing challenges
and support the potential of diversity, the university has developed a specific diversity policy
aiming at opening the university, initiating a cultural change, constructing a life-phase-oriented
staff policy, and strengthening of gender and diversity competences. The staff policy and all de-
rived diversity activities are coordinated and reflected on by the so-called “forumDIVERSITY”,
a university-wide steering committee.

Since 2013, RWTH'’s “Diversity Action Plan has been focusing on the different dimensions of
diversity: gender equality, internationalization, family-friendliness, accessibility and inclusion,
and educational equality (e.g, support for first generation students and Ph.D.s from non-aca-
demic families). FSC intends to recruit 30 % of its Ph.D. student cohort internationally through
advertising the positions worldwide. Ethnic diversity for the tenure track positions will receive
particular attention while scientific quality remains the leading recruitment criteria.

To create early intercultural awareness already at the Ph.D. student level, training on the matter
of “unconscious bias will be compulsory in the FSC Research School.

Family-Friendliness
RWTH offers various measures in place to secure equal opportunities and activities to achieve
permanent establishment of a family-friendly work environment such as:

» Support offers for surrounding topics such as starting a family, maternal protection, parental
leave, childcare, and the care of relatives (Family Service Center).

» Workplace flexibility e.g., home-office, and situational mobile work.

* Activities regarding a family-friendly leadership, e.g., the brochure “Golden Rules of Fam-
ily-Friendly Leadership”.

A number of agreements and guidelines provide a framework that supports students and em-
ployees in balancing academic and family responsibilities. RWTH has been certified as a fam-
ily-friendly university in 2009 and was successfully re-auditioned in 2012 and 2015.

FSC will be instrumental to reach the ambitious goals specified in the RWTH Policy. At this
stage, FSC comprises 20 % of female Pls in the core team, and two females out of six coordi-
nators of the CAs in the steering committee. In close cooperation with the participating Faculties
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and the RWTH Integration Team, FSC will coordinate particularly the recruitment of the future
appointments listed in Table 5.2.2 to actively search for female candidates.

In summary, FSC will implement the following specific measures to foster gender equality, di-
versity, and family friendliness:

+ a steering committee member responsible for the management of Equal Opportunity and
diversity processes,

* individual and partnership coaching and mentoring by the Center of Professional Leader-
ship,

* mandatory unconscious bias trainings from the Ph.D. student level on with increasing in-
tensity during academic development to initiate and sustain continuous awareness build-

ing,

* conscious scouting of female postdoc candidates and junior research group leaders to
counteract the “leaky pipeline challenge,

+ a family-friendly research environment where the FSC Research School encourages in
particular male Ph.D. students to take parental leave,

» closely collaborating with the “RWTH Equal Opportunity Office to establish flexible and
easy access Child Care Opportunities,

» supporting a culture and flexible digital infrastructure allowing communication and team
interactivity combined with flexible home office times (Mattermost hosted at RWTH, clus-
ter-internal cooperation platform),

* lab technician support for pregnant Ph.D. candidates and Postdocs who cannot access
labs.

Equal Opportunity Coordination and Funding Requested for Equal Opportunity

The measures for equal opportunity will be centrally coordinated (0.5 FTE, E13) in the Cluster
Office. The CoE will fund 0.25 FTE for childcare (S7) for after office hours of public child-care
facilities. RWTH will provide the required space close to its core facilities. In addition, the cluster
will furnish several parent-and-child offices at its core facilities. Home office will be supported
by FSC through supply of required hard- and software in order to keep the quality of communi-
cation within the FSC-team as high as possible.

PE & Talentmanagement

Early Career Support at RWTH Aachen University

Early career researchers are the backbone of the research culture and research achievements
at RWTH Aachen University and FSC. Investing in the development of early career researchers
and their research competences is key to (i) a swift and sustainable development of new re-
search fields as well as (ii) its translation forward to stakeholders and partners outside of RWTH.
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Support will be provided for both academic and scientific development. Their academic develop-
ment progresses under the umbrella of the RWTH Center for Young Academics (see Figure 43)
ensuring a university-wide consistent education of all early career researchers. Their scientific
development progresses within the Research Schools of the CoEs as described in more detail
in the next section. CoE Research Schools will be managed through the cluster’s governance.

The RWTH Center for Young Academics with its Research Schools is a vigorous and inspir-
ing learning environment for talent development having diverse backgrounds. The Center for
Doctoral Studies (CDS) and the Center for Professional Leadership (CPL) under the roof of
the RWTH Center for Young Academics support early career researchers in pursuing their in-
dividual career paths either in academia or in industry and society. Measures are getting more
individual from career step to career step and will become more topic-specific by integration
with the Research Schools. CDS currently offers 57 different courses for the development of
general professional and scientific skills and competences. Mandatory courses for FSC Ph.D.
candidates and Postdocs address responsible research, scientific integrity, research data man-
agement, interdisciplinarity and teaching skills. The CPL offers workshops and individual peer
group and team coaching to prepare talents beyond the Postdoc period for different career paths
in science and research development through (i) about 20 different courses for tenure track can-
didates, (ii) a 100-day onboarding for new faculty members, about 50 courses for Postdocs and
Junior Research Group leaders, and (iv) an Advanced Talents Program under the patronage
of the Vice Rector for “Gender and Diversity”. The Advanced Talents Program prepares early
career researchers for applications in highly competitive personal grant programs such as DFG
Emmy Noether, EU Marie-Curie, ERC Starting Grants.

Early Career Support at the Fuel Science Center Research School (Jenny Roseboom
center for young academics)

The proposed Cluster of Excellence “Fuel Science Center will establish an associated Research
School, operated under the responsibility of the FSC Steering Committee. The Research School
will offer early career scientists from late-bachelor level to junior research group a unique sup-
port environment where they excel and evolve into so-called T-shaped talents: they comprehend
systemic complexity (breadth) of a society in an energy transition phase and they specialize in
contemporary and future scientific methodologies (depth).

Already from the B.Sc. level on, research-oriented teaching governs the curricula at RWTH with
teaching and performing research being inseparable. The FSC Research School manages the
interaction between classical university classes and hands-on exposure in FSC-labs on FSC-
relevant research questions. While early career development is often considered to start at
Ph.D. level, FSC will offer students to start as early as the B.Sc. program. These students can
be internal RWTH students as well as those coming from outside through the many exchange
programs (see Section 5.3). Individualized cluster-specific mentoring can hence start with the
B.Sc. thesis already. The many early career support tools at hand and those to be developed
are visualized in Figure 44. Monitoring the progress in skill development of the FSC early ca-
reer researchers will be the responsibility of the Research School and the supervising advisors.
From the early beginning on, supervisors and early career researchers agree upon a mentoring
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plan.

The FSC early career development system is flexible and tailored to the need of the cluster and
the need of the early career researcher. The individualization with respect to content as well
as monitoring will be organized through the Cluster Office in cooperation with the academic
supervisor. For the Ph.D. students, the program is mandatory. The system is permeable for
researchers to join or leave this portfolio according to own interests and ambitions. The pro-
gram will comprise, e.g., lecture series, weekly seminars, colloquia with external guests (FSC
Seminar), rotational lab courses, regular retreats, seasonal schools and young researcher con-
ferences (see chapter 5.3). The FSC Research School will particularly support peer learning,
exchange, and networking between their members. For FSC’s scientific success, international
exchange will be essential. A mobility program with incoming and outgoing stays at interna-
tionally renowned institutes and labs will strengthen current and initiate new international coop-
eration networks. The measures offered through the FSC Research School will be evaluated
and further developed by an Advisory Team comprising members from the different early ca-
reer stages. The above measures will promote the ability to do research, present and publish
within a challenging interdisciplinary environment, to establish a strong personal network, to
gain visibility within the international community, and to ultimately make the leap into scientific
independence.

Measures of Early Career Development at the Different Stages

Students (B.Sc./M.Sc.): Already undergraduate students have ample opportunities to join the
cluster’s research domains during their academic incubation phase. In fact, this very early en-
gagement in relevant research activities represents one of the Clusters most unique educa-
tional features. Most prominent will be a new international M.Sc. program on Molecular Science
and Engineering (MSE) positioned at the interface between Chemistry and Process Engineer-
ing with a focus on Sustainable Chemical and Materials Products and Processes. Other clus-
ter-dedicated involvement occurs through different means such as B.Sc. and M.Sc. theses,
individual practical projects (Chemistry Department), team assignments (chemical and com-
bustion engineering) as well research assistant bursaries for the CA- and TRT-related projects
(10 hours a week). Through the network of the FSC, and in particular through the IAB, B.Sc.
and M.Sc. students have easy access to FSC-related industrial and international internships.
This first exposure to the multi-disciplinary nature of the cluster’s research forms the basis of a
unique educational profile. Close interaction between research groups and students allows the
identification and support of high potential early career researchers. The consistent and contin-
uous scientific mentoring will ensure the adjustment between master thesis and the research
concept for the following doctoral phase. Adopted from the DFG Graduate School AICES at
RWTH Aachen, individualized master programs serve as an add-on to the regular curriculum
within an Honors Class Framework. Like the Dean’s List of the Faculties, this early FSC-inte-
gration is a measure to identify exceptional talents and expedite their development. It will allow
excellent students to shorten the time from bachelor graduation to a doctoral degree down to
five years and below. Doctoral Researchers: Potential candidates will be attracted from inside
and outside RWTH through open advertisements. FSC’s ambition is to attract at least one third
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external candidates in order to stimulate creative diversity. FSC’s target group are the top 20
% of the Masters students based on their written application, grades, and duration of studies.
The interview procedure is led by the Pl and coordinated through the Cluster Office. Together
with a letter of recommendation, a presentation and interviews among FSC Pls, the candidates
enter the program of the FSC Research School. A mentoring agreement is signed mutually
between the Ph.D. candidate and the supervisor specifying the rights and obligations of both.
Developing within the FSC Research School program enables the Ph.D. candidates to perform
autonomous research. To guide doctoral researchers through the dissertation project, they will
be offered a portfolio of educational, advisory, and service measures to develop their skills in-
cluding (i) contentdriven team interactions within the Competence Areas and the Translational
Research Teams, (ii) individual mentoring through senior and junior research group leaders,
(iii) regular self-teaching activities as well as (iv) exposure and shaping of networks with outside
partners and stakeholders in the form of company visits, international conference participation,
and visiting periods at internationally renowned universities (Universities of California, Tsinghua,
Melbourne University, and universities of our cooperation partners). FSC encourages their Ph.D.
students to also supervise smaller projects together with B.Sc. and M.Sc. students in order to
develop leadership skills. Scientific cooperation and team work will further knit a strong network
between the early career researchers. A strong scientific mentoring by two supervisors, where
applicable from different disciplines, will be mandatory.

Postdoctoral Researchers: The end of the doctoral and the beginning of the postdoctoral phase
represents an important transition phase towards academic independence. Own research achieve-
ments from the Ph.D. phase have been published, new independent scientific leads emerge
during this phase. First independent academic contours develop, and contributions to project
guidance, management, and additional fund raising are expected. Postdoctoral researchers are
preferentially recruited form outside and will give new impulses and contribute additional com-
petences. They are eligible to the skill development portfolio of the FSC Research School, as
well as CPL. RWTH will offer funding opportunities to Postdocs where they can apply for first
independent funding within RWTH-wide competitive Call for Proposals. Female postdoctoral
researchers will be supported and encouraged to further pursue an academic career. Corre-
sponding measures to reconcile career and family are important and explained in Section 4.2
(Equal Opportunity).

Junior Research Group Leaders: These outstanding researchers have received their Ph.D. de-
gree, excelled during a postdoctoral position and develop towards independent project leaders.
They are encouraged and supported through the Advanced Talents Program to acquire their
own budget through prestigious grants (Emmy Noether, ERC Starting Grant, Helmholtz junior
research group etc.) and other research projects, supported by a mentor within the FSC or the
RWTH program. To foster excellence at this career level, it is important to provide time and
freedom for their research, an attractive scientific environment and intellectually stimulating co-
operations. Junior research group leaders will be involved in teaching and have the privilege to
supervise doctorates. Within FSC, Junior Research Group Leaders co-supervise at least two
Ph.D. projects together with a PI. Upon suggestion by FSC Steering Committee and based on
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a rigorous evaluation procedure within the Faculty, they can obtain the right to independently
supervise and graduate Ph.D. students. The envisioned career path of Junior Research group
leaders should lead them as most probable next step to an external appointment as professor.
In summary, the qualification concept for early career researchers within the FSC comprises:

+ a research-related individualized FSC-specific curriculum with ample international net-
working and communication nodes,

 swift and effective integration into the FSC-teams (CAs and TRTs),

* regular scientific mentoring by Pls of the Cluster of Excellence including career advising
and training,

» training regarding professional skills, scientific integrity, teaching, research data manage-
ment, responsible research and innovation, and interdisciplinary research (CDS and CPL),

» the RWTH Seed Fund program to support independent research work of postdoctoral
researchers and junior group leaders.

Tenure Track Program

The CoE TMFB has been actively shaping the research directions at faculty level. It also has
been facilitating, paving, and shaping the current RWTH tenure track career path contributing to
a formalized process. In 2017, RWTH has formally agreed upon a university-wide tenure track
program. The overarching RWTH tenure track regulations are currently implemented in proce-
dures and operational details by the faculties and will be effective by the time the FSC will start
hiring tenure track candidates.

TMFB has used substantial funding for the support of junior research groups and junior pro-
fessorships with tenure track option. Candidates understood the CoE as a facilitating means to
develop their academic profile and progress from there and these positions have allowed early
career researchers to develop from creative scientists to leaders in their field. They moved on
to a professorship in the US (Ismael), a leading position at a governmental research institution
(Physikalisch-Technische Bundesanstalt, Fernandez), a Reader position at Imperial College
(Rinaldi), a Professor Position at TU Braunschweig (Schallmey), and as Director of a Leibniz
Institute in Jena (Agler-Rosenbaum). One position has turned into a tenured position at RWTH
already (Klankermayer). One candidate is close to his final evaluation, after successfully pass-
ing mid-term evaluation (Heufer). The latter two researchers are today Pls of the FSC.

FSC will significantly influence the research landscape of the involved faculties through its ambi-
tious early career and tenure track goals. FSC incorporates one current tenure track candidate
(Heufer) into its research program and initiates 11 new positions for tenure track- and Full-pro-
fessorships (see Table 5.2.2).

In summary:

» FSC utilizes the scientific environment, infrastructure, and financial resources to substan-
tially facilitate the development of the 11 new faculty members in their individual and in-
dependent research profile.
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» For all positions planned at this stage, scenarios to sustain the position beyond the tenure
track period are already agreed upon with the respective Faculties and the strategic part-
ners of FZJ and MPI CEC.

» The opportunity to access the extensive existing infrastructure of FSC-Pls will permit a
swift start for each new appointed faculty.

» Through its integrative research program structure and mentoring activities, the early ca-
reer researchers will be able to quickly establish and expand their scientific network.

Early Career Coordination and Funding

A Steering Committee member (Wessling) is responsible for the management of the FSC Re-
search School and its support measures for early career researchers. This includes the coordi-
nation, the conceptual design and organization of the CoE-specific curriculum in the M.Sc. and
Ph.D. phase, the coordination of the scientific and the general career mentoring, CoE-specific
staff development and individual career advising. He cooperates in close synchronization with
the existing early career support structures at the RWTH Center for Young Academics.

The early career support and its activities will be operationally supported out of the Cluster Of-
fice (0.5 FTE) with the following activities: coordination/monitoring of the mentoring of Ph.D.
students, coordination of internships for undergraduates, and planning of the self-teaching and
lab-rotation program for Ph.D. students.

The personnel cost for the JRG “Toxicity Assessment and Prediction is covered by FSC, whereas
the JRG “Additive Fabrication of Novel Electrodes and JRG “Sustainable Life Cycles in Energy,
Chemical and Process Engineering as well as all new professorships in FSC (see Section 5.2.1)
will be funded by other sources (see Section 5.2.2). Moreover, all temporary professorships
have the committed perspective to be tenured, either by commitment of the involved faculties
and institutes or centrally by the RWTH rectorate. This commitment emphasizes the importance
of the CoE to contribute to RWTH’s mission to operate as an Integrated Interdisciplinary Uni-
versity where natural sciences, life sciences and engineering sciences converge.

Within the direct project costs, travel costs for seasonal schools, international lab visits, and
registration fees for CDS and CPL are included. For each researcher within FSC, an annual
budget of 2 k is foreseen. This budget is at the free disposal of the early career researcher from
the Ph.D. student level on and can be spent for the various development tools (soft and science
skills, summer school) within the framework to be established during the first year of the FSC.
Since these costs are also covered by RWTH, please see Section 5.2.2 for detailed information.
The requested instrumentation budget encompasses the start-up package for the (i) JRG “Addi-
tive Fabrication of Novel Electrodes (for detailed description of this start-up package see Section
3.4.2.6) and (ii) the JRG “Toxicity Assessment and Prediction (for detailed description of this
start-up package see Section 3.4.3.6).

Kooperationen
Collaboration
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The principal investigators of the “Fuels Science Center established over the years a continu-
ously growing number of national and international collaborations of relevance for FSC:

» “ACalNet”, the Aachen-California Network of Academic Exchange, is a DAAD-supported
network between RWTH and three campuses of the University of California (Berkeley, Los
Angeles, and Santa Barbara). The network’s main objective is the exchange of students
and researchers in the fields of catalysis and NMR science. While this program expires,
FSC will maintain its tight relationships with the various UC locations and thereby mir-
ror the recently US-financed graduate and faculty exchange program IRES "Training next
generation U.S. researchers in advanced magnetic resonance at the chemistry-industry
interfaces”.

* Inthe area of biorenewable-based energy engineering, the University of Alberta (UAlberta)
has been awarded the Future Energy Systems research initiative as part of Canada’s First
Research Excellence Fund competition - the excellence initiative of the Canadian govern-
ment. RWTH and UAlberta currently establish an institutional partnership and intensify the
cooperation on the basis of joint research projects, student and doctoral student mobility,
collaboration for jointly planned and delivered courses, and mutual research and teaching
visits of professors.

* The Undergraduate Research Opportunities Program UROP will offer specific research
summerschools and internships at FSC research facilities. This program is well estab-
lished and mostly brings students from North America to Aachen.

+ With “CatchBio”, a governmentally funded research network located in the Netherlands,
TMFB has established an intense cooperation that will be continued between FSC and
the “Netherlands Center for Multiscale Catalytic Energy Conversion”.

» With e-Refinery and VoltaChem in the Netherlands, FSC has agreed to develop an annual
exchange meeting comparable to the CatchBio cooperation.

» The Co-Optimization of Fuels & Engines (Co-Optima) initiative, a research and develop-
ment (R&D) collaboration between the U.S. Department of Energy (DOE), nine national
laboratories, and universities supports collaboration with the FSC to further its mission fo-
cused on developing a fundamental scientific understanding of approaches for improving
the efficiency and reducing emissions of future propulsion systems.

» The Germany Ministry for Education and Research has established the so-called "Kopernikus
Projects for Energy Transition” as major nation-wide networks of academic and industrial
partners. One of them, Power-To-X, is coordinated by the FSC PIs Leitner (RWTH) and
Eichel (FZJ) together with DECHEMA. Complementary to the FSC approach, the project
focuses on the chemical storage and utilization of excess power by a combination of (co-
)electrolysis and subsequent conversion of hydrogen, carbon monoxide, and synthesis
gas with largely established catalytic processes. In the project SynErgie, directed towards
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demand side management in production and manufacturing processes, one of the project
areas (chemical processes) is headed by FSC Pl Mitsos (RWTH).

* The “CAT Catalytic Center is a long-term strategic collaboration between RWTH and the
company Covestro. With its already ten years of history and a current personnel of ap-
proximately 25 young researchers and technicians, it provides a successful example for
translational research in public private partnerships. The fundamental research on cat-
alytic CO2 conversion has been pivotal to the industrial implementation of a new industrial
process in the polyurethane industry.

« RWTH is also partner within the European Doctoral Program on “Sustainable Industrial
Chemistry - SINCHEM hosted by the University of Bologna/ltaly. SINCHEM develops col-
laborations between high level academic and industrial teams across Europe and pro-
motes student mobility.

Internationalisierung

Position of FSC within the National and International Research Area

The challenges and opportunities associated with a transition of the energy system and the
use of nonfossil raw materials has led to major research initiatives world-wide. Rooted in its
unique profile, in the scientific progress, and in the collaborative structures developed within
the Cluster of Excellence “Tailor-Made Fuels from Biomass (TMFB)”, RWTH and its partners
are ideally positioned to establish the “Fuel Science Center as a national lighthouse and an
internationally leading scientific environment in this highly competitive field. Targeting “fuels as
central pivot to interconnect the energy, mobility, and chemistry sectors allows the definition of
common goals and a coherent research strategy for scientists at all career levels with diverse,
yet complementary and synergistic expertise. The strategic partnership between RWTH, FZJ,
MPI KoFo, and MPI CEC provides an excellent infrastructure and a critical mass of leading
scientists, capitalizing on the individual profiles of the institutions within the German scientific
landscape.

While a number of research institutions world-wide focus on either the conversion of renew-
able energy into chemical storage materials or the development of alternative propulsion sys-
tems, the integration of both fuel production and propulsion systems in one common research
framework is quite rare. Apart from the CoE TMFB, one of the very few large-scale initiatives
embracing production and propulsion is the recently launched Co-Optima Initiative started by
the US Department of Energy (DOE) in March 2016 [CO]. The initiative intends to “combine the
previously independent areas of biofuels and combustion R&D, bringing together two DOE Of-
fice of Energy Efficiency & Renewable Energy research offices, nine national laboratories, and
numerous industry and academic partners to more rapidly identify commercially viable solutions
[COa]. Current publications from this program deal mainly with the assessment of biomass-de-
rived blending components for compatibility with existing engine concepts, infrastructures, and
production routes [Du17]. The Co-Optima consortium has already indicated a strong interest to
enter into collaboration with FSC in case of its approval.
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The potential for a pivotal international position of FSC in this research area is demonstrated
inter alia by its strategic links to major research institutions and scientific partners through its
Scientific Advisory Board (see Section 4.3). This includes the Joint BioEnergy Institute (JBEI;
San Francisco, USA) [BE], the Sustainable Energies Program at the Dalian Institute of Chemi-
cal Physics (Chinese Academy of Sciences, Dalian, China) [DICP], the Netherlands Center for
Multiscale Catalytic Energy Conversion [MCEC], the Engine Research Center at the Univer-
sity of Wisconsin (Madison, USA) [ERC], the Center for Sustainable Chemistry at University of
Nottingham (UK) [CSC], and the Center for Process Systems Engineering at Imperial College
(London, UK) [PSE].

Based on the fundamental insight and methodological progress, FSC is able to act as a motor
for translational research activities transferring knowledge into innovation. In addition to focused
industrial projects aiming atimplementation, this is exemplified in particular by coordinating roles
in large scale national academic-industrial networks such as the Kopernikus project “Power-to-
X and the BMBF initiative “Carbon2Chem®”. It is also reflected by the strong commitment of
representatives from companies covering the entire value chain from energy systems to car
manufacturers in the International Advisory Board (see Section 4.3.1).

Digitalisierung

Nachhaltigkeit (Niklas von der ARen

Forschungsdatenmanagement (Herres-Pawlis / Doérte Rother)

Research Data Management(Herres-Pawlis / Doérte Rother)

FSC will define, support, and maintain standards for Research Data Management (RDM) within
the cluster, but will also contribute to extending RDM methods, processes, and tools, and tailor
these for the specific needs of the cluster. Within FSC, this should lead to a culture, where RDM
is an integral, automated, and indispensable part of the complete data life cycle and scientific
collaboration. FSC will implement the FAIR principles (Find, Access, Interoperate, and Re-use)
of scientific data management and support open access as important cornerstones of good sci-
entific practice. RDM will also be an important part of the annual internal peer project evaluation
as described in section 4.3.3.

Within the first year of the project, FSC will establish a first version of a data management pol-
icy in accordance with principles of scientific data management of the participating institutions
RWTH, FZJ, and MPI, which will be further extended during the course of the project. This pro-
cess will be facilitated by the newly founded JARA-Center for Simulation and Data Sciences, the
RWTH IT Center, and the RWTH University Library within the research data management efforts
of RWTH described in the RWTH Strategy 2030. The policy includes data management plans
specifically developed for the different research areas within FSC, details about appropriate
meta-data schemata, and guidelines regarding institutional archiving, presentation platforms,
and specialized repositories.
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The RDM-responsible member of the FSC Steering Committee (Pitsch) together with a scientific
data manager (SDM) will be responsible to coordinate the RDM activities within the FSC. The
SDM will be a newly established position of a researcher at the interface of engineering, the nat-
ural sciences, and information technology co-supervised by one of the FSC Pls and the director
of RWTH’s IT Center. The SDM will ensure the proper identification and processing of data
assets according to the data management policy. Responsibilities of the SDM include the pro-
motion of open access and providing training and technical assistance to scientists. The SDM
will further collaborate with the RWTH IT Center staff and FSC researchers (i) to develop tai-
lored data management plans to accommodate the vastly different needs of researchers within
the cluster from kB to tens of TB; and (ii) to support, from a user’s point of view, the integration
of new RDM tools developed in community efforts or by the FSC participating institutions, such
as the application “Laborjournal presently under development at MPI.

Data management plans will guide data management throughout the data life-cycle, such that
data will be enriched with appropriate meta-data already during its generation and that at the ap-
propriate times, access is granted to collaborating researchers within FSC and to the scientific
community. PIDs (persistent identifier system by the European Persistent Identifier Consor-
tium EPIC) will be used to track the data from acquisition to archiving, publishing, and enabling
long-term open access. RWTH's institutional repository will provide an option for data storage;
furthermore, its tools for meta-data management and the creation of data management plans
as well as templates for institutional policies will be used.

Transfer
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Guidelines for section 5.3:

Where the Cluster of Excellence uses, generates and/or processes data, please describe the
overall plans and policies for the handling of research data, samples, research software and/or
other material and objects, including statements about data security, rights management, licens-
ing, and publication support. How are research data, samples and research software securely
to be archived and curated? What kind of re-use will be encouraged, e.g. by means of licenses?
Please describe the overall strategies for publishing the research output, including the reusabil-
ity of data, material and research software.

Describe the provisions for research facilities and instrumentation as appropriate. How is the
planned infrastructure of the Cluster of Excellence embedded in existing structures and research
facilities (such as instrumentation facilities and research data infrastructures, publication plat-
forms, code repositories)? Where applicable, you may refer to central measures and resources
provided by the applicant university/universities and participating institutions relating to data and
information management as described in section 6.2 (e.g. data stewards, IT centres, libraries,
imaging and other facilities).

Renewal proposals only: Please refer to the strategies pursued and measures established in
the first funding period.

Please summarise the requested funds for these measures using the table below, and provide
a justification for your request in the text. Note that staff funding requested as part of the
research programme in section 4.5 should not be included in this table. “Instrumentation”
refers to all instruments, software and other equipment costing more than 50,000 euros per
item. Instrumentation costing more than 150,000 euros per item should be listed individually.

Estimation: In total, a maximum of 4 pages for this section.
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5.3 Strategies for research data (Herres-Pawlis & Rother) and research software management
and provisions for research infrastructures and instrumentation

Research data management

Building on the structures of the previous cluster and on the identified needs, the cluster aims to
strengthen research data management (RDM) and enable its researchers in that regard. The
previous cluster established a supporting structure with a data steward team. The team sup-
ported researchers by defining RDM standards, explaining the Findable, Accessible, Interoper-
able, Reusable (FAIR) principles [211] (see Table[5.3.1), and supporting in the development of
tailored data management plans.

However, the efforts also showed that researchers in the cluster often have difficulties with start-
ing and with knowing what is necessary for performing RDM. The number of tools available can
be confusing and researchers struggle on the question on how to start RDM. This start includes
choosing the right tools for RDM as well as the decision on what data to save and in which way.
These are struggles that also researchers outside the clusters have [212][3—4]. To improve the
RDM capabilities and support the researchers, this cluster proposes a concept for RDM that
builds upon existing structures as the cluster’s platform (see section ... ) and is enhanced with
ML supportive tools. This will ultimately support researches in their decision making process
on RDM approaches and therefore accelerate research progress within FSC.

Our initial RDM concept aims to facilitate RDM for researchers in the cluster and further develop
the cluster’s platform as a single point of access (see Figure[d0). As the platform is already
well-known and used by the researchers, the barrier to use it for additional activities as RDM
is expected to be low. The access will be designed as a research data interface that collects
relevant information about the data the researcher wants to manage. Additionally, the platform
will connect to external services as RDM recommendation systems and RDM tools. Via this in-
terface, researchers can get support in their decisions on which RDM tool to use and on setting
up the required information in the chosen RDM tool.
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Figure 40: RDM concept within the cluster’s platform.

Additionally, the concept aims to support the researchers in preparing data, as this is a neces-
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sary step for RDM. Effective data preparation is essential for ensuring data quality and accessi-
bility throughout the research lifecycle. The management of data can be supported by utilizing
ML models for organizing, cleaning, and anonymizing data. By providing support for managing
the data, the barrier to use the RDM tools suggested by the external recommendation service
is supposedly smaller. The models must be developed and deployed for the researchers in the
cluster.

The proposed concept should also enable and promote RDM with the cluster according to the
FAIR principles, as explained in Table[5.3.1]

Table 5.3.1: FAIR principles for RDM concept.

Connecting the chosen RDM tool with the project description makes the data easily
findable for all cluster researchers. The use of the recommendation systems helps

Findable defining the user how to make the data findable for everyone in the research com-
munity, e.g., by publishing a data publication.
Accessible The use of the RDM tools enables a way of storing data in a way that it is open to

everyone.
The recommendation system helps in defining what is necessary for the specific
data. The researcher can then choose the suitable managing ML model to support
preparing the data to be easily integrated and exchangeable between different sys-
tems.

The managing ML models help preparing the data in a way that other researchers
can use it.

Interoperable

Reusable

Data Management Coordination and Funding: The effort will be around 1 scientific researcher
plus student support

Table 5.3.2: Funding Request for Research Data Management, Infrastructures, and Instrumen-
tation
2026 2027 2028 2029 2030 2031 2032
Funding category Totals per year in thousand euros
Staff
Direct project costs (excluding staff)

Instrumentation
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Guidelines for section 5.4:

Describe the internal organisation and management structure of the Cluster of Excellence. De-
tail the internal decision-making criteria and structures for central aspects such as internal allo-
cation of funds and staff selection. Describe the Cluster’s strategies for quality assurance (e.g.
monitoring, evaluation etc.).

Explain how the Cluster of Excellence is institutionally integrated in the applicant university/uni-
versities and, if applicable, outline the collaboration with the participating institutions (cf. section
1.4).

Renewal proposals only: Please refer to the internal management structure of the first funding
period. If applicable, please explain adjustments planned for the second funding period.
Please summarise the requested funds for these measures using the table below, and provide
a justification for your request in the text. Note that staff funding requested as part of the
research programme in section 4.5 should not be included in this table. “Instrumentation”
refers to all instruments, software and other equipment costing more than 50,000 euros per
item. Instrumentation costing more than 150,000 euros per item should be listed individually.

Estimation: In total, a maximum of 3 pages for this section.
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5.4 Management, governance (Lehrheuer), quality assurance(lsenhardt, Johanna Lauwigi)

RWTH Aachen University (RWTH)’'s ambition is to be Germany’s academic cornerstone for
providing sustainable solutions that impact current and future challenges. The university has
developed and uses its governance as an enabler of its vision and values and to serve its
members, network partners and society. Guaranteeing responsiveness and the capacity for
organizational renewal is key to the University’s strategic development. This requires effective
coordination, involvement, and commitment of all parts of the University and its partners.
RWTH’s governance model makes use of an effective balance between collegial self-organization
and top-down monitoring and directing. New ideas are initiated bottom-up through networks of
Pls. Collegial self-organization in the institutes, faculties, centers and Profile Areas enables in-
terdisciplinary research and convergence next to individual autonomy, creativity and freedom of
disciplinary research. Various measures of the funding line University of Excellence, in particu-
lar the Exploratory Research Space and the Strategy Fund, facilitate and support these explo-
rative processes and incubate them to a state where further implementation proceeds swiftly.
The rectorate and faculties fulfill the formal hierarchical function of managing the processes of
developing, organizing, and implementing a teaching portfolio and collaborative research. The
final responsibility for developing the overall strategy of RWTH and allocating resources lies
with the rectorate.

Decisions concerning appointments, structural development, and allocation of resources are
the result of negotiations between the faculties and rectorate when those parties come together
in the form of the Planning and Allocation Committee. Since Profile Areas and Cluster of Excel-
lences (CoEs) inform the Planning and Allocation Committee on a regular basis, suggestions,
plans, and ideas based on their evolving roadmaps can be incorporated into the decision pro-
cess.

The Planning and Allocation Committee is supported by the scientific Strategy Board. Using
its scientific expertise, the Strategy Board evaluates upcoming topics, works out recommenda-
tions, and proposes resolutions to the Planning and Allocation Committee. The composition of
the Strategy Board ensures that the University’s interdisciplinary competence profile, strong ties
with partner institutions, and the ambition to promote young academic talent are adequately rep-
resented. Permanent members are the speakers of the CoEs, representatives from the Profile
Area, the Forschungszentrum Jilich (FZJ), and other extramural research institutions located
on Aachen premises. The group of young advanced talents, organized within the Center for
Young Academics, delegates one permanent representative to the Strategy Board. Temporary
members may be invited to join the Strategy Board when external expertise is required on spe-
cific topics. This broad participation ensures the sustainability and continuity of the board, as
well as its ability to act flexibly. A close exchange between the Planning and Allocation Com-
mittee and the Senate ensures broad acceptance and implementation of the RWTH strategy
throughout the university. This is particularly important with regard to major developments and
changes. Regular university-wide workshops also involve other key stakeholders in the strate-
gic development. They are all empowered to act as ambassadors within the University.
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5 Structures and strategies in the Cluster of Excellence

5.4.1 Operational Cluster Management

The CoE is a non-incorporated association of institutes of RWTH, FZJ, and the Max Planck In-
stitute for Chemical Energy Conversion (MPI CEC). All collaborations within the The Integrated
Fuel & Chemical Science Center (FSC?) network are based on the jointly agreed CoE’s statutes,
which describe all operational procedures.

The management structure of the CoE is illustrated in Figure [41] It continues the current

&
€ % The Integrated

S 2" Fuel & Chemical
FSC Science Center
Operational Cluster Management

[ “nicmatonal Advsory Bord 3 9 SR L& sicering Commitc: S ML ClsiorOice |

scientific | industrial | global | interdisciplinary representative | decisions | strategy controlling | communication | organisation
Scientific Program > > Supporting Structures and Environment

Carbon-based Ammonia Concatenated

Fuel Fuel Synthetic Early Career Researchers

Application il ‘PPa‘lEW?{S) undergraduate | doctoral | post-doc | junior research group | tenure track
alkovits)

Equal Opportunity
equity | inclusion | fairness | equality | individuality

Research Data Management
interdisciplinary | FAIR | comprehensive | high quality | standardized

Quality Assurance (Pischinger & Leitner)
internal | external | independent | objective | holistic

Science Communication (Cluster-Office)
intra-cluster | public outreach | peer-reviewed | transdisciplinary

Figure 41: Management structure of the CoE

operational management structure of FSC that has proven to facilitate both an effective and
efficient co-ordination within the cluster and the continuous development and implementation of
the strategic vision of the CoE. The Operational Cluster Management consists of three pillars:
the Steering Committee, the International Advisory Board (IAB), and the Cluster Office.

The Steering Committee is the central supervisory and decision-making board. The Steering
Committee meets monthly. It is in charge of monitoring and steering all activities of the Scien-
tific Program and the Supporting Structure. The Steering Committee is directed by the CoE’s
spokespersons Stefan Pischinger and Walter Leitner who are in charge of the scientific, tech-
nical, financial, legal, and administrative coordination. Additional members will be the coordi-
nators of the SRAs (see Figure [d1). MPI CEC and FZJ are represented by Walter Leitner and
Regina Palkovits, respectively. Those responsible for the measures of the Supporting Structure
report to the Steering Committee on a monthly basis and as required.

The IAB supports and monitors the CoE’s activities by evaluating progress and providing im-
pulses for further development with regard to both scientific and industrial issues. The IAB is
composed of key representatives from international academic institutions and industry, related
to all fields of research within FSC2, insuring a close alignment of the cluster’s objectives and
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the demands of its key stakeholders. The rector of RWTH is member of the IAB to facilitate the
progress of the cluster. The meeting of the IAB will take place during the annual International
Conference held by FSC2. Advisors who have confirmed their participation are listed below.

Table 5.4.1: International Advisory Board (IAB) of The Integrated Fuel & Chemical Science

Center

Company/University Position/Department

Dr. Jens Artz

Andreas Bulan

Dr. Joachim Damasky

Prof. Dr. Maximilian Fleischer
Prof. Dr. Thomas Garbe
Dr. Thomas Haas

Dr. Ralf Karch

Evangelos Karvounis

Dr. Michael Kruger
Dr. Lars Menger
Gesa Netzeband

Dr. Hermann Pengg
D.Sc. (Tech) Teemu Sarjovaara
Dr. Peter Sauermann

Dr. Hans-Christian Schaefer

Dr. Nicole Schodel

Dr. Marie-Noelle Semeria

Dr. Karsten Wilbrand

Industrial Advisors

Dechema

Covestro
VDA

Siemens

KG
VW

Evonik

Umicore

Ford

Bosch
BMW AG
DGMK
Audi AG

Neste Corporation
BP

DBU

The Linde Group

TOTAL S. A.

Shell PLC

Energy
Global GmbH & Co.

R&D Manager

Managing Director of the Research As-
sociation of Automotive Technology

Chief Technological Expert

Director Marcomolecular Chemistry

Head of Research & Development Pre-
cious Metals Chemistry

Director Global Powertrain Research &
Advanced Engineering

Head of Development Diesel Systems

Specialist for Fuels and Additives

Head of R&D, Products and Applica-
tions Research and Development

Director BP Global Fuels Technology
Leiter Referat Biotechnologie, Projekt-
gruppe Energie

Head of Chemical Development and
Services

Senior Vice President, Group Chief
Technology Officer

Senior Principal Scientist Mobility

Scientific Advisors

Prof. Claire Adjiman

Imperial College Lon-

don

Faculty of Engineering, Department of
Chemical Engineering

Continued on next page
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Table 5.4.2: Caption

(Continued)

Name

Prof.

Prof.

Prof.
Prof.

Prof.

Prof.
Prof.
Prof.

Prof.

Prof.

Prof.

Prof.

Prof.

Prof.

Paul Anastas

Adisa Azapagic

Alexis Bell

André L. Boehman

Avelino Corma

Yiguang Ju

Jay Keasling

Katharina Kohse-Hoinghaus

Amit Kumar

Martyn Poliakoff

Ortwin Renn

Philippe Sautet

Greg Stephanopoulos

Bert Weckhuysen

Dr. Charles Westbrook

Prof.

Tao Zhang

Company/University

Yale University

The  University
Manchester

of

Energy Biosc. Institute

University of Michigan

Universidad de Valen-

cia

Princeton

University of California

Uni Bielefeld

University of Alberta

The University of Not-

tingham
IASS

UCLA

Massachusetts
tute of Technology

Universitat Utrecht

Insti-

University of California

Dalian Institute
Chemical Phsysics

of

Position/Department

Center of Green Chemistry an Engi-
neering

Sustainable Industrial Systems

Chemical Engienering

Department of Mechanical Engineering
Chemistry

Department of Mechanical Engineer-
ing, ERC

Chemical & Biomolecular Engineering
Department of Chemistry

Department of Mechanical Engineer-
ing. Deputy Director, Future Energy
Systems

Chemistry

Catalysis, Surface Chemistry, Materi-
als

Biotechnology and Chemical Engineer-
ing
Chemistry

Combustion Chemistry

Director

The Cluster Office consists of a Chief Operating Officer (COQ) and a Chief Financial Officer
(CFO) who are appointed by the coordinator of the CoE. The COO manages and supports the
Steering Committee in assessing the scientific progress as well as the alignment of the individ-
ual projects to the interdisciplinary research goals of FSC2. The CFO is the point of contact
with the Deutsche Forschungsgemeinschaft (DFG) financial administration. All financial man-
agement and accounting work is prepared in compliance with DFG policies. The CFO maintains
financial data in relation to the activities within the CoE for all partners, and this documentation
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is continuously checked against the university’s accounting system.

5.4.2 Scientific Program Management and Fund Allocation

The backbone of the CoE are the Competence Areas (CAs) that were established in the previous
phase of the cluster. In comparison to the previous CoE period, 5 SRAs will become a part of
all Competence Areas (CAs). The SRAs address the greatest scientific challenges. These will
be handled by the different CAs using the knowledge already gained in Phase 1. This approach
intensifies the interdisciplinary exchange within the cluster.

The Translational Research Teams (TRTs) were successfully established in the first funding
period. Within the TRTs, interdisciplinary research was carried out in temporary working groups,
focusing on complex systems. The TRTs have been structurally integrated into the cluster in
such a way that they function without an additional permanent organization. They continue to
be supported by flexible funds, but no longer need to be embedded in the structure.

An annual internal peer review process was established during the previous CoE Tailor-Made
Fuels from Biomass (TMFB) and successfully continued during the first funding period of the
FSC. As part of the review process, the alignment of projects within the CAs and SRAs as well
as corresponding funding allocations will be monitored and implemented.

Each PI's process will be evaluated by his or her peers through written review, presentation, and
discussions with the scientific staff. Particular attention is paid to the progress of the projects. In
addition, all project reports are evaluated by the Steering Committee. On this basis, the Steering
Committee can take supportive measures, demand a reorientation of the projects, or terminate
projects prematurely. The quality of the CoE can be ensured through a collegial, transparent,
and cooperative culture. This allows the Cluster to adapt to a constantly changing scientific,
economic, and social environment.

5.4.3 Supporting Structures and Environment

The Cluster Office is responsible for the coordination and implementation of the supporting
structures. FSC doctoral students are supported during their doctoral studies by the measures
described above, including the FSC Research School (von der Alken , Section X) and Equal
Opportunities (Leicht-Scholten, Section Y). The supporting structures for the FSC research
environment are managed by the members of the Steering Committee. They include qual-
ity assurance (Pischinger and Leitner), science communication (Palkovits), and research data
management (Herres-Pawlis).

Quality assurance

To ensure excellence in quality in a research project as interdisciplinary and diverse as this clus-
ter comes with challenges. The previous cluster established an approach for quality assurance
that goes beyond the obvious quantitative measure of research output by evaluating both the
quality and quantity of publications. Based on this method, an environment was created for the
researchers where the interdisciplinary work and cooperation within the cluster are especially
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5 Structures and strategies in the Cluster of Excellence

Table 5.4.1: Caption

valuedﬂ

Description of one or two measures taken based on the outcome of the reports, the peer project
evaluation, or the Balanced Scorecard. Based on the learnings from the former cluster, this
cluster builds on a steady improvement using three monitoring tools that evaluate the quality of
each project as well as the overall cluster research and cooperation:

» Quarterly scientific progress reports comprise research-related and financial reporting.

» Annual internal peer project evaluation assesses (i) scientific progress, (ii) cooperation within
FSC, (iii) relevance for FSC, (iv) the scientific output, and (v) research data management.

» Combination of quantitative and qualitative evaluation methods performed by the institute In-
telligence in Quality Systems at the Laboratory for Machine Tools and Production Engineering
(Isenhardt) that inspect the inner perspective (e.g., with a balanced scorecard evaluation to
quantify key indicators and interviews with central researchers within the project) as well as
the outer perspective (e.g., citation count of scientific papers and references in nonscientific
publications as social media or newspapers) of the scientific cooperation and work in the
cluster.

Table 5.4.2: Funding Request for Management, Governance, Quality assurance
2026 2027 2028 2029 2030 2031 2032

Funding category Totals per year in thousand euros
Staff

Direct project costs (excluding staff)

Instrumentation

"Balanced Scorecard evaluation of The Fuel Science Center in 2022
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5.4 Management, governance (Lehrheuer), quality assurance(lsenhardt, Johanna Lauwigi)

Guidelines for section 5.5:

Please explain what strategies are envisaged for science communication. What strategies
or techniques will the Cluster of Excellence use to communicate its research objectives, ap-
proaches and findings to specific target audiences and/or the lay public? How will the transfer of
knowledge be organised? Where applicable, please outline any plans to incorporate research-
oriented teaching.

Renewal proposals only: If applicable, please refer to relevant strategies and achievements of
the first funding period.

Please summarise the requested funds for these measures using the table below, and provide
a justification for your request in the text. Note that staff funding requested as part of the
research programme in section 4.5 should not be included in this table. “Instrumentation”
refers to all instruments, software and other equipment costing more than 50,000 euro per
item. Instrumentation costing more than 150,000 euros per item should be listed individually.

Estimation: In total, a maximum of 3 pages for this section.
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5.5 Science communication(Isenhard), knowledge transfer and research-oriented teaching(?)
Intra-cluster communication (Isenhardt)

A central aspect of research is communication. Within large clusters like ours, it could be chal-
lenging for interdisciplinary teams due to their diverse backgrounds and expertise. Coordinating
communication across the whole cluster often requires effective dissemination of information
to enable collaboration and innovation. In the previous cluster, a comprehensive online plat-
form was established. It is tailored to meet the diverse needs of all cluster researchers. The
user-centered platform serves as a central hub for facilitating seamless communication and
knowledge sharing. It encompasses a wide array of features:

+ Contact information for each researcher to facilitate easy connectivity

Detailed information about every project within the cluster to encourage cross-disciplinary
engagement

A list of all cluster publications to enable cluster-wide research
» Dissemination of news
» Access to a fuel database to support ongoing research

As a central contact point within the cluster, this platform will be further optimized to users’
needs. Additionally, the platform can be enriched with new features, for example to facilitate
data management within the cluster.

Formally, intra-cluster communication will occur through coordination meetings on different lev-
els (CAs, TRTs, general assembly, situational working groups). Intensification and documenta-
tion of intra-cluster communications will be supported by RWTH-hosted software communica-
tion tools such as Microsoft Office SharePoint. Swift and effective scientific cooperation across
the different locations of FSC will be facilitated through a digital team communication tool (such
as Mattermost), in which teams organize themselves according to the CAs, TRTs, and situa-
tional communication teams.

Table 5.5.1: Funding Request for Science Communication, Knowledge Transfer, and Teaching
2026 2027 2028 2029 2030 2031 2032

Funding category Totals per year in thousand euros
Staff

Direct project costs (excluding staff)

Instrumentation
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5.5 Science communication(lsenhard), knowledge transfer and research-oriented teaching(?)

Guidelines for section 6.1:

Please comment on the suitability of the applicant university/universities and what role the Clus-
ter of Excellence will play in its/their proposed structural development. Outline its/their priorities,
also with regard to the overall strategic concept(s) of the institution(s), including projects already
funded through the Excellence Strategy and/or other proposals.

In case of a joint proposal, the cooperation between the applicant universities and the academic
and structural benefits it offers should be described for each of the applicant universities.
Renewal proposals only: Please describe the relevant achievements of the first funding period.

Estimation: In total, a maximum of 2 pages for this section.
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6 Environment of the Cluster of Excellence

6.1 Strategic development planning at the applicant university/universities (Anika Linzenich,
Brigitte Klippers
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6 Environment of the Cluster of Excellence

Guidelines for section 6.2:

Please explain what contribution each applicant university and participating institution is
currently providing and will provide in the future in terms of staff, funding and infrastructure to
support the Cluster of Excellence. Describe how this contribution is embedded in the strategic
planning of the university/universities, for example in relation to existing and/or planned core
research facilities (such as platforms, research data infrastructures, publication platforms, code
repositories). Where necessary and appropriate, reference should also be made to strategies
and access policies relating to key technologies and IT.

Estimation: In total, a maximum of 2 pages for this section.
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6.2 Resources provided by the institution(s)

Table 6.2.1: New tenure track positions and lighthouse appointments generated within
the FSC?

6.2 Resources provided by the institution(s)
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6 Environment of the Cluster of Excellence

Guidelines for section 6.3:

Please describe the existing and planned collaborations between the Cluster of Excellence and
other institutions both in Germany and in other countries.

Please summarise the requested funds for collaborations using the table below, and provide
a justification for your request in the text. Note that staff funding requested as part of the
research programme in section 4.5 should not be included in this table. “Instrumentation”
refers to all instruments, software and other equipment costing more than 50,000 euros per
item. Instrumentation costing more than 150,000 euros per item should be listed individually.

Estimation: In total, a maximum of 2 pages for this section.
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6.3 Collaboration with external partners

6.3 Collaboration with external partners

“ACalNet”, the Aachen-California Network of Academic Exchange, is a DAAD-supported net-
work between RWTH and three campuses of the University of California (Berkeley, Los An-
geles, and Santa Barbara). The network’s main objective is the exchange of students and
researchers in the fields of catalysis and NMR science. While this program expires, FSC will
maintain its tight relationships with the various UC locations and thereby mirror the recently
US-financed graduate and faculty exchange program IRES "Training next generation U.S.
researchers in advanced magnetic resonance at the chemistry-industry interfaces”.

In the area of biorenewable-based energy engineering, the University of Alberta (UAlberta)
has been awarded the Future Energy Systems research initiative as part of Canada’s First
Research Excellence Fund competition - the excellence initiative of the Canadian govern-
ment. RWTH and UAlberta currently establish an institutional partnership and intensify the
cooperation on the basis of joint research projects, student and doctoral student mobility, col-
laboration for jointly planned and delivered courses, and mutual research and teaching visits
of professors.

The Undergraduate Research Opportunities Program UROP will offer specific research sum-
merschools and internships at FSC research facilities. This program is well established and
mostly brings students from North America to Aachen.

With “CatchBio”, a governmentally funded research network located in the Netherlands, TMFB
has established an intense cooperation that will be continued between FSC and the “Nether-
lands Center for Multiscale Catalytic Energy Conversion”.

With e-Refinery and VoltaChem in the Netherlands, FSC has agreed to develop an annual
exchange meeting comparable to the CatchBio cooperation.

The Germany Ministry for Education and Research has established the so-called "Kopernikus
Projects for Energy Transition” as major nation-wide networks of academic and industrial part-
ners. One of them, Power-To-X, is coordinated by the FSC Pls Leitner (RWTH) and Eichel
(FZJ) together with DECHEMA. Complementary to the FSC approach, the project focuses
on the chemi-cal storage and utilization of excess power by a combination of (co-)electrolysis
and subsequent conversion of hydrogen, carbon monoxide, and synthesis gas with largely
established catalytic processes. In the project SynErgie, directed towards demand side man-
agement in production and manufacturing processes, one of the project areas (chemical pro-
cesses) is headed by FSC Pl Mitsos (RWTH).

The “CAT Catalytic Center” is a long-term strategic collaboration between RWTH and the
compa-ny Covestro. With its already ten years of history and a current personnel of approx-
imately 25 young researchers and technicians, it provides a successful example for trans-
lational research in public private partnerships. The fundamental research on catalytic CO2
conversion has been pivotal to the industrial implementation of a new industrial process in the
polyurethane industry.

RWTH is also partner within the European Doctoral Program on “Sustainable Industrial Chem-
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6 Environment of the Cluster of Excellence

istry — SINCHEM” hosted by the University of Bologna/ltaly. SINCHEM develops collabora-
tions between high level academic and industrial teams across Europe and promotes student
mobility.

« refuel.ch, ETH Zirich.

» BioSC?

» Aufbrauch (Rother)

» etos (Waldvogel)

» Hydriogeni, Norwegen (Pitsch)

* NEDO, Japan (Pitsch)

Table 6.3.1: Funding Request for Collaboration with external partners

2026 2027 2028 2029 2030 2031 2032
Funding category Totals per year in thousand euros
Staff

Direct project costs (excluding staff)

Instrumentation
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6.3 Collaboration with external partners

Guidelines for chapter 7:

In this section the funds requested in sections 4, 5 and 6 above are summarised according to
various aspects. Please complete the following table to show the amount of funding requested
for the subunits of the proposed research programme.

In table 7.1, please summarise the amount of funding required to implement the Cluster's Re-
search Programme broken down to the research subunits and cost types, as described in sec-
tion 4.5. “Instrumentation” refers to all instruments, software and other equipment costing more
than 50,000 euros per item.

In table 7.2, please summarise the amount of funding required to implement the Cluster’s struc-
tural measures (from sections 5 and 6). The measures listed are examples and can be modified,
added to or omitted as necessary.

In table 7.3, please list the number of staff positions requested for the Cluster of Excellence.

In table 7.4, list the respective total amounts of funding requested for the Cluster of Excel-
lence overall — not including the programme allowance for indirect project costs and the
university allowance — broken down by funding category and year. Again, “Instrumentation”
refers to all instruments, software and other equipment costing more than 50,000 euros per item.

Estimation: In total, 2 pages for this chapter.
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7 Funding Request

Table 7.1: Total Funding Requested for the Research Program

Research Subunits Funding category Total* 2026-2032
Staff

Direct project costs

Subunit A
(excluding staff)
Instrumentation
Staff

Subunit B Direct project costs

(excluding staff)
Instrumentation
Total

" as detailed in tables 4.5.x.2; amounts in thousand euros

Table 7.2: Total Funding Requested for Structural Measures

Structural measures Total* 2026-2032
Early-career researchers

Equity and diversity

Research data and research software management; research infrastruc-

tures and instrumentation

Management, governance, quality assurance

Science communication, knowledge transfer and research-oriented teaching

Collaboration with external partners

Total

" as detailed in tables 5.1 to 6.3; amounts in thousand euros

Table 7.3: Total Staff Requested
2026 2027 2028 2029 2030 2031 2032

Staff category Number of staff positions

Professors
Independent junior research group leaders

Postdoctoral researchers

Continued on next page
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7 Funding Request

(Continued)

2026 2027 2028 2029 2030 2031 2032

Doctoral researchers
Other staff

Table 7.4: Total Funding Requested
2026 2027 2028 2029 2030 2031 2032 Total

Funding category Totals in thousand euros

Staff
Direct project costs (excl. staff)

Instrumentation

Total project funding
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Guidelines for Appendix:

Please include only the following information in the appendix to the proposal. Do not include or
submit any other additional information/materials beyond those requested.

The appendix does not count towards the maximum 120 pages of the proposal. For the publi-
cation lists to be provided in sections 1 and 2, please note:

» Works which are not in the public domain are not considered publications and cannot
be cited. An exception is made in the case of papers that have already been accepted
for publication, in which case the manuscript and the editor's confirmation of acceptance
must be enclosed as a separate PDF file and uploaded via elan (see instructions in the
guidelines).

» Publications should be listed with their full title, and, where possible, with their persistent
identifiers (e.g. DOI/Digital Object Identifier), preferably by stating the number, otherwise
by naming the URL.

» Authorship must be cited in unaltered form in accordance with how it appears on the
published works. Publications with multiple authors may be cited as follows: >first author,
second author, et int, last author<.

* Please sort the reference lists in descending order by date of publication (i.e. the most
recent publication first).

* Renewal proposals only: The works referenced in Categories A and B should mainly
serve as a report on research performed within the first funding period of the Cluster of
Excellence.

Details of quantitative metrics such as impact factors and h-indices will not be considered in the
review. Please refrain from providing such data in the publication lists.

Guidelines for A.1:

Please provide a list of up to 25 scientific or scholarly papers published in peer-reviewed
journals, peer reviewed contributions to conferences or anthology volumes, and book publica-
tions which, in your opinion, are the most important to have been produced by the principal
investigators in the Cluster of Excellence. Open-access publications should be designated
accordingly.

Estimation:
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A Appendix

A.1 The 25 most important publications for the Cluster of Excellence, Category A
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A Appendix

Guidelines for A.2:

Here you can cite any other form of published research results. Please provide a list of up
to 25 other published scientific or scholarly outcomes, e.g. articles on preprint servers and
non-peer reviewed contributions to conferences or anthology volumes, recensions/reviews
without peer review, data sets, protocols of clinical trials, software packages, patents applied
for and granted, blog contributions, infrastructures or transfer. You may also indicate other
forms of scientific or scholarly output such as contributions to the (technical) infrastructure
of an academic community (including in an international context) or contributions to science
communication.

Estimation:
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A.2 The 25 most important publications for the Cluster of Excellence, Category B

A.2 The 25 most important publications for the Cluster of Excellence, Category B
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A Appendix

Guidelines for A.3:

Please list up to 25 additional important indicators (not including publications) which, in your
view, highlight the qualifications of the principal investigators (research awards, third party fund-
ing, etc.). You may also briefly note the relevance of each indicator to the Cluster of Excellence.
Cumulative entries of similar indicators are accepted if no further information on the individual
recipients/items is provided (e.g. “3 ERC grants”).

Renewal proposals only: These indicators do not have to be related to work carried out during
the first funding period.

Estimation:

190



A.3 The 25 most important additional qualification indicators

A.3 The 25 most important additional qualification indicators
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A Appendix

Guidelines for A.4:

If the applicant university is proposing only one Cluster of Excellence, section 4.1 and section
4.2 can be combined.

Renewal proposals should include a description of the respective measures and expenditures
of the first funding period in both subsections.

Guidelines for A.4.1:

If your university is proposing or jointly proposing more than one Cluster of Excellence with a
university allowance, please indicate the other Clusters here and state the overall strategic aim
of the proposals.

In no more than two pages, outline how the university intends to develop with the help of each
university allowance and how governance at the university is to be strengthened. This descrip-
tion should be identical for all proposals submitted by a given university. In terms of content,
the reasons given should also be compatible with any subsequent proposal for funding as a
University of Excellence.

In the case of proposals submitted by university consortia, please include an explanation for
each applicant university.

Guidelines for A.4.2:

In no more than four pages, please explain what strategic objectives are to be pursued at your
university or jointly by the applicant universities with the aid of the university allowance if the
proposed Cluster of Excellence is approved. What measures are envisaged by the applicant
university/universities? A detailed breakdown of the planned usage of the university allowance
must be submitted following approval.

Estimation:
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A.4 Proposal for a university allowance

A.4 Proposal for a university allowance

A.4.1 Overall concept of the applicant university/universities regarding strategic orientation and
the university allowance

A.4.2 Envisaged use of the university allowance
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A Appendix

Guidelines for A.5.1:

Please complete the following tables. Please do not provide any further information beyond the
tables requested.

Guidelines for A.5.2:

In no more than a single page, please describe the effects of the coronavirus pandemic on the
Cluster’s work in the first funding period and, if applicable, any mitigating measures taken.

Estimation:
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A.5 Data on the first funding period

A.5 Data on the first funding period

A.5.1 Data on the first funding period

Table A.5.1: Total Expenditure by category
2019 2020 2021 2022 2023

Totals per year in thousand euros

Staff 3780 4480 5312 4906 5306
Professors 0 0 0 0 0
Junior research group leaders 0 0 0 0 0
Postdocs 308 636 608 393 586
Doctoral researchers 3111 3510 4134 4164 4314
Other research staff 361 334 570 349 406

Direct project costs (excl. research staff) 583 647 799 792 761

Instrumentation >€100,000

Total expenditure

Table A.5.2: Number of staff funded
2019 2020 2021 2022 2023
Number of persons
Professors
Junior research group leaders
Postdocs
Doctoral researchers
Other staff
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A Appendix

Table A.5.3: Expenditures for Structural Measures
Early-career researchers**
Equity and diversity

Research data and research software management; research infrastruc-
tures and instrumentation

Management, governance, quality assurance
Science communication, knowledge transfer and research-oriented teaching

Collaboration with external partners

" in thousand euros
**excluding salaries for doctoral researchers, Postdocs, Junior Research group leaders

Table A.5.4: Staff diversity — recruitment

Number of persons recruited

from

applicant from other from from Non-

and/or par- German institutions European total
ticipating institutions in Europe Institutions
institutions

Professors

Junior research group
leaders

Postdocs

Doctoral researchers

Table A.5.5: Staff diversity — gender
Number of persons recruited
female male diverse total
Professors
Junior research group leaders
Postdocs

Doctoral researchers

A.5.2 Effects of the Coronavirus Pandemic
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